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   Foreword   

 I have been working on a report for the FAO recently that is about how the moun-
tains of the world reached the level of the United Nations that initiated a mountain 
chapter in the so-called Agenda 21 and with 10 mountain resolutions in the UN 
General Assembly between 1998 and 2014. In this report the Himalaya is playing a 
very important role. 

 In the present book, I found in 3 sections and 20 chapters having a lot of highly 
promising and fascinating scientifi c problems or approaches, which are fundamen-
tal for the future of our planet and its still growing population. In 1960 the world 
population was about three billion, but in 2050 only two countries, China and India, 
will have together three billion inhabitants, following the UN Population Division. 
In “the International Year of Mountains 2002”, the FAO as task manager of the 
mountain chapter in Agenda 21 published a report that 718 million people are living 
in the mountains of the world, of these 625 million in developing countries and of 
these 250–370 million are with food insecurity. The ICIMOD (International 
Mountain Centre for Integrated Mountain Development) in Kathmandu has calcu-
lated that around 1,3 billion people are living in the watersheds of the ten most 
important rivers from the Himalaya and the Tibet Plateau. What will be the situation 
at the end of century? 

 This question is an introduction to the fi rst section about “Climate Change”, but 
as long as some big and powerful countries are not cooperating, we are confronted 
with very serious problems. All the same the chapters of the fi rst section are looking 
very promising, and they have a high value also for the other sections. The second 
section with the title “Climate Change Impact on Glaciers and Hydrology” is fun-
damental, not only for the mountain communities, but also for the surrounding low-
lands with an irrigation-depending agricultural production. Looking at the second 
half of our century, when the glaciers of the “Third Pole” (Himalaya) are getting 
smaller and thinner and the run-off will be reduced, and then we must know that the 
Himalaya is the most sensitive indicator for climate change. We should never forget 
that water is often crossing national borders in a vast regional mountain system like 
the Himalaya. Lonergan said in a publication in 2005 in the UNEP Journal “Our 
Planet” about “Water and War”: “If there is a political will for peace, water will not 
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be a hindrance. If you want reasons to fi ght, water will give you ample opportuni-
ties”. The third section with “Climate Change and Vegetation Dynamics” is not 
only concerning the treeline, but it is an indicator for the whole biodiversity. 
Different altitudinal belts represent a compression of different climatic zones in a 
vertical structure on a shortest possible horizontal distance. This means that the 
higher mountains and especially the Himalaya are indeed the “sentinels” of climate 
change. 

 From this overview with the three sections, let’s go down to the 20 chapters and 
their authors. Where are they coming from and where are they going to? Most 
impressive are the mixed chapters with authors from the north and from the south. 
These chapters and the whole book reminded me of a speech of Kofi  Annan, the UN 
Former Secretary-General, during the UN Millennium Declaration, valid until 
2015: “What is needed is a true partnership of developed and developing countries – 
a partnership that includes science and technology. No nation can afford to be with-
out science and technology capacity”. It is fascinating to see the different research 
fi elds and places around the Himalaya. We hope that exactly this Springer publica-
tion will help for a north-south dialogue, but also for a science-policy dialogue and 
for a transboundary cooperation, as it was recommended in 2012 in the Rio+20 
conference and described in the fi nal document “The Future We Want”. We select 
some sentences: Paragraph 210: “Mountain glaciers are retreating and getting thin-
ner with increasing impacts on the environment and human wellbeing”. Paragraph 
211: “We invite States to strengthen cooperative action with effective involvement 
and sharing of experience of relevant stakeholders by strengthening existing 
arrangements and regional centres of excellence for sustainable mountain develop-
ment”. Paragraph 212: “We call for greater efforts towards the conservation of 
mountain ecosystems, including their biodiversity. We encourage States to adopt a 
long-term vision and holistic approaches through mountain specifi c policies into 
national sustainable development strategies”. You may see that your book is fulfi ll-
ing these UN declarations from 2012. 

 By the way, I have been strongly involved in the foundation of the ICIMOD and 
I was generously invited to its 30th anniversary in Kathmandu 2013. ICIMOD is 
the centre for eight Himalayan countries. I hope that transboundary cooperation 
with this institution will be possible in the future. I thank once more the small group 
of the three editors for their wonderful composition of the book, but my acknow-
ledgements go also to all the authors of the 20 chapters for their engagement and 
cooperation for the highest mountain system of the world!  

  Ex-President, International Geographical Union   Bruno     Messerli  
Professor Emeritus, Institute of Geography 
University of Bern, Switzerland  

Foreword
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   Foreword   

 There are numerous reasons why this book is important and its publication is timely. 
Firstly, the role of glaciers in relation to climate change is akin to the role of canar-
ies in a coal mine. They provide one of the fi rst signals that something is amiss. 
Glaciers worldwide are recessing not all of them but the vast majority – and the 
scientifi c consensus is that the reason for this is global warming. But the glaciers in 
the Himalaya play a special role that is not well appreciated by those outside of the 
Indian subcontinent. The Himalaya themselves form a vertical massif that protrudes 
into the lower atmosphere. The heating and cooling of the surface of the Himalaya 
and the Tibetan plateau plays a major role in the dynamics of the atmospheric circu-
lation and thus a major role in the climate of the Asian region. If and when the 
Himalayan glaciers recede, they will change the nature of the albedo, the refl ected 
sunlight, and are thus expected to induce major changes in circulation and climate. 

 If and when the Himalayan glaciers recede, a possibly even more serious change 
will be that of the lifestyle of the population on the Indian subcontinent that rely on 
the waters that fl ow from melting glaciers. A continent that is presently well sup-
plied with water through its fl uvial system could then endure water scarcity. The 
likelihood is that for a region as densely populated as the Indian subcontinent, any 
sudden diminution of the water supply will cause social disruption if not chaos and 
possible armed confl ict. Thus, the more we can learn about the dynamics of glaciers 
and vegetation in the Himalaya, the better. 

 Issues such as this will be studied by the new international research programme 
called Future Earth, which is the major new initiative of the International Council 
of Science (ICSU) that brings together at least three of the existing ICSU interna-
tional research programmes into this new one. It seeks to examine the effects of 
global change on all aspects of the biosphere and anthroposphere. Although ICSU 
initiated this process of merging its four environmental programmes to become 
Future Earth, it has become a multipurpose programme cosponsored by many orga-
nizations including ICSU. 

 The scientifi c community is presently engaged in a global dialogue to determine 
how it can participate in and assist Future Earth. The International Union of Geodesy 
and Geophysics (IUGG) established a new entity, the Commission for Climate and 
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Environmental Change, to be the vehicle by which IUGG could co-ordinate its sci-
ence in a way that would assist Future Earth, and the Commission has so far con-
centrated on the hydrological issues involved in the initiative known as Panta Rhei 
and in a study of the implications of weather, climate and food security. 

 Climate Change and Dynamics of Glaciers and Vegetation in the Himalaya is a 
topic that is of obvious importance to both of these initiatives, of importance to 
global change science and of importance to the future of the societies that live in the 
Indian subcontinent. In short it is a topic of importance to Future Earth and to the 
Future of the Earth.  

    Chair IUGG Commission for Climate and Environmental Change    Tom     Beer       
  Member, ICSU Committee for Scientifi c Planning and Review 
  Paris,   France     
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    Chapter 1   
 Climate Change and Dynamics of Glaciers 
and Vegetation in the Himalaya: An Overview                     

     Udo     Schickhoff     ,     R.  B.     Singh    , and     Suraj     Mal   

    Abstract     Mountains are globally signifi cant as ‘water towers’ of the Earth, as core 
areas of biodiversity and as source regions for important natural resources and eco-
system services. The ecological integrity of mountain environments is increasingly 
threatened by global environmental changes including climate change to which 
physical and ecological systems in mountains are highly vulnerable. Global warm-
ing rates have been higher in mountain regions compared to the global mean and 
have strongly affected the cryosphere, mountain biota and ecosystem processes. 

 Temperature trends in most Himalayan regions substantially exceed the global 
mean trend of 0.85 °C between 1880 and 2012, with winter season temperature 
trends being generally higher than those of other seasons. Precipitation patterns are 
spatio-temporally differentiated, but show rather decreasing than increasing trends, 
in particular during summer. On average, glacier mass budgets have been negative 
for the past fi ve decades, with glaciers in the Himalaya and in the Hindu Kush 
showing distinct mass losses, while those in the Karakoram are close to balance. 
Shrinking rates are regionally variable, but often accelerating, corresponding 
approximately to a W-E gradient of increasing glacier retreat. Biotic responses to 
current climate change include elevational range shifts of species, intense recruit-
ment of tree species in treeline ecotones and shifts in phenology, resulting in modi-
fi ed structure, composition and functioning of Himalayan ecosystems.  

  Keywords     Climate warming   •   Glacier retreat   •   Phenology   •   Range shift   •   Treeline   
•   Vulnerability  
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1.1       Introduction 

 Mountain regions in general and the Himalaya in particular provide increasing evi-
dence of ongoing impacts of climate change on physical and biological systems. 
Mountain ecosystems already show a high sensitivity to changing climatic condi-
tions and will be highly vulnerable to continued climate change in the future (IPCC 
 2014 ). Distinct vulnerability of mountain environments must be attributed to high 
altitude with cryospheric systems, local relief with steep slopes, complex topogra-
phy and condensed vertical ecological gradients as well as to specifi c and spatially 
intensive variability of human-environmental subsystems (Schickhoff  2011 ; 
Borsdorf et al.  2015 ). Mountain plant and animal species are adapted to relatively 
narrow ranges of temperature and precipitation. Thus, minor climatic changes 
would already have signifi cant impacts (Körner  2003 ; Thuiller  2004 ; Grabherr et al. 
 2010a ). High elevation environments with glaciers, snow, permafrost, water and a 
complex altitudinal zonation of vegetation and fauna are without a doubt among the 
most sensitive terrestrial systems to refl ect effects of climatic changes (e.g. Grabherr 
et al.  2001 ,  2010a ,  b ; Huber et al.  2005 ; Körner et al.  2005 ; Walther et al.  2005 ; 
WGMS  2008 ; Kohler et al.  2010 ; Schickhoff  2011 ). 

 Almost the entire globe has experienced surface warming after the end of the 
Little Ice Age, with each of the last three decades having been successively warmer 
than any preceding decade since 1850. Based on globally averaged combined land 
and ocean temperature data, warming has been in the order of 0.85 (0.65–1.06)°C 
over the period 1880–2012 (IPCC  2013 ). In most mountain regions, analyses of 
temperature trends showed that total temperature increase was higher than the 
global mean during the twentieth century (e.g. Diaz and Bradley  1997 ; Beniston 
 2000 ; Diaz et al.  2003 ; Rangwala and Miller  2012 ). It will most likely continue to 
be higher than average during the twenty-fi rst century (cf. Nogués-Bravo et al. 
 2007 ). 

 High sensitivity and vulnerability to climate change on the one hand and above- 
average warming rates on the other result in mountain environments being excep-
tionally fragile. At the same time, mountains are high-risk areas for multiple natural 
hazards, as we became painfully aware once again by the devastating April 2015 
earthquake in Nepal (Goda et al.  2015 ). In view of the global signifi cance of moun-
tain ecosystems, the susceptibility to climate and other environmental changes is 
giving rise to great concern. As important sources of water, energy, forest and agri-
cultural products, minerals and other natural resources, and as biodiversity hotspots, 
mountains provide goods and services to about half of humanity (Ives et al.  1997 ; 
Byers et al.  2013 ). Water supply is arguably the key function of mountains for 
humanity since all of the world’s major rivers and many smaller ones originate in 
mountains, while over 40 % of the world’s population lives in the watersheds of 
rivers that have their sources in mountains (Körner et al.  2005 ; Viviroli et al.  2007 ). 
Mountains store immense amounts of freshwater as snow and ice and in lakes and 
reservoirs, thus playing a crucial role for supplying water to adjoining lowlands. 
The global signifi cance of mountain water resources will become increasingly 
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apparent in future decades when a growing proportion of the world’s population 
will most likely experience water scarcity. 

 Meanwhile, mountain issues feature prominently in global change research and 
sustainable development agendas. The process of raising local and global aware-
ness for the importance of mountain environments and their peoples has seen nota-
ble progress in the past two decades (Price and Kohler  2013 ), concomitant to 
reinforced scientifi c interest in the response of mountain ecosystems to global envi-
ronmental change. Several ground-breaking efforts to establish mountains as a 
research priority (e.g. Chapter 13 of Agenda 21, Rio Earth Summit 1992; 
International Year of the Mountains 2002) have contributed to achieving a higher 
level of integrating mountain issues in national and international research initiatives 
(Messerli  2012 ). Global programmes specifi cally devoted to mountains, e.g. the 
Global Observation Research Initiative in Alpine Environments (GLORIA), the 
Global Mountain Biodiversity Assessment (GMBA) and the Mountain Research 
Initiative (MRI), vividly illustrate the considerable recent attention mountains 
receive when addressing scientifi c and societal challenges in understanding and pre-
paring for global environmental change. However, in spite of many joint initiatives, 
there is still a long way to go to achieve a standing comparable to oceans or rainfor-
ests (cf. Byers et al.  2013 ). 

 Current global warming has indeed extensive impacts on mountain environ-
ments. With regard to physical systems, it has left distinct traces in the cryosphere 
and hydrosphere. Degrading permafrost, decreasing snow cover and glacier retreat 
have cascading effects on regional biophysical systems with serious implications 
for supraregional ecosystem services and socioeconomic development. At most of 
the study sites at high latitudes and in mountain regions, permafrost temperatures 
have increased during the past three decades in response to increased air tempera-
ture and changing snow cover (Vaughan et al.  2013 ). Permafrost warming and 
thawing adversely affect the stability and morphodynamic behaviour of rock and 
debris slopes and may increasingly initiate slope instability processes and trigger 
mass movements and related natural hazards (Haeberli  2013 ). Glaciers provide the 
most visible signature of climate change in mountain regions; their volume has 
decreased considerably over the last 150 years with many small glaciers having 
already disappeared. In particular since the 1980s, almost all glaciers worldwide 
have experienced a loss of length, area, volume and mass (Fig.  1.1 ) and will con-
tinue to shrink in the future even without further temperature increase (Mernild 
et al.  2013 ; Vaughan et al.  2013 ).

   The accelerating trend of glacier recession has severe implications for down-
stream run-off characteristics. Mountain water resources are of extraordinary 
importance for agricultural, domestic, energy and industrial uses in both mountains 
and lowlands as well as for the integrity of ecosystems. Any change in the hydro-
logical cycle will alter the availability and seasonality of water supply and involve 
higher levels of uncertainty and risk, in particular for populated lowland regions 
(Beniston  2006 ; Kohler et al.  2010 ; de Jong  2015 ). Moreover, glacier melt signifi -
cantly contributes to global mean sea level rise (Marzeion et al.  2012 ). Changes in 
snowpack and snowmelt run-off add to complex impacts of climate change on 
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mountain hydrology. Both duration and total accumulation of snow have declined 
at lower elevations in many mountain regions; a concomitant decrease of snowfall- 
rainfall ratio, snow water equivalent and snow depth during the melt season is being 
observed (Serquet et al.  2011 ; Beniston  2012 ). Increasingly higher elevations are 
projected to experience declines in snowpack accumulation and melt with contin-
ued warming (Stewart  2009 ). 

 Impacts of global warming are considered a major threat to mountain biodiver-
sity. Generally, species respond to climate change by shifting their distributions to 
track preferred conditions, by adjusting their phenotypes via plasticity and/or by 
adapting to novel stresses (Anderson et al.  2012 ). The potential to further adapt in 
situ to the effects of ongoing climate change is limited for high-altitude plant spe-
cies due to genotypic adaptations to their current environments such as slow and 
low growth. As phenotypic plasticity might also be restricted under harsh climatic 
conditions at higher altitudes, populations of montane and alpine species are more 
likely to change their distributions in response to a warmer climate. However, some 
sort of clonal, rather slow mode of propagation is widespread among alpine species, 
implying the retainment of space occupancy irrespective of climatic variations 
(Körner  2003 ). Thus, it is highly questionable whether rates of migrations are suf-
fi cient to track rapid climate change. To migrate to a more suitable habitat or to 
persist and compete with invading species implies a potential loss of biodiversity. 
Species which migrate from lower to higher altitudes exert competitive pressure on 
already established species which in turn may be restricted from shifting upwards 

  Fig. 1.1    Retreat of the Rolwaling glacier and expansion of the pro-glacial Tsho Rolpa Lake, 
4550 m, Nepal Himalaya (Source: Udo Schickhoff 2013)       
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due to reduced available habitats, unrealizable niche requirements or the lack of 
migration corridors (Grabherr et al.  1995 ). Shifting upwards in elevation involves 
the risk that equivalent surface areas with similar habitat conditions are no longer 
available. Thus, high alpine species are extremely vulnerable to global warming. A 
particular high risk of extinction has been confi rmed for many endemic species in 
mountain ecosystems as their populations become easily fragmented (Pauli et al. 
 2003 ). A disintegration of current vegetation patterns, a drastic decrease of distribu-
tion areas, population declines and even extinction of cryophilous plants are among 
the anticipated consequences of migration processes towards higher altitudes (Pauli 
et al.  2014 ). 

 Observations on all continents and oceans provide evidence that climate change 
is a powerful stressor on terrestrial and marine ecosystems, inducing shifts in phe-
nology, species distributions, community structure as well as other ecosystem 
changes (e.g. Walther et al.  2002 ; Parmesan  2006 ; Settele et al.  2014 ). In mountain 
regions, widespread pattern of upslope range expansion by plant and animal species 
to cooler elevations becomes apparent, including a wide range of taxonomic groups 
and geographical locations (Rosenzweig et al.  2007 ; Gonzalez et al.  2010 ; Chen 
et al.  2011 ). The ability of montane/alpine plants to track climate warming through 
upslope range shifts has been documented for an increasing number of mountain 
regions (Lenoir et al.  2008 ; Gottfried et al.  2012 ; Jump et al.  2012 ; Pauli et al.  2012 ; 
Telwala et al.  2013 ). The altitudinal position of alpine treelines is expected to 
advance to higher elevations in the long term (Holtmeier  2009 ; Körner  2012 ), with 
the majority of global treelines already showing a respective response (Harsch et al. 
 2009 ). However, range shifts that are downhill have also been reported, often asso-
ciated with drought stress or interactions with land use (cf. Lenoir and Svenning 
 2015 ). Observed shifts in distributions also revealed that individual species vary 
greatly in their rates of change, suggesting that the range shift of each species 
depends on multiple internal species traits and external drivers of change (Le Roux 
and McGeoch  2008 ; Chen et al.  2011 ). Asynchronous responses to external forcing 
result in the formation of no-analogue communities with modifi ed competitive rela-
tionships, thus deviating ecosystem structure and functioning (Schickhoff  2011 ).  

1.2     Observed Changes in the Himalaya 

1.2.1     Climate Change 

 Across most of Asia, warming trends and increasing temperature extremes have 
been observed over the past century, with decreasing numbers of cold days and 
nights and increasing numbers of warm days and nights since about 1950 (Hijioka 
et al.  2014 ). While the Indian subcontinent on the whole has experienced average 
upward temperature trends in the order of 0.56–0.68 °C over the past century (Lal 
 2003 ; Chaudhry et al.  2009 ; Attri and Tyagi  2010 ), the warming trend was 
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particularly strong in mountain regions of South and Central Asia, e.g. at higher 
altitudes in West, Central and East Himalaya (Bhutiyani et al.  2007 ; Dash et al. 
 2007 ; Singh et al.  2011 ; Gautam et al.  2013 ; Bhutiyani  2016b ), over the adjacent 
Tibetan Plateau (Liu and Chen  2000 ; Wang et al.  2008 ; Yang et al.  2013 ; Hasson 
et al.  2016 ) and in surrounding mountain ranges (e.g. Giese et al.  2007 ; Dagvadorj 
et al.  2009 ). Temperature trends in most regions of the Himalayan mountain system 
substantially exceed the global mean trend of 0.85 °C between 1880 and 2012 (cf. 
IPCC  2013 ). At higher elevations, temperature has been increasing at a rate of up to 
1.2 °C per decade since about 1980 (Shrestha et al.  1999 ; Liu et al.  2006 ,  2009 ; 
Bhutiyani et al.  2007 ,  2010 ; Shrestha and Aryal  2011 ; Yang et al.  2011 ), with an 
accelerating warming trend in the past two decades (Diodato et al.  2011 ; Kattel and 
Yao  2013 ; Gerlitz et al.  2014 ; Hasson et al.  2015 ). 

 While mean annual temperature increase in most of the Himalayan regions 
exceeds global average rates during recent decades, distinct patterns of spatial and 
seasonal differentiations emerge from recent observations. Examinations of verti-
cal gradients show that the rate of warming is amplifi ed with elevation. This phe-
nomenon is prevalent over most of High Asia, subjecting high-mountain 
environments to more rapid changes in temperature than lower altitudes (Eriksson 
et al.  2009 ; Liu et al.  2009 ; Qin et al.  2009 ; Yang et al.  2013 ; Hasson et al.  2015 ; 
see also Pepin et al.  2015 ). High resolution temperature trends over the Himalaya 
for the period since 1989 (Gerlitz et al.  2014 ) showed a clear elevational gradient 
with maximum values of up to 1 °C per decade at higher altitudes (Fig.  1.2 ). A 
signifi cant positive trend of growing degree days was detected along the Himalayan 
arc at elevations between 2000 and 3500 m, while a decrease of frost days (up to 
−17 days per decade) was found in the Nepal Himalaya at elevations between 3000 
and 3500 m (cf. Fig.  1.2 ).
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  Fig. 1.2    Seasonal temperature trends [°C decade −1 ] for different elevational belts ( top  panels) and 
spatial distribution of trends for frost and growing degree days over the Himalaya ( bottom  panels) 
(Source: Udo Schickhoff et al.  2015 )       
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   Observations of seasonal patterns show that winter season temperature trends are 
generally higher than those of other seasons or the annual mean. Rather high- 
temperature trends are also reported in pre-monsoon and post-monsoon seasons for 
most of the Himalayan regions. During monsoon season, temperature trends were 
found to be reduced throughout the mountain system, in particular in the NW 
Himalaya and Karakoram where even cooling of summer temperatures is registered 
at a series of climate stations. In the Upper Indus Basin of the Hindu Kush- 
Karakoram- Himalaya (N Pakistan), signifi cant winter warming trends (roughly 
+0.6 °C) for the period 1961–1999 contrast with signifi cant cooling of mean tem-
peratures (roughly −1.0 °C) during summer (based on valley stations data; Fowler 
and Archer  2006 ; Williams and Ferrigno  2010 ). Bocchiola and Diolaiuti ( 2013 ) 
corroborated this pattern, but highlighted increasing autumn, winter and spring tem-
perature trends since the 1990s as well as intra-regional climatic variability and 
dependence on altitude. Similar seasonal trends were also reported by Khattak et al. 
( 2011 ), Hasson et al. ( 2015 ) and Raza et al. ( 2015 ) for mountain regions of N 
Pakistan. Farhan et al. ( 2015 ) observed a slight increase of annual and summer 
mean temperatures during the period 1996–2010 in the Astor Basin. In the Hindu 
Kush-Karakoram-Himalaya of N Pakistan, mean temperatures for the period 1980–
2006 show an overall annual increase of c. 0.2 °C per decade and an accelerating 
trend (Steinbauer and Zeidler  2008 ). Rasul et al. ( 2012 ) estimated the warming 
trend in this region to be almost double the one of the remaining parts of Pakistan. 

 Higher warming rates in winter are consistently reported from the West and 
Central Himalaya in India. Over the northwestern subregion, winter temperature 
has shown an elevated rate of increase (1.4 °C/100 years) compared to the monsoon 
temperature (0.6 °C/100 years) during the period from 1866 to 2006 (Bhutiyani 
 2016a ,  b ). Higher winter season mean temperature trends of up to +2.0 °C were 
detected for the period 1985–2008 (Bhutiyani et al.  2007 ,  2010 ; Shekhar et al.  2010 ; 
Dimri and Dash  2012 ). Seasonal maximum and minimum temperatures have 
increased by 2.8 and 1.0 °C, respectively, and show an increasing trend over the Pir 
Panjal, Shamshawari and Greater Himalayan ranges (Shekhar et al.  2010 ). In con-
trast to the confl ictive winter and summer trends in the Karakoram, signifi cantly 
increasing winter, monsoon and annual temperatures are reported from most sta-
tions (exceptions include monsoon temperature at Srinagar, Kashmir, 1901–1989) 
(Bhutiyani et al.  2010 ; Singh and Kumar  2014 ; see also Wani  2014 ). In Uttarakhand, 
temperature records of the past 100 years show a notable warming trend (Singh 
et al.  2016 ), particularly prominent during the last decade and at higher altitudes, 
with the last 5 years (2007–2012) being the warmest in all districts of Uttarakhand 
(Mishra  2014 ). 

 Large recent warming trends were observed in the Nepalese Himalaya, with 
warming rates reported to be higher in post-monsoon and winter seasons and at 
higher altitudes. The annual mean temperature of 49 stations in Nepal shows an 
average trend of 0.6 °C per decade for the period 1977–2000 (Shrestha and Aryal 
 2011 ), but may reach up to more than 0.8 °C per decade at some stations (Practical 
Action Nepal Offi ce  2009 ; Nagy and Böhner  2015 ). A remarkably high increase in 
annual average maximum temperatures (up to 1.2 °C per decade in winter season) 
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was assessed for the period 1977–2000 (Shrestha et al.  1999 ; Shrestha and Aryal 
 2011 ). Mean maximum temperature trend in winter (Dec to Feb) is 0.9 °C per 
decade for the Himalayan region and 1.2 °C per decade for the trans-Himalayan 
region compared to the respective annual mean maximum temperature trends of 
0.6 °C and 0.9 °C (Eriksson et al.  2009 ; Shrestha and Devkota  2010 ). 

 Warming trends are even stronger over the adjacent Tibetan Plateau, in particu-
lar in the Yarlung Zangbo River Basin, with current mean temperature trends of up 
to 0.73 °C per decade and much higher winter means (Liu and Chen  2000 ; Yang 
et al.  2006 ,  2011 ,  2013 ; You et al.  2007 ; Wang et al.  2008 ). Signifi cant warming in 
the same magnitude or even higher is also reported for Bhutan and the eastern 
Himalaya in India and China. Tse-ring et al. ( 2010 ) state for the period 1985–2002 
an increase of 0.5 °C in the non-monsoon season in Bhutan. Mean air temperature 
increase at high-elevation stations over the eastern Chinese Himalaya is in the order 
of 0.8–0.9 °C per decade between 1991 and 2007 (Yang et al.  2013 ; see also Yunling 
and Yiping  2005 ; Liu et al.  2006 ). Gerlitz et al. ( 2014 ) detected temperature trends 
of up to +0.8 °C per decade during winter season over the eastern Himalaya. 
Jhajharia and Singh ( 2011 ) observed large magnitudes of mean temperature 
increases in the months of October to December in NE India and, interestingly, 
higher trends in the monsoon season compared to winter and pre-monsoon months 
at several stations. Recent warming rates are signifi cantly higher than the long-term 
warming trend of 0.6 °C for the Brahmaputra Basin in the twentieth century indi-
cated by Immerzeel ( 2008 ). 

 To derive trends in annual precipitation for the Himalayan region over the past 
century proves to be diffi cult given the general lack of long-term observations and 
the strong variability ascertained in different subregions and seasons. It has been 
shown for South Asia in general that mean precipitation of the Indian summer mon-
soon shows inter-decadal variability, but a declining trend, with more frequent defi -
cit monsoons under regional inhomogeneities (Kulkarni  2012 ; Lacombe and 
McCartney  2014 ). The observed recent weakening tendency of the summer mon-
soon is related to an increase in the number of monsoon break days and a decline in 
the number of monsoon depressions (Dash et al.  2009 ; Krishnamurthy and 
Ajayamohan  2010 ). Simultaneously, extreme rainfall events have become more fre-
quent at the expense of weaker rainfall events (Christensen et al.  2013 ). In spite of 
recent decreases in monsoonal precipitation, all models and scenarios project an 
increase in total monsoon rainfall as well as increasing interannual variability and 
extremes for the coming decades. It is very likely that increased atmospheric mois-
ture content will compensate for a weakening monsoon circulation (cf. Christensen 
et al.  2013 ; Hijioka et al.  2014 ). 

 Observations in the Greater Himalayan region show more decreasing than 
increasing precipitation trends. A notable exception is precipitation in the Upper 
Indus Basin (N Pakistan), for which upward trends were observed during the period 
1961–1999 for both summer rainfall and winter precipitation (October to March), 
mainly originating from western disturbances (Archer and Fowler  2004 ; Khattak 
et al.  2011 ; Palazzi et al.  2013 ; see also Yao et al.  2012  for adjoining W Tibet). A 
slight recent (1996–2010) decrease in annual and summer precipitation was 
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observed in the Astore Basin (Farhan et al.  2015 ). However, no trend is observed in 
the long term (1895–1999), while wetter summer conditions as well as a reduction 
in the spatial average of snow depth are predicted for the coming decades (Terzago 
et al.  2014 ; Palazzi et al.  2015 ). 

 Negative trends of annual precipitation over the western Indian Himalaya were 
identifi ed by Sontakke et al. ( 2008 ), Bhutiyani et al. ( 2010 ) and Bhutiyani ( 2016a ,  b ), 
based on instrumental data. This trend mainly results from decreasing summer pre-
cipitation rates after the 1960s and is associated with a weakening of the Southern 
Oscillation and a decrease of temperature gradients over South Asia due to high 
warming rates over the Indian Ocean during recent decades (Basistha et al.  2009 ; 
Naidu et al.  2009 ). Contrary to monsoonal rains, winter precipitation shows an 
increasing but statistically insignifi cant trend; it has been above average during the 
period 1991–2006 (Bhutiyani  2016a ,  b ). Guhathakurta and Rajeevan ( 2008 ) found 
regional inhomogeneities with increasing winter precipitation in Himachal Pradesh 
and decreasing winter rates in Jammu and Kashmir and in Uttarakhand during 
1901–2003. Singh and Mal ( 2014 ) highlighted spatially varying trends of precipita-
tion in Uttarakhand and confi rmed negative trends of annual precipitation and mon-
soonal rainfall at higher altitudes, while winter precipitation shows mixed trends 
(see also Mishra  2014 ). Due to signifi cant winter warming, the ratio of snowfall to 
rainfall is shifting towards an increasing rainfall component at mid- and lower ele-
vations, resulting in decreased snowpack, earlier melt and respective hydrological 
consequences (cf. Stewart  2009 ). 

 Using ice cores from the Dasuopu glacier, Duan et al. ( 2006 ) detected a decline 
of monsoonal precipitation by c. 20 % over the twentieth century for the central 
Himalaya. However, an analysis of precipitation data (1959–1994) in Nepal did not 
reveal any signifi cant long-term trends, but a downward trend after 1990 (Shrestha 
et al.  2000 ). Pronounced spatial variation within the Nepal Himalaya and a general 
slight positive trend in annual precipitation are indicated by station data for the 
period 1976–2005 (Practical Action Nepal Offi ce  2009 ). Particularly for western 
Nepal, an enhanced frequency of winter and pre-monsoon drought events in recent 
decades has been reported by Wang et al. ( 2013 ). A decrease of precipitation poten-
tially leads to enhanced drought stress for mountain biota, particularly in the pre- 
monsoon season, when high-temperature trends increase evapotranspiration rates. 
In Bhutan, the analysis of available observations showed largely random rainfall 
fl uctuations with no detectable systematic change (Tse-ring et al.  2010 ). Likewise, 
no statistically signifi cant trends of annual precipitation rates could be detected in 
the eastern Indian Himalaya (Jain et al.  2013 ). Mostly increasing trends, albeit not 
always statistically signifi cant, were found in the eastern Chinese Himalaya and the 
central and eastern Tibetan Plateau (Wu et al.  2007 ; You et al.  2007 ; Xu et al.  2008 ), 
in particular for annual, winter and spring precipitation (Qin et al.  2010 ). A recent 
study in the Hengduan Mountains for the period 1960–2008 confi rmed the pattern 
of non-signifi cant increasing trends for annual, spring, autumn and winter precipita-
tion and a decreasing trend of summer precipitation, but concurrently a high inter- 
decadal variability (Li et al.  2011 ).  
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1.2.2     Impact of Climate Change on Glaciers 

 The Hindu Kush-Himalayan mountain system accommodates the highest mountain 
glacier concentration outside of the polar regions, with a total of about 38,000 gla-
ciers covering an area of more than 44,000 km 2  (Bajracharya and Shrestha  2011 ; 
Pfeffer et al.  2014 ; Mayer and Lambrecht  2015 ). The glacierized area includes sev-
eral of the largest mountain glaciers of the world, some of them reaching more than 
70 km in length. In general, glaciers are considered key indicators of recent climate 
change. Measured changes in glacier length, area, volume and mass provide evi-
dence that almost all glaciers worldwide continue to shrink (Vaughan et al.  2013 ). 
The largely homogeneous global trend of glacier retreat and the increasing ice loss 
during the last two decades leave no doubt about the fact that the climate is chang-
ing at a global scale. Snow and ice disappearance has serious consequences at local 
to global scales, e.g. for the natural hazard situation, for societies dependent on 
glacier melt water, for continental-scale water supply and for global sea level fl uc-
tuations (WGMS  2008 ). Glaciers will continue to shrink in the future even without 
further climate warming since current glacier extents are out of balance with current 
climatic conditions (Vaughan et al.  2013 ). 

 Despite the robust evidence of global glacier shrinkage and a notable contribu-
tion of mass loss from glaciers in Asian mountains to global ice loss (Gardner et al. 
 2013 ), non-uniform regional patterns of changes in glacier length, area and mass 
were observed in the Hindu Kush-Himalayan mountain system. On average, the 
mass budgets of Himalayan glaciers (Bhutan, China, India, Nepal, Pakistan) have 
been negative for the past fi ve decades (Fig.  1.3 ), with glaciers in the Himalaya and 
in the Hindu Kush showing distinct mass losses, while those in the Karakoram are 
close to balance (Bolch et al.  2012 ; Kääb et al.  2012 ; Jiménez Cisneros et al.  2014 ). 
However, most of the larger Karakoram glaciers had a net retreat between the 1920s 
and 1980s, contributing to the ice cover decline since the Little Ice Age (Hewitt 
 2014 ). Glacier mass changes in the Hindu Kush-Himalayan mountain system will 
inevitably continue. Predictions range between 2 % gain and 29 % loss by 2035 and 
show a model-mean loss of 45 % by 2100 under the RCP4.5 scenario (Radic et al. 
 2014 ). Although all models project mass loss in coming decades, a complete region- 
wide glacier disappearance can be ruled out with high certainty, even by 2100 
(Bolch et al.  2012 ). Glaciers of the eastern Himalaya are projected to decline at a 
much faster rate over the twenty-fi rst century compared to western glaciers of the 
Hindu Kush and Karakoram (Wiltshire  2014 ).

   While most Himalayan glaciers are retreating at rates comparable to those in 
other mountain regions of the globe, some large glaciers in the NW Himalaya and 
Karakoram show inconsistent behaviour as evident from quasi-stability or even 
slightly positive mass balance in recent years (Hewitt  2005 ,  2011 ,  2014 ; Schmidt 
and Nüsser  2009 ; Cogley  2011 ; Copland et al.  2011 ; Iturrizaga  2011 ; Gardelle et al. 
 2012 ,  2013 ; Jacob et al.  2012 ; Kääb et al.  2012 ; Bahuguna et al.  2014 ; Bajracharya 
et al.  2015 ). Scherler et al. ( 2011 ) inferred from satellite imagery analysis that more 
than 50 % of Karakoram glaciers were advancing or stable between 2000 and 2008, 
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in line with a descending trend of the equilibrium-line altitude modelled by Fujita 
and Nuimura ( 2011 ) for the period 1976–1995, an increase of snow cover between 
2000 and 2009 over the Hunza Basin (Tahir et al.  2011 ), and statistically insignifi -
cant long-term trends of outfl ow from the Upper Indus Basin (Reggiani and Rientjes 
 2015 ). In a recent study of more than 1200 Karakoram glaciers, Rankl et al. ( 2014 ) 
confi rmed the vast majority to have stable terminus positions and to show anoma-
lous behaviour in comparison to glacier recession and thinning in adjacent moun-
tain ranges. The so-called Karakoram anomaly is to be attributed to positive 
precipitation trends, decreasing summer temperatures and the topographical setting 
and high-altitude origin of glaciers, associated with different styles of nourishment, 
thermal regimes and a rather high percentage of surge-type glaciers (Hewitt  2014 ). 
The dominance of non-monsoonal winter precipitation exerts an additional infl u-
ence on the glacier response to climate warming (cf. Kapnick et al.  2014 ). Another 
recent study on glacier thickness changes over the entire Pamir-Karakoram- 
Himalaya arc based on ICES at satellite altimetry (Kääb et al.  2015 ) revealed that 
the centre of the mass gain anomaly is located northeast of the Karakoram in the 
western Kunlun Shan, while the most negative rates of region-wide glacier  elevation 

  Fig. 1.3    Published glacier mass balance measurements from the Himalaya (Based on Bolch et al. 
 2012 ). Satellite laser altimetry was used for region-wide measurement (Kääb et al.  2012 ) (Source: 
Jimenez Cisneros et al.  2014 )       
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change are observed in SE Tibet and in the eastern Chinese Himalaya (Fig.  1.4 ). 
Current positive annual mass budgets for the western Kunlun Shan glaciers are also 
reported by Bao et al. ( 2015 ).

   Proceeding from the centre of mass gain anomaly to the S and SE along the 
Himalayan arc, widespread glacial retreat is prevalent in the subsequent mountain 
regions (Bhambri and Bolch  2009 ; Bolch et al.  2012 ; Kulkarni and Karyakarte 
 2014 ; Racoviteanu et al.  2014 ). Shrinking rates are regionally variable, but accel-
erating, corresponding approximately to a W-E gradient of increasingly negative 
changes in length, area and mass budgets of glaciers. This spatial pattern supports 
the notion that monsoon-affected glaciers are more sensitive to climate warming 
than winter-accumulation-type glaciers (Fujita  2008 ). In the Indian trans-Hima-
laya of Ladakh, Schmidt and Nüsser ( 2012 ) assessed a shrinkage rate of the glaci-
ated area of 0.3 % year −1  for small high-altitude glaciers over the last four decades. 
Average area loss rates of smaller Himalayan glaciers in Jammu and Kashmir, 
Himachal Pradesh and Uttarakhand reached up to 0.9 % year −1  over the same time 
period, with notable inter-decadal and regional variability (Kulkarni et al.  2007 ; 
Bhambri et al.  2011 ; Pandey et al.  2011 ). More recent area and mass loss rates 
(since 1990 and 2000) are usually higher compared to previous decades (Berthier 
et al.  2007 ; Bhambri et al.  2011 ; Vincent et al.  2013 ). The loss of glacierized areas 
is estimated to be more than 10 % during the last four to fi ve decades (Kulkarni 
and Karyakarte  2014 ). Rates of glacier area decrease in the West and Central 
Himalaya in India translate into common front retreat rates of 20–30 m year −1 ; in 
some cases, even more than 40 or 60 m year −1  were reported (Bhambri and Bolch 
 2009 ; Kamp et al.  2011 ; Mehta et al.  2011 ; Bhambri et al.  2012 ; Mal and Singh 

  Fig. 1.4    Trends of glacier elevation differences over the Pamir-Karakoram-Himalaya arc during 
2003–2008, based on ICESat satellite altimetry. Trends for all cells ( coloured data circles ) are 
statistically signifi cant except for the cells that are marked with grey centres (Source: Kääb 
et al.  2015 )       
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 2013 ; Kulkarni and Karyakarte  2014 ; Mal et al.  2016 ). Available glaciological 
mass balance data show consistently negative values (Vincent et al.  2013 ; Dobhal 
and Pratap  2015 ). 

 In the central and eastern Himalaya, area changes and mass budgets have been 
largely negative as well over the last decades. Glaciers in Nepal show a clear ten-
dency to shrink which has resulted in an overall loss of glacierized areas of c. 20 % 
(Kulkarni et al.  2007 ; Bajracharya et al.  2011 ; Shrestha and Aryal  2011 ). Recession 
processes are reported from a variety of catchments (e.g. Fujita et al.  1997 ,  2001 ; 
Salerno et al.  2008 ; Fujita and Nuimura  2011 ; Baral et al.  2014 ; Shangguan et al. 
 2014 ; Thakuri et al.  2014 ). In Khumbu Himal (E Nepal), mass loss rates between 
0.26 and 0.40 m water equivalent year −1  were detected for the last two decades 
(Bolch et al.  2011 ; Nuimura et al.  2012 ; Gardelle et al.  2013 ). Bolch et al. ( 2008 ) 
determined an average shrinkage rate of the glaciated area of 0.12 % year −1  between 
1962 and 2005, with a higher rate of 0.24 % year −1  for clean ice glaciers. 
Racoviteanu et al. ( 2015 ) assessed an area loss of 0.43 % in eastern Nepal and 
Sikkim during the last decade, with retreat rates of clean glaciers (0.7 % year −1 ) 
being almost double than those of debris-covered glaciers. The potential of debris 
cover to slow down retreat rates (also noted for the W Himalaya; Chand et al. 
 2016 ) is highlighted by Scherler et al. ( 2011 ; but see also Bolch et al.  2011 ; Kääb 
et al.  2012 ). A prominent example of rapid glacier retreat in Khumbu Himal is the 
Imja glacier, which has been shown to retreat by 74 m year −1  between 2000 and 
2007 and to feed the growth of a hazardous glacial lake (Ren et al.  2006 ; Bajracharya 
and Mool  2010 ). A recent study identifi ed the West Lhotse Glacier in Khumbu, 
which lost 55 % of its area between 1890 and 2010, as the fastest-retreating glacier 
of the Hindu Kush-Himalayan region (Bajracharya et al.  2015 ). Numerous lower 
elevation small glaciers have already completely disappeared in Khumbu since 
1956 (Byers  2007 ). 

 Rapid shrinkage has been also assessed for the majority of glaciers in Sikkim 
(Raina  2009 ; Basnett et al.  2013 ) and Bhutan, with a recent area loss trend of 0.64 % 
year −1  (Ageta et al.  2003 ; Rupper et al.  2012 ; Bajracharya et al.  2014 ). The eastern 
Chinese Himalayan regions are as well characterized by rather high rates of glacier 
decline and extensive area and mass losses (Yao et al.  2007 ,  2012 ; Neckel et al. 
 2014 ; Kääb et al.  2015 ), with front retreat rates of up to more than 60 m year −1  (Nie 
et al.  2010 ). Thus, most of the West, Central and East Himalayan glaciers show a 
consistent pattern of recession processes over recent decades. A sustained mass loss 
is projected through the twenty-fi rst century (e.g. Shea et al.  2015 ), further enhanced 
by the growing burden of deposited soot on glacier surfaces (cf. Yasunari et al.  2010 ; 
Qian et al.  2011 ), implying severe impacts on water availability during dry seasons. 
Peak-melt water dates have been projected between mid- and late centuries 
(Immerzeel et al.  2013 ), followed by a decrease in total annual melt water yield. 
Reduced seasonal water supply would adversely affect agriculture, hydropower 
generation and local water resources availability, threatening food security of mil-
lions of lowland people, in particular in the Indus and Brahmaputra basins 
(Immerzeel et al.  2010 ).  
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1.2.3     Climate Change and Vegetation Dynamics 

 Climate change is one of the major drivers of mountain ecosystem dynamics, most 
likely only exceeded in its impact by land use changes. However, compared to the 
wealth of literature pertaining to the state and fate of Himalayan glaciers, the num-
ber of available studies on climate change-induced vegetation dynamics, addressed 
in the third section of this book, is surprisingly low. From this it follows that accu-
mulated knowledge of the alteration of Himalayan ecosystems in terms of plant 
cover, plant functional type dominance, species distributions, species composition, 
community structure, biomass or phenology is still profoundly defi cient. In view of 
the high vulnerability of mountain ecosystems to climate change that will be an 
increasingly powerful stressor in the second half of the twenty-fi rst century, we 
urgently need more information on vegetation and ecosystem responses to climatic 
change to be provided by fi eld sampling (e.g. by the Himalayan GLORIA subnet-
work; Salick et al.  2014 ), remote sensing, experimental studies and modelling 
approaches. Strongly reinforced research efforts and the dissemination of results are 
an indispensable condition for the development of appropriate management strate-
gies directed towards the maintenance of mountain ecosystem integrity and the con-
tinuous provision of essential goods and services. 

 The Hindu Kush-Himalayan mountain system represents a major centre of global 
biodiversity. Four of the 34 global biodiversity hotspots and numerous ecoregions 
with signifi cant conservation value are located in the Greater Himalayan region (Xu 
et al.  2009 ; Pandit et al.  2014 ). Sandwiched between the two mega-diverse coun-
tries India and China, the eastern Himalaya alone harbours more than 7000 plant 
species, 175 mammal species and more than 500 bird species, many of them 
endemic species with restricted distribution (Chettri et al.  2008 ). The total number 
of vascular plants in the Hindu Kush-Himalayan region is estimated to range 
between 8000 and 10,600, with a proportion of endemic plants increasing from 
30 % in the W Himalaya to 40 % in the E Himalaya (Pandit and Kumar  2013 ; Pandit 
et al.  2014 ). Species with spatially restricted populations will be affected in particu-
lar by large magnitudes of climate change, fragmenting populations and reduced 
vigour and viability of species. However, negative impacts of climate change such 
as increasing temperature variability and declining precipitation during the dry sea-
son will affect the majority of species through range contractions as suggested by 
modelling studies (Li et al.  2013 ; Zhang et al.  2014 ). 

 Ongoing climatic changes will already have triggered shifts in species distribu-
tions and abundances in the Himalaya, widely without having been noticed or docu-
mented by science. Telwala et al. ( 2013 ) conducted the fi rst detailed study of 
climate-induced species distribution changes, providing evidence of warming- 
driven elevational range shifts in 87 % of 124 studied endemic plant species in 
alpine Sikkim over the last 150 years. Species’ upper elevation limits shifted 
between 23 and 998 m. The study suggests that present-day plant assemblages and 
community structures are defi nitely different from those of the nineteenth century. 
Upslope range expansion of woody species from dwarf-scrub communities into 
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alpine meadows is attributed by Telwala et al. ( 2013 ) to climate warming. In NW 
Yunnan, shrub encroachment of alpine meadows was found to be infl uenced also by 
land use change (burning cessation, grazing effects) and shrub autocatalysis (Brandt 
et al.  2013 ). Land use change, in turn, plays a major role in hitherto documented tree 
line shifts (e.g. Baker and Moseley  2007 ). Anthropogenic treelines, i.e. treelines 
lowered from their natural altitudinal position by human impact, are predominant in 
the Himalaya (Schickhoff  2005 ). Upslope movement of these treelines is rather 
related to effects of land use change than to climatic changes. Near-natural 
Himalayan treelines are usually developed as krummholz treelines, which were 
found to be relatively unresponsive to a warming climate in the short term. However, 
a widespread treeline advance is most likely in the medium and long term consider-
ing the current intense recruitment of treeline trees within the treeline ecotone and 
beyond (Schickhoff et al.  2015 ;  2016  and references therein; Schwab et al.  2016 , 
this volume). The current glacier retreat involves a large increase of recently degla-
ciated terrain which represents a highly dynamic alpine habitat. Receding glaciers 
have induced vegetation successions on glacier forelands (Fig.  1.5 ), which have 
been hardly addressed to date. Apart from a recent detailed summary of plant suc-
cession stages in glacial forelands in Langtang/Helambu (Nepal) (Miehe  2015 ), 
only preliminary studies are available analysing the colonization of glacier fore-
lands by pioneer species such as  Pinus wallichiana  (Mong and Vetaas  2006 ; Vetaas 
 2007 ; Bisht et al.  2016 ).

   Species-specifi c changes in phenological patterns belong to the inevitable conse-
quences of climatic changes, potentially disrupting life cycles and interactions 
between species. Respective observations in the Himalaya are limited, but indicate 

  Fig. 1.5    Colonization of recently deglaciated terrain by  Pinus wallichiana  in the foreland of 
Gangapurna glacier (3700 m), Manang, Nepal, Himalaya (Source: Udo Schickhoff 2013)       
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large-scale changes. Several species of rhododendrons are reported to currently 
fl ower a month earlier than in the past (Xu et al.  2009 ). Based on satellite-derived 
NDVI datasets, Shrestha et al. ( 2012 ) found an advancement of the start of the 
growing season by 4.7 days between 1982 and 2006, in line with an overall green-
ing trend in NDVI magnitude and an earlier green-up in most parts of the Hindu 
Kush-Himalayan region (Panday and Ghimire  2012 ). 

 Changing species distributions, dynamics in treeline ecotones and glacier fore-
lands and phenological changes represent responses to current climate change that 
will modify structure, composition and functioning of Himalayan ecosystems. It is 
not very likely that the capacity for natural adaptation will be suffi cient to cope with 
the above-average rates and magnitudes of climate change projected for the twenty- 
fi rst century without biodiversity decline, loss of species and impairment of ecosys-
tem services. This will necessitate human-assisted adaptation, including large-scale 
habitat restoration, expansion of protected area networks and the reduction of non- 
climate stressors.      
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    Chapter 2   
 Recent Climate Change over High Asia                     

     Shabeh     ul     Hasson    ,     Lars     Gerlitz    ,     Udo     Schickhoff    ,     Thomas     Scholten    , 
and     Jürgen     Böhner    

    Abstract     Though elevated regions have generally been spotted as climate change 
hotspots due to amplifi ed signal of change observed over recent decades, such 
evidence for the Tibetan Plateau and its neighboring regions is supported only by a 
sparse observational network, less representative for the high-altitude regions. 
Using a larger database of widely used gridded observations (CRU and UDEL) and 
reanalysis datasets (NCEP-CFSR, ERA-Interim, and its downscaled variant ERA- 
WRF) along with high-quality homogeneous station observations, we report recent 
changes in mainly the mean monthly near-surface air temperature and its elevation 
dependence, as well as changes in precipitation over the Tibetan Plateau, its neigh-
boring mountain ranges, and the basins of major rivers originating from them. Our 
station-based analysis suggests a well-agreed warming over and around the Tibetan 
Plateau, which is more pronounced mainly during winter and spring months and 
generally in agreement but higher in magnitude than that of previously reported. 
We found a varying skillset of considered gridded and reanalysis datasets in terms 
of suggesting robust spatial and elevation-dependent patterns of trends and their 
magnitudes. The UDEL, ERA-Interim, and CRU datasets, respectively, exhibit 
high- to medium-level agreement with the station observations in terms of their 
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trend magnitudes, which are generally underestimated. We found that all datasets 
agree with station observations as well as among each other for a strongest warming 
and drying in March over the northwestern region, for wet conditions in May over 
the southeastern Tibetan Plateau and Myanmar regions, as well as for the general 
warming pattern. Similarly, a strongest EDW rate per 1000 m elevation found in 
January is well agreed qualitatively among all datasets, except ERA-WRF. We also 
confi rm high inter-dataset agreement for higher warming rates for highlands (above 
2000 m asl) as compared to lowlands in December and January and with a mild 
agreement during the growing season (April–September). Except for winter months, 
NCEP- CFSR reanalysis largely contradicts the elevation-dependent warming 
signal. Our fi ndings suggest that well-agreed likely changes in the prevailing climate 
will severely impact the geo-ecosystems of the High Asia and will have substantial 
infl uence on almost all dimensions of life in the region.  

  Keywords     Climate change   •   High Asia   •   Elevation-dependent warming  

2.1       Introduction 

 High-mountain ecosystems are widely recognized as among the most exposed envi-
ronments to global warming (e.g., Grabherr et al.  2001 ,  2010a ,  b ; Körner and 
Ohsawa  2005 ; Huber et al.  2005 ; Walther et al.  2005 ). This is evident by the fact 
that recently accelerated warming, being spatially heterogeneous and asynchronous 
among various regions (IPCC  2013 ), remained signifi cantly higher within many 
mountain regions of the world than its twentieth-century global mean (e.g., Diaz 
and Bradley  1997 ; Shrestha et al.  1999 ; Beniston  2000 ; Bolch  2007 ; Bolch et al. 
 2012 ) and that it will most likely remain higher further during the twenty-fi rst cen-
tury (Nogués-Bravoet al.  2007 ; Liu et al.  2009 ; Pepin et al.  2015 ). The amplifi ed 
warming in high-mountain areas, often referred to as elevation-dependent warming 
(EDW), is assumed to be generally due to a differentiated energy balance and its 
controlling processes (e.g., snow-albedo feedbacks, water vapor changes, latent 
heat release, surface water vapor, and radiative fl ux changes). A systematic review 
and assessment of mechanisms, contributing to an enhanced warming with eleva-
tion, is given in Pepin et al. ( 2015 ). 

 An essential prerequisite for the causal analysis of aberrant regional EDW pat-
tern is before all a valid database, representative of the correct magnitude of tem-
perature change signals observed over time in a spatially explicit manner. However, 
existing long-term meteorological station networks are sparse and further biased 
with respect to their locations, particularly within the mountainous regions, such as 
the Tibetan Plateau and its bordering high-mountain ranges of Hindu Kush–
Karakoram–Himalaya (HKH). Within HKH and Tibetan Plateau, the available 
observatories are predominantly located within valley bottoms and thus are of 
limited representativeness of the actual high-mountain climates. Although the 
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extension of meteorological networks and the implementation of automated screens 
have improved the spatial coverage since 1990s, longer time series (i.e., 30 years or 
more) are still extremely rare. Owing to these limitations, Böhner’s ( 1996 ) early 
analysis of temperature trends for 1951–1980 and 1961–1990 periods was based on 
mostly incomplete monthly time series from 160 almost undocumented meteoro-
logical stations, among which only three (19) were above an altitude of 4000 m asl 
(3000 m asl). Yan and Liu ( 2014 ) have considered a slightly better database for their 
investigation of warming trends over the Tibetan Plateau for 1961–2012 period; 
however, around 2 million km 2  area of Tibetan Plateau above 4000 m asl has been 
represented only by 11 (out of 139) meteorological stations, underlining the limited 
representativeness of the analyzed database for such a huge high-altitude region. 

 In view of these restrictions on the one hand and diverse needs on spatially 
explicit climatic information for case studies and climate impact assessments on the 
other, Qin et al. ( 2009 ) have used a validated moderate resolution imaging spectro-
radiometer (MODIS) mean monthly land surface temperature product, confi rming 
warming magnitudes comparable to those derived from station observations that 
increase with elevation up to 5000 m asl over the Tibetan Plateau. Alternatively, 
Gerlitz et al. ( 2014 ) have proposed an integration of the observational database with 
the reanalysis datasets. Using SAGA-GIS-based approaches, Gerlitz et al. ( 2014 ) 
had integrated station observations with the elevation-corrected and bias-adjusted 
ERA-Interim reanalysis dataset for the overlapping period of record over the domain 
covering most of the Tibetan Plateau, its adjacent high-mountain ranges and its 
forelands. The resultant product of daily gridded temperature at 1 km 2  resolution 
had enabled an in-depth investigation of recent trends in various temperature indi-
ces. Differing from Pepin et al. ( 2015 ), who argued that reanalysis datasets are not 
homogenized for climatic trend analysis, Gerlitz et al. ( 2014 ) instead suggested a 
comparable dimension of temperature change between observations and the ERA- 
Interim reanalysis, though the magnitude of the latter tends to be slightly underesti-
mated in some cases. Investigations of You et al. ( 2010 ) likewise confi rm the 
principal suitability of ECMWF reanalysis products for trend analyses. For instance, 
time series from 71 homogenized meteorological stations and from their collocated 
56 grid points from surface ERA-40 reanalysis for the eastern and central Tibetan 
Plateau region consistently showed a general warming trend, exhibiting also a good 
agreement for their seasonal and areal averages for 1961–2004 period. In contrast 
to ERA-Interim reanalysis, You et al. ( 2010 ) found that corresponding dataset from 
the NCEP largely failed to identify a general warming pattern, suggesting that their 
analysis datasets require a careful selection for the targeted analysis. 

 In general, differences in the temperature change signal from both the long-term 
meteorological stations and the reanalysis products illustrate that there is not one 
truth without uncertainties. For instance, properly homogenized in situ observations 
from the meteorological stations though undoubtedly are the most valuable and 
indispensable data source when analyzing climatic variations, their extrapolation 
for spatial scale investigations as well as for the subsequent fi ndings requires a care-
ful consideration of potential topoclimatic biases that can substantially limit the 
spatial representativeness (Böhner  1996 ). On the other hand, reanalysis products, 
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being increasingly utilized in diverse fi elds of climate-related research, provide 
largely consistent areal datasets (at least for time periods with a homogeneous data 
assimilation scheme), but require a critical assessment in comparison with observa-
tions, in view of the structural limitations and sub-grid scale parameterizations 
applied in the modeling schemes. 

 Against this background, we see a clear need to take into account a broader data-
base for adequate investigation of climate variations over High Asia. Since tem-
perature along with precipitation is the main driving force for moisture and 
vegetation distribution and also in perturbing the existing cryosphere of the region, 
our focus is on these two variables. Therefore, we present a systematic monthly 
analysis of temperature and precipitation trends, considering a suite of station 
observations and the widely used interpolated gridded products as well as model- 
driven reanalysis datasets. Apart from an updated overview of recent temperature 
and precipitation trends since 1981, our research design particularly attempts to 
investigate skill of the broader dataset considered here in identifying the EDW 
signals and its magnitude, meant as a contribution to the current debate about 
mechanisms and factors causing increased warming rates over high-mountain 
environments. 

 The study area covers the entire Tibetan Plateau and its bordering mountain 
ranges from the Tian Shan in the northwest, the Hindu Kush–Karakoram ranges in 
the west, and the Himalayas in the south. In order to embed our investigations in a 
broader spatial context, enabling a suffi cient comparison of temperature change 
signals between the high- and lowlands, the study area also encompasses the major 
river basins, having their headwaters in High Asia.  

2.2     Material and Methods 

 Observations of monthly mean temperatures are obtained from 55 stations from 
Gerlitz et al. ( 2014 ) and Hasson et al. ( 2015a ) and from the Global Historical 
Climatology Network (GHCN) Monthly Summaries database up to an altitude 
above 4700 m asl. We have investigated the internal consistency and homogeneity 
of the observational datasets by using a penalized maximal F test in RH-TestV3 
standardized toolkit (Wang  2008 ; Wang and Feng  2009 ), in absence of a reference 
time series and considering a most conservative threshold of 99 % signifi cance 
level. Based on our results, 14 stations either with large missing data gaps or statisti-
cally identifi ed in homogeneity, including topoclimatically affected valley bottom 
stations, were excluded from the analysis. Amidst 41 stations considered for our 
analysis, 25 stations lie above 2000; 18 stations lie above 3000; and 5 stations lie 
above 4000 m asl. Most of the considered stations are located in the eastern Tibetan 
Plateau, while fi ve stations are located within central and eastern Himalayas and 
almost same numbers of stations are located in the Tian Shan. 

 Since observations used in many studies as well as those analyzed here generally 
constitute only a sample of unevenly and sparsely distributed stations from the 
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Tibetan Plateau, featuring severe limitations in further representation of the 
 high- elevated regions, it is most likely that unmonitored regions may attribute to 
more prominent changes in the climatic pattern as compared to what have been 
shown by the station observations. Thus, there is an immense need for constructing 
a complete spatial picture of the climatic variables. In this regard, available datasets 
of spatially interpolated observations and reanalysis products from numerical mod-
els are the most appropriate choice. We have obtained the interpolated gridded 
monthly mean temperature and precipitation observations from the University of 
Delaware (UDEL – UDEL_AirT_Precip V3.01) and the Climate Research Unit 
(CRU – TS3.2) of East Anglia University available at 0.5° resolution. The region-
alization procedure performed on these datasets is described in Harris et al. ( 2014 ) 
and Willmott and Matsuura ( 1998 ). 

 We have also obtained two widely used reanalysis datasets: the National Centers 
for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) 
(NCEP-CSFR) and the European Reanalysis (ERA-Interim) from the European 
Center for Medium-Range Weather Forecasts (ECMWF). These reanalysis datasets 
comprise of retrospective-modeled atmospheric fi elds for discrete troposphere lev-
els and delineated surface climate variables with assimilated conventional observa-
tions (e.g., land surface, ship, radiosonde data) and satellite data. The NCEP-CFSR 
had been performed using a global, high-resolution, coupled atmosphere-ocean- 
land surface-sea ice system. The atmospheric, oceanic, and land surface output 
products from the CFSR are available at a horizontal resolution of 0.5° from the 
National Climatic Data Center (NCDC) and the National Center for Atmospheric 
Research (NCAR). The modeling procedure and data assimilation scheme used in 
NCEP-CFSR are described in Saha et al. ( 2010 ). The ERA-Interim reanalysis from 
ECMWF comprises of 6-hourly estimates of meteorological variables in a horizontal 
discretization of 0.7°, available from 1979 onward. The advanced 4D data assimila-
tion system and the Integrated Forecast System (IFS) are described in Berrisford 
et al. ( 2009 ) and Dee et al. ( 2011 ).In view of the relatively coarse resolution of 
ERA-Interim, we additionally considered its 0.5° resolution derivative, dynami-
cally downscaled by the Weather Research and Forecast (WRF) Model under the 
Coordinated Regional Downscaling Experiment (CORDEX) South Asia evaluation 
runs, available for the period 1989–2007. 

 Most of the station observations on the Tibetan Plateau typically start from the 
late 1950s (Liu and Chen  2000 ), while the chosen gridded observations are avail-
able since the start of the twentieth century. On the other hand, selected reanalysis 
datasets are available only since 1979 onward. In view of such data availability, we 
have selected a common period of 1981–2010 for our analysis in order to choose a 
consistent period of accelerated warming, which also encompasses the warmest 
period (1983–2012) in the Northern Hemisphere for the last 1400 years (IPCC  2013 ). 

 We have used a widely applied nonparametric Mann–Kendall (MK – Mann 
 1945 ; Kendall  1975 ) statistical trend test to assess the existence of a trend in a time 
series along with the Theil–Sen (TS – Theil  1950 ; Sen  1968 ) slope method to esti-
mate true slope of the existing trend. The MK trend test is insensitive to the type of 
sample data distribution, missing data gaps, and outliers (Tabari and Talaee  2011 ; 

2 Recent Climate Change over High Asia



34

Bocchiola and Diolaiuti  2013 ). In view of the sensitivity of MK statistic to sequential 
dependence properties of a time series, we have applied a pre-whitening procedure 
by following Zhang et al. ( 2000 ) prior to applying MK test. The adopted pre-
whitening procedure fi rst identifi es optimal negative/positive signifi cant correla-
tions and the existing trend component from a time series in an iterative manner in 
order to avoid infl uence of one on the other during the pre-whitening procedure. 
Using optimal trend and autocorrelation magnitudes, our pre-whitening procedure 
yields a serially independent time series featuring a same trend as of the original 
time series. The details of the trend analysis methodology have been discussed in 
Hasson et al. ( 2015a ). 

 In view of the large limitations due to regionalization techniques in highly diffi -
cult terrain of our study area for the gridded observations and systematic biases in 
the numerical weather models affecting reanalysis products, we assess the skill of 
these datasets in suggesting robust pattern of mainly the temperature change and its 
magnitude against the station observations by comparing their trends at those grid 
cells collocating with the station sites. Moreover, complementing the work of ear-
lier studies (Diaz and Bradley  1997 ; Liu and Chen  2000 ; Liu et al.  2009 ; Qin et al. 
 2009 ), we have explored the elevation dependency of the observed warming signal 
but over the wider study domain using the updated period of record and from the 
breadth of analyzed datasets. For this, we have estimated an average rate of warm-
ing against 1000 m increase in elevation for each dataset. In order to explicitly show 
contributions from the low- and highlands to such EDW rate, we estimate it sepa-
rately for the regions below and above 2000 m asl. A threshold of 2000 m asl to 
separate highlands from the lowlands has been considered by many studies (Aizen 
et al.  1997 ; Liu and Chen  2000 ; You et al.  2010 ). Given a huge extent of the inves-
tigated area, we assume that a typical latitudinal temperature change gradient and 
the longitudinal gradient – possibly present due to changes in east–west propagating 
monsoonal system and in the opposite direction, the westerly disturbances – have 
either overlaid or masked the EDW specifi c signal. Therefore, we have performed a 
multiple linear regression analyses using spatial coordinates and elevation as statis-
tical predictors, in order to disentangle otherwise indiscernible EDW signal.  

2.3     Results and Discussion 

2.3.1     Warming and Cooling 

 Our trend analysis of mean monthly near-surface air temperature from the station 
dataset shows a well-agreed and statistically signifi cant warming over the Tibetan 
Plateau and in the neighboring regions particularly during the winter and spring 
months (Table  2.1 ). Highest warming rates of 2.01–1.74 °C per decade are observed 
over the Tian Shan station (3639 m asl) in March and April, respectively. Following 
winter and spring months, monsoonal period experiences highest warming rates 
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as suggested by most of the stations. During such period, a highest warming rate 
of 1.22 °C per decade has been observed in September for Da Qaidam station 
(3174 m asl). Most of the temperature change signals shown in Table  2.1  are found 
to be statistically signifi cant at 90 % level. We note that warming rates observed 
here are largely higher than the previously reported warming trends, suggesting a 
recent amplifi cation of the signal of climate change. Agreed with our fi ndings, Xie 
et al. ( 2010 ) further reported that warming signal in the mean temperature observed 
here is more pronounced for the minimum temperature rather than for the maximum 
temperature, resulting in narrowing down of the diurnal temperature range (DTR). 

Stations Elev Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Baingoin 4701 1.09 0.73 0.50 0.60 0.26 0.27 0.41 0.46 0.40 0.20 0.92 0.67
Tuotuohe 4535 1.40 1.14 0.72 0.87 0.55 0.38 0.76 0.74 0.72 0.64 0.69 0.85
Nagqu 4508 1.07 0.71 0.55 0.73 0.51 0.43 0.78 0.78 0.66 0.30 0.74 0.95
Madoi 4273 1.61 0.91 0.60 0.75 0.45 0.24 0.82 0.84 1.03 0.21 0.25 0.59
Qumarleb 4176 1.66 0.86 0.40 0.69 0.34 0.25 0.83 0.79 0.87 0.44 0.60 0.88
Darlag 3968 1.06 0.67 0.33 0.77 0.35 0.12 0.81 0.86 0.92 0.00 0.35 0.61
Litang 3950 1.17 0.75 0.44 0.44 0.29 0.00 0.53 0.85 0.63 0.41 0.63 0.63
Dengqen 3874 0.92 0.60 0.50 0.87 0.40 0.15 0.63 0.45 0.56 –0.08 0.50 0.65
Yushu 3717 1.22 0.75 0.59 0.75 0.40 0.31 0.93 1.01 1.03 0.22 0.83 0.95
Lhasa 3650 1.29 0.88 0.79 0.81 0.84 0.51 0.51 0.67 0.78 0.63 1.27 0.81
Tian_shan 3639 0.93 1.62 2.01 1.74 0.75 0.82 0.52 0.33 0.48 0.23 0.89 0.61
Garze 3394 0.87 0.50 0.43 0.40 0.18 0.11 0.64 0.74 0.68 –0.06 0.11 0.52
Deqen 3320 0.84 0.80 0.71 0.91 0.31 0.49 0.81 0.80 0.96 0.49 0.54 0.51
Qamdo 3307 0.85 0.55 0.38 0.50 0.18 0.00 0.63 0.36 0.38 –0.06 0.72 0.59
Gangca 3302 0.81 0.67 0.61 0.76 0.43 0.40 0.82 0.71 0.95 0.24 0.36 0.01
Dulan 3192 0.43 0.74 0.47 0.80 0.41 0.43 0.42 0.48 0.80 0.20 0.14 –0.30
Da qaidam 3174 0.88 1.00 0.79 0.90 0.61 0.82 1.07 0.98 1.22 0.46 0.67 0.13
Wushaoling 3044 0.33 1.17 0.89 0.81 0.33 0.74 0.79 0.48 0.59 0.40 0.46 –0.49
Jiulong 2994 0.68 0.45 0.46 0.63 0.18 0.01 0.40 0.44 0.57 0.37 0.27 0.55
Hezuo 2910 0.75 0.94 0.74 0.69 0.44 0.31 0.76 0.55 0.95 0.38 0.13 0.21
Songpan 2852 0.88 0.75 0.60 0.63 0.40 0.08 0.69 0.91 0.96 0.17 0.21 0.38
Lenghu 2771 0.81 0.94 0.38 0.50 0.05 0.50 0.79 0.50 0.70 0.40 0.49 0.22
Barkam 2666 0.67 0.40 0.38 0.46 0.17 –0.07 0.59 0.62 0.81 0.08 0.12 0.40
Lijing 2394 0.45 0.61 0.56 0.81 –0.13 0.05 0.18 0.31 0.23 0.08 0.35 0.17
Naryn 2041 0.19 0.91 1.21 0.30 0.33 0.47 –0.06 0.01 0.25 0.49 1.25 0.57
Yumenzhen 1527 0.10 1.27 0.91 0.79 0.31 0.83 0.81 0.34 0.34 0.54 1.04 –0.05
Bijie 1511 0.15 1.44 1.00 0.74 0.21 0.06 0.33 0.12 0.77 0.32 0.33 0.07
Jiuquan 1478 –0.21 0.92 0.76 0.69 0.35 0.93 0.65 0.27 0.24 0.52 0.90 –0.13
Otog qi 1381 0.43 1.39 1.12 0.56 0.17 0.72 0.57 0.56 0.47 0.38 0.85 0.37
Hotan 1375 0.71 0.70 1.77 0.89 0.82 1.04 0.56 0.59 0.73 1.03 1.25 0.83
Bayan mod 1329 –0.25 0.79 0.76 0.47 0.20 0.59 0.52 0.38 0.25 0.43 0.71 –0.19
Shache 1232 0.20 0.33 1.41 0.74 0.79 0.78 0.04 0.30 0.42 0.83 0.74 0.31
Bachu 1117 0.09 0.41 1.31 0.71 0.70 0.79 –0.11 0.20 0.22 0.67 0.95 0.16
Kuqa 1100 –0.84 0.11 0.67 0.04 –0.21 0.33 –0.33 –0.45 –0.18 0.14 0.64 –0.49
Ruoqiang 889 –0.09 0.82 1.27 0.75 0.17 1.04 0.47 0.15 0.53 0.65 0.80 0.18
Tikanlik 847 –0.12 0.93 1.03 0.53 0.04 0.85 0.58 0.31 0.61 0.53 0.72 0.02
Patiala 251 –0.16 0.86 1.08 1.31 0.36 –0.40 0.31 0.49 0.09 0.41 0.48 0.25
Hissar 221 0.01 1.15 1.08 1.56 0.88 0.12 0.60 0.45 0.09 0.77 0.27 0.29
New_Delhi 216 –0.15 0.71 0.86 1.09 0.14 –0.40 0.36 0.30 –0.08 0.15 0.12 –0.04
Patna 60 –0.31 0.55 0.61 0.45 0.06 0.14 0.42 0.40 0.49 0.44 0.37 0.13
Gauhati 54 0.24 0.77 0.55 0.47 0.54 0.15 0.52 0.44 0.65 0.43 0.56 0.56

      Table 2.1    Warming rates in °C per decade. Stations are listed from highest to lowest elevation 
(Source: Authors)       
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The warming signal over the Tibetan Plateau and over its neighboring regions has 
also been consistently shown in the past by the paleoclimate data reconstructed 
from ice cores (Yao et al.  1995 ).

   In contrast to general warming, few stations feature anomalously cooling trends. 
For instance, around one fourth of the analyzed stations feature cooling tendencies 
in at least one or more months of the summer monsoonal period or in January and 
February months, where such an anomaly is mostly observed at lower elevation sta-
tion, showing no clear relationship with the elevation. The cooling tendencies are 
likewise suggested by the long-term valley bottom stations within the western 
Himalayan and Karakoram regions since the second half of the last century as 
reported by Hasson et al. ( 2015a ), most probably caused by the topographically 
altered local climate. However, using a suite of high-altitude automated weather 
stations (2200–4800 m asl) from the same region, Hasson et al. ( 2015a ) suggested 
even a higher magnitude of cooling tendencies during the monsoon months, specu-
lated to be caused by anthropogenically induced enhanced infl uence of the mon-
soonal system along its far northwest margins in addition to the effects of 
sophisticated local topoclimates. 

 In order to examine the suitability of gridded observations and the reanalysis 
datasets, we have compared their trends with the station observations for corre-
sponding locations. Our comparison shows that all datasets generally underestimate 
the magnitude of station-based trends (Fig.  2.1 ). The UDEL dataset outperforms all 
datasets in suggesting comparable trend magnitudes with a relatively little underes-
timation. This is followed by ERA-Interim reanalysis and CRU, while the NCEP- 
CFSR performs simply worst in this regard. Such comparisons have suggested that 
UDEL, CRU, and ERA-Interim datasets have shown at least some skill in emulat-
ing the temperature trend over the study domain though a general underestimation 
of the trend magnitude prevails. In Fig.  2.2 , we have summarized the spatially com-
plete picture of trend magnitudes from all gridded and reanalysis dataset covering 
the whole study domain instead of trends at the select grid cell locations. We also 
show trends from the station observations for the sake of comparison. We generally 
found that CRU and ERA-Interim at least follow the monthly pattern of the obser-
vations. Their few higher magnitude of temperature trends as compared to station 
observations indicates areas of prominent change, not represented by the station 
dataset at all. Nevertheless, all datasets mostly underestimate the trends from the 
station observations at corresponding locations. The UDEL, NCEP-CFSR, and 
ERA-WRF datasets suggest relatively a large number of outliers, indicating incon-
sistent patterns at some locations (Fig.  2.3 ). Additionally, the UDEL dataset fea-
tures a very narrow range of temperature change over the study domain.

     All gridded and reanalysis datasets consistently exhibit strongest warming rate 
during the month of March. We note that such strongest warming signal features a 
positive gradient from east to west and south to north; thus the highest magnitude of 
warming observed during March is more obvious over the northwest region of the 
study domain. This signal was not apparent from the station observations since 
these stations are mostly located in the eastern Tibetan Plateau with almost no 
information from the northwestern region. The strongest warming signal in the 
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northwestern part during March has also been consistently shown by Hasson et al. 
( 2015a ) based on a suite of high-altitude automated weather stations within the 
western Himalayan and Karakoram regions. The strong warming signal in such 
regions may also indicate certain changes in mainly the solid moisture regime of the 
westerly disturbances prevailing therein, which based on the CMIP5 projections is 
expected to experience an increasing number of dry days during spring season 
(Hasson et al.  2015b ). We note that the ERA-WRF downscaled data exhibits even 
more pronounced warming during the spring season but less consistent pattern of 
signifi cant warming for the rest of year as compared to its forcing dataset. 

 A well-agreed warming signal over and around the Tibetan Plateau mostly dur-
ing cold season is alarming for the elevated natural resources, as it can exacerbate 
already evident cryosphere loss, perturbation of subsequent melt runoff availability 
downstream, mountain ecosystems degradation, and extinction of indigenously 
dependent endangered species. As a counter effect, spring temperature increase 

y = 0.6482x + 0.0069
R² = 0.475

-0.2

-0.1

0.0

0.1

0.2

0.3

-0.2 -0.1 0.0 0.1 0.2 0.3

CR
U

y = 0.5366x - 0.0029
R² = 0.1847

-0.2

-0.1

0.0

0.1

0.2

0.3

-0.2 -0.1 0.0 0.1 0.2 0.3

N
CE

P 
CF

SR
y = 0.9567x - 0.0133

R² = 0.7659

-0.2

-0.1

0.0

0.1

0.2

0.3

-0.2 -0.1 0.0 0.1 0.2 0.3

U
DE

L

Sta�on Obs

y = 0.6492x + 0.0035
R² = 0.511

-0.2

-0.1

0.0

0.1

0.2

0.3

-0.2 -0.1 0.0 0.1 0.2 0.3

ER
A 

In
te

rim

Sta�on Obs

  Fig. 2.1    Comparison of mean monthly temperature trend magnitudes between stations and 
regridded ( left column ) and reanalysis datasets ( right column ) (Source: Jürgen Böhner)       
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most likely promotes tree species recruitment at elevated regions (Camarero and 
Gutierrez  1999 ), may shorten the growing season length for mountainous crops, and 
even can bring more area under cultivation. Similar to the station trends, we also 
fi nd cooling tendencies in the gridded datasets during the monsoonal period where 
such tendencies are relatively more pronounced in the reanalysis datasets. Cooling 
tendencies are almost vanished on an annual time scale.  

2.3.2     Elevation Dependent Warming 

 For the station dataset, we have found that rate of warming above 2000 m asl is 
higher than the rate below this height on an annual time scale (Table  2.2 ), consistent 
with reports of EDW fi ndings below and above 2000 m asl by Aizen et al. ( 1997 ). 
In particular, July–September period and December–January period have shown 
higher mean rates of warming above 2000 m asl than the rates below this height, 
where such difference was largest in January. We note that the strongest warming 
rate of 0.32 °C per decade per 1000 m elevation is found in January, while on an 
annual time scale, such rate is only 0.06 °C per decade. The strongest EDW in 
January can also be seen clearly from Table  2.1 . Consistent to the EDW pattern 
identifi ed for the mean temperatures here, Liu et al. ( 2009 ) have found an EDW 

  Fig. 2.2    Summary of trend magnitudes from station observations and from datasets covering the 
whole domain.  Red line  indicates the medians,  box  refers to fi rst and third quartiles (interquartile 
range – IQR), whiskers are plotted at 1.5 IQR, and beyond this threshold trends are considered as 
outliers and are shown with  plus sign  (Source: Authors)       

 

S. Hasson et al.



39

signal for the minimum temperature over and around the Tibetan Plateau, which is 
also more pronounced during the winter season.

   Completing a spatial picture of the scattered station-based temperature change 
signal, CRU and UDEL gridded observations though quantitatively differ in the 
magnitude of warming rate against the station observations feature a well-agreed 
pattern of EDW on a qualitative scale. The CRU dataset suggests higher warming 
rate for highlands (above 2000 m asl) as compared to lowlands (below 2000 m asl) 
in the same months as suggested by the station observations but additionally in 
four months of February, April, June, and November where such warming rate dif-
fers only slightly among low- and highlands for the rest of months. The UDEL 
dataset distinctly showed a higher warming rate for the highlands relative to low-
lands throughout the year. Moreover, both datasets suggest strongest rate of EDW 
for every 1000 m elevation increase during the month of January. On annual time 
scale, UDEL suggests a similar magnitude of EDW as of station observations, while 
CRU underestimates it. 

 Exploiting the reanalysis datasets, we have found that strongest January warm-
ing rate for every 1000 m elevation observed from stations and gridded datasets is 
consistently strongest among the reanalysis datasets (Table  2.2  and Figs.  2.3  and 
 2.4 ). On annual time scale, ERA-WRF underestimated the rate of station-based 
observed EDW; ERA-Interim suggested no trend at all and the NCEP-CFSR incon-
sistently suggested a cooling trend. Such inconsistent cooling rate by the NCEP- 
CFSR on an annual time scale has also been observed within a year except during 
the winter season.

   You et al. ( 2010 ) have also reported that the NCEP-CFSR largely failed to show 
a general warming pattern. The ERA-Interim, however, suggested a higher warm-
ing rate for highlands than for the lowlands only in January, April, July, and 
December months. As compared to ERA-Interim, its dynamically downscaled 
derivative suggested higher warming rates for highlands throughout the year except 
for March and for the post-monsoon (October and November) months that show an 
opposite behavior. Analyzing statistically downscaled ERA-Interim reanalysis 
product, Gerlitz et al. ( 2014 ) have consistently found a distinct warming signals 
during winter and spring seasons with its highest magnitudes over the elevated alti-
tudinal mountain regions. During the post-monsoon season, they also reported that 
warming signals were instead more pronounced at low elevations. Actually, our 
fi ndings of an opposite EDW response during early spring and post-monsoon 
months are consistent among all datasets analyzed here, except for the UDEL and 
NCEP-CFSR. In contrast, recent fi ndings of Yan and Liu ( 2014 ) suggested that 
EDW signal also exists for the autumn season during 1961–2012 period. Such con-
fl icting fi ndings may arise due to a direct comparison of studies that consider for 
their analysis either different time spans or a distinct sample size of the available 
station database with its uneven distribution across the study domain. 

 The ice core-based reconstructed record though also showed an elevation depen-
dency of the temperature change signal (Thompson et al.  2003 ), You et al. ( 2010 ) 
cautioned to interpret such fi ndings carefully as they have not found any simple 
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  Fig. 2.3    Trend in mean monthly temperatures for all months of the year ( row-wise ) from all data-
sets considered ( column-wise ). Stipples indicate signifi cant trends at 90 % level or above.  Black 
line  shows land–sea separation while  blue  polygon indicates the whole HKH and Tibetan Plateau 
region (Source: Authors)       
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relationship of seasonal or annual warming with the elevation for the station dataset, 
for the ERA-Interim, and for the NCEP reanalysis datasets. In contrast, our fi nding 
of strongest EDW signal observed in January, which is also well agreed among all 
datasets (Tables  2.1  and  2.2  and Figs.  2.3  and  2.4 ), suggested that the EDW signal 
in You et al. ( 2010 ) might have been lost while averaging out datasets into seasons 
and on annual time scale, underlying the need to perform such an analysis at 
 high- temporal resolution. Nevertheless, our results confi rmed that an EDW signal 
largely exists mainly for the winter months (December and January) among all data-
sets analyzed here and with a mild agreement during the growing season (April–
September), which is also consistent with fi ndings from most of the above mentioned 
studies.  

2.3.3     Wetting and Drying 

 We have found the spatial patterns of precipitation change generally quite erratic 
(Fig.  2.5 ). However, widespread drying tendencies can be noted over most of the 
study area within the year. On annual time scale, a mild agreement among the data-
sets exists for the signifi cant precipitation increase over eastern and central parts of 
the Tibetan Plateau. Consistently, Xu et al. ( 2008 ) have also suggested a positive 
change over most of the Tibetan Plateau. Although Xie et al. ( 2010 ) have also found 
a positive change in precipitation, their fi ndings of a more pronounced increase in 
winter, followed by spring and summer, are not evident from the gridded and reanal-
ysis datasets. Generally, the annual pattern of change in precipitation is consistent 
between the CRU and UDEL gridded observations and between all reanalysis data-
sets. The best agreement among all datasets exists for the precipitation increase over 
Myanmar region and the southeastern Tibetan Plateau for May.

   Furthermore, dataset largely agrees for statistically signifi cant precipitation 
decrease over the northwestern (HKH) region during March. We note that such 
region is mainly infl uenced by the extratropical westerlies, and we speculate that 
such a decrease in westerly precipitation regime over the northwest region during 
March may have triggered the strongest temperature increase therein during the 
same month as noted earlier. The NCEP-CFSR suggests the strongest increase/
decrease over parts of the study area during the monsoon period and on annual 
scale, generally featuring a low agreement with the rest of datasets.   

2.4     Conclusions and Outlook 

 Our station-based analysis suggests a well-agreed warming over and around the 
Tibetan Plateau, which is more pronounced mainly during winter and spring months 
and generally in agreement but higher in magnitude than that of previous fi ndings. 
For the regridded and reanalysis datasets considered in the study, we have found 
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  Fig. 2.4    Mean monthly temperature trend magnitudes versus elevation from all datasets. 
Signifi cant trends at 90 % and above level are shown in  black , while insignifi cant tendencies are 
shown in  gray  (Source: Authors)       
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  Fig. 2.5    Same as Fig.  2.3  but for monthly total precipitation. Here the whole HKH and Tibetan 
Plateau region is shown in  purple  (Source: Authors)       
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varying skills in terms of pattern and magnitude of trends and their elevation 
dependency. Though all datasets largely underestimate the trends from the station 
observations, UDEL outperforms all other datasets with little underestimation. 
However, UDEL suggests a very small variation of trends for most of the study 
domain with a large number of outliers. After UDEL, the ERA-Interim reanalysis 
followed by the CRU dataset exhibits a medium-level agreement with the magni-
tude of real trends. Nevertheless, UDEL, CRU, and ERA-Interim exhibit a quite 
good agreement with each other and with the station observations for the patterns of 
general warming, strongest warming and drying over the northwestern study domain 
in March, and wetting of southeastern Tibetan Plateau and Myanmar regions in 
May. Moreover, we have found a strongest EDW rate per 1000 m elevation increase 
in January, which is well agreed qualitatively among all the considered datasets, 
except ERA-WRF. Our results also confi rm that higher warming rates for highlands 
(above 2000 m asl) as compared to lowlands exist mainly for the winter months 
(December and January), well agreed among all datasets analyzed here, and also 
during April–September with a mild agreement. Only NCEP-CFSR reanalysis 
largely contradicts the EDW signal, except during winter months. It is pertinent to 
mention that skillset of the gridded and reanalysis datasets considered in the study 
has been evaluated against a subset of available high-quality homogeneous observa-
tions mainly from the eastern Tibetan Plateau, which emphasizes a careful interpre-
tation of their fi delity across the rest of study domain. In view of varying skillset of 
the considered datasets, we suggest to take into account even a broader database 
particularly exploiting the potential of the growing number of satellite observations 
in the recent past and reconstructed climate records from a variety of proxy datasets. 
Moreover, we eventually propose an integration of either outperforming regional-
ized, reanalysis, remotely sensed, or reconstructed datasets with the real observa-
tions, in order to develop spatially complete and locally refi ned climatic fi elds for an 
adequate climate change assessment over the region. In this regard, highly resolved 
climatic fi elds from the reanalysis products either achieved through dynamical or 
statistical downscaling can also be an excellent option that can provide a better 
insight into the ongoing climate change and its driving mechanisms. Nevertheless, 
a well-agreed amplifi ed signal of climate change over the Tibetan Plateau and its 
surrounding highlands suggests its role as an early warning of the foreseeable severe 
impacts on the geo-ecosystems of High Asia and on every aspect of life associated 
with it.     
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    Chapter 3   
 Analytic Comparison of Temperature Lapse 
Rates and Precipitation Gradients 
in a Himalayan Treeline Environment: 
Implications for Statistical Downscaling                     

       Lars     Gerlitz     ,     Benjamin     Bechtel    ,     Jürgen     Böhner    ,     Maria     Bobrowski    , 
    Birgit     Bürzle    ,     Michael     Müller    ,     Thomas     Scholten    ,     Udo     Schickhoff    , 
    Niels     Schwab    , and     Johannes     Weidinger   

    Abstract     High mountain regions have been identifi ed as a major hotspot of climate 
change during recent decades, resulting in a rapid change of local geo- and ecosys-
tems. The ecosystem response to changes of near-surface temperatures and precipi-
tation is often analyzed and simulated by means of statistical or process-based 
modeling applications. However, these models require high-quality climate input 
data. Based on the assumption that freely available gridded climate data sets are 
often not suitable for climate change impact investigation due to their low spatial 
resolution and a lack of accuracy, this paper aims to suggest adequate statistical 
downscaling routines in order to facilitate the cooperation of climate and climate 
impact research. We fi rstly summarize the requirements of ecological climate 
impact studies and identify the defi ciencies of freely available climate reanalysis 
and regionalization products. Based on a network of seven recently installed weather 
stations in the highly structured target area, the seasonal, diurnal, and spatial hetero-
geneity of near-surface temperatures and precipitation amounts is analyzed, and the 
major large-scale atmospheric and local-scale topographic forcing are specifi ed. 
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The analysis of observations highly suggests that local-scale climatic conditions are 
infl uenced by both large-scale atmospheric parameters and topographic characteristics. 
Based on related studies in similar environments, we eventually suggest a statistical 
downscaling approach integrating large-scale atmospheric fi elds (derived from 
reanalysis products or large-scale climate models) and GIS-based terrain parameter-
ization in order to generate fully distributed fi elds of ecologically relevant climate 
parameters with high spatial resolution.  

  Keywords     High mountain climates   •   Observations   •   Statistical downscaling   • 
  Lapse rates  

3.1       Introduction 

 Accelerated rates of warming and changing precipitation patterns have been 
observed by various studies in high mountain regions all over the globe. Most likely 
this high sensitivity to changing greenhouse gas concentrations is caused by posi-
tive feedback effects arising from a decreasing albedo due to reduced snow cover 
rates or changing vegetation patterns as well as changes of moisture and downward 
longwave radiation (Pepin  2015 ; Rangwala and Miller  2012 ). Some studies indicate 
that the elevation-dependent warming in mountain environments alters the lapse 
rates of near-surface temperatures. It is consensus that the spatial pattern of warm-
ing has an explicit impact on the ecological balance of high mountain ecosystems; 
however, the interactions of local-scale climate change and ecological response are 
not yet fully understood. For many environmental investigations and modeling 
approaches, gridded temperature and precipitation estimates are essential input 
parameters (Araújo et al.  2005 ; Schoof  2013 ; Soria-Auza et al.  2010 ). Particularly 
in heterogeneous high mountain environments, such as the Himalayas, ecosystem 
patterns are largely infl uenced by local-scale variations of relevant climate param-
eters. Thus, the spatial resolution and quality of available near-surface climate data 
sets must be considered as a major source of uncertainty for climate and climate 
change impact assessments (Soria-Auza et al.  2010 ). Many state-of-the-art model-
ing applications, particularly in data sparse mountain environments, utilize freely 
available reanalysis products, such as ERA-Interim (Berrisford et al.  2009 ), to cali-
brate process-based or statistical climate impact models (Maignan et al.  2011 ; 
Rötter et al.  2013 ; Saino et al.  2011 ). However, due to their coarse spatial resolu-
tion, reanalysis products fail to adequately represent the local-scale variability of 
near-surface climates in complex terrain. Atmospheric boundary layer processes at 
the meteorological micro-β to meso-γ scale, such as topographically induced varia-
tions of solar insolation and surface heating, nocturnal cold air drainage, and pool-
ing or orographic precipitation, are not explicitly resolved by large-scale climate 
models or reanalysis products (Gerlitz  2015 ; Gerlitz et al.  2015 ). Since most mete-
orological stations in mountain environments are located in valleys below the 
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elevation of the corresponding ERA-Interim grid cell, a strong cold bias of the 
ERA-Interim raw data has been detected, e.g., by Gao et al. ( 2014 ). The topographic 
variability of precipitation rates and its relationship to topographical features in 
complex terrain have been highlighted by many studies (Bookhagen and Burbank 
 2006 ; Wulf et al.  2010 ). Ménégoz et al. ( 2013 ) detected large discrepancies of 
ERA-Interim precipitation rates at the Himalayan foothills, where local-scale pre-
cipitation amounts are highly sensitive to specifi c topographic characteristics. Thus, 
the suitability of climate reanalyses for environmental studies on the local scale is 
fairly limited. Simple elevation adjustment techniques of precipitation (Lloyd  2005 ) 
and temperature (Gao et al.  2012 ; Gerlitz et al.  2014 ; Sheridan et al.  2010 ) can only 
rudimentary compensate for the defi ciencies of reanalysis products. For example, 
observations from Langtang Himal by Immerzeel et al. ( 2014 ) show that tempera-
ture lapse rates and precipitation gradients are highly variable in space and time, 
indicating that the assumption of persistent values is rather imprecise. 

 Likewise, frequently applied interpolated climate data sets such as WorldClim 
(Hijmans et al.  2005 ) do not suffi ciently capture the topographic variations of near- 
surface climates in mountain regions. The interpolation algorithm regionalizes 
monthly observations of precipitation and temperature based on a weighted linear 
regression approach, taking latitude, longitude, and elevation as statistical predictor 
variables. Despite the high spatial resolution of 1 km 2 , the data set neglects local- 
scale atmospheric effects such as temperature inversions or orographic precipita-
tion. Thus, WorldClim-forced ecological modeling applications lead to imprecise 
or even unrealistic results (Soria-Auza et al.  2010 ). It is therefore widely known that 
freely available gridded climate data sets often do not satisfy the requirements of 
ecological climate impact studies and impede the interdisciplinary investigation of 
climate change impacts on vulnerable ecosystems. 

 In the framework of the project TREELINE, the response of the undisturbed 
treeline ecotone in Rolwaling Himal/Nepal to global warming is analyzed based on 
an interdisciplinary ecosystemic approach integrating climate observations and 
modeling applications, fi eld sampling and mapping, experimental treatments of 
various plant species, remote sensing, and ecological modeling. While on a global 
scale the low-temperature growth limitation determines the position of natural 
alpine treelines, the dynamics at local scales depend on multiple interactions of 
infl uencing factors and mechanisms (Körner and Paulsen  2004 ; Schickhoff  2005 ; 
Schickhoff et al.  2015 ). For an interdisciplinary cooperation of climate modelers 
and ecologists, precise climate data sets are essential (Soria-Auza et al.  2010 ; von 
Storch  1995 ). The presented preliminary study intends to identify the gap between 
freely available climatic data sets and the needs of ecological impact studies. 
Therefore, we fi rstly survey the various interactions of local-scale climate settings 
with ecological site conditions in order to identify the requirements of ecological 
investigations. Subsequently, we present fi rst results of an observational campaign 
in the highly structured monsoonal infl uenced target area. The analysis of tempera-
ture lapse rates and precipitation gradients refl ects the importance of meso- to 
microscale atmospheric processes for the formation of distinct topoclimates and 
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supports the unsuitability of freely available data sets. Based on previous studies in 
similar environments, we eventually suggest adequate climate downscaling and 
regionalization techniques in order to improve the interdisciplinary cooperation of 
climate and climate impact researchers.  

3.2     Climate-Ecosystem Interactions in Treeline 
Environments 

 Vegetation patterns in natural alpine treeline environments are characterized by a 
large heterogeneity resulting from small-scale alterations of near-surface climates 
and soil conditions. On a global scale, the treeline position is mainly determined by 
a growing season temperature threshold value in the order of 5–6 °C (Körner and 
Paulsen  2004 ). In general treeline ecotones are distinguished by a sequence of 
changing vegetation types with increasing elevation, ranging from closed forests to 
alpine tundra communities, within a transition zone of often less than 100 m 
(Holtmeier and Broll  2005 ). In Rolwaling Himal, upper subalpine forests are 
primarily composed of  Betula utilis  and  Abies spectabilis , with  Rhododendron 
campanulatum  and  Sorbus microphylla  forming a second tree layer. Closed forests 
give way to an extensive krummholz belt of  Rh. campanulatum  at 3900 m 
(NW-exp.)/4000 m (NE-exp.), which turn into alpine  Rhododendron  dwarf scrub 
heaths at c. 4000 m/4100 m (Schickhoff et al.  2015 ). Specifi c treeline investigations 
indicate that growth conditions and seedling performance of various plant species 
are highly infl uenced by local-scale climate conditions, including solar insolation 
and temperature variations, moisture availability, and wind patterns (Case and 
Duncan  2014 ; Miehe et al.  2007 ). Case and Duncan ( 2014 ) investigated several 
climate-related factors and their infl uence on treeline elevations. Particularly, ther-
mal variables, such as solar insolation income and mean temperature during grow-
ing season, have been identifi ed as important drivers of the vegetation distribution. 
Additionally, physiological stressors, e.g., cold air drainage and pooling, wind 
exposure, and moisture limitations, were found to determine the position and spe-
cies composition of treeline ecotones. Lv and Zhang ( 2012 ) suppose that higher 
temperatures during growing season lead to better growth conditions and enhanced 
carbon storage, which might reduce the mortality of tree seedlings during harsh 
winter conditions. Likewise, investigations by Hofgaard et al. ( 2009 ) indicate that 
small-scale alterations of solar insolation and temperature, resulting in a variable 
growing season length, lead to specifi c constellations of ecological site conditions 
in high mountain environments. Camarero and Gutierrez ( 1999 ) illustrate that frost 
occurrence during spring results in enhanced mortality rates of tree seedlings. Thus 
increasing temperatures in spring season most likely promote the recruitment of tree 
species at higher elevations. Gaire et al. ( 2014 ) show that altering moisture condi-
tions during premonsoon season are particularly important for the recruitment of 
 Betula utilis , the principal treeline species in the western and central Himalayas. 
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While  Betula utilis  was found to rapidly colonize moist sites, dry locations were 
found to be predominantly populated by dwarf shrub associations, which are better 
adapted to drought conditions. First observations from Rolwaling Himal likewise 
indicate that small-scale climatic conditions determine the distribution of particular 
tree species. The elevational positions of the treeline ecotone at northeast- and 
northwest-facing slopes (Fig.  3.1 ) differ considerably within a horizontal distance 
of approximately 100 m. The observed upward shift of vegetation belts at the north-
easterly slope coincides with higher temperatures and solar insolation rates, particu-
larly during spring season (Schickhoff et al.  2015 ) (see Sect.  3.3 ). Beside near-surface 
climate conditions, local-scale alterations of soil properties, in particular soil tem-
peratures, highly infl uence tree growth and seedling performance in alpine ecosys-
tems (Gehrig-Fasel et al.  2008 ; Hoch and Körner  2003 ,  2005 ; Körner and Paulsen 
 2004 ). The heat balance of soils is strongly affected by local-scale variations of 
near-surface temperature, solar insolation, vegetation cover, topography, and the 
local water regime. Elevational temperature gradients are highest in topsoils, which 
are affected by freeze-thaw cycles. Soil temperatures in particular are of great 
importance for complex physical, chemical, and biological processes, leading to 
specifi c physical and chemical soil characteristics. Many studies (Borgaonkar et al. 
 2011 ; Gaire et al.  2014 ; Liang et al.  2010 ; Singh and Yadav  2005 ) utilize climatic 
observations from only one or few nearby weather stations for the characterization 
of the treeline climate. However, ecological models require precise climate data 
sets, in order to simulate the potential range limits of alpine species under current 
and future climate conditions. Thus, the lack of spatially high-resolution climatic 
data must be considered as a major limitation of state-of-the-art ecological investi-
gations and modeling applications (Soria-Auza et al.  2010 ).

  Fig. 3.1    The target area in Rolwaling Himal and the locations of seven automatic weather stations 
(Source: Google Earth). The  upper right  picture shows the station Yalun at 5032 m. The  lower right  
map represents the location of the target area in Central Nepal (Source: Lars Gerlitz)       
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3.3         Topoclimatic Observations from Rolwaling Himal, Nepal 

 With the objective of analyzing and quantifying the local-scale climatic variations 
in the target area, seven automatic meteorological stations were installed at eleva-
tions between 3700 and 5100 m a.s.l. These collect data for temperature, solar inso-
lation, precipitation, relative humidity, wind speed, and wind direction with high 
accuracy and a temporal resolution of 15 min. All stations are equipped with HOBO 
data loggers and synotech sensors, suitable for high mountain environments. The 
locations were chosen as to represent the major meso- and microscale atmospheric 
processes leading to a formation of distinct topoclimates and consequential ecologi-
cal site conditions (Fig.  3.1 ). Two transects were installed on a north-facing slope 
near the village of Beding, where the ecological sampling and mapping investiga-
tions of our project partners were performed. One of these transects is slightly 
northwest exposed; the other one faces toward northeast. Each transect contains one 
station in the valley bottom (NW-btm at 3739 m a.s.l. and NE-btm at 3750 m a.s.l.) 
and one station above the treeline (NW-top at 4055 m a.s.l. and NE-top at 4179 m 
a.s.l.). For a broader investigation of insolation and temperature variations in the 
target area, the station Gompa (3908 m a.s.l.) has been installed at the opposite 
south-facing slope. In order to better understand and quantify the valley internal 
circulation pattern, the station Na has been set up in the upper valley catchment 
(4219 m a.s.l.), and the station Yalun has been installed in a glacier-dominated 
environment on a north-facing slope at 5032 m a.s.l. Currently, more than 1 year of 
observations is available for most stations (April 2013 to June 2014); for the high- 
elevated station Yalun, the period of complete observations amounts to 9 months. 
Seasonal means for discrete time steps (0, 6, 12, 18 h Nepali time) were calculated 
for temperature, relative humidity, and incoming solar radiation for each station, 
respectively. Likewise, seasonal means of six-hourly precipitation sums (0–6, 6–12, 
12–18, 18–0 h) were computed. Topographically induced six-hourly temperature 
lapse rates (∆ T /∆ Z * 100 ) and daily precipitation gradients (∆ P /∆ Z * 100 ) were 
derived for the two transects on the north-facing slope, for the south-facing slope 
(considering the time series of the stations Gompa and NW-btm), and for the upper 
valley catchment (under consideration of the stations Yalun and Na). Following the 
main Rolwaling valley, temperature lapse rates and precipitation gradients were 
computed by consideration of the stations Na and NE-btm. To account for large- 
scale weather variations, we processed the relative humidity at the 500 hPa level of 
the ERA-Interim reanalysis as well as the reanalysis internal free air temperature 
lapse rate between 500 and 700 hPa. In the following section, we summarize our 
main fi ndings and give some interpretations for the observed heterogeneity of rele-
vant climate parameters. In this regard, we focus on the identifi cation of adequate 
topographic and large-scale atmospheric predictor variables for the explanation of 
observed temperature and precipitation variations. 

 Mean annual temperatures (for the period from April 2013 to March 2014) 
amount to 3.7 °C at the stations NW-btm and NE-btm and to 2.9 °C and 2.3 °C at 
NW-top and NE-top, respectively. As expected, the south-facing station Gompa is 

L. Gerlitz et al.



55

signifi cantly warmer (mean annual temperature of 4.0 °C), and the station Na 
shows a mean annual temperature of 0.7 °C. Due to several data gaps, no reliable 
assessment can be specifi ed for the station Yalun; however, our observations suggest 
values in the order of −6 °C. The seasonal and diurnal temperature variations (shown 
in Table  3.1 ) give further insights into the topographic forcings of local-scale 
temperature variations. During clear nights, particularly in winter season (DJF), the 
mean nocturnal temperatures (0 h and 6 h) at the valley stations NE-btm and 
NW-btm are substantially lower compared with the upper slopes (represented by 
the stations Gompa, NW-top and NE-top). The occurrence of these positive tem-
perature lapse rates of up to +3 °C/100 m at the southern slope (Fig.  3.2 ) is accom-
panied by low values of relative humidity at all stations. Likewise, the large-scale 
ERA-Interim reanalysis depicts values of relative humidity below 30 % during 
winter season. This clearly indicates the importance of radiative cooling at higher 
elevations and cold air drainage into the valleys for the nocturnal distribution of 
near-surface temperatures under dry conditions. During premonsoon (MAM) and 
postmonsoon season (SON), the relative humidity in the target area increases 
(values above 70 % are characteristic for all stations), and the radiative cooling at 
high elevations and nocturnal cold air drainage into the valley is clearly reduced 
(Table  3.1  and Fig.  3.2 ). The monsoon season (JJA) shows mainly negative lapse 
rates in the entire target area. However, these are shallower compared with the 
ERA-Interim internal lapse rate and the often suggested environmental lapse rate of 
0.65 °C/100 m. The southern slope is characterized by the frequent occurrence of 
positive nocturnal lapse rates even during monsoon season. This highly suggests 
that cold air drainage and pooling continue during monsoon season, although the 
effect is distinctly less pronounced compared with dry season and the observed 
temperature lapse rates are in general better represented by the ERA-Interim reanal-
ysis. Short dry periods in premonsoon and monsoon season (as observed in April 
and July 2013, Fig.  3.1 ) instantly release the formation of katabatic winds and cold 
air drainage into the valley and are accompanied by strong positive lapse rates at the 
south- and north-facing slopes. This leads to an enhanced frost risk in the valley 
bottom and might impede the survival of plant seedlings resulting in the formation 
of adapted vegetative associations (Lindkvist and Lindqvist  1997 ; Pypker et al. 
 2007 ). Periods with high relative humidity during winter (most likely due to the 
passage of westerly depressions) on the other hand show an obvious decline of 
nocturnal temperature lapse rates. The valley following lapse rate (under consider-
ation of the stations Na and NE-btm) in general is better represented by the 
large- scale ERA-Interim reanalysis. During dry season, however, positive nocturnal 
lapse rates (of up to +1 °C/100 m) occur frequently. Under dry conditions during 
daytime (12 h an 18 h), the southern slope is likewise characterized by positive lapse 
rates in the order of +1 °C/100 m. This can be attributed to higher rates of solar 
insolation (mean 12 h insolation rates of 771 W/m 2  at the station Gompa have been 
observed in premonsoon season) and consequential surface heating. The shadowed 
north- facing slope shows distinct negative lapse rates at the same time. During 
monsoon season the observed mean temperature lapse rates at 12 h were between 
0.45 and 0.73 °C/100 m and show a considerably reduced temporal variability. 
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Temperature lapse rates in summer are in general well represented by the reanalysis 
internal lapse rate (0.51 °C/100 m). The particularly striking feature of highly posi-
tive premonsoon lapse rates at the northeast-facing slope at noon must be attributed 
to the diurnal variations of solar insolation. The east-facing slopes receive high inso-
lation rates in the morning and thus are signifi cantly warmer. Since the premonsoon 
season is characterized by diurnal convection and the development of convective 
clouds after midday, the opposite effect of enhanced warming of west-facing slopes 
in the afternoon cannot be observed. The ecological effect of these premonsoonal 
temperature variations on the local scale is obvious, as the treeline level and the 
major vegetation belts reach signifi cantly higher elevations at the northeast-exposed 
slope.

    The aggregated daily mean lapse rates (Fig.  3.1 ) still refl ect large spatial and 
seasonal variations, indicating that a simple elevation adjustment of temperatures is 
not suitable for the regionalization of daily mean temperatures in the highly struc-
tured target area. Nevertheless, despite a slight underestimation, the lapse rates 
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  Fig. 3.2    Observed temperature lapse rates [°C/100 m] in different topographic settings for four 
discrete time steps ( upper panels ) and the daily mean ( lower panel ). The  background color  
represents the large-scale relative humidity of the ERA-Interim reanalysis at the 500 hPa level 
(Source: Lars Gerlitz)       
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during the monsoon season, which represents the growing season of the Himalayan 
treeline ecotone, are acceptably represented by the ERA-Interim internal temperature 
lapse rate. 

 The observations of precipitation are likewise highly characterized by seasonal, 
diurnal, and spatial variations. Annual precipitation sums amount to 1342 mm at 
NW-btm, 1226 mm at NW-top, 1187 mm at NE-btm, and 1231 mm at NE-top. 
The station Gompa receives signifi cantly higher precipitation sums of 1802 mm 
annually. The upper valley catchment is considerably dryer with annual precipitation 
sums of 636 mm at Na. Between 70 % and 80 % of the annual precipitation amount 
falls during monsoon season. It must be noticed that the precipitation sums are most 
likely underestimated, particularly in winter season, due to the negligence of snow. 
However, the ecologically essential monsoonal precipitation rates are well repre-
sented by our observations. The depiction of seasonal means of six-hourly precipi-
tation sums for four sections of the day (0–6 h, 6–12 h, 12–18 h and 18–0 h) in 
Table  3.1  impressively refl ects the high precipitation intensities during monsoon 
season. Monsoonal precipitation rates are highest during the night at all stations. As 
mentioned above, katabatic winds and cold air drainage into the valley bottoms also 
occur during monsoon season. The convergence of moist air in the valley and cold 
air masses from higher elevations is likely to result in a destabilization of the atmo-
spheric stratifi cation and triggers the development of deep convective systems at 
night (Bollasina et al.  2002 ; Higuchi et al.  1982 ). For the high mountain station 
Yalun, a second diurnal precipitation maximum has been observed in the afternoon 
(12–18 h; see Table  3.1 ). This suggests the importance of upslope winds in the 
afternoon, which lead to high-intensity precipitation events in the very high eleva-
tions, while the valley remains dry. During winter and spring, the highest precipita-
tion rates were observed in the afternoon. These precipitation events must be 
attributed to the diurnal valley circulation due to varying rates of solar insolation 
and surface heating and the consequential development of cumulus clouds, which 
occasionally result in intense precipitation events (Bhatt and Nakamura  2005 ). The 
spatial variations of precipitation in the Himalayan valley become particularly 
 obvious by considering the valley following precipitation gradient computed based 
on the observations of NE-btm and Na. The annual precipitation sum decreases by 
almost 50 % within a horizontal distance of less than 5 km, resulting in an eleva-
tional precipitation gradient of up to −4 mm/100 m. We assume that the major mois-
ture fl uxes during monsoon season follow the valley shape. Due to the gradual 
increase of elevation, orographic precipitation occurs during monsoon season, and 
the moisture barren air masses release water before they reach the elevations above 
4000 m. Additionally, the abovementioned mechanism of nocturnal atmospheric 
labilization requires the infl uence of cold air drainage and pooling, which is 
considerably more pronounced at lower elevations. The topographically induced 
precipitation gradients at lower elevations (see the gradients of the south- and north-
east-exposed slopes in Fig.  3.3 ) are most likely due windward and leeward positions 
of the slopes. Particularly, the south-facing slope (represented by the station 
Gompa) is exposed to the moist air masses due to a slight right curve of the 
Rolwaling valley (Fig.  3.1 ). The dynamic increase of atmospheric pressure results 

L. Gerlitz et al.



59

in an additional destabilization of the atmospheric stratifi cation and leads to signifi -
cantly increased precipitation amounts and to a considerably positive precipitation 
gradient of up to +4 mm/100 m at the south-facing slope. In contrast, over the 
northwest- facing slope, no distinct precipitation gradient could be detected. The 
northeast-exposed slope however shows a notable increase of precipitation with ris-
ing elevation in the order of +2 mm/100 m during monsoon season. This might be 
interpreted as a consequence of the frequently stressed diurnal valley circulation 
leading to higher precipitation amounts at the slopes and as far as arid conditions in 
the Himalayan valleys (Bhatt and Nakamura  2005 ).

   Summarizing the distribution of both near-surface temperature and precipitation 
is highly infl uenced by large-scale atmospheric conditions (in particular by hydro-
climatic variables) and the vast topography of this target area. The varying solar 
insolation rates could be identifi ed as a major predictor variable for the spatial varia-
tions of temperatures during clear days. In clear nights, cold air drainage and pool-
ing in the valley bottom lead to an inversion of the elevational temperature gradients. 
Precipitation considerably decreases with the horizontal distance from the valley 
edge. However, local-scale topographic distinctions (such as wind- and leeward 
slope positions and the relative elevation above the valley bottom) lead to an addi-
tional spatial heterogeneity of precipitation amounts.  

3.4     Conclusions: Toward an Adequate Technique for Climate 
Downscaling and Regionalization 

 Although the physical processes which lead to spatial variations of temperature and 
precipitation in heterogeneous environments are evident, their physically based 
quantifi cation remains complex and computationally intensive. Moreover, the 
demand of detailed input data increases with model complexity. Dynamically 
downscaled fi elds of relevant climatic parameters rarely achieve a spatial resolution 
below 10 km and thus still do not satisfy the requirements of case studies and cli-
mate impact analyses (Maussion et al.  2013 ). Many studies indicate that less 

  Fig. 3.3    Elevational precipitation gradients in mm/100 m. For legend see Fig.  3.2  (Source: Lars 
Gerlitz)       
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complex statistical and GIS-based approaches often lead to comparable results 
(Schoof  2013 ; Wilby et al.  2004 ). However, traditional statistical downscaling 
approaches intend to link large-scale atmospheric fi elds to local-scale observations 
and thus generate point-scale estimates of relevant climate parameters. Based on the 
assumption that observed climatic conditions can be interpreted as combination of 
both, large-scale atmospheric processes and a topographically induced modifi ca-
tion, we suggest estimating fully distributed temperature and precipitation fi elds 
with high spatial resolution as a statistical function of large-scale atmospheric con-
ditions and local-scale terrain characteristics. While the former can be derived from 
freely available reanalysis products, such as ERA-Interim, the latter can be obtained 
from high-resolution digital elevation models by means of GIS-based terrain param-
eterization techniques. For the quantifi cation of topographic characteristics, rele-
vant for the formation of distinct topoclimatic conditions, we utilize the Free and 
Open Source Software SAGA-GIS (Conrad et al.  2015 ; saga-gis.org). SAGA offers 
enhanced options for the analysis of digital elevation models and provides several 
modules for the generation of derivational terrain parameters with respect to the 
diverse requirements at the climate modeling side (Böhner and Antonić  2009 ). 

 The integration of both large-scale atmospheric and local-scale topographic pre-
dictor variables can be interpreted as a combination of traditional (point-scale) sta-
tistical downscaling techniques and GIS-based climate regionalization methods 
(Fig.  3.4 ). After calibrating a robust statistical transfer function, the approach can be 
utilized for the parameterization of local-scale climatic conditions with high spatial 
resolution.

Statistical 
link with

observations
/ residuals

Rh 200
Rh 500

LWC
CC

Wind 200
Wind 500

Elevation
Slope

Topo-Radiation
Rel Elev.

Statistical Downscaling

GIS based Climate Regionalization

  Fig. 3.4    Schematic structure of a statistically based high-resolution near-surface temperature 
parameterization under consideration of large-scale atmospheric and local-scale topographic 
predictor variables (Source: Lars Gerlitz)       
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   For the valley of Khumbu (located less than 20 km east of Rolwaling), a statistical 
approach has recently been applied in order to analyze the spatial heterogeneity of 
near-surface temperatures and its topographic driving forces (Gerlitz  2015 ). 
Therefore, six-hourly free atmospheric temperature fi elds at ground level with high 
spatial resolution of 1 km 2  have been generated by considering the ERA-Interim 
internal temperature lapse rate as suggested by Gerlitz et al. ( 2014 ). Subsequently, 
the free atmospheric temperatures were compared with in situ observations of six 
high mountain weather stations, installed in the framework of the EVK2CNR proj-
ect (  www.evk2cnr.org    ). The residuals were analyzed using a nonlinear and non-
parametric regression tree approach with large-scale atmospheric and GIS-derived 
topographic parameters as potential predictor variables. As atmospheric predictors, 
we processed the relative humidity at different ERA-Interim pressure levels (rh 200 
and rh 500), the liquid water column (LWC), the cloud cover rates, as well as the 
wind fi eld. Elevation, slope, aspect, potential insolation, and the relative elevation 
above the valley bottom were utilized as potential topographic predictor variables 
(Fig.  3.4 ). The statistical model enables the identifi cation of predominant infl uencing 
factors for the local-scale temperature distribution and quantifi es typical tempera-
ture residuals as a function of synoptic variables and surface characteristics. For the 
high mountain region, the potential solar insolation was found to be the predomi-
nant predictor, but also hydroclimatic large-scale variables (such as relative humid-
ity of cloud cover rates) were found to be crucial. During clear nights, the model 
showed a distinct elevational gradient of residuals which indicates the importance 
of nocturnal cold air drainage and accumulation for the local-scale temperature dis-
tribution in the highly structured target area. 

 For the refi nement of monthly precipitation rates, a similar approach has been 
implemented for a model domain covering the entire Himalayan arc and the Tibetan 
Plateau (Gerlitz et al.  2015 ). Observed local-scale precipitation amounts from 157 
meteorological stations were statistically linked with large-scale ERA-Interim pres-
sure, humidity, and wind fi elds and local-scale terrain parameters by means of a 
nonlinear artifi cial neural network approach. For the assessment of the diurnal val-
ley circulation and the consequential convective precipitation at the upper slopes, 
the elevation above the valley bottom was utilized as a topographic predictor vari-
able. In order to parameterize orographic precipitation amounts, a wind effect 
parameter was introduced as an additional predictor variable, which identifi es wind- 
and leeward slopes dependent on the large-scale ERA-Interim wind fi eld and a 
high-resolution digital elevation model (Böhner and Antonić  2009 ). The statistical 
model suffi ciently identifi ed windward index as a major infl uencing factor for the 
distribution of monsoonal precipitation rates in the Himalayas, resulting in the for-
mation of distinct bands of high precipitation at the windward Himalayan slopes. 
These have been found to be in accordance with remote sensing derived products 
such as the Tropical Rainfall Measuring Mission (TRMM) (Bhatt and Nakamura 
 2005 ; Bookhagen and Burbank  2006 ). 

 Summing up, GIS-based terrain parameterization techniques are powerful for the 
derivation of adequate predictor variables in order to statistically downscale fully 
distributed fi elds of climate parameters. However, robust statistical  downscaling 
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applications in general require high-quality observational data. It must be noted that 
both of the abovementioned studies suffer from a rather insuffi cient number of 
meteorological stations and their spatially biased distribution. The estimation of 
local-scale temperature variations for the high mountain region of Khumbu was 
based on only six observational records. While the major topographic infl uencing 
factors for the local-scale temperature distribution could indeed be identifi ed, their 
quantifi cation remains unreliable so far. For the analysis of topographically induced 
precipitation amounts, a considerable data set of 157 time series was utilized, 
though most of the stations are located in valleys and thus do not thoroughly repre-
sent the topoclimatic variations in the vast target area. The newly introduced dense 
network of seven weather stations in Rolwaling Himal (only several kilometers 
away from the Khumbu valley) has been designed in order to identify and quantify 
topoclimatic variations in the highly structured mountain environment. In combina-
tion with the EVK2CNR-network, the observational data set will support the imple-
mentation and calibration of GIS-based statistical downscaling applications in the 
future. The uniquely dense network will enable the estimation of local-scale tem-
perature and precipitation variations and thus improve the cooperation with climate 
impact researchers in order to investigate recent and future consequences of climate 
change in this highly climate-sensitive region.     
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Chapter 4
Climate Change and Hydrological Responses 
in Himalayan Basins, Nepal

Tirtha Raj Adhikari and Lochan Prasad Devkota

Abstract Studies on water and related fields are vital for protecting the environment 
and climate. Lack of hydrometeorological data, particularly in a high-altitude region 
such as Nepal, hinders the process of understanding the systems of earth science 
dynamics. In this study, observed data were used for the period 1988–2010 from 
three high-altitude regions, viz., Annapurna, Langtang, and Khumbu, of Nepal. The 
Coupled Global Climate Model (CGCM3) for A1B SRES scenarios during the 
period 2001–2060 was used to determine projections. The statistical downscaling 
model (SDSM) was used to downscale precipitation and temperature data at the 
Modi, Langtang, and Dudh Koshi river basins. The simulated precipitation and tem-
perature data were corrected for bias before implementation in the conceptual rain-
fall–runoff model Hydraologiska Byrans Vattenbalansavde (HBV) for hydrological 
response analysis. In the HVB-light 3.0, the Groups Algorithms Programming 
(GAP) optimization approach and calibration were used to obtain several parameter 
sets that were ultimately reproduced to observe the stream flow.

The CGCM3 model projects increasing trends in annual as well as seasonal 
precipitation, except in summer [June, July August, September (JJAS], during 
2001–2060 for A1B SERS emission scenarios over the three sites under investiga-
tion. The model projects warmer days in every season of the entire period from 2001 
to 2060. These warming trends are higher in maximum than in minimum tempera-
tures throughout the year, which indicates an increasing trend of daily temperature 
range as the greenhouse effect increases. Further, trends for post-monsoon (ON) 
temperature are much cooler compared to the remaining three seasons (months) 
over all three sites. In addition, decreasing trends in summer discharge at Langtang 
Khola and increasing trends in Modi Khola and Dudh Koshi river basins are evident. 
Among all basins, the flow regime is more pronounced during the later parts of 
future decades as compared to the preceding decades.
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4.1  Introduction

This research focuses on a comparative study of the impact of climate change on the 
flow regime in three perennial monsoon-dominated river basins of Nepal Himalaya. 
The Statistical Downscaling Model (SDSM), version 4.2.2, and HVB-light 3.0 soft-
ware have been used for climate and river runoff simulation. The SDSM is a hybrid 
of a regression method and weather generator; mainly statistical downscaling meth-
ods have not been documented for the climate research in these river basins of 
Nepal (Rashid and Mukand 2012), so research based on SDSM and HVB-light 3.0 
is at an early stage. The main objectives of this chapter are to evaluate the applica-
tion of SDSM over these three basins in Nepal and to generate local-scale precipita-
tion and temperature scenarios under future emission scenarios. The HVB-light 3.0 
hydrological model, which is a conceptual hydrological model for continuous simu-
lation of runoff, is used for discharge simulations in all three basins. This HVB 
model was originally developed at the Swedish Meteorological and Hydrological 
Institute (SMHI) in the early 1970s to assist hydropower operations (Bergstrom and 
Graham 1998) by providing hydrological forecasts. The HVB-light 3.0 model 
simulates daily discharge using daily rainfall and temperature data and monthly 
estimates of potential evaporation. In this study, basin-wise temperature and pre-
cipitation have been simulated on the basis of observed data for the climate change 
scenario, and these values have been used as input for the hydrological model HVB-
light 3.0. In recent years, numerous studies have investigated the impact of climate 
change on hydrology and hydrological responses in many regions. Charlton et al. 
(2006) investigated the impact of climate change on water supplies and flood hazard 
in Ireland using a grid-based approach, the HYSIM model (Manley 1993), with 
statistically downscaled climate data from the Hadley Centre Climate Model, 
HadCM3 (Gordon et al. 2000). Murphy et al. (2006a) employed similar downscaled 
data to force the HYSIM model, modeling individual basins rather than a gridded 
domain. A regional climate model is used to produce the dynamically downscaled 
precipitation and temperature data that are required by the HVB-light 3.0 concep-
tual rainfall–runoff model.

The effects of global warming on the glaciers and ice reserves of Nepal has seri-
ous implications for freshwater reserves and consequently for low flows. Any sig-
nificant change in glacier mass and groundwater storage will impact the water 
resource at a regional scale. Increases in temperature and precipitation in the 
Himalayas accelerate the melting of ice and snow as well as enhancing flooding 
events from direct runoff, whereas the dry season discharge (base flow) decreases. 
The projected changes in climatic parameters have an adverse effect on the water 
storage capacity of the Nepal Himalaya. The major concerns are the rapid reduction 
of glaciers in much of the Himalayan region and the upward shift of the snow line.

In the past, many attempts have been made to study climate change impact and 
hydrological responses. Most of these studies have focused on extreme events such 
as flood and drought, whereas climate change studies in Himalayan regions have 
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focused mainly on the melting and retreating of glaciers, glacial lake outburst floods 
(GLOF), and their trends. In this study, however, the temperature, precipitation, and 
discharge trends of three basins are presented.

4.2  Study Area

Nepal is situated in the middle of the Hindu Kush Himalayan region. The country 
extends between 26°22′ and 30°27′ N latitude and 80°40′ and 88°12′ E longitude; 
it is surrounded by India to the east, south, and west and China to the north. The 
country is about 885 km in length from east to west, and the north–south width var-
ies from 145 to 241 km. Within this range, the altitudinal variations are from about 
60 m above mean sea level (a.m.s.l.) in the southern plain (called Terai) to Mount 
Everest (8848 m) in the northeast. Of the total area of the country, 147,181 km2, 
about 86 % of the area is composed of hilly and mountainous regions and the 
remaining 14 % of flatlands.

In general, the country is divided into five major physiographic zones: the Terai, 
Siwalik, Hill, middle mountain, and high mountain. The Terai is characterized by a 
long narrow belt of fertile agricultural flatland; it is part of the alluvial Gangetic 
Plains and ranges in altitude from 60 to 300 m. It lies between the Indian border in 
the south and the first outer foothills of Nepal in the north. The Siwalik range, 
600–1500 m in elevation, lies in the north of the Terai region. To the north of Siwalik 
is a zone of discontinuous valleys (also called “Dun”). Intensive cultivation and 
decreasing forest cover have been causing serious problems of soil erosion in these 
valleys. Further north of these valleys is the Mahabharat Range (2700–3700 m), 
which, in terms of formation and elevation, is well developed in eastern and central 
Nepal and poorly developed in western Nepal. The northernmost part of Nepal is 
the snowy mountainous region (Himalaya), which is above 4000 m in elevation and 
stretches from the east to the west of the country.

This research focuses only on the impact of climate change on hydrological 
responses within three perennial monsoon-dominated river basins of Nepal’s 
Himalayan region. The basins studied are the Modi Khola river basin in Annapurna 
region, the Langtang Khola river basin in Langtang region, and the Dudh Koshi 
river basin in Khumbu region.

Three watersheds—Modi Khola river basin (Annapurna), Langtang Khola river 
basin (Langtang), and Dudh Koshi river basin (Khumbu)—with areas of 640.79 km2, 
583.41 km2, and 3710.30 km2, respectively, were selected for this study. The Modi 
Khola river basin hydrological station is situated at latitude 28.12° N and longitude 
83.42° E, and the meteorological station is situated at latitude 28.13°–28.31° N and 
longitude 83.42°–83.57° E. Its elevation ranges between 667 and 8024 m a.m.s.l. 
Similarly, the Syabrubesi hydrological station is located at latitude 28.16° N and 
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longitude 85.35° E and the Langtang Kyanging meteorological station at latitude 
28.22° N and longitude 85.62° E. The elevation ranges from 1434 amsl up to the 
peak of Langtang Lirung at 7234 amsl. The Rabuwa Bazar hydrological station is 
found at latitude 27.16° N and longitude 86.65° E and the Khumbu region meteoro-
logical stations at latitude 27.21°–27.89° N and longitude 86.45°–86.83° E, where 
the elevation ranges from 439 to 8848 amsl. The location of each river basin in 
Nepal is presented in Fig. 4.1.

4.2.1  Watershed Characteristics of the Three Basins

Watershed characteristics depend upon peak discharge, time variation of runoff 
(hydrography), stage versus discharge, total volume of runoff, and frequency of 
runoff (statistics and return period). However, in this study, the flow regime of all 
three river basins is dependent on monsoon storms and the glacier area and its con-
tribution to melting. In Nepal, the flow regime is divided into seven drainage basins: 

Fig. 4.1 Location of Langtang Khola, Dudh Koshi, and Modi Khola river basins in Nepal (Source: 
Author)
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the Kankai Mai river basin, the Koshi river basin, the Bagmati river basin, the 
Narayani river basin, the West Rapti river basin, the Karnali river basin, and the 
Mahakali river basin (Fig. 4.2).

Among these, only three sub-river basins, that is, the Modi Khola, Langtang 
Khola, and Dudh Koshi river basins, were considered for this study. In the Modi 
Khola river basin, the highest glacier area was found between 2550 and 5750 m 
(Fig. 4.3) and in the Langtang Khola river basin between 5434 and 5934 m (Fig. 4.4). 
The Dudh Koshi river basin has the greatest glacier area, 413.2 km2, between 4500 
and 5000 m in elevation (Fig. 4.5).

Fig. 4.2 The major river systems of Nepal (Source: Author)
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Fig. 4.3 Glacier area and elevation characteristics of Modi Khola river basin (Source: Author)
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4.3  Data Collection and Quality Control

All necessary temperature, precipitation, and discharge data are collected for differ-
ent periods from the Department of Hydrology and Meteorology (DHM), 
Government of Nepal (Table 4.1). The collected observed meteorological data from 
1988 to 2010 and the observed discharge data from 1991 to 2010 were used for 
model calibration and validation purposes.

The time-series data are considered to be acceptable only if they satisfy the 
homogeneity and consistency of quality control (WMO 1988). Sen’s slope method 
was used to check the quality of the available data. Annual meteorological data were 
shown as blank if there were missing values in the series for any period, because 
Sen’s slope estimation method allows estimating trend with missing values. The 
double mass analysis (sometimes called double sum analysis) is a useful method for 
assessing homogeneity in a weather parameter (Allen et al. 1998; Raghunath 2006; 
Silveira 1997). It is a useful tool for checking the consistency of a climatic variable 
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Fig. 4.4 Glacier area and 
elevation characteristics of 
Langtang Khola river basin 
(Source: Author)
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Fig. 4.5 Glacier area and elevation characteristics of Dudh Koshi river basin (Source: Author)
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where the error results from such reasons as a change in the environment (or exposure) 
of a station, for example, planting trees or cutting nearby forest, which affects the 
catch of the gauge because of differences in wind pattern or exposure. Replacement 
of the recording instruments with a new system might also result in such deviations 
(Raghunath 2006).

Table 4.1 Characteristics of hydroclimatic data collected from Department of Hydrology and 
Meteorology (DMH), Government of Nepal

aMeteorological station
bHydrological station

Station name Type
Latitude 

(N)
Longitude 

(E)
Elevation 

(m)
Record 
period

Missing 
period

Machhapuchhrea Climatic 28.31 83.57 3470 1987–
2010 

1996 and 
1997

Lumlea Climatic 28.18 83.48 1740 1969–
2010

No

Parbata Precipitation 28.13 83.42 891
1969–
2010 

1969 
(Jan–
May)

Modib Hydrological 28.12 83.42 667
1991–
2010 No

Langtanga Climatic 28.22 85.62 3920
1987–
2010 No

Sabrubasib Hydrological 28.16 85.35 1434
1991–
2010 No

Dingboche
Khumbua Climatic 27.89 86.83 4355

1987–
2010

2000, 
2001 and

2002

Chaurikharka Precipitation 27.42 86.43 2619
1949–
2010 

1952

Parkarnsa Precipitation 27.26 86.34 1982
1948–
2010 No

Aiselukharka Precipitation 27.21 86.45 2143
1948–
2010 No

Okhaldhungaa Climatic 27.32 86.50 1720
1948–
2010 

1958

Mane 
Bhanjyanga Precipitation 27.29 86.25 1576 1948–

2010 
No

Salleria Precipitation 27.3 86.35 2378 1948–
2010 

1962 –
1972

Dudh Koshi
Rabuwab Hydrological 27.16 86.65 460 1964–

2010
No
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4.4  Methodology

Analysis of the effects of climate change on hydrological responses in Modi Khola 
river basin (Annapurna region), Langtang Khola river basin (Langtang region), and 
Dudh Koshi river basin (Khumbu region) was selected for this study. Selections 
were made on the basis of the availability of relatively better hydrometeorological 
data compared to other regions of the Nepal Himalayas. The following methodol-
ogy was applied in this study.

• Downloading SRTM DEM data (http://www.cgiar-csi.org/data/srtm-90m- 
digital- elevation-database-v4-1) and separation of the study basin were done by 
GIS software. The SRTM digital elevation data, produced by NASA originally, 
are a major breakthrough in digital mapping of the world and provide a major 
advance in accessibility of high-quality elevation data for large portions of the 
tropics and other areas of the developing world.

• Collection of daily hydrometeorological data and evaluation of data quality 
included classification into seasons: winter, December of the previous year to 
February (DJF); spring, March to May (MAM); summer, June to September 
(JJAS); and autumn, October to November (ON).

• Calibration of SDSM and validation of the SDSM model followed the genera-
tion of a temperature and rainfall scenario by SDSM. The generated rainfall and 
temperature data are compared with observed and modeled data for bias 
correction.

• The biased rainfall and temperature data have been corrected and were used later 
in the hydrological model for the generation of the discharge scenario. These 
generated scenario data were computed for generating the seasonal trends.

• Comparison of the seasonal trend of all three basins.

4.4.1  Bias Correction Methodology

Results from GCMs and regional climate models (RCMs) always show some degree 
of bias for both temperature and precipitation data. The reasons for such biases 
include systematic model errors caused by imperfect conceptualization, discretiza-
tion, and spatial averaging within the grids. The bias correction approach is used to 
eliminate the biases from the daily time-series of downscaled data (Salzmann et al. 
2007). In this study, Eqs. 4.1 and 4.2 are used to de-bias daily temperature and pre-
cipitation data (Mahmood and Mukand 2012):

 
T T T Tdeb SCEN CONT obs= − −( )

 
(4.1)

 

P P
P

Pdeb SCEN
obs

CONT

= ×










 
(4.2)
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where Tdeb and Pdeb are bias-corrected daily temperature and precipitation, respec-
tively; TSCEN and PSCEN are daily temperature and precipitation, respectively, 
obtained from downscale data (SDSM); Tobs  and Pobs  are long-term monthly mean 
of observed temperature and precipitation, respectively; and TCONT  and PCONT  are 
long-term monthly mean of temperature and precipitation, respectively, simulated 
using SDSM for the observed period.

In Sen’s method, if a linear trend is present in a time-series, then the true slope 
(change per unit time) can be estimated by using a simple nonparametric procedure 
developed by Sen (1968); thus, in the linear model f(t) can be described as

 
f t Qt B( ) = +

 (4.3)

where Q is the slope and B is a constant. To derive an estimate of the slope Q, the 
slopes of all data pairs are calculated:
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(4.4)

If there are n values of Zj in the time-series, we obtain as many as N n n= −( )1 2/  
slope estimates of Qi.. Sen’s estimator of slope is the median of these N values of Qi. 
The N values of Qi are ranked from the smallest to the largest, and Sen’s estimator 
is
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(4.5)

The foregoing equations were used for the Mann–Kendall test and Sen’s slope esti-
mation in this study. The normal variate statistics (Z) and Sen’s slope were obtained 
from the calculation for each month and also for the annual time-series. The pres-
ence of a statistical significance of trend was evaluated using the Z value.

To test for either an upward or downward monotone trend (a one-tailed test) at 
the α-level of significance, H0 (no trend) was rejected if the absolute value of Z is 
greater than Z1−α where Z1−α was obtained from the standard normal cumulative dis-
tribution tables. The significance level of 0.05 means that there is a 5 % probability 
that the values of Zi are from a random distribution, and with that probability we are 
in error when rejecting H0 of no trend. Sen’s slope is available as average change 
per year; a negative value indicates a negative trend and a positive value indicates a 
positive trend.
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4.4.2  HVB-Light 3.0 Methodology for Model Calibration 
and Validation

The present study builds on the work of Wang (2006) to develop a methodology that 
is used with an ensemble of dynamically downscaled climate data to investigate the 
impacts of climate change on the hydrology of Irish rivers. Wang (2006) used the 
HBV model (Bergstrom 1992) from the Swedish Meteorological and Hydrological 
Institute (SMHI), which is usually calibrated using a manual trial- and- error 
approach. Here, it has been replaced by the HVB-light 3.0 model of Seibert (2005) 
because its interface allows Monte Carlo simulations. Calibration using the Monte 
Carlo method yields an ensemble of simulations that allows accounting for param-
eter uncertainty in analysis. A Monte Carlo approach to calibration was used in 
which the 99th percentile of an ensemble of 10,000 parameter sets was selected for 
use in the impact study. This approach allows the inclusion of an uncertainty param-
eter in the study, which provides a range of possible values, rather than a single 
value, that further allows an estimation of confidence in the research outcome. The 
HVB-light 3.0 model was validated for a reference period (1961–2000) to ensure 
that stream flow was modeled correctly. A persistent positive bias in the downscaled 
precipitation was observed and removed to improve the agreement between mod-
eled and observed stream flow. It was shown that the impact of parameter uncer-
tainty on the validation of seasonal (winter and summer) flow was less significant 
than in the annual maximum daily mean flow. To investigate the hydrological and 
catchment characteristics, analysis of the affecting parameter was carried out, the 
missing dataset of temperature and precipitation was filled by the statistical down-
scaling model, and the conceptual model was run several times to generate three 
different results by varying the parameter affecting the hydrological characteristics. 
Three sets of methods including one without using a glacier component and another 
using the glacier component were derived, and finally simulation of river discharge 
by the HVB-light 3.0 model was carried out by assuming the temperature increase. 
Konz and Merz (2010) applied the HBV model for the Tamor River to estimate 
runoff at Tapethok, Taplejung, in eastern Nepal. In general, the HBV model was 
able to correctly simulate low flow, except for some sharp peaks caused by isolated 
precipitation events (Konz and Merz 2010). In this study, a similar analysis was car-
ried out, and similar results were obtained because the HBV model was able to 
simulate low flows very well, with the exception of sharp peaks. The model HVB-
light 3.0 was calibrated for the three river basins, and basin areas were divided into 
15 elevation zones in the Modi Khola river basin, into 13 elevation zones in the 
Langtang river basin, and into 17 elevation zones in Dudh Koshi river basin. Two 
vegetation zone, namely, the glacier and the vegetated area for the calibration 
period, were used, and the HVB-light 3.0 model was calibrated by trial-and-error 
technique in the study of the three basins.

T.R. Adhikari and L.P. Devkota
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4.5  Results

4.5.1  Observed Maximum Temperature

The observed seasonal maximum temperature is approximately 13.2 °C in spring at 
Annapurna, and similarly the observed seasonal minimum temperature is around 
−8.0 °C during winter at Khumbu, whereas the observed seasonal mean annual 
temperature is about 3.3 °C at Annapurna and Khumbu, for all seasons (Tables 4.2, 
4.3, 4.4).

Table 4.2 Observed seasonal maximum temperature (°C) (1988–2010)

Seasona Annapurna Langtang Khumbu

DJF 4.4 3.6 3.5
MAM 11.6 7.8 11.0
JJAS 13.2 11.7 10.1
ON 6.3 5.0 5.2
Annual 13.2 11.7 11.0

aDJF December January February, MAM March April May, JJAS June July August September, 
ON October November

Table 4.3 Observed minimum temperature (°C) (1988–2010)

Season Annapurna Langtang Khumbu

DJF −4.3 −6.3 −8.0
MAM 1.4 −1.1 −1.2
JJAS 6.7 6.2 2.9
ON 0.4 −0.8 −1.6
Annual −4.3 −6.3 −8.0

Table 4.4 Observed seasonal mean annual temperature (°C) (1988–2010)

Season Annapurna Langtang Khumbu

DJF −1.9 −1.3 −3.4
MAM 4.9 3.4 3.7
JJAS 8.1 8.9 6.2
ON 2.2 2.1 1.3
Annual 3.3 3.3 2.0
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4.5.2  Observed Annual Temperature Trend

Observed seasonal maximum temperature trends for 1988–2010 are depicted in 
Table 4.5. All three regions show the highest maximum and mean temperature, with 
an increasing trend, in winter (DJF). The lowest minimum temperature trends are 
found to occur during spring (MAM) in Annapurna and summer (JJAS) in the 
Khumbu regions. Similarly, the highest annual maximum temperature trend, of 
0.1414 °C/year, is found in the Langtang region among the three regions, and the 
lowest minimum temperature trend observed was −0.0024 °C/year in the Khumbu 
region.

4.5.3  Observed Precipitation Distribution

The month of July has the highest rainfall, followed by August, in the Modi Khola 
and the Dudh Koshi river basins. The monsoon precipitation is more pronounced in 
the Modi Khola and Dudh Koshi river basins. In the Langtang Khola river basin, the 
month of August yields the highest rainfall, followed by July. The total precipita-
tion in the Modi Khola river basin during the summer (JJAS) is 2062 mm, of which 
85 % of the rainfall occurs in the monsoon season, and rainfall of 44 mm occurs 
during winter (DJF). Similarly, the total precipitation of Langtang Khola river basin 
during the summer (JJAS) is 492 mm, of which 78 % of the precipitation occurs in 
the monsoon season, with precipitation of 20 mm during the autumn (ON) season. 
The total precipitation for the Dudh Koshi river basin during the summer (JJAS) 
is 345 mm, of which 80 % of precipitation occurs in the monsoon season, with 
precipitation of 9 mm in winter (DJF) (Table 4.6). The maximum coefficient of 
variation was exceeded in November at the Modi Khola river basin (Fig. 4.6) and 
the Dudh Koshi river basin (Fig. 4.7). Similarly, the coefficient of variation was 
exceeded in October at the Langtang Khola river basin (Fig. 4.8).

4.5.4  Observed Precipitation Trends

The observed highest precipitation trend of 2.2249 mm/year was found during win-
ter (DJF) in the Langtang region (Table 4.7). The lowest precipitation trend, 
−0.3386 mm/year, occurs in the Khumbu region in summer (JJAS). Similarly, 
observed annual precipitation trends are found to increase at a rate of 2.7452 mm/
year in the Annapurna region. The observed annual precipitation trend has been 
found to be decreasing at the rate of −0.8264 mm/year in the Khumbu region.

T.R. Adhikari and L.P. Devkota
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4.5.5  Observed Discharge Distribution  
of the Three River Basins

The maximum discharge observed in the Annapurna region is 76 % in the Modi 
Khola basin, in the Langtang region, 57 % in the Langtang Khola basin, and in the 
Khumbu region, 77 % of the discharge, in the Dudh Koshi basin, is obtained in the 
summer season because of the monsoonal effect (Table 4.8).

Table 4.6 Observed precipitation distribution of the three river basins (1988–2010)

Seasons

Annapurna Langtang Khumbu

Seasonal  
total (mm) Seasonal %

Seasonal  
total (mm) Seasonal %

Seasonal  
total (mm) Seasonal %

DJF 44 2 28 4 9 2
MAM 220 9 94 15 57 13
JJAS 2062 85 492 78 345 80
ON 109 4 20 3 20 5
Annual 2436 100 634 100 431 100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average 14.0 21.3 27.7 50.2 142. 396. 650. 628. 387. 97.0 12.0 9.0

CV 79.9 86.4 57.8 62.0 33.0 31.3 17.3 17.1 32.4 59.5 138. 159.
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Fig. 4.6 Precipitation distribution of Modi Khola river basin (Source: Author)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average 3.6 3.7 6.9 14.2 35.7 77.8 110. 99.0 57.3 16.9 2.7 2.1

CV 125. 119. 84.0 70.1 44.0 34.7 31.0 40.0 45.7 85.4 149. 180.
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Fig. 4.7 Precipitation distribution of Dudh Koshi river basin (Source: Author)
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4.5.6  Observed Discharge and Trends of Three Basins

The annual trends of −0.2984 m3/s and −0.3799 m3/s are of decreasing order in 
Annapurna and Langtang regions, whereas the trend of 2.3072 m3/s is of increasing 
order in the Khumbu region (Table 4.9).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average 11.3 14.8 21.5 35.0 37.4 84.2 151. 169. 86.8 15.1 5.1 2.3

CV 102. 99.5 75.4 65.5 50.6 48.9 54.3 27.1 52.7 138. 173. 170.
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Fig. 4.8 Precipitation distribution of Langtang Khola river basin (Source: Author)

Table 4.7 Observed annual and seasonal precipitation trends of the three basins (1988–2010)

Season Annapurna Langtang Khumbu

DJF −0.6227 −0.2995 −0.0508
MAM 0.1094 0.2846 0.1320
JJAS 0.4398 2.2249 −0.3386
ON 1.3555 0.7979 0.1598
Annual 2.7452 10.608 −0.8264

Table 4.8 Seasonal observed discharge distribution (m3/s) (1991–2010)

Season

Annapurna Langtang Khumbu

Seasonal total Seasonal % Seasonal total Seasonal % Seasonal total Seasonal %

DJF 41 7 51 14 142 6
MAM 46 7 56 15 148 6
JJAS 468 76 212 57 1846 77
ON 62 10 51 14 276 11
Annual 617 100 369 100 2413 100
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4.5.7  Projected Temperature Trends

The CGCM3-projected seasonal maximum temperature trend of A1B scenarios 
(Table 4.10) shows the highest maximum temperature with increasing trend in 
spring (MAM), except in Langtang (2001–2030), among all three regions. The lowest 
maximum temperature trend will occur in autumn (ON) among all three regions 
(2031–2060). Similarly, the highest annual maximum temperature trend, of 
0.0203 °C/year, is found in the Annapurna region (2031–2060).

The CGCM3-projected seasonal minimum temperature trend of A1B scenarios 
is shown in Table 4.11. Lowest minimum temperature trends are found to occur in 
autumn (ON) in all regions except the Langtang region. The minimum temperature 
trends are found to increase during spring (MAM) in Annapurna and Langtang, 

Table 4.9 Observed discharge and trends of the three basins (1991–2010)

Season

Annapurna Langtang Khumbu

1991–2000 2001–2010 1991–2000 2001–2010 1991–2000 2001–2010

DJF (m3/s) 11.1 15.8 17.5 16.5 43.1 47.9
MAM (m3/s) 13.7 17.3 19.6 17.8 48.1 46.4
JJAS (m3/s) 129.3 101.6 58.4 49.3 432 525.9
ON (m3/s) 66 57.8 54.9 47.7 267.2 247.5
Annual (m3/s) 54.9 47.1 33.4 28.9 189.2 219.8
Annual trend 
(1991–2010)

−0.2984 −0.3799 2.3072

Table 4.10 Projected seasonal maximum temperature trend of A1B scenarios

Season

Maximum temperature (2001–2030) Maximum temperature (2031–2060)

Annapurna Langtang Khumbu Annapurna Langtang Khumbu

DJF 0.0183 0.0147 0.0216 0.0222 0.0071 0.0131
MAM 0.0285 0.0043 0.0294 0.0413 0.0037 0.0350
JJAS 0.0080 0.0160 0.0038 0.0159 0.0160 −0.0019
ON 0.0120 0.0085 −0.0102 −0.0059 −0.0012 −0.0032
Annual 0.0122 0.0144 0.0123 0.0203 0.0075 0.0116

Table 4.11 Projected seasonal minimum temperature trend of A1B scenarios

Season

Minimum temperature (2001–2030) Minimum temperature (2031–2060)

Annapurna Langtang Khumbu Annapurna Langtang Khumbu

DJF 0.0170 0.0366 −0.0039 0.0214 0.0249 −0.0013
MAM 0.0410 0.0414 0.0162 0.0517 0.0522 0.0043
JJAS 0.0102 0.0172 0.0241 0.0036 0.0139 0.0303
ON −0.0650 0.0268 −0.0170 −0.0084 0.0278 0.0062
Annual 0.0151 0.0294 0.0085 0.0188 0.0300 0.0119
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except in Khumbu (2031–2060). However, the lowest minimum temperature trends 
will occur in different seasons (2031–2060). Similarly, the highest annual minimum 
temperature trend, 0.0300 °C/year, is found to be increasing in Langtang compared 
to Khumbu and Annapurna regions during both projected periods.

4.5.8  Projected Precipitation Trends

The seasonal precipitation trends of the A1B scenarios is depicted in Table 4.12 
(CGCM3: 2001–2060). In the Annapurna region, the precipitation trends are 
decreasing in all seasons, and the lowest precipitation occurs in autumn (ON), com-
paring all three regions (2001–2030), whereas the highest precipitation trends are 
found to occur in different seasons. Similarly, the highest precipitation trend, 
2.7913 mm/year, is found to occur during autumn (ON) in Annapurna compared to 
Langtang and Khumbu (2031–2060). The lowest precipitation trend, −0.2755 mm/
year, is found in the Khumbu region in summer (JJAS). Similarly, annual precipita-
tion trends are increasing at the rate of 2.9232 mm/year and 1.4753 mm/year in 
Annapurna region (2001–2030 and 2031–2060, respectively), whereas in the 
Khumbu region, the annual precipitation trend has been found to be decreasing 
at −0.8604 mm/year (2001–2060). The annual precipitation trends of 0.7621 mm/
year and 0.20840 mm/year are found in the Langtang region.

4.5.9  Projected Discharge Trends

The CGCM3-projected seasonal maximum discharge trend of A1B scenarios over 
the period of 2001–2060 is presented in Table 4.13. The maximum discharge in 
both Annapurna and Khumbu regions is found to be increasing in summer (JJAS), 
except in the Langtang region (2001–2030). Similarly, maximum discharge trends 
occur in different seasons (2031–2060). The lowest maximum discharge trend is 
found to occur during summer (JJAS) in the Langtang region (2001–2030) and dur-
ing autumn (ON) in the Khumbu region (2031–2060). Similarly, annual maximum 

Table 4.12 Seasonal precipitation trend of A1B scenarios

Season

Precipitation trend of A1B (CGCM3: 
2001–2030)

Precipitation trend of A1B (CGCM3: 
2031–2060)

Annapurna Langtang Khumbu Annapurna Langtang Khumbu

DJF −0.0919 0.0174 0.0158 −0.1544 −0.00400 0.00070
MAM −0.2728 0.0728 0.4109 0.55800 0.2220 0.2196
JJAS −0.1327 0.0949 0.2420 0.02250 −0.1462 −0.2755
ON −0.489 0.0072 −0.1277 2.7913 0.05850 −0.20770
Annual 2.9232 0.7621 1.9991 1.4753 0.20840 −0.8604

4 Climate Change and Hydrological Responses in Himalayan Basins, Nepal



82

discharge has an increasing trend in Khumbu, at rates of 0.7282 m3/s/year  
(2001–2030) and 0.1208 m3/s/year (2031–2060), compared to other regions.

The CGCM3-projected seasonal minimum discharge trend of A1B scenarios 
over the period 2001–2060 is shown in Table 4.14. The minimum discharge trends 
in Annapurna and Khumbu are found to be increased in summer, whereas in 
Langtang the trend is found to be increased during autumn (ON) and decreased in 
summer (JJAS) in the period 2001–2030. In Langtang and Khumbu, the minimum 
discharge trend is increasing during spring (MAM), but during summer (JJAS) in 
Annapurna, in the period 2031–2060. Similarly, the minimum discharge trends are 
found to occur in Annapurna and Khumbu, whereas these occur during summer in 
Langtang (JJAS) (2031–2060). The highest annual minimum discharge trend is 
found in the Khumbu region at the rate of 0.6947 m3/s/year (2001–2030), whereas 
it is 0.0925 m3/s/year in the Annapurna region (2031–2060), and the lowest value of 
−0.1522 m3/s/year, is found in the Khumbu region.

4.6  Discussion

The observed highest annual maximum temperature trend of 0.1414 °C/year is 
found in the Langtang region, and the lowest minimum temperature trend 
(−0.0024 °C/year) is observed in the Khumbu region. The GCMS-simulated sea-
sonal and annual range of mean of 20 ensembles for temperature scenarios with 

Table 4.13 Projected seasonal maximum discharge trends of A1B scenarios

Season

Maximum (2001–2030) Maximum (2031–2060)

Annapurna Langtang Khumbu Annapurna Langtang Khumbu

DJF 0.0054 0.0479 0.2841 0.0135 0.0365 −0.0291
MAM 0.0788 0.0611 0.6692 0.0943 −0.0195 0.3399
JJAS 0.1315 −0.1010 1.7764 0.2535 0.0101 0.0984
ON 0.0693 0.1198 0.4291 0.0566 0.1408 −0.5431
Annual 0.0833 0.0277 0.7282 0.1208 0.0315 0.0193

Table 4.14 Projected seasonal minimum discharge trends of A1B scenarios

Season

Minimum (2001–2030) Minimum (2031–2060)

Annapurna Langtang Khumbu Annapurna Langtang Khumbu

DJF 0.0282 0.0279 0.0291 −0.0033 0.0038 0.0128
MAM 0.0235 0.0175 1.1798 0.0531 0.8885 0.9675
JJAS 0.1895 −0.0285 1.2070 0.2500 −0.1545 −0.7023
ON −0.0051 0.0565 0.2222 −0.0196 −0.0408 −0.9862
Annual 0.0714 0.0234 0.6947 0.0925 −0.0552 −0.1522
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A1B emission scenarios at Annapurna, Langtang, and Khumbu region, and the 
projected annual maximum and minimum temperature trends (0.0203 °C/year and 
0.0300 °C/year), are found to be increasing in Langtang compared to Khumbu and 
Annapurna regions for the period 2031–2060. The observed annual precipitation 
trends are increasing at the rate of 2.7452 mm/year and 10.608 mm/year in 
Annapurna and Langtang regions, respectively. However, the observed annual 
precipitation trend has been found decreasing at −0.8264 mm/year in the Khumbu 
region.

The projected annual precipitation trends are found to be increasing at the rate of 
2.9232 mm/year and 1.4753 mm/year in Annapurna region (2001–2030 and 
2031–2060, respectively), although decreasing at 0.7621 mm/year and 0.2084 mm/
year in Langtang region (2001–2030 and 2031–2060, respectively). Correspondingly, 
projected annual precipitation has an increasing trend of 1.9991 mm/year and a 
decreasing trend of −0.8264 mm/year in the Khumbu region for 2001–2030.

The annual observed discharge trends of −0.2984 m3/s/year, −0.3799 m3/s/year, 
and 2.3072 m3/s/year are found in Annapurna, Langtang, and Khumbu regions, 
respectively, whereas annual observed discharge has an increasing trend in Khumbu. 
The projected annual maximum discharge at the rate of 0.0833 m3/s/year and 
0.1208 m3/s/year is found in Annapurna region (2001–2030 and 2031–2060, respec-
tively). The projected highest annual maximum discharge trend is found in Langtang 
region at the rate of 0.0277 m3/s/year and 0.0315 m3/s/year (2001–2030 and 2031–
2060, respectively). The projected highest annual maximum discharge trend is 
found in Khumbu region at the rate of 0.7282 m3/s/year and 0.0193 m3/s/year 
(2001–2030 and 2031–2060, respectively). Similarly, the highest projected annual 
minimum discharge trend of 0.0714 m3/s/year and 0.0925 m3/s/year occurs in 
Annapurna, that of 0.0234 m3/s/year and −0.0552 m3/s/year in Langtang region, and 
that of 0.6947 m3/s/year and −0.0552 m3/s/year in Khumbu region (2001–2030 and 
2031–2060, respectively). By using the A1B scenario from the CGCM3 data set 
and downscaling precipitation and temperature data for discharge projection, the 
results showed that the downscaled precipitation data are suitable for the study of 
climate change impact on flow regime in these three glacier-fed basins. The results 
of observed and simulated discharge obtained from the HVB-light 3.0 model dis-
play a similar pattern when comparing the performance in simulation of historical 
stream flows in the three river basins.

The overall summary and results of analysis of the seasonal temperature obtained 
from the A1B scenario of climate projection show that a significant increase in 
maximum temperature during the spring season is projected, except in the Langtang 
region, whereas the discharge trend is increasing in summer in Annapurna and 
Langtang regions. Similarly, minimum temperature is found to have an increasing 
trend in the spring season in Annapurna and Langtang regions, whereas the mini-
mum discharge is increasing in the subsequent season summer season during 2001–
2030, except in Langtang and Khumbu regions, during 2031–2060; this difference 
could be caused by the melting of snow and the glacier combined with a decrease in 
rainfall in these regions. Similarly, the seasonal analysis of the precipitation data 
shows precipitation trends to increase significantly during the spring season in most 
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cases but the flow regime (discharge) is more pronounced in the subsequent season, 
that is, in summer; this finding results from the good response of the discharge 
scenario for temperature and precipitation.

4.7  Conclusion

The performance of SDSM downscaling, based on GCM predictors at three basins, 
was evaluated using the statistical properties of daily climate data. It is found that 
the application of SDSM for statistical downscaling is suitable for developing daily 
climate scenarios. To demonstrate the procedure of developing such scenarios, 
SDSM is applied based on the daily outputs of common climate variables from 
GCM simulations, which have been widely used in the development of daily cli-
mate scenarios; the results can be used in many areas of climate change impact 
studies. Based on the analysis of results, CGCM3 model has been found to be a 
useful model for the simulation of future temperature and precipitation scenario.

Both the annual (maximum and minimum) temperature trends of the A1B sce-
nario in all three regions are found to have increasing trends for the periods of 
2001–2030 and 2031–2060. The distribution of precipitation is controlled by the 
orientation of the mountain systems. This effect causes the middle mountain and 
windward side to receive relatively more precipitation than the high mountain, val-
ley, and leeward side. Observed annual precipitation is increasing in Annapurna and 
Langtang regions, whereas no such trend is found in the Khumbu region. The annual 
precipitation of the A1B scenario of all three regions is increasing in both periods, 
2001–2030 and 2031–2060, except in the Khumbu region for 2031–2060.

The annual maximum discharges of the A1B scenario of three basins are increas-
ing during both periods, 2001–2030 and 2031–2060, as a consequence of mon-
soonal rainfall responses. The minimum discharge scenario is increasing only in the 
Annapurna region, but a decreasing trend is found in the Langtang and Khumbu 
regions for the period 2031–2060. The flow regime (discharge) trend is more pro-
nounced after the subsequent summer (JJAS) season during both the 2001–2030 
and 2031–2060 time periods.
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    Chapter 5   
 Spatial and Temporal Variability of Climate 
Change in High-Altitude Regions of NW 
Himalaya                     

     M.  R.     Bhutiyani    

    Abstract     The high mountain areas such as the Alps, the Rockies, the Himalaya, 
etc. are considered as the “hotspots” over the surface of the earth where impacts of 
climate change are likely to be felt signifi cantly. With regard to the Himalaya, their 
vulnerable ecosystem appears to have reacted to even the slightest possible changes 
in the temperature and precipitation conditions. The cascading effects of these 
changes on the vast expanse of water existing in the form of glacier ice and snow in 
the Himalaya, the forest cover, the health, and the socioeconomic conditions of the 
population inhabiting the Indo-Gangetic Plains have been the issues of serious 
concern. 

 The analyses of the temperature data collected manually at different observato-
ries during the period from 1866 to 2012 show signifi cant rate of warming during the 
winter season (1.4 °C/100 years) than the monsoon temperature (0.6 °C/100 years), 
due to rapid increase in both the maximum and minimum temperatures, with the 
maximum increasing much more rapidly. Annual rate of warming (1.1 °C/100 years) 
is abnormally higher than the global rate (about 0.7 °C/100 years) during this period. 
Not all regions of the north-western Himalaya (NWH) have reacted uniformly to the 
specter of climate change. Studies have confi rmed signifi cant spatial and temporal 
variations in magnitude of winter as well as summer warming in different ranges. 
While the windward side of the Pir Panjal and parts of the Greater Himalayan and 
Karakoram Ranges have shown statistically signifi cant winter and summer warming, 
leeward sides of these ranges have not shown much change. The most remarkable fi nd-
ing of this study is the signifi cant decreasing trend experienced at almost all stations 
above the equilibrium line (>5300 m in altitude) in winter warming as well as winter 
precipitation in higher reaches of the Karakoram Himalaya in the last three decades. 

 From the precipitation point of view, signifi cant decreasing trends (at 95 % con-
fi dence level) in the monsoon and overall annual precipitation during the study 
period are indicated. In contrast, the winter precipitation has shown an increasing 
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but statistically insignifi cant trend (at 95 % confi dence level). Rising winter air tem-
peratures have caused decreasing snowfall component and increasing rainfall com-
ponent in total winter precipitation on the windward side of the Pir Panjal Range 
and parts of Greater Himalayan and the Karakoram Ranges. The analyses also show 
that although winter precipitation in the NWH has remained trendless in the last 140 
years, there are signifi cant increasing trends in the extreme snowfall events during 
winters and rainfall events during summers in Pir Panjal and Shamshawari Ranges 
in the last three decades and insignifi cant but increasing trends in the Great 
Himalayan and Karakoram Range. Decrease in winter snowfall amounts and 
increasing rainfall component at almost all stations have been affected to some 
extent by the increase in winter air temperature during this period. 

 The spatial and temporal variations in winter and summer warming and conse-
quent precipitation changes in different ranges/regions of the NWH are attributed to 
varying scales of anthropogenic activities and growing urbanization of the areas. 
Decreasing temperatures in the last three decades in the Karakoram Himalaya with 
altitudes above the equilibrium line (>5300 m) are attributed to prevalence of per-
manent snow cover which appears to have infl uenced their microclimatology. These 
studies have signifi cant bearing on the mass balance of the glaciers in the region and 
the hydrological behavior of various river systems in the Himalaya.  

  Keywords     Climate change   •   High-altitude regions   •   Winter warming   •   NW 
Himalaya  

5.1       Introduction 

 The climate in the Himalaya exercises a dominant control over the meteorological 
and hydrological conditions in the Indo-Gangetic Plains as majority of rivers derive 
signifi cant portion of their discharge from seasonal snowmelt and/or melting of 
Himalayan glaciers. In view of their overall importance in the context of Indian 
subcontinent, the study of long-term and short-term climate changes in the 
Himalaya and their perilous impacts on its fragile ecosystem assumes importance. 
Because of the vast spread and large variations in hydrometeorological conditions 
in different parts and impracticability of carrying out such work for the entire 
Himalaya, this chapter covers the northwestern portion only, comprising of the 
states of Jammu and Kashmir and Himachal Pradesh (Fig.  5.1 ). This region, besides 
being infl uenced by, more or less, similar meteorological conditions, has a signifi -
cant concentration of glaciers in its river basins and better network of meteorologi-
cal stations as compared to the central and eastern Himalaya.

   The climate in NWH is infl uenced by the western disturbances during the winter 
months from October to May and southwest monsoon from July to September. 
Precipitation during monsoon period is highest in Siwalik and Pir Panjal Ranges, 
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  Fig. 5.1    Map of the northern western Himalaya showing approximate location of various ranges 
( a ) and the meteorological stations ( b ) (Source: Bhutiyani et al.  2007 )       
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and it reduces as one traverses northward into the Great Himalayan, Zanskar, 
Ladakh, and Karakoram Ranges (Rakhlecha et al.  1983 ). Signifi cant variation is 
also observed in annual winter snowfall due to western disturbances in the NWH as 
various ranges in the NWH receive different amounts of snowfall ranging from 
about 100 to >1600 cm (snow depth). It is maximum in the Pir Panjal Range and 
decreases as one goes northward. Because of the variation in the mean air tempera-
ture, the changes occur in the percentage of solid precipitation (snowfall) to rainfall, 
duration of seasonal snow cover, snow settlement (densifi cation) rates, and ablation 
rates in different ranges of the NWH (Mohan Rao et al.  1987 ; Bhutiyani  1992 ). 

 As compared to some studies on high-elevation regions round the globe such as by 
Diaz and Bradley ( 1997 ), Beniston et al. ( 1997 ), Beniston ( 2003 ), Diaz et al. ( 2003 ), 
and Rebetez ( 2004 ), very few studies have been carried out on the fl uctuations in the 
climate in the Himalayan Mountains, primarily because of inaccessible terrain and 
inadequate database. Using the instrumental records, a few studies have examined the 
rainfall and temperature variations in the Nepal Himalaya and the Tibetan Plateau (Li 
and Tang  1986 ; Seko and Takahashi  1991 ; Borgaonkar et al.  1996 ) and Upper Indus 
Basin in Karakoram Himalaya (Fowler and Archer  2006 ). Temperature trends at 
Kathmandu in Nepal Himalaya and the Kosi Basin in Central Himalaya have been 
studied from the point of view of long-term trends (Sharma et al.  2000 ; Shreshtha 
et al.  2000 ). The precipitation and temperature trends in the western Himalaya and 
NWH have also been studied in the last century (Borgaonkar et al.  1996 ; Bhutiyani 
et al.  2000 ,  2004 ,  2007 ,  2008 ,  2010 ; Borgaonkar and Pant  2001 ; Yadav et al.  2004 ; 
Shekhar et al.  2010 ; Dimri and Dash  2012 ). 

 Based on proxy data of the ice cores from the Tibetan Plateau and tree-ring 
analyses from the hill regions of Uttaranchal, some authors have attempted to 
reconstruct the past climatic conditions during the last few centuries (Pant and 
Borgaonkar  1984 ; Liu and Chen  2000 ; Thompson et al.  2000 ). 

 A few studies have indicated that different regions of the NWH have not reacted 
uniformly to the specter of climate change and have confi rmed signifi cant spatial 
and temporal variations in magnitude of winter as well as summer warming in dif-
ferent ranges (Shekhar et al.  2010 ; Dimri et al. 2012). With a view to understand 
these aspects of climate change in NWH better, a systematic and detailed study was 
undertaken to analyze and evaluate temperature and precipitation trends in the 
NWH using instrumental data for the last 140 years. This chapter presents the 
results of this study.  

5.2     Temperature Variations 

 The analyses of the temperature data show that signifi cant increasing trends exist in 
annual temperature in almost all three main stations, namely, Shimla, Srinagar, and 
Leh in the NWH in the last century. The annual air temperature has shown an 
increase of about 1.1 °C during this period. Warming effect is particularly signifi -
cant during the winter season. For NWH region as a whole, average winter 
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temperature has shown an elevated rate of increase (1.4 °C/100 years) than the mon-
soon temperature (0.6 °C/100 years) during the period from 1866 to 2006 (Fig.  5.2 ). 
Increase in winter air temperature during the three decades is unusually high (about 
4.4 °C), as compared to an average rate of about 1.4 °C/100 years in the entire last 
century. The “warming” in the NWH has been primarily due to rapid increase in 
both the maximum and minimum temperatures, with the maximum increasing much 
more rapidly. Consequently, the diurnal temperature range (DTR) has also shown a 
signifi cantly increasing trend in both winter and monsoon seasons in the last cen-
tury (Bhutiyani et al.  2007 ,  2010 ). This is in contrast to the fi ndings of studies in the 
Alps and Rockies (Beniston  1997 ; Brown et al.  1992 ) and similar observations on 
the global scale (Karl et al.  1995 ), where the minimum temperatures have increased 
at a higher rate.

   Based on the analyses of the temperature data, three different epochs/periods 
were identifi ed. An episode of comparatively higher (above-average) temperatures 
from 1876 to 1892 was followed by three more periods of temperature variation. 
Below-average mean air temperature persisted from 1893 to 1939 indicating a 
cooler episode, followed by a period of relatively stable/average temperatures till 
around 1969. The periods from 1969 to 1990 and from 1991 till 2006 are character-
ized by above-normal temperatures indicating warmer episodes. Temperature 
seems to have increased at markedly different rates during these two periods. The 
rate of increase appears to be highest since 1991 as compared to the period prior to 
1991 (Bhutiyani et al.  2010 ), indicating unusual warming in the last two decades. 
This is also confi rmed by the analysis of short-term data available for seven stations 
for the recent decades. 

 With regard to variation in monthly air temperatures during winter in the last 
three decades, the studies have indicated nonuniform rate of increase through the 
winter. Although the beginning of winter (November) has shown an increasing, but 
statistically insignifi cant trend, the onset of spring (March) has been marked by 
substantial warming (Table  5.1 ).

5.3        Precipitation Variations 

 Certain variations have occurred in precipitation patterns on the global scale in 
response to rising temperatures and resultant changes in evaporation from the 
oceans (Srivastava et al.  1992 ; Fallot et al.  1997 ; Zhai et al.  1999 ). Because of its 
high temporal and spatial variability and high sensitivity to circulation characteris-
tics, precipitation has rarely been studied in as much details as temperature, as an 
index of climatic change (Thapliyal and Kulshrestha  1991 ; Srivastava et al.  1992 ). 

 Present study shows a statistically signifi cant decreasing trend (at 95 % confi -
dence level) in the monsoon and overall annual precipitation during the study 
period. In contrast, the winter precipitation has shown an increasing but statistically 
insignifi cant trend (at 95 % confi dence level) (Fig.  5.2 ). This is generally in good 
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  Fig. 5.2    Temporal variation of winter ( a ), monsoon ( b ), and annual ( c ) standardized precipitation 
index ( SPI ) and standardized temperature index ( STI ) in the northwestern Himalaya ( NWH ) 
during the period 1866–2006       
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agreement with the results of other studies carried out in western parts of Himalayan 
foothills (Borgaonkar et al.  1996 ), Nepal Himalaya (Shreshtha et al.  2000 ), and 
Upper Indus Basin in the Karakoram Himalaya (Archer and Fowler  2004 ). It can 
also be seen from the above data that during the period under study, episodes of 
above-average and below-average winter and monsoon precipitation almost alter-
nated each other with a periodicity varying from 20 to 60 years. With regard to the 
last few decades, it is seen that whereas monsoon precipitation has remained below 
average from 1965 to 2006, winter precipitation has been above average during the 
period between 1991 and 2006.  

5.4     Winter Warming and Its Relationship with Winter 
Snowfall 

 Although winter precipitation was above average during the period between 1991 
and 2006, studies have shown that rising winter air temperatures have caused 
decreasing snowfall component in total winter precipitation. This effect is more 
prominent on the windward side of the Pir Panjal Range and, to a lesser extent, 
some portions on the leeward side. Increasing temperatures during the months of 
November and March during the last three decades probably point toward the late 
onset of winter and early advent of spring season in the NWH. The studies have also 
indicated that the onset of winter has been delayed by about 2 days per decade and 
onset of spring has been advanced by about 3 days per decade. This has effectively 
reduced the duration of winter and consequently the snowfall duration period by 
5–6 days per decade and approximately by about 2 weeks in the last three decades 
(Bhutiyani et al.  2010 ). Identical results have also been reported from studies in 
Upper Indus Basin in Karakoram Himalaya (Archer and Fowler  2004 ), Nagaoka in 
Japan (Nakamura and Shimizu  1996 ), the Swiss Alps (Beniston  1997 ; Laternser 
and Schneebeli  2003 ), and Bulgarian mountainous region (Petkova et al.  2004 ; 
Brown and Petkova  2007 ). 

   Table 5.1    Linear trends in monthly air temperatures during winters in the NWH in the last three 
decades   

 Station  Altitude (in m)  Data span 

 Months 

 Nov  Dec  Jan  Feb  Mar  Apr 

 Bahang  2192  1977–1978 to 2009–2010  (+)  (+)  (+) a   (+)  (+) a   (+) 
 Kanzalwan  2440  1996–1997 to 2009–2010  (+) a   (+) a   (+)  (+)  (+) a   (+) a  
 Solang  2480  1996–1997 to 2009–2010  (+)  (−)  (−) a   (−)  (+)  (+) 
 Gulmarg  2800  1996–1997 to 2009–2010  (+) a   (−)  (−)  (+)  (+)  (−) 
 Dhundi  3050  1989–1990 to 2009–2010  (+)  (+)  (−)  (−)  (+) a   (+) 
 Haddan Taj  3080  1996–1997 to 2009–2010  (+)  (+)  (−)  (−)  (+) a   (−) 
 Patseo  3800  1996–1997 to 2009–2010  (+)  (+)  (−)  (+)  (−)  (−) 

  (+) increasing trend, (−) decreasing trend 
  a Signifi cant at 95 % confi dence level  

5 Spatial and Temporal Variability of Climate Change in High-Altitude Regions…



94

 Effects of winter warming in the last three decades are visible on the Eurasian 
landmass as a whole. Temporal variation of Eurasian snow cover area (ESCA) in 
March (Brown  1997 ,  2002 ) and winter mean air temperature in the NWH (Fig.  5.3 ) 
demonstrate insignifi cant trend in the variation of ESCA from 1922 till the late 
1960s. Consequent decrease in ESCA thereafter is marked by a period of rapidly 
increasing winter air temperatures in the NWH, indicating a direct inverse relation-
ship between these two parameters. Depleting snow cover area as a result of rising 
winter temperatures in the last three decades may have further amplifi ed the magni-
tude of winter warming in the Himalaya.

   Snow, being a highly refl ective material, looses back a large portion of incoming 
radiation to the atmosphere, thus making a very small portion of energy available 
for transfer to the ground below. It also acts as a thermal insulator between the 
ground and the atmosphere, inhibiting the heat transfer between them by conduc-
tion and convection. 
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  Fig. 5.3    Temporal variation of standardized Eurasian snow cover area ( ESCA ) (March) (Data 
Source – Brown  2002 ) and winter standardized temperature index ( STI ) in the northwestern 
Himalaya ( NWH ) during the period of 1922–1992. An onset of period of rapidly increasing winter 
air temperature and decreasing Eurasian snow cover is indicated by  black arrow        

 

M.R. Bhutiyani



95

 As more and more land area gets exposed because of decreasing snow cover, 
larger amount of energy is now available for heating the ground. Consequent higher 
terrestrial radiation because of elevated ground surface temperatures and higher 
energy from incoming shortwave radiation increase the net energy balance of the 
area, which further raises the air temperature of the contiguous areas giving rise to 
a positive “feedback mechanism.” This effect, which is similar to the “urban heat 
island” phenomenon generally associated with highly polluted cities, could be 
termed as “mountain heat island” effect. 

 Spatial study of the response of various ranges of the NWH Mountains reveals 
some interesting variations in warming rates in different parts of this region. While 
windward side of the Pir Panjal and parts of Greater Himalayan and Karakoram 
Ranges have shown statistically signifi cant winter and summer warming, leeward 
sides of these ranges have not shown much change. This has led to signifi cant 
reduction in winter snowfall amounts and rise in contribution of rain in total pre-
cipitation in this part of the Himalaya (Fig.  5.4 ). The most remarkable fi nding of 
this study is the signifi cant decreasing trend experienced at almost all stations above 
the equilibrium line (>5300 m in altitude) in winter warming as well as winter pre-
cipitation in higher reaches of the Karakoram Himalaya in the last three decades 
(Fig.  5.5 ).

    From the precipitation point of view, signifi cant decreasing trends (at 95 % con-
fi dence level) in the monsoon and overall annual precipitation during the study 
period are indicated. In contrast, the winter precipitation has shown an increasing 
but statistically insignifi cant trend (at 95 % confi dence level). Rising winter air 
temperatures have caused decreasing snowfall component and increasing rainfall 
component in total winter precipitation on the windward side of the Pir Panjal 
Range and parts of Greater Himalayan and the Karakoram Ranges. The analyses 
also show that although winter precipitation in the NWH has remained trendless in 
the last 140 years, there are signifi cant increasing trends in the extreme snowfall 
events during winters and rainfall events during summers in Pir Panjal and 
Shamshawari Ranges in the last three decades and insignifi cant but increasing 
trends in the Great Himalayan and Karakoram Range. Decrease in winter snowfall 
amounts and increasing rainfall component at almost all stations has been affected 
to some extent, by the increase in winter air temperature during this period. 

 The spatial and temporal variations in winter and summer warming and conse-
quent precipitation changes in different ranges/regions of the NWH are attributed to 
varying scales of anthropogenic activities and growing urbanization of the areas. 
Decreasing temperatures in the last three decades in the Karakoram Himalaya with 
altitudes above the equilibrium line (>5300 m) are attributed to prevalence of per-
manent snow cover which appears to have infl uenced their microclimatology. These 
studies have signifi cant bearing on the mass balance of the glaciers in the region and 
the hydrological behavior of various river systems in the Himalaya.  
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5.5     Possible Role of Anthropogenic Activities 

 The studies have demonstrated that although the temperatures continued to increase 
from the beginning of the last century, the epochal behavior of the precipitation 
ensured presence of comparatively cooler and warmer periods till the early 1970s. 
The analysis of the diurnal temperature range (DTR) data shows regular periodicity. 
This periodicity, however, breaks after the mid-1970s (Bhutiyani et al.  2007 ). 

 It is evident from the foregoing discussion that some natural extra-regional fac-
tors such as the quasi-biennial oscillation (QBO) on higher frequency scale of few 
years and the sunspot activity on the comparatively smaller frequency scale of 
multi-decades appear to be largely responsible for the precipitation variation in the 
NWH till the early 1970s. The equatorial eastern and central Pacifi c sea surface 
temperature (SST) and the ENSO-related events had a very limited role to play in 
these fl uctuations. Although, the temperatures continued to increase from the begin-
ning of the last century, the epochal behavior of the precipitation ensured presence 
of comparatively cooler and warmer periods (Krishna Kumar et al.  1999 ). The peri-
ods of excess (defi cient) annual precipitation, with overall increase (decrease) in 
cloud cover, were associated with lower (higher) temperatures, because of the 
decrease (increase) in net radiation balance. A remarkable feature from the stand-
point of the climate change in the NWH is that these tele-connections appear to 
have weakened considerably in the last three decades, i.e., after the early 1970s 

  Fig. 5.5    Warming trends (winter season) in different ranges of the NW Himalayan Mountains. 
 Upward arrow  indicates signifi cant rising trend,  downward arrow  indicates a signifi cant decreasing 
trend, and both  arrows  together indicate a mixed response       

 

5 Spatial and Temporal Variability of Climate Change in High-Altitude Regions…



98

(Fig.  5.6 ) (Krishna Kumar et al.  1999 ; Baines and Folland  2007 ; Bhutiyani et al. 
 2007 ,  2010 ).

   This convincingly indicates the waning effect of the natural factors in this period. 
The rise in air temperature has continued unabatedly in this period with both maxi-
mum and minimum temperature increasing at an alarming rate. This “warming” is 
unusually high, and it is diffi cult to be fully accounted for by the natural forcings 
alone, as discussed above, and there appear to be some additional factors, which 
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  Fig. 5.6    Relationship between ( a ) winter, ( b ) monsoon, and ( c ) annual SPI, STI, and standardized 
diurnal temperature range ( S-DTR ) in the NWH (Source: Bhutiyani et al.  2010 )       
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may have played a signifi cant role (Easterling et al.  1997 ; Crowley  2000 ). One of 
the external factors could be the increasing concentration of greenhouse gases in the 
atmosphere. The largest sources of the production of these greenhouse gases are the 
anthropogenic activities related to rapid industrialization and urbanization. 
Therefore, monitoring of changes in population and land use patterns and the green-
house gases emissions may provide an insight into the probable causes of the cli-
matic change in the NWH.  

5.6     Conclusion 

 The study has confi rmed conclusively that the climate change in the NWH is an 
inevitable reality today and not a myth anymore. The region has “warmed” signifi -
cantly during the last century at a rate which is disturbingly higher than the global 
average. Unlike other high mountainous regions such as the Alps and Rockies, 
where the minimum temperatures have increased at a higher rate, the rise in air 
temperature in the NWH has been primarily due to rapid increases in both the maxi-
mum and minimum temperatures, with the maximum temperature increasing more 
rapidly. With regard to precipitation, statistically signifi cant decreasing trends in the 
monsoon and overall annual precipitation are observed during the study period. In 
contrast, the winter precipitation has shown an increasing but statistically insignifi -
cant trend. Rising winter air temperatures have caused decreasing snowfall compo-
nent in total winter precipitation, particularly on the windward side of the Pir Panjal 
Range. The studies have indicated reduction in effective duration of winter by about 
2 weeks in the last three decades. 

 The present study has demonstrated the existence of possible tele-connections 
between the extra-regional factors such as the quasi-biennial oscillation (QBO), the 
sunspot activity, etc. and the precipitation variation in the NWH till the early 1970s 
in the last century. However, in the post 1970s, these links appear to have grown 
weaker considerably, signifying the diminishing effect of the natural forcings dur-
ing this period and indicating a vital role played by other factors, such as increasing 
concentration of greenhouse gases in the atmosphere.     
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Chapter 6
Assessing Climate Change Signals in Western 
Himalayan District Using PRECIS Data 
Model

R.B. Singh, Swarnima Singh, and Shouraseni Sen Roy

Abstract The meteorological measurements across Kangra, a western Himalayan 
district, are examined and analyzed for the past 43 years since 1970 and have been 
analyzed. Noticeable increase in temperature trends with a considerable variation 
during different seasons over the past quartile period has been noted. Much percep-
tible and significant variation among the mean minimum and mean maximum tem-
perature in the northeastern and southwestern part of the district has been brought 
out. The exchanges between airflow and temperature across the hills, plains, and 
monsoon may significantly lead to variations in the microclimate. This is essential 
in predicting global and regional climate variations, because it determines the extent 
of human influence on the climate and makes sound projections about natural 
rhythm of changing climate as well as anthropogenic stimulus. The mean monthly 
maximum and minimum temperature and precipitation together with annual min-
ima and maxima for the period 1970–2013 have been calculated for three stations 
across Kangra. The differential decadal and annual trend exhibits inconsistent sig-
nals of cooling in the high-altitude northeastern block in the district as compared to 
other parts in the region. Atmospheric Infrared Sounder (AIRS) satellite, Tropical 
Rainfall Monitoring Mission (TRMM), and Providing Regional Climates for 
Impacts Studies (PRECIS) data have been considered to analyze the gap.
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6.1  Introduction

The significant changes in statistical distribution of long-term weather conditions 
are known as climate change. These climatic processes take place over periods 
ranging from few decades to millions of years to unveil some pattern. It is caused 
by factorial variations in its processes such as altering wind, precipitation, insola-
tion, temperature, Outgoing Longwave Radiation (OLR), albedo, air pressure, radi-
ative forcing, etc. These dynamic factors are hybrid in nature, thereby it incorporates 
both natural and anthropogenic elements that significantly cause variation in recent 
pattern. One can observe daily weather changes, but subtle climate changes are not 
readily detectable, although the weather and climate take similar elements into 
account. Any variation in even one weather element may produce visible changes 
in regional climate (Chettri et al. 2007; Deressa et al. 2008). The internal and exter-
nal forces together induce climate variability. External forces refer to processes 
external to the climate system (though not necessarily external to the earth) that 
influence climate. There are various systems that can amplify or diminish the initial 
forcing both internally and externally like the oceans and ice caps that respond 
slowly in reaction to the climate forcing, while land uses, flora, and fauna respond 
instantly. Attribution of recent climate change focuses on the first three types of 
forcing. First is an orbital cycle that varies slowly over tens of thousands of years 
and thus is too gradual to cause temperature changes observed in the past century. 
Secondly, the naturally occurring greenhouse gases (GHGs) have a mean warming 
effect of about 33° Celsius (°C) or 59 °F (IPCC 2013). The major greenhouse gases 
are water vapor, which causes about 36–70 % of the greenhouse effect, carbon 
dioxide (CO2) that causes 9–26 %, methane (CH4) that causes 4–9 %, and ozone 
(O3) that causes 3–7 % of the GHG effect (IPCC 2013; Shrestha et al. 1999). Clouds 
also affect the radiation balance, but they are composed of liquid water or ice and so 
have different effects on radiation from water vapor. Thirdly, the Industrial 
Revolution in 1750 has induced high amount of GHGs into the atmosphere due to 
escalating human activity afterward. It has led to an increase in the radiative forcing 
through high concentration of carbon dioxide (CO2), methane (CH4), tropospheric 
ozone (O3), chlorofluorocarbons (CFCs), and nitrous oxide (NOx). The concentra-
tions of CH4 and CO2 have increased by 147 % and 38 %, respectively, after the 
Industrial Revolution. The anthropogenic activity together with fossil fuel burning 
has generated about three-quarters of the augmentation in CO2 over the past 
15 years, while land use/land cover change particularly deforestation can be held 
responsible for the rest (GCOS 2003, 2011; Government of India 2004; IMD 2010, 
2013; Singh and Singh 2011, 2014).

If these variations occur over a longer period, it influences the climate and the 
impacts are expansive across livelihoods, lives, and sectors. The variability of the 
climatic parameters from its long-term mean is quite unique for an area, as no two 
places can have the same amount of climatic variability; therefore, it is a prerequi-
site to analyze region-specific long-term deviation in average weather condition 
while investigating impact of climate change. The knowledge of climate variability 
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over the period of instrumental records and beyond on different temporal and spatial 
scales is important to understand the nature of different climate systems. This is 
essential in predicting global and regional climate variations, because it determines 
the extent of human influence on the climate and makes sound projections about 
natural rhythm of changing climate as well as anthropogenic stimulus. Thus, in 
order to understand the present and prospective climatic pattern, the past or histori-
cal instrumental records have been used for investigation in this study through theo-
retical simulated models.

6.2  Data Base and Methodology

6.2.1  Baseline Data Requirement

The mean monthly maximum and minimum temperature and precipitation together 
with annual minima and maxima from networks of seven stations, for the period 
1970–2013, have been compiled because these are fundamental instrumental statis-
tics for the analysis of climate dynamics in the micro-study area (Fig. 6.1). Primarily, 
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Fig. 6.1 Locations of meteorological stations in Kangra district, 2011 (Source: Author)
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the India Meteorological Department (IMD) has been considered with its monthly 
weather records that have been updated for the period 1970–2013 with the help of 
downscaling Atmospheric Infrared Sounder (AIRS) satellite, TRMM, and PRECIS 
data to analyze the gap in IMD data set. Consequently, several checks have been 
made for missing values in the previous data set to distinguish the regular pattern of 
regional precipitation and temperature variation in the district. The annual as well as 
seasonal temperature and precipitation progression for the winter months (November 
to January), pre-monsoon (March to May), monsoon (June to August), and post- 
monsoon (October to November) months has been calibrated. These variations have 
been recorded for the entire district from all the three regions, the Shivalik hill, the 
mid hill, and the high-hill region. To calibrate the past and current climatic trends, 
two different data sources have been taken into consideration, the ground rain gauge 
station IMD data and the satellite data. The ground station data has been acquired 
from the CSK University, Palampur, in Kangra district, and the satellite data have 
been acquired from AIRS, TRMM from the National Aeronautics and Space 
Administration (NASA), and PRECIS from the Climate Research Unit (CRU), 
United Kingdom.

6.2.2  Satellite Data Mechanism

The AIRS data is having high spectral resolution spectrometer on board Aqua satel-
lite with 2,378 bands in the thermal infrared (3.7–15.3 μm) and four bands in the 
visible (0.4–7.8 μm). These ranges have been precisely elected to allow atmospheric 
temperature and humidity in troposphere with a precision of 0.5 °C in 1 km thick 
layer and 80 % accuracy in the case of humidity in 2 km thick layers. The nadir is 
scanned in every 2 s afterward a prompt scan in two-thirds of the second by
appropriating standardization-related data of four independent strip/band.

Cold space views (CSVs). These CSVs are onboard, namely, the blackbody cali-
brator, spectral reference source, two views combining a photometric calibrator for 
the visible spectrum (VS), and near-infrared (NIR) photometer where each scan line 
includes 90 IR paths for detailed information. The VS/NIR spatial resolution is 
around 2.31 km at nadir and provides 15-channel microwave temperature sounder 
at two independent operated modules of advanced microwave sounding units 
(AMSU). These modules are Module-1 (AMSU-A1) in the 50–58 GHz oxygen 
absorption and 89 GHz surface moisture band information and Module 2 
(AMSU-A2) that has two channels for surface temperature and moisture (total pre-
cipitable water and cloud liquid water) information separately. With the help of 
these AMSU, the daily temperature and precipitation data for longer period has 
been generated with a great accuracy through merged data of TRMM and AIRS. That 
is essential for climate and climate change study in any region through monitored 
gridded temperature and rainfall data (Fig. 6.2).
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6.2.3  Data Base and Methodology for Climate  
Change Modeling

The climate change modeling has been done based on 1970–2013 baselines to find 
out a definite consciousness from infinite number of equally credible changes. 
Basically, it should be consistent with current understanding of real calibrations 
without assuming that the future will resemble the past and the present. PRECIS 
based on Hadley Regional Climate Model (HadRM) downscaling methodology 
(shepherd method) data has been used on IMD, AIRS, and TRMM combined with 
gridded data to generate climate change with a resolution of 25 × 25 km approxi-
mately (1 = 102.3 km on tropics).

The regional monthly temperature trends are calculated by simple average of the 
fundamental grid point data of the respective block region. The temperature trend is 
computed through the slope of a simple linear regression fitted line against time to 
each of the series. The statistical significance of trend is assessed by means of the 
F-ratio subsequently, by annexing into account the autocorrelation. Therefore, both 
the ground and satellite data have been taken into consideration for the last one 

Point Map of IMD
Stations

Contours Creation
through ArcGIS Isotherm and

Isohyet Mapt

Surface Craeation
Using ArcGIS

Overlay Raster Change
Detection Map 1970 to 2013

Spatio-Temporal
Change Maps for

1970 - 2013

Surface Craeation
Using ArcGIS

TRMM 2000 to
2013

AIRS 2000 to
2013

IMD Stations Data for
1970 to 2004

Rainfall Gridded
data at 1˚´1˚

Downscaling at
0.25˚´0.25˚

Temperature Gridded
data at 1.5˚´2˚

Temperature Gridded
data at 0.25˚´0.25˚

Rainfall Gridded
data at 0.25˚´0.25˚

Fig. 6.2 Methodological framework for preparing spatiotemporal maps (Source: Author)
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decade to minimize the gap/error in climate change simulations for the baseline 
study. The Mann-Kendall nonparametric test has been calculated for the 43-year 
(1970–2013) baseline temperature and rainfall data from
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where n = data set length, while xi and x j = standard chronological data values.
The independent and randomly distributed variables from Tmax, Tmin, and Tmean 

provide data set length n ≥ 3 similarly for Rtotal and Rdays where n ≥ 2. The nonpara-
metric temperature statistic T and R is distributed normally with variance and neu-
tral or zero mean. With the time-series length, the standardized test statistic is 
calibrated from Zt score for temperature and Zr for rainfall value to test the null 
hypothesis as
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if variance V > 0, or V = 0, or V is <0
The increasing temperature Tmax and Tmin trend indicates a + Z value, and a 

decreasing Tmax and Tmin temperature trend indicates -Z value. The significant Tmax 
and Tmin levels of 0.05, 0.01, and 0.001 have been converted into percent later.

The temperature and rainfall are shaped by GHG emissions. This is based on 
computing average, z-score, standard deviation, and moving average for tempera-
ture variability and identification of dry/wet years for rainfall. A regional climate 
model (RCM) for the Kangra district has been downscaled at grid resolution of 
about 0.25 × 0.25° (Fig. 6.3). The input and output in the RCM climatological 
parameters cannot be generated without a parent global circulation model (GCM), 
whereas it also provides opportunities to superimpose the microscale regional detail 
for modeling, which might offer present climate pattern and extreme events and 
simulate climate pattern realistically at high resolution (~25 km and below). For 
downscaling, the regional adaptive responses for climate change have been com-
puted as

Csc = f (CL, Ᵽs) 

where Csc is the microscale climate, which is downscaled through the functional 
relationship of CL which is the large scale climate, and s is the microlevel 
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 physiographic details. These steps of downscaling from GCM to RCM have been 
adopted to fill the gap in IMD databases for the given missing years (1975–1981, 
1987–1992, and 1998–2000).

Fig. 6.3 Climate change modeling mechanism GCM downscaling to regional adaptive responses 
of RCMs (Source: Author – based on http://consulclima.co.uk/climate-modelling/downscaling- 
gcm-outputs/#downscaling
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6.3  Result and Discussion

6.3.1  The Observed Spatiotemporal Change in Temperature

The temporal change in temperature and rainfall has been plotted based on monthly 
decadal average for the region for four decades, namely, 1970–1990 and 1990–
2010. The summer (June) and winter (January) temperature in 1990–2010 has wit-
nessed variable change. The maximum and minimum temperature increase ranges 
between 0 and 0.8 °C. While a noticed decline of almost 10 cm of rainfall during 
3-month summer monsoon (June, July, and August) averaging from 49.3 cm (1970–
1990) to 39.3 cm (1990–2010) has been perceived, the winter rainfall months, 
November, December, and January, have been seen with a decline of 4.5 cm from 
7.6 cm during 1970–1990 to 3.1 cm during 1990–2010. Comparably, IPCC Vth 
Assessment Report observed global amplification in the average surface tempera-
ture of around 1.74 ± 0.18 °C (2.33 ± 0.32 °F) during the twentieth century steered 
by the increasing emission of GHGs ever since the last century (IPCC 2013). During 
the last 40 years, the temperature has shown a great variability with an average rise 
of about 0.5 °C for the month of June. The average temperature during the 
1970s–1990s rose from 22.9 to 23.7 °C during 1990–2010 though the temperature 
graph shows a decline in the later part. The mean annual temperature of Kangra 
district shows that a significant warming trend of 0.8 °C per 10 years through the 
period 1970–2010 represents a considerable increase of rate of the warming in the 
last four decades (Fig. 6.4). Therefore, the aggregated data from seven meteorologi-
cal stations, Nurpur, Dharamsala, Pong Dam, Palampur, Kangra, Malan, and Dehra, 
have been computed on spatial scale in this Cwa type of climate.

The longitudinal temporal trend has also been analyzed separately from TRMM 
data at 0.5 × 0.5° on the graph to provide valid reasoning on latitudinal climate 
change over the time beside temporal and spatial isothermal shifts. This trend has 
been calibrated at grid level of 180 × 360 row and columns that has been down-
scaled to 3 × 4 row and columns (latitude x longitude). There are three latitudes 
(30°5′N, 31°5′N, and 32°5′ N) together with four longitudes (74°5′E, 75°5′E, 
76°5′E, and 77°5′E) on which the temperature variations have been calibrated for 
around a decade from 2003 to 2011 for three months (June, July, and August). This 
has been plotted through MATLAB R2009a.

The average annual temperature ranges between 10 and 26 °C in the month of 
January, while in the summer month of June, the temperature ranges between 14 
and 36 °C. The district climate changes from subtropical in low hills and valleys to 
subhumid to temperate in the mid and the high hills, respectively. Southward and 
eastward latitudinal shifts in isotherms have been observed, and it is markedly vis-
ible in central and southern section of the district over 1970 and 2010. Meanwhile, 
a marginal shift in the northern and extreme eastern section of the region is also 
witnessed. The January isotherm of 12 °C, 14 °C, and 20 °C has noticed strong shift 
similarly in the case of June isotherms. The major shift in June isotherms can be 
noticed in 20 °C, 22 °C, 30 °C, and 31 °C isotherms, which are passing through 
central and western tracts where the general direction of shift is southwestward.
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The winter isotherms show maximum deviation where 10 °C and 12 °C iso-
therms are shifting much northward and 20 °C isotherm intruding in central and 
eastern blocks of the district. Over the last 30 years, Palampur and Baijnath have 
witnessed 16 °C and 18 °C isotherm shift toward more northward during June, and 
Dehra Gopipur, Kangra, and Pong Dam have been witnessing the average north-
ward and central shift in 30 °C, 32 °C, and 36 °C isotherm which pass through 
western and southern parts in the district. The mean annual temperature displays 
substantial trend of warming of 0.06 °C/10 years all through the period till 1970 and 
0.22 °C/10 years during recent decade of 2000–2010. During the last three to four 
decades, it shows a significant increase in the rate of the warming; therefore, it por-
trays a major turnaround in the asymmetry of the diurnal trends of temperature. 
From spatiotemporal analysis, it is quite evident that the temperature change ranges 
between 0 and 0.5 °C during summer months with western and central section in 
Nurpur, Fatehpur, Dehra, and Kangra that are experiencing highest change between 
0.6 and 0.8 °C in the month of June over the years. The least change in temperature 
of about 0 and 0.2 °C has been seen in eastern part of Bada Bhangal, Tarmehr, and 

Fig. 6.4 Comparative status of average monthly decadal rainfall (cm), maximum and minimum 
temperature (°C) of Kangra district for 1970–1990 and 1990–2010 (Source: Author)
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Baijnath region. For winter season, the maximum change noticed is of 1.0–1.2 °C 
and a minimum of 0.2–0.4 °C, respectively, in western and eastern region. The 
trends of temperature that rise in October to January months are just reverse of what 
one can observe during June to July months (Fig. 6.5a, b).

The Tmax and Tmin trends are determined for entire Kangra region with the help of 
Mann-Kendall nonparametric test to evaluate the probability of temperature test on 
how it is statistically different from zero. In this test, the parameters are always in 
sequential order and depending upon the number of occurrences or chances with 
greater than mean is counted. This method has been used to find out the increase as 
well as decrease in the slope of trends in the temperature time series during the same 
time period of 1970–2010. The Mann-Kendall nonparametric test for the indepen-
dent and randomly distributed temperature and rainfall variables for Tmax, Tmin, Tmean, 
Rtotal, and Rdays provides data set length n ≥ 5, whereas the temperature and rainfall 
statistics are distributed normally with the variance and neutral or zero mean. The 
increasing temperature Tmax and Tmin trend indicates a + Zt value and a decreasing 
temperature trend indicates -Zt value. The significant Tmax and Tmin levels of 0.05, 
0.01, and 0.001 have been converted in 2 % to plot the monthly deviation in the data 
graph.

On a regional level, the variation in mean maximum and minimum temperatures 
over the period of 1970–2010 has observed a net escalation in temperature ranges 
from 0.86 °C ± 0.04 °C. The five color categories of seasonal temperature change 
ranging from less than 0.0 °C to more than 0.75 °C of Kangra district with a gen-
eral rise in mean seasonal temperature in all its blocks from 1970 to 2010 explain 
that the temperature variability has increased over time (Fig. 6.6). The northeastern 
Multhan, Baijnath, and small adjoining parts of Bhawarna are the only area to 
experience a decrease in seasonal temperature. A very significant increase in the 
north region (between 0.45 and 0.75 °C), including Talnu, Satobari, Naddi, 
Bhagsunag, Dal Lake, and Baradar, has been observed. The temperature trend is 
not uniform over the northeastern region, and annual temperature has risen by 
1.5 °C in the last century with winter warming (Bhutiyani et al. 2007, 2009). 
Increasing trend of temperature in post-monsoon and winter while decreasing 
trend in monsoon has been observed for Nurpur, Panchrukhi, Baijnath, and Dehra 
Gopipur, whereas Multhan has experienced warming during the last 100 years 
(based on data analysis). Increase in temperature of 0.0–0.25 °C has been observed 
across Lambagaon, Rait, and the very northern portions of Kothi Kohar of Baijnath 
block, while increase between 0.25 and 0. 5 °C has been found along Palampur, 
Sulah, Pragpur, and southernmost part of Kundalia and Jwalamukhi. Lastly, a small 
noticeable increase of less than 0.25 °C has been observed in much of southern 
Multhan, north and western parts of Rait and Nagrota Surian, and southwestern 
part of Jaisinghpur Tehsil including Thural Sub Tehsil. During 1970 to 2010, 
approximately 51 % of the total area and almost 52 % of the total population of the 
district have experienced 0.25–0.5 °C increase. Some 14.5 % of the population 
acknowledged a more significant increase of 0.75 °C and more, signifying almost 
30.1 % of the total district’s geographical area.
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Fig. 6.5 (a) Spatiotemporal change in January isotherm and 1.5 (Source: Author), (b) change in 
June isotherm for the years 1970 and 2010 (Source: Author)
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6.4  Conclusion

Kangra occupies one of the largest percentages of Himachal Pradesh in terms of 
population as well as agricultural output. The important perennial river Beas pro-
vides water for drinking, irrigation, and hydropower to nearly 80 % of its total 
population directly or indirectly. The climate of the district has shown changes. 
There is an average rise of 0.5 °C in temperature over the region. The rise in winter 
temperature is almost the double of rise in summer temperature. Spatially, the west-
ern part of the region has experienced greater change in temperature than the eastern 
part during summer months, whereas this trend is reversed during winter months. 
The rise in temperature experienced over the years in winter season is greater in 
eastern parts than in western. The rainfall pattern shows dual characteristics. The 
annual average rainfall has increased in western part, but at the same time, it has 
decreased in eastern part of the region. The precipitation trend over the past 40 years 
has been very variable, but an average decrease has been noticed in the annual pre-
cipitation. The underlying mechanism behind these changes is blamed on the rising 
GHG concentration through its fragile forests and global circulation of rising GHG 
concentration. The local factors affecting the rise in temperature, increased cloud 
cover, and decreasing rainfall over the region can be studied in more integrated and 

Fig. 6.6 Mean seasonal temperature pattern in Kangra district over the period of 1970–2010 and 
Tmax and Tmin graph of mean monthly change in climatological records (percent) during 40 years 
(Source: Author)
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elaborative manner. The effects of changing climate are likely to be exacerbated, 
which may adversely impact the ecosystem through increased temperature, altered 
precipitation patterns, episodes of drought, and anthropogenic land use/land cover 
change and influences. It would not only impact the very sustenance of the indige-
nous communities in uplands but also alter the life of downstream dwellers across 
the region, country, and beyond. Therefore, there is an urgent need for giving spe-
cial attention to sustain this fragile ecosystem.
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    Chapter 7   
 Climate Change in Pindari Region, Central 
Himalaya, India                     

     R.  B.     Singh     ,     Santosh     Kumar    , and     Ajay     Kumar   

    Abstract     The impending threat due to changing climate has accentuated the vul-
nerability of all ecosystems. The fragile ecosystems like that of high Himalaya are 
most susceptible to the climate change which not only disrupts the physical pro-
cesses but also has its impact on the livelihood of local people. The changes in gla-
ciers have far-reaching impacts on the downstream ecosystems also. In order to 
prevent the future disastrous events, it becomes necessary to analyze the climatic 
variability in the region and access the associated vulnerability. The Pindari region 
is one such example from Himalaya which is under threat due to climate change and 
represents clusters of glaciers comprising the main Pindari Glacier as trunk part. 
Pindari Glacier is a small valley-type glacier of Kumaon Himalaya, situated at an 
elevation 5200 m. The study is based on the medium-resolution monthly average 
temperature and rainfall data obtained from the India Meteorological Department 
for the Pindari region from year 1901 to 2010. The results show that the annual 
temperature has substantially increased by around 1 °C from 1901 to 2010. All 
seasons in the Pindari region indicate no signifi cant increase in rainfall. A study of 
data illustrates that the main trunk of the Pindari Glacier has been in a continuous 
state of recession during the past century.  

  Keywords     Climate variability   •   Mountain ecosystem   •   Glacier retreat   •   Water 
resources   •   Pindari region  

7.1       Introduction 

 Climate change is considered as a signifi cant anthropogenic global environmental 
challenge currently facing the humankind today, evident in the form of increase in 
global mean temperatures and perceptible changes in precipitation patterns 
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(Goswami and Ramesh  2006 ). Climate change induced by anthropogenic activities 
has resulted in the average surface temperature increase by 0.74 °C in the last 150 
years (IPCC  2007 ). The warming has a direct impact on the temperature-sensitive 
snow and ice cover, resulting in rapid glacial melt and causing variations in dis-
charge of the rivers downstream (Bates et al.  2008 ). The rising temperature and loss 
of ice and snow have an increasing stress on water availability, biodiversity, tree-line 
movements, high-elevation ecosystem changes and monsoonal shifts (Xu et al. 
 2009 ). The Himalaya has the largest concentration of glaciers apart from the polar 
region. The Indian Himalayan region covers vast areas, with about 17 % of the 
region being under permanent snow cover and glaciers and about 30–40 % under 
seasonal snow cover, forming a unique water reservoir, giving rise to nine major 
rivers in Asia and providing water to almost one-third of humanity. Recent evidence 
suggests that most glaciers in the Himalaya have been retreating with greater pace 
in terms of climate change. This variation in climate has led to changes in freshwa-
ter regimes and is likely to have a dramatic impact on drinking water supplies, bio-
diversity, hydropower, industry, agriculture and others, with far-reaching adverse 
implications for the people of the region and the earth’s environment. According to 
the Fourth Assessment Report of the IPCC, smaller glaciers are more vulnerable to 
a warmer world and climate change (Rosenzweig et al.  2008 ). The Pindari Glacier 
region is among the most vulnerable cryosphere regions due to geological reasons, 
stress caused by increased pressure of population, exploitation of natural resources 
and other related challenges. These effects are likely to be exacerbated due to the 
impact of climate change, which may adversely affect the Himalayan ecosystem 
through increased temperature, altered precipitation patterns, episodes of drought 
and biotic infl uences. Therefore, the present paper attempts to assess the climate 
variability in the Pindari region in order to reduce the future vulnerability of the 
region to climate change.  

7.2     Mountain Ecosystem and Climate Change 

 Mountain ecosystems are very sensitive to the habitat and climate change due to the 
interaction of tectonic, geomorphic, environmental and climate agents. Mountain 
ecosystems provide many goods and services which are critical to individuals and 
societies, and they are also fundamental to environmental functioning and sustain-
ability (Singh et al.  2013 ; Singh  1998 ). Beyond their common characteristics of 
high relative relief and steep slopes, mountains are remarkably diverse and globally 
important as centres of biological diversity (Ives et al.  2004 ). The complexity of 
mountain systems presents major problems for assessing the potential impacts of 
climate change. This applies to assessments of changes in biophysical systems 
(Rizzo and Wiken  1992 ; Halpin  1994 ) and societal systems (Price  1990 ). Climate 
provides ecosystem and services to human society, but climate change also has 
potential to alter these ecosystem services; hence, climate is an integral part of 
mountain ecosystems, and arresting climate change is critical for survival of 
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mankind at large. The retreat of glaciers and the thawing permafrost is an indication 
of the increase in the average temperature in the mountain region during the past 
three decades. On an average, surface air temperatures in the Himalayan region 
have gone up by 1° in the last decade (Srinivasan et al.  2006 ). Recent studies over 
the Himalayan glaciers using ground-based and space-based observations and com-
puter models indicate a long-term trend of climate variability, and change may 
accelerate melting of the Himalayan glaciers (Lau et al.  2008 ). Other studies also 
suggest a decreasing trend in snowfall, which has historically served as a main 
source of precipitation for maintaining the glaciers and freshwater resources in this 
region. In the Himalaya, nature-determined environmental fragility scores high. As 
glacial recession is taking place at a faster pace, a new equilibrium at the cost of loss 
of entire habitats is possible. For this reason, Himalaya, along with other continental 
ice masses like Alaska, Patagonia and the Karakoram, has been identifi ed as critical 
regions in the world (Sen Roy and Singh  2002 ). Communities inhabiting mountain 
ecosystems are particularly vulnerable to extreme weather conditions such as high 
temperatures, altering rainfall patterns, receding glaciers and permafrost thawing. 
Recent instances include the disastrous cloud bursts near Kedarnath and Kapkot in 
Uttarakhand and Leh in Ladakh in Kashmir the shifting of apple orchards to higher 
altitudes. This vulnerability is critical for the local communities as they are highly 
dependent on natural resources for their livelihood. Vulnerability and adaptation to 
climate change as also other causes would therefore need to address this issue by 
enhancing people’s livelihood in an economy which nurtures rather than destroys 
their habitat.  

7.3     Climate Change Studies in India 

 Recognizing the critical concern of global warming in India, various studies have 
been conducted in the region to analyze trends in hydrometeorological variables at 
regional and basin level (Hingane et al.  1985 ; Sinha et al.  1997 ; Arora et al.  2005 ). 
Hingane et al. ( 1985 ) analyzed long-term mean annual temperature records from 
1901 to 1982 over India and detected an increasing trend in mean surface air tem-
peratures. It was observed that about 0.4 °C warming has taken place over India 
during the last eight decades mainly due to rise in maximum temperatures. Sinha 
et al. ( 1997 ), however, showed that the changes in mean annual temperatures are 
partly due to the rise in the minimum temperature caused by rapid urbanization. 
Pant and Kumar ( 1997 ) have reported an increase in mean annual temperatures in 
India at the rate of 0.57 °C per 100 years. Arora et al. ( 2005 ) investigated tempera-
ture trend all over India using Mann-Kendall non-parametric technique and linear 
regression method. The results showed that mean temperature has increased by 0.94 
°C per 100 years for the post-monsoon season and 1.1 °C per 100 years for the win-
ter season. Ramesh and Goswami ( 2007 ) reported the shrinking of the Indian sum-
mer monsoon in terms of total rain days as well as in terms of total area of rainfall. 
Goswami and Ramesh (2006) conducted a study using high-resolution gridded 
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rainfall data for a period from 1951 to 2003 wherein it was found that the frequency 
and magnitude of extreme rainfall events during summer monsoon over central 
India are increasing, while moderate events are decreasing.  

7.4     Study Area 

 Pindari region is geographically located in the southern side of Greater Himalaya in 
Uttarakhand. It is part of Kumaon Himalayan region. The Pindari glacial region 
extends from 29°50′4″ N to 30°19′4″ N and 79°42′ E to 80°8′4″ E (Fig.  7.1 ). It 
represents the part of the Kumaon Himalaya with height ranging from 800 to 
6800 m. The Pindari region is bounded by Chamoli district in the north and north-
west, Pithoragarh district in the east and Garud, Bageshwar and Kanda block of 
Bageshwar district in the south. The geographical area of the Pindari region is 
593.5 km 2 . The Pindari region represents clusters of glaciers comprising the main 
Pindari Glacier as trunk part. Pindari Glacier is a small valley-type glacier of 
Kumaon Himalaya, situated at an elevation 5200 m. The glacier lies between the 
Nanda Devi and Nanda Kot peaks and its snout is an elevation 3627 m. The glacier 
is 5 km long and 300–400 m wide. The permanent snow cover is reported to be 
above elevation 4600 m. High-elevation zone in catchment area rises up to about 
6600 m. Pindar River originates from the ‘Pindari Glacier’ in Bageshwar district (32 
km) and, fl owing an approximate 124 km with its numerous tributaries, confl uences 
into the Alaknanda river at Karnaprayag in Chamoli district. The watersheds of the 
Ramganga in the south, the Saryu in the east, the Nandakini in the north and the 
Alaknanda in the northwest delimit it and give it a distinct socio-geographical 
identity.

7.5        Database and Methodology 

 Present study is based on the medium-resolution monthly average temperature and 
rainfall data prepared by the India Meteorological Department for the Pindari region 
from year 1901 to 2010. This data has been collected for one observation station of 
IMD in Bageshwar. The data is available for January to December for each year. 
Only two climatic parameters such as temperature and rainfall have been taken to 
fi nd out climate change in the region. Mean annual highest temperature, mean 
annual minimum temperature, average annual temperature and rainfall data of 
Bageshwar station have been taken due to their close proximity to glaciated region 
and also for regular data recording. The study based on only one weather station 
because no other weather station is near about the area. The upper part of Pindari 
region did not have any regular data-recording stations of IMD from the past 30 and 
more years and even recent establishment of certain stations in this remote and hilly 
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area not having proper mechanism to record data due to adverse climatic conditions 
of harsh winter. 

 In order to analyze climate change and variation in study area, temperature and 
rainfall data of the last 30 years has been tabulated in MS word excel sheet. Statistical 
diagrams and techniques like line diagram, histogram, regression method and trend 
line have been used in order to show seasonal variability in temperature and rainfall. 
One whole year has been divided into three seasons, i.e. winter (October, November, 
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December, January, February), summer (March, April and May) and monsoon 
(June, July, August, September); temperature and rainfall data has been clubbed and 
classifi ed on the basis of season. Then seasonal trend analysis has been done through 
regression method. Apart from seasonal climatic variation, yearly rainfall and tem-
perature variation have been calculated using slope value of linear regression 
method. 

 The study also focuses on the delimitation of the spatial extent of glacier fl uctua-
tion in light of climate change in Pindari region. The results are deduced from the 
published data such as topographical maps and satellite images in consonance with 
GPS-aided intensive glaciological fi eld survey. The topographical maps of 1955 
(1:250,000) were collected from website add which is primarily derived from map 
(1927) of Survey of India (SOI), Dehradun, for earlier record of glaciers. The 
toposheet of 1955 was compiled by US Army from half-inch series, 1:126,720, 
Survey of India, 1938; Garhwal Himalaya-Ost, 1:150,000, Schweizerischen Stiffi ng 
fur Alpine Forschungen, 1938; and quarter-inch series, 1:253,440, AMS, 1946, 
Survey of India, 1927. The ASTER (Advanced Spaceborne Thermal Emission and 
Refl ection Radiometer) orthorectifi ed satellite imageries for different time periods 
(1976, 1998 and 2013) have been downloaded from Land Processes Distributed 
Active Archive Center-US Geological Services (LPDAAC-USGS), Glovis and 
Bhuvan website. Himalayan Glaciology Programme coordinated by the Department 
of Science and Technology, Government of India, the International Centre for 
Integrated Mountain Development (ICIMOD), Wadia Institute of Himalayan 
Geology and Glaciological Study of India under the Geological Survey of India 
comprise other sources of secondary database. In order to record the present snout 
positions and altitude information of deferent places over the glacier, two intensive 
fi eld visits were conducted with GPS-aided survey of glaciers in the Pindari region. 
During the fi eld visit, various other features such as moraine, nature of slope, rock 
type, vegetation cover, drainage pattern, etc. were also investigated in the study 
area. 

 The GIS study related to glacial analysis heavily depends on co-registration of 
the spatial data of selected area. The selected ASTER satellite images were already 
orthorectifi ed and geo-registered to Universal Transverse Mercator (UTM) projec-
tion with Ellipsoid and Datum-WGS 84. The SOI topographical sheets (published 
by US Army) were co-registered using image to image co-registration function in 
ERDAS Imagine 10. The registration accuracy was within 1 pixel in most regions. 
The mapping of glacial extent in 1976, 1998 and 2013 was done on ASTER images 
using ArcGIS 10 and ERDAS Imagine 10 software and autocalculating the area 
using GIS methodology. 

 The application of manual digitization in GIS environment helped in delineating 
glaciers boundary on SOI topographical map. The glacial boundary on satellite 
imagery was mapped using standard combination of bands, i.e. false colour com-
posite (FCC). Image enhancement technique was used to enhance difference 
between glacial and non-glacial areas. The glacier boundary was digitized and geo- 
referred as well. Position of snout of the glaciers was cross-checked and verifi ed by 
the fi eld investigations using Global Positioning System (GPS-Etrex vista HCX) 
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and by comparing relative position of snout with geomorphological features such as 
moraines, origin of stream from snout. The area vacated by the glacier due to reces-
sion is estimated by union-geo-processing method (standard GIS function) using 
the glacier boundary of 1976, 1998 and 2013. Findings related to glacial measure-
ment done by other scientists also incorporated and supported the study. It is obvi-
ous that some ambiguity might have occurred during these processes. But it was 
attempted to accomplish the job as carefully as possible.  

7.6     Results and Discussion 

7.6.1     Seasonwise Annual Trend in Maximum Temperature 

 Annual temperature trend of Bageshwar meteorological station is showing substan-
tial increase of around 1 °C from 1901 to 2010 (Fig.  7.2 ). In the year 1977, the mean 
maximum temperature was 25.31 °C, while it was 26.65 °C in 2007. The range of 
maximum temperature for the same period is 2.46 °C. The highest maximum tem-
perature for the station has been recorded 31.36 °C in the year 2007. The increase 
in the temperature over a period of 110 years for which the data has been procured 
from IMD is alarming. At about 1 °C increase in the mean maximum temperature 
has been calculated.

   The trend line plotted shows that in the year 1901, the initial point of trend line 
was around 23.1 °C, while in the year 2007, it is at around 24.2 °C. The range of the 
minimum and maximum recorded temperature comes out to be 2.85 °C. The annual 
maximum temperature has shown rapid increase from 1990 onward. For Pindari 
region as a whole, seasonwise annual maximum temperature shows a gradual 
increasing trend during all the three: winter, summer and monsoon season over the 
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  Fig. 7.2    Seasonwise (winter) annual mean maximum temperature trend of Bageshwar station of 
Pindari region (1901–2010) (Source: Based on IMD data)       

 

7 Climate Change in Pindari Region, Central Himalaya, India



124

period 1901–2010 (Figs.  7.3  and  7.4 , Table  7.1 ). On the seasonal level, the trends in 
the frequency of occurrence of temperature extremes are slightly different. The 
homogeneous trend shows in monsoon season, but winter and summer seasons 
show a signifi cant fl uctuating trend in frequency of hot days. The winter season 
shows comparatively highest increasing trend in the annual maximum 
temperature.

     Mean maximum annual temperature for all seasons is showing decrease in tem-
perature from the year 1973 to 1990.  
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  Fig. 7.3    Seasonwise (summer) annual mean maximum temperature trend of Bageshwar station of 
Pindari region (1901–2010) (Source: Based on IMD data)       
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  Fig. 7.4    Seasonwise (monsoon) annual mean maximum temperature trend of Bageshwar station 
of Pindari region (1901–2010) (Source: Based on IMD data)       
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7.6.2     Annual Trend in Minimum Temperature 

 Mean annual minimum temperature of Pindari region showed a very signifi cant 
increasing trend and increased by 1.026 °C per 110 years during the period 1901–
2010 (Figs.  7.5 ,  7.6 ,  7.7  and Table  7.2 ). There are some conspicuous changes noted 
in different subperiods in the minimum temperature. During the period 1901–1977, 
the Pindari region mean annual minimum temperature shows a warming tendency, 
but after 1977, it decreases slowly up to 1997 and later it gradually increases. In the 
recent two and a half decades, the region mean annual minimum temperature shows 
a signifi cant warming trend. The warming during the recent period (2004–2010) 
may have played a vital role in making the trend statistically signifi cant in glacier 
fl uctuation analysis. On the seasonal scale, all the seasons show signifi cant warming 
trends with signifi cant temporal variations in summer season.

7.6.3           Annual Mean Temperature Trend 

 Indian annual mean temperature showed signifi cant warming trend of 0.51 °C per 
100 years, during the period 1901–2007 (Kothawale et al.  2010 ). Accelerated warm-
ing has been observed in the recent period 1971–2007, mainly due to intense 

   Table 7.1    Seasonwise change in mean maximum temperature (1901–2010)   

 Season  Winter  Summer  Monsoon 

 Rate of change (°C/year)  0.0102  0.0101  0.0071 
 Change 1901–2008 (°C)  1.1016  1.0908  0.7668 
 Coeffi cient of variation (%)  3.4681  4.0556  3.3612 

  Source: Based on IMD data  
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  Fig. 7.5    Mean minimum temperature trend (winter) of Bageshwar station of Pindari region (year 
1901–2010) (Source: Based on IMD data)       
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warming in the recent decade 1998–2007. Ground observations of air temperature 
measurements show strong spatial and seasonal gradients across the Himalayan- 
Tibetan Plateau. For example, the atmosphere over the Western Himalaya, which 
contains major glaciers and makes headwater to major rivers including the Indus 
and the Ganga, was found to be associated with enhanced warming trends in the 
past three decades from the longest record of microwave satellite observations. The 
two crucial seasons, i.e. the winter season (snow accumulation period) and pre- 
monsoon season (snowmelt period and important to the onset of the monsoon), are 
associated with increasing temperatures most discernible in the past two to three 
decade period (UNEP  2009 ). 
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  Fig. 7.6    Mean minimum temperature trend (summer) of Bageshwar station of Pindari region 
(year 1901–2010) (Source: Based on IMD data)       
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  Fig. 7.7    Mean minimum temperature trend (monsoon) of Bageshwar station of Pindari region 
(year 1901–2010) (Source: Based on IMD data)       
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 Present study of seasonwise annual mean temperature for a meteorological sta-
tion of Pindari region is showing an increase in the mean temperature in all seasons 
(Figs.  7.8 ,  7.9 ,  7.10  and Table  7.3 ). Annual mean temperature increased by about 
1.02 °C for the period 1901–2010 with a much steeper increase in minimum tem-
perature than maximum temperature. In the most recent decade, maximum tempera-
ture was signifi cantly higher compared to the long-term (1901–1971) mean, with a 
stagnated trend during this period, whereas minimum temperature showed an 
increasing trend, almost equal to that observed during 1971–2010. On a seasonal 
scale, pronounced warming trends in mean temperature were observed in winter 
and monsoon seasons. Accelerated warming has been observed in the recent period 
1977–2010, mainly due to intense warming in the recent decade 1997–2010. This 
warming is mainly contributed by the winter and post-monsoon seasons, which 
have increased by 0.80 °C and 0.82 °C, respectively, in the last hundred years. The 
summer and monsoon temperatures also indicate a warming trend. Kothawale and 
Rupa Kumar ( 2005 ) reported earlier that over these two regions (WH and WC), pre- 
monsoon maximum temperatures have increased signifi cantly. The signifi cant 
decreasing trend in cold days over these two regions may be a manifestation of the 
increasing trend in seasonal maximum temperatures. Further, Kripalani et al. ( 2003 ) 
have reported that the spring snow cover of Western Himalaya has been declining 
and that the snow was melting faster from winter to spring after 1993, which is 
consistent with the trends observed in the present study.

   Table 7.2    Seasonwise change in minimum temperature (1901–2010)   

 Season  Winter  Summer  Monsoon 

 Rate of change (°C/year)  0.0106  0.0102  0.0077 
 Change 1901–2008 (°C)  1.1448  1.1016  0.8316 
 Coeffi cient of variation (%)  7.8805  8.8505  6.8046 

  Source: Based on IMD data  
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  Fig. 7.8    Annual mean temperature trend (winter) of Bageshwar station of Pindari region 
(1901–2010) (Source: Based on IMD data)       
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y = 0.0102x + 13.515
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  Fig. 7.9    Annual mean temperature trend (summer) of Bageshwar station of Pindari region 
(1901–2010) (Source: Based on IMD data)       
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  Fig. 7.10    Annual mean temperature trend (monsoon) of Bageshwar station of Pindari region 
(1901–2010) (Source: Based on IMD data)       

   Table 7.3    Seasonwise change in average temperature (1901–2010)   

 Change  Winter  Summer  Monsoon 

 Rate of change (°C/year)  0.0105  0.0102  0.0075 
 Change 1901–2008 (°C)  1.134  1.1016  0.81 
 Coeffi cient of variation (%)  4.5888  5.3118  4.3776 

  Source: Based on IMD data  
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7.6.4           Seasonwise Annual Trend in Rainfall 

 The total annual rainfall in the state is maximum over the Pindari region of 
Bageshwar district. The total annual rainfall for the region is 149 cm and the total 
annual number of rainy days is 65. The rainfall over the region increases towards 
southern region during winter and monsoon. 

 The southwest monsoon season is the principal rainy season over the region. Of 
the total annual rainfall, about 73 % is received in the southwest monsoon season 
(June to September), about 9 % is received in the winter season (January and 
February), about 11 % is received in the pre-monsoon season (March to May) and 
about 6 % is received in the post-monsoon season (October to December). The per-
centage of the seasonal number of rainy days with respect to the annual number of 
rainy days is 63 % for the southwest monsoon season, 16 % for the pre-monsoon 
season, 7 % for the post-monsoon season and 13 % for the winter season (Figs.  7.11 , 
 7.12 ,  7.13  and Table  7.4 ).

      Annual mean rainfall trend plotted for winter, summer and monsoon is not show-
ing any clear picture of either decreasing or increasing trend. In winter season, mean 
rainfall trend is showing decreasing trend with high fl uctuation but summer and 
monsoon seasons showing constant trend in precipitation but also showing high 
degree of variability from the mean rainfall. All seasons in the Pindari region indi-
cate anno signifi cant increase in rainfall. Annual mean of heaviest rainfall in 24 h is 
showing a decreasing trend over the period. Bageshwar meteorological station data 
is showing a decreasing trend but with varying degree.  
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  Fig. 7.11    Annual mean rainfall trend (winter) of Bageshwar station of Pindari region 
(1901–2010) (Source: Based on IMD data)       
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y = -0.0089x + 109.58
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  Fig. 7.12    Annual mean rainfall trend (summer) of Bageshwar station of Pindari region 
(1901–2010) (Source: Based on IMD data)       
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  Fig. 7.13    Annual mean rainfall trend (monsoon) of Bageshwar station of Pindari region 
(1901–2010) (Source: Based on IMD data)       

   Table 7.4    Seasonwise change in average precipitation (1901–2010)   

 Season  Winter  Summer  Monsoon 

 Rate of change (mm/year)  0.2169  0.0089  0.0513 
 Change 1901–2008 (mm)  23.4252  0.9612  5.5404 
 Coeffi cient of variation (%)  37.1909  39.6412  29.0851 

  Source: Based on IMD data  
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7.6.5     Annual Average Snow Days 

 Annual average number of snow day’s data is available only for Bageshwar meteo-
rological stations. Analysis of the data reveals the fact that average days with snow 
in a year is also showing decreasing trend. The decrease is of around 3.4 days in a 
period of 23 years (Fig.  7.14 ). Less number of snow days in the region is going to 
give less amount of snowfall. The decreasing snow will affect the volume and thick-
ness of a snow area; thus, glaciers will become more vulnerable as the mean mini-
mum temperature is showing an overall increase. This will result in gradual decline 
of total snow area in the region in coming decades. The decrease in the number of 
days with snow is alarming after the year 1995.

   Evidence from a recent snowfall study shows reduced snowfall over Western 
Himalaya (Dimri and Kumar  2008 ). Yet another study concluded decreasing trend 
of snowfall over all the mountain ranges with different magnitudes. The study noted 
a decrease in total seasonal snowfall of 280 cm over the entire Western Himalaya 
between 1988/1989 and 2007/2008 (Shekhar et al.  2010 ).  

7.6.6     Climate Change and Glacier Recession in Pindari 
Region 

 Pindari Glacier has been receding regularly with varying rate since the last ‘little ice 
age’. The tributary glaciers (Chhanguch) have also shrunk and some of them have 
even got separated from the main trunk of the glacier. This fact is evident by system-
atic studies going on since 1906 on the movement of the glacier snout and by the 
presence of recessional features such as terminal and lateral moraines (GSI  2001 ). 
A comparative analysis of the glacier’s snout position was carried out using data 

y = -0.1534x + 5.6217

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

19
77

19
78

19
79

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

N
um

be
r o

f D
ay

s

Years

  Fig. 7.14    Annual average snow days at Bageshwar station (1977–2000) (Source: Based on IMD 
data)       
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from secondary sources and interpretations from various satellite imageries over the 
past three decades. 

 A study of data from all available sources illustrates that the main trunk of the 
Pindari Glacier has been in a continuous state of recession during the past century. 
The length of the glacier has been computed for different years based on available 
data. The trend shows that the length of the glacier has reduced by about 0.535 km 
in 37 years, from 1976 to 2013, with an average retreat rate of 14.459 m/year. Based 
on the comparison of satellite imageries of the Pindari Glacier for the years 1976, 
1998 and 2013, our analysis shows that the glacier is not only receding in length but 
also in terms of glaciated area from all the sides. The possible reasons behind this 
retreat may be linked with two main factors: (a) reduction in snowfall and (b) an 
increase in the temperature of the region. Analysis shows that between 1976 and 
2013, Pindari Glacier area has reduced by 0.998 km 2 , with an average loss of 

  Fig. 7.15    Recession of Pindari Glacier (1976, 1998 and 2013) (Source: Based on LANDSAT 
image, Overlaid on the Google Earth Image)       
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26.97 m 2  per year. This reduction in glacier area is 14.9 % over 1976. With a reduc-
tion in the area and length of the Pindari Glacier, there has also been a retreat in the 
snout position (Fig.  7.15 ). The shift of tongue or snout position of the glacier is as 
response to environmental changes in the region (Fig.  7.16 ).

7.6.7         Climate Prediction over Pindari Region 

 Model prepared by the Indian Institute of Tropical Meteorology (IITM) in collabora-
tion with the Hadley Centre for Climate Prediction and Research, UK, generated 
high-resolution climate scenarios for different states of India. For Himalayan region 
including Pindari region, the indicative predictions were that for the period 2030 with 
reference to the baseline of 1970, the annual temperature is projected to increase from 
0.9 ± 0.6 to 2.6 ± 0.7 °C in 2030s. The net increase in temperature is ranging from 1.7 
to 2.2 °C with respect to the 1970. Seasonal air temperatures also show rise in all 
seasons. However, winter temperatures during October, November and December in 
the Q1 simulations show a decrease by 2.6 °C in 2030 with respect to 1970 (INCCC 
 2010 ). The précis run for 2030s indicates that the annual rainfall in the Himalayan 
region may vary between 1268 ± 225.2 and 1604 ± 175.2 mm, respectively. The pro-
jected precipitation shows a net increase in 2030s with respect to the simulated rain-
fall of 1970s in the Himalayan region by 60–206 mm. The increase in annual rainfall 
in 2030s with respect to 1970s ranges from 5 to 13 %. All seasons in the Himalayan 
region indicate an increase in rainfall, with the monsoon months of June, July, August 
and September showing the maximum increase in rainfall by 12 mm.   

  Fig. 7.16    Moraines in valley: indicator of glacial retreat       
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7.7     Conclusion 

 Analysis of data for the period 1901–2010 suggests that annual mean temperature 
for the country as a whole has risen by 0.56 °C. The country as a whole, all India 
annual and monsoon rainfall for the period 1901–2010 does not show any signifi -
cant trend. More or less the same trend has been noticed in the Pindari region where 
mean annual temperature is showing an increase. Rainfall is not showing any clear 
picture. Increase in temperature has resulted into retreat in snow area. Overall cli-
mate change is the result of seasonwise changes in temperature, cloud cover and the 
timing, intensity, duration and form of precipitation (i.e. snow versus rain), all of 
which are equally important determinants of glacial retreat in the area. Analysis of 
recent climatic trends reveals a signifi cant warming trend in the recent decades 
which has been even more pronounced at Himalayan region. The recent formation 
of glacier lakes and changes in position of glacier snouts suggest that it is due to rise 
in temperature which indicates a corresponding change in climate. Changing cli-
mate may be harsher in Himalayan region because of its effects on glacio- 
hydrological regimes and the resulting impact on water resources.     
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    Chapter 8   
 Glacier Variations in the Trans Alai Massif 
and the Lake Karakul Catchment 
(Northeastern Pamir) Measured from Space                     

       Nicolai     Holzer     ,     Tim     Golletz    ,     Manfred     Buchroithner    , and     Tobias     Bolch    

    Abstract     Glacier area and length changes were measured in the central Trans Alai 
of the northeastern Pamir, including the entire catchment of Lake Karakul. Annual 
shrinkage determined from Landsat 7 ETM+ imagery accounted for −0.8 ± 0.4 % a¯ 1 , 
corresponding to −8.8 ± 4.8 % from 1455 ± 51 km 2  in 2000 to 1327 ± 48 km 2  in 2011. 
Several glaciers could be mapped back to 1973 based on a KH-9 Hexagon recon-
naissance image. Measured glacier extents of 550 ± 10 km 2  in 1973, 540 ± 9 km 2  in 
2000, and 521 ± 9 km 2  in 2011 indicate accelerated shrinkage for the last decade in 
the Trans Alai. Glaciers retreated on average by −4.3 ± 0.5 m a¯ 1  before 2000 and 
subsequently advanced by +6.1 ± 1.0 m a¯ 1  until 2011. Geodetic mass balances of 
four selected glaciers were determined from a Digital Elevation Model extracted 
from a 2010 ALOS-PRISM tri-stereo image and the February 2000 SRTM-3 eleva-
tion dataset (1999). Its difference image reveals highly variable glacier elevation 
changes. While three glaciers showed probably a minor loss (−0.16 ± 0.68 m w.e. a¯ 1  
to −0.06 ± 0.68 m w.e. a¯ 1 ), a more pronounced mass loss was observed for Uisuu 
Glacier (−0.50 ± 0.68 m w.e. a¯ 1 ). This study reveals signifi cant glacier variations 
and numerous indications of surges in the Trans Alai, a well-known phenomenon in 
the Pamir.  
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8.1       Introduction 

 Glaciers are of high importance for freshwater supply and act as valuable key 
indicator of climate change. Spatially and temporally heterogeneous glacier variations 
coming along with an increasing number of fl oods and droughts suggest that the 
glaciers of High Mountain Asia are affected by a changing climate (IPCC  2013 ). 
Heterogeneous glacier variations on the so-called Third Pole might be induced by 
changing atmospheric circulation patterns, with a weakening monsoon and strength-
ening westerlies (Yao et al.  2012 ). 

 Little is known about recent glacier changes in the remote and high mountain 
regions of the Pamir. In this study, we determined areal and length changes of gla-
ciers in the Lake Karakul catchment and the Trans Alai mountain range of the Pamir 
(Tajikistan). The highly continental and arid study site (39°N, 73°E) with Pik Lenin 
(7134 m a.s.l.) as the highest elevation is strongly infl uenced by the westerlies. The 
majority of these mostly winter accumulation-type glaciers drain in the endorheic 
Lake Karakul basin at 3915 m a.s.l. (Peel et al.  2007 ; Komatsu et al.  2010 ; Maussion 
et al.  2014 ). 

 Multitemporal remote-sensing data as used in this study offers an effi cient alter-
native to expensive and complicated fi eld measurements. We hereby present the 
fi rst detailed investigation of glacier variations within the Lake Karakul catchment 
and the Trans Alai.  

8.2     Database 

 Glacier area and length changes were mapped from 2000 to 2011 based on ortho-
rectifi ed imagery of Landsat 7 ETM+ (level L1t). Several glaciers of the Trans 
Alai are also covered by a KH-9 Hexagon spy photograph (cf. Burnett  2012 ) of 
the year 1973. A Digital Elevation Model (DEM) was extracted from ALOS-
PRISM tri- stereoscopic imagery (cf. Takaku et al.  2007 ) of the year 2010. This 
DEM was used to compare changes in glacier elevation with the Shuttle Radar 
Topography Mission (SRTM-3) elevation model (cf. Jarvis et al.  2008 ) and to 
calculate mass budgets of four selected glaciers. Terrain-corrected L1t imagery of 
Landsat-7 ETM+ served as horizontal reference and elevations of the hole-fi lled 
SRTM-3 version 4.1 (2000) as vertical reference. All data were projected to 
WGS84 and the EGM96 geoid at UTM zone 43N. Table  8.1  summarizes all satel-
lite data used in this study.
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8.3        Data Processing 

8.3.1     Glacier Area and Length Changes 

 Orthorectifi cation of the KH-9 Hexagon photograph by means of the PCI Geomatica 
2013 software package is based on the SRTM-3 elevation model. We measured 53 
ground control points (GCPs) from Landsat 7 (x, y coordinates) and SRTM-3 
(z coordinates). Residuals in terms of RMSE at 11.6 m in x and 18.7 m in y direction 
were acceptable considering the spatial resolution and accuracy of the reference 
datasets. 

 Automatic delineation of clean-ice glaciers is based on established band-ratio 
techniques (e.g., Racoviteanu et al.  2009 ; Bolch et al.  2010 ; Paul et al.  2013 ). We 
tested different band combinations and thresholds with the multispectral Landsat 7 
dataset of the year 2000. A ratio of Landsat 7 band 4 divided by band 5 with a 
threshold of 3.0 proved to produce the best results for accurate ice delineation. 
Isolated pixels were eliminated by 3 × 3 median fi ltering, followed by smoothing of 
the converted outline polygons. We only considered glacierized areas larger than 
0.01 km 2 , which also displayed slope angles below 60°. 

   Table 8.1    Properties and purpose of remote-sensing datasets used in this study   

 Sensor  Date  ID  Resolution  Usage 

 Landsat-7 
ETM+ 

 24 Aug 2000  LE71510332000237SGS00  30 m 
(pan: 15 m) 

 Area change, 
horizontal 
reference 

 20 Aug 2010  LE71510332010232EDC00 
 23 Aug 2011  LE71510332011235PFS00 
 8 Sep 2011  LE71510332011251PFS00 

 ALOS- 
PRISM 

 20 Aug 2010  ALPSMF243482755  2.5 m  Elevation 
change, mass 
balance 

 ALPSMN243482810 
 ALPSMB243482865 

 SRTM-3 a   11–22 Feb 2000  Hole-fi lled SRTM-3 v4.1 of 
CGIAR-CSI 

 90 m 
(X-band: 
25 m) 

 Elevation 
change, mass 
balance, vertical 
reference 

 KH-9 
Hexagon 

 30 Jul 1973  DZB1206-500068L013001_b  6–9 m  Area change 

   a SRTM-3 roughly represents the glacier surface at the end of the ablation period of 1999, due to 
C-band radar penetration into ice and snow  
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 Refl ection of supra-glacial debris is similar to that one of the surrounding 
moraines, and the glaciers had, hence, to be delineated manually. Mapping of 
debris-covered glaciers as well as ice divides was based on the panchromatic chan-
nel of the Landsat 7 dataset and derived morphometric parameters from SRTM-3. 
Outlines were fi nally cross-checked in Google Earth and the panchromatic band of 
the imagery as well. The fi nal outlines of 2000 were subsequently adjusted to the 
glacier extent of 2011 from the corresponding Landsat 7 image. Outline adaption 
for the year 1973 was restricted by the KH-9 Hexagon photograph which does not 
cover the entire site. Changes in glacier length were measured along the central fl ow 
line for 41 glaciers, with an extent of at least 10 km 2  from 2000 to 2011. Most of 
these glaciers (38 in total) were also covered by the KH-9 Hexagon scene and could 
be investigated back to the year 1973.  

8.3.2     Elevation Changes and Geodetic Mass Balances 

 Geodetic glacier mass balances were determined for the period 1999–2010 by sub-
tracting SRTM-3 elevations from a more recent DEM derived from ALOS-PRISM 
tri-stereo imagery. DEM differencing and subsequent mass balance measurements 
were restricted to glaciers covered by the ALOS-PRISM scene. We chose the Great 
Saukdara Glacier (size: 74 km 2 ), the October Glacier (77 km 2 ), the Uisuu Glacier 
(56 km 2 ), and the Western October Glacier (19 km 2 ) to calculate their volume 
change relative to the SRTM-3 elevation model (1999). 

8.3.2.1     ALOS-PRISM DEM Extraction 

 Terrain extraction from ALOS-PRISM tri-stereoscopic imagery was carried out 
with the PCI 2013 Geomatica OrthoEngine software and its rational functions 
model. The accuracy reached using ephemeris information (RPC data) was 
improved by measured GCPs in plain relief portions. Two DEMs with 30 m spatial 
resolution were extracted from the backward- and nadir- as well as the nadir- and 
forward-looking views. Elevations with the best obtained matching score were used 
for the fi nal DEM. We up-sampled the SRTM-3 elevations to a resolution of 30 m 
using cubic convolution, followed by re-sampling of the ALOS-PRISM DEM to the 
raster grid extent of the up-sampled SRTM-3. This allowed a common resolution 
and exact raster alignment of both elevation datasets.  

8.3.2.2     Outlier Detection and Gap Filling 

 ALOS-PRISM elevations with stereo matching scores below 0.75 were ignored due 
to their insuffi cient accuracy. Remaining outliers were subsequently determined 
by quantile analysis. For each investigated glacier, we calculated 1.5 times 
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interquartile range of elevation differences relative to the up-sampled SRTM-3 
(cf. Pieczonka et al.  2013 ). Elevation differences beyond these bounds were set to 
no data. 

 The equilibrium line altitude (ELA) separates glacier ablation from accumula-
tion zone and was estimated from snowline mapping in satellite imagery. For 
Western October Glacier, it was determined to be at 5200 m and for the other three 
investigated glaciers at 5000 m. Data gaps in glacier ablation zones proved to be 
marginal in the ALOS-PRISM DEM and were not fi lled. Glacier accumulation 
zones, however, were affected by high noise and large areas of poor or no elevation 
estimates. This is a result from oversaturation and low-contrast alterations due to 
extensive snow coverage. Data voids were fi lled with zero since in these areas we 
only assume minor elevation changes over time.  

8.3.2.3     DEM Co-registration and Post-processing 

 Co-registration of the ALOS-PRISM DEM to the SRTM-3 reference is based on an 
analytical approach by Nuth and Kääb ( 2011 ). Remaining inaccuracies after hori-
zontal co-registration were 1.81 m in x and 0.93 m in y direction. We observed a 
spatially varying elevation offset in the form of a slight tilt relative to the SRTM-3 
surface. A two-dimensional linear trend surface was subtracted from the DEM of 
ALOS-PRISM which reduced the mean height offset on stable terrain relative to 
SRTM-3 to zero (Bolch et al.  2008 ; Holzer et al.  2015 ). 

 Elevation differences between SRTM C- and X-band surfaces were compared in 
order to estimate the impact of C-band radar wave penetration into glacier ice 
(Gardelle et al.  2012 ). It was hereby assumed that the end-of-summer surface of 
1999 is detected. The average elevation difference was 1.5 m for glacierized areas 
which is close to the 1.6 m penetration estimate of Gardelle et al. ( 2013 ) for the 
Pamir. This correction value for ice-covered areas of the SRTM C-band DEM 
might, however, be underestimated, since the X-band beam penetrates into glacier 
ice as well (Kääb et al.  2015 ). 

 The glacier volume to ice mass conversion is based on a presumed ice density of 
850 ± 60 kg/m 3  (Huss  2013 ).   

8.3.3     Uncertainty Assessment 

 To estimate the uncertainty of glacier mapping from Landsat 7 imagery, we buffered 
the glacier area with ±7.5 m, which is half of the resolution of the panchromatic 
band. A buffer of ±10 m was used for mapping from the KH-9 Hexagon photograph 
to take diffi cult image geometry and fi lm distortions into account (Bolch et al. 
 2010 ). The precision of DEM differencing was estimated as the standard deviation 
on stable and ice-free terrain. Hereby we only considered terrain below a slope of 
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30° and eliminated outliers outside of the 1.5 times interquartile range. The stan-
dard deviation of valid elevation differences was measured to be 7.3 m and is close 
to the 68.3 % quantile at 7.5 m. Uncertainties of glacier changes are defi ned by the 
root sum squares of each error term.   

8.4     Results 

8.4.1     Glacier Area Changes 

 The investigated glacierized area shrank from 1455 ± 51 km 2  in 2000 to 1327 ± 48 km 2  
in 2011. The total area loss of −128 ± 70 km 2  (−8.8 ± 4.8 %) corresponds to 
−11.6 ± 6.4 km 2  per year or to an annual rate of −0.8 ± 0.4 %. In 2000, we counted 
1582 glaciers, 1502 of which were shrinking. Moreover, a total number of 142 
shrinking glaciers disappeared by 2011. We observed that larger glaciers were less 
vulnerable than smaller glaciers that showed a greater areal loss. Glacier shrinkage 
was particularly pronounced in the northern and northeastern parts of the study area. 
The shrinkage of 19 glaciers larger than 10 km 2  was −3.5 % from 2000 to 2011. 
Area reduction in the range of −22.7 % was much higher for 1347 glaciers which 
were smaller than 1 km 2 . Twenty-two glaciers between 5 and 10 km 2  in size 
shrank −4.8 %, and 194 glaciers with extents in the range of 1–5 km 2  shrank −9.0 % 
(Fig.  8.1 ).

   We subdivided the glacierized area in altitude zones of 100 m to investigate their 
hypsometric distribution. Glaciation was observed to be maximal at ~5100 m a.s.l., 
with a gradual decrease to lower and higher altitudes. This distribution did not sig-
nifi cantly change from 2000 to 2011. The maximal absolute shrinkage was observed 
at 5100 m a.s.l. as well, while relative area loss with −17.0 % was highest at alti-
tudes of ~4500 m. Supra-glacial debris coverage increased by +23.0 ± 9.0 % and 
accounted for 6.2 ± 0.4 % (90.2 ± 5.1 km 2 ) of the total glacierized area of the year 
2000 and to 8.3 ± 0.5 % (110.7 ± 6.6 km 2 ) in 2011. 

 Moreover, we identifi ed area changes of 11 glaciers larger than 20 km 2 , based on 
terrain-corrected KH-9 Hexagon photography from 1973 (Fig.  8.2 ). The investi-
gated glaciers had an extent of 550 ± 10 km 2  in 1973 and shrank by −0.1 ± 0.1 % a¯ 1  
(−1.8 ± 2.4 %) to 540 ± 9 km 2  in 2000. A further areal reduction to 521 ± 9 km 2  in 
2011 corresponds to an approximately three times higher rate at −0.3 ± 0.2 % a¯ 1  
(−3.5 ± 2.4 %). The total glacier shrinkage of −29.0 ± 13.5 km 2  from 1973 to 2011 
corresponds to a rate of −0.2 ± 0.1 % a¯ 1  (−5.3 ± 2.5 %). This is less than the value 
measured for the entire study area, presumably because only larger glaciers were 
investigated. However, glacier shrinkage was already occurring before the year 
2000 and is apparently increasing till today.
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8.4.2        Glacier Length Changes 

 The investigated glaciers retreated on average by −4.3 ± 0.5 m a¯ 1  (−115 ± 13 m) 
during the period of 1973–2000, while glaciers subsequently advanced in a mean of 
+6.1 ± 1.0 m a¯ 1  (+68 ± 11 m) until 2011. Several glaciers showed evidence of surges 
and advanced considerably, in some cases, by several hundred meters. Small 
Saukdara Glacier showed the most pronounced advance of all glaciers, +2350 ± 13 m 
from 1973 to 2000. No signifi cant changes, however, could be determined in the 
following period until 2011. Dzerzhinsky Glacier retreated −90 ± 13 m from 1973 to 
2000 and subsequently advanced +570 ± 11 m until 2011 (Fig.  8.3 ). Overall, most 

  Fig. 8.1    Relative area loss per glacier from 2000 to 2011 in the Lake Karakul catchment with 
overview map of the Trans Alai study site (Source: Author)       
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  Fig. 8.2    Terrain-corrected imagery of KH-9 Hexagon (1973) and Landsat 7 ETM+ of the years 
2000 and 2011, showing area changes of Dzerzhinsky, Small Saukdara, and Great Saukdara 
Glacier in the Trans Alai (Source: Author)       
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  Fig. 8.3    Distribution and magnitude of investigated glacier length changes in the Trans Alai from 
1973 to 2000 and from 2000 to 2011 (Source: Author)       
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   Table 8.2    Number and type of observed glacier length changes in the Trans Alai   

 Glacier tongue  1973 → 2000  2000 → 2011  1973 → 2011 

 Retreating  24  18  22 
 Stagnant  8  12  5 
 Advancing/surging  6  11  11 
 Evidence of surge  14 

glaciers retreated, but a considerable amount, i.e., 14 glaciers, showed signs of 
surges during the study time period. Advancing glaciers almost doubled within the 
recent period (Table  8.2 ).

8.4.3         Glacier Thickness Change and Mass Balances 

 Strong glacier elevation changes were observed by differencing SRTM-3 elevations 
(representing 1999) from the more recent DEM of ALOS-PRISM (2010) (Fig.  8.4 ). 
The surface elevation increase at the tongue of Lenin Glacier (1) is in accordance 
with an observed advance of +430 ± 11 m during the same period. Its eastern tribu-
tary, however, lost mass. The DEM differencing does not cover the tongue of 
Korschenewski Glacier (2), but volume gain at its tongue could also be assumed due 
to its advance of +660 ± 11 m. The assumption of glacier surge is supported by the 
observed lowering at its middle part. Small Saukdara Glacier (3) gained volume at 
its tongue, despite a stable terminus position. Sulumart Glacier (4) shows no signifi -
cant elevation change, despite a retreat of −120 ± 11 m. At Great Saukdara Glacier 
(5), we measured highly positive as well as negative elevation differences of more 
than ±100 ± 11 m. Strong lowering at its middle part and surface elevation increase 
at its tongue suggest that this glacier is about to surge. However, we were not able 
to identify signifi cant changes at its debris-covered tongue after 2000. Surface 
elevation increase was highest where the tongue bends into western direction. 
The average elevation change is almost zero, and the estimated mass change of 
−0.06 ± 0.68 m w.e. a¯ 1  is consequently low. With regard to elevation change, the 
October Glacier (6) presents the opposite behavior as compared to Great Saukdara 
Glacier. Down-wasting at its tongue and surface elevation increase at its middle part 
may indicate a previous surge. Its mass balance at −0.16 ± 0.68 m w.e. a¯ 1  is slightly 
negative. The Western October Glacier (7) shows little surface lowering with a 
slightly negative mass budget of −0.10 ± 0.68 m w.e. a¯ 1 . Uisuu Glacier (8) indicates 
surface lowering of the entire glacierized area, including the accumulation zone. 
This is the only investigated glacier with a more negative mass balance, which is in 
the range of −0.50 ± 0.68 m w.e. a¯ 1 .
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  Fig. 8.4    Elevation differences in glacierized areas of the Trans Alai. Results from DEM differenc-
ing of ALOS-PRISM (2010) minus SRTM-3 (1999) after outlier post-processing (Source: Author)       
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8.5         Discussion 

 The obtained results show a heterogeneous behavior with many advancing and 
surging glaciers. Numerous surges in the Pamir were also confi rmed by Kotlyakov 
et al. ( 2008 ) and Gardelle et al. ( 2013 ), including October Glacier the surge of 
which ended in 1990. An increase of surge activities as found for our study region 
was also reported for the Karakoram (Copland et al.  2011 ). However, in contrast to 
the Karakoram, where on average no signifi cant glacier area changes were found 
during the last decades (e.g., Bhambri et al.  2013 ), our studies reveal clear glacier 
shrinkage which is dominated by smaller glaciers. Equally, Aizen and Aizen ( 2014 ) 
found for the entire Pamir an area loss of ~5 % from ~1970 to 2009 with the highest 
shrinkage at smaller glaciers, while the largest glaciers remained almost stable. 
Since 1928, Fedchenko Glacier, by far the largest glacier of the Pamir, shrank only 
−1.4 % at its debris-covered tongue, but lost more than −5 km 3  (−6.0 %) of its vol-
ume during the last eight decades (Lambrecht et al.  2014 ). Relative stability of the 
Fedchenko Glacier system was also confi rmed by Zhang et al. ( 2014 ). Increasing 
glacier shrinkage was observed by Khromova et al. ( 2006 ) in the Zulumart Ranges, 
close to our study area. In the subsequent decade, areal reduction of glaciers there 
increased from −0.65 % a¯ 1  (1978–1990) to −1.05 % a¯ 1  (1990–2001), which is 
close to our results of −0.8 ± 0.4 % a¯ 1 . Glaciers in eastern Pamir experienced both 
shrinkage and retreat, but at a lower rate (−0.07 % a¯ 1  and −0.9 m a¯ 1 , respectively; 
Yao et al.  2012 ). 

 The mass budgets of the investigated glaciers are slightly negative or almost bal-
anced. This is in accordance to Gardner et al. ( 2013 ) who determined mass balances 
in the range of −0.13 ± 0.22 m w.e.a¯ 1  for the entire Hissar Alai and Pamir based on 
ICES at laser altimetry data. Gardelle et al. ( 2013 ), however, found positive budgets 
after 1999 with +0.14 ± 0.13 m w.e. a¯ 1 . A clear mass loss for the Pamir is reported 
by Kääb et al. ( 2015 ), which can likely be attributed to different estimates of the 
SRTM C-band radar beam penetration into snow and ice. Available Landsat scenes 
of the study region from January to March 2000 show relatively low snow cover-
age. Our estimate of the penetration is in line with Gardelle et al. ( 2013 ), but the 
more recent studies of Kääb et al. ( 2015 ) indicate that SRTM C-band penetrations 
could be more pronounced. 

 The average mass budget for a west-orientated glacier at Muztagh Ata (~200 km 
east of Trans Alai) was observed to be positive (+0.25 m w.e. a¯ 1 ) from 2005/2006 
to 2009/2010 by Yao et al. ( 2012 ). Holzer et al. ( 2015 ) measured a similar rate of 
+0.21 ± 0.27 m w.e. a¯ 1  for this glacier by geodetic means. The study of Holzer et al. 
( 2015 ) revealed – similar to the results of this study – strong spatial and temporal 
glacier variations for most of the eastern Pamir. Elevation changes, however, are 
less pronounced at Muztagh Ata as compared to the Trans Alai. Average mass bud-
gets at both study areas are slightly negative or almost balanced. In contrast to the 
increasing area loss in the Trans Alai, the observed shrinkage at Muztagh Ata is, 
however, insignifi cant.  
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8.6     Conclusion 

 We observed highly variable and heterogeneous glacier variations in the Trans Alai 
in the northeastern Pamir. For the period of 1999–2010, differencing elevations of 
SRTM-3 from an ALOS-PRISM-derived DEM revealed strong and heterogeneous 
elevation changes for several glacierized areas. Three of the four calculated mass 
budgets are slightly negative or almost balanced. Great Saukdara and other glaciers 
show surging activities, while October Glacier seems to be in a post-surging phase. 
The average glacier area changes in the study area indicate continuous and increas-
ing shrinkage from 1973 to 2011. Glacier length changes were on average negative 
before the year 2000 and positive afterwards. More precise data of mass changes 
and total glacier ice volume would be of high interest, particularly with regard to 
glacier meltwater discharge within this arid region.     
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Chapter 9
Heterogeneity in Fluctuations of Glacier 
with Clean Ice-Covered, Debris-Covered 
and Proglacial Lake in the Upper Ravi Basin, 
Himachal Himalaya (India), During the Past 
Four Decades (1971–2013)

Pritam Chand, Milap Chand Sharma, and Ram Nagesh Prasad

Abstract Comprehensive multi-temporal observations of Himalayan glaciers dur-
ing the past half century indicate the continuous shrinkage of most of the glaciers. 
In addition to this, the present study analyses the fluctuations of glacier with clean 
ice- covered, debris-covered and proglacial lake in the upper Ravi basin, Himachal 
Himalaya (India), from 1971 to 2013 using high-resolution satellite datasets with 
supplement of field observations for selected glaciers. The study reveals the hetero-
geneity in fluctuations of glacier as higher terminus and frontal area change for the 
clean ice-covered glaciers compared to debris-covered glaciers. Field measure-
ments for selected glaciers also suggest a retreating trend and validate the measured 
glacier changes using remotely sensed temporal data. Glacier retreat rates espe-
cially for debris-covered glaciers in the Ravi basin were lower than previously 
reported for selected glaciers in the similar basin and other basins of the Himachal 
Himalaya.

Keywords Himachal Himalaya • Clean ice-covered glacier • Debris-covered glacier 
• Terminus change • High-resolution satellite datasets

9.1  Introduction

The Himalayan region encompasses permanent snowfields, which form the largest 
bodies of ice outside of polar ice caps (Raina and Srivastava 2008). As a major 
regional water resource, the Himalayan glaciers and seasonal snow melts make an 
important contribution to the drinking water, agriculture and hydropower supply of 

P. Chand (*) • M.C. Sharma • R.N. Prasad 
Centre for the Study of Regional Development, Jawaharlal Nehru University,  
New Delhi 110067, India
e-mail: pritamiirs@gmail.com

mailto:pritamiirs@gmail.com


156

densely populated regions in downstream river basin of Himalayas (Immerzeel 
et al. 2010). Thus, in context to reported climate warming during the last century, 
detailed and reliable data on present-day glacier and snow fluctuations and its 
impact on regional water balance are essential for predicting future water supplies 
for this region (Bolch et al. 2012; Immerzeel et al. 2013). Since the end of the Little 
Ice Age (LIA) (~1850s), Himalayan glaciers have been in a general state of reces-
sion (Mayewski and Jeschke 1979; Bhambri and Bolch 2009). Himalayan glacier 
studies indicate that many glaciers show an increased, receding trend over the past 
few decades (Kulkarni et al. 2007; Bolch et al. 2008a; Kulkarni 2012), although 
recent studies indicate that many H-K glaciers have stable fronts since 2000 
(Bhambri et al. 2013; Bahuguna et al. 2014). However, some glaciers have advanced 
during recent decades (tributaries of Panmah and Liligo glaciers in the Karakoram 
region of Pakistan) (Hewitt 2007; Schmidt and Nüsser 2009). Therefore, the regional 
irregularities of Himalayan glacier fluctuations suggest the direct comparisons and 
extrapolations of result from well-studied glaciers in one region to the poorly 
observed glaciers in the other regions of the Himalaya cannot make directly. Thus, 
regular monitoring of the glaciers from the poorly observed region of Himalayan is 
important for improving our knowledge of glacier response to climate change. 
Moreover, the characteristic of glacier surface cover (e.g. supraglacial debris cover) 
is one of the critical factors to influence the glacier dynamics especially the fluctua-
tions of glacier terminus (Scherler et al. 2011; Benn et al. 2012). Recent studies 
reported the heterogeneity in glacier terminus change as higher for the clean ice-
covered as compared to debris-covered glaciers across the Himalayan region 
(Scherler et al. 2011). Besides, studies found several debris-covered glaciers with 
stagnant terminus position in different regions of Himalaya (Bahuguna et al. 2014). 
Although growing melt water ponds and surface lowering indicate that such glaciers 
are currently shrinking, their fronts remain remarkably stable as has also been 
observed in other regions (Banerjee and Shankar 2013; Basnett et al. 2013).

Although field investigations are highly recommended for glacier studies, how-
ever only a limited number of glaciers can be investigated owing to time and logisti-
cal constraints in remote mountain regions (Chand and Sharma 2015a, b). Thus, 
multi-temporal and multispectral remotely sensed data enable mapping and moni-
toring of glaciers with large spatial scales at regular temporal intervals (Racoviteanu 
et al. 2009; Bhambri and Bolch 2009; Bolch et al. 2010a; Paul et al. 2013). 
Additionally, most of the present glacier fluctuation study involved monitoring of 
the terminus of glaciers selected on the basis of their physiography, approach, dis-
tribution and orientation. In particular changes in glacier length and its snout are 
easy-to-follow witnesses of past and ongoing climatic variations and their shifting 
trends (Paul and Svoboda 2009). Most of the glacier studies are based on glacier 
terminus monitoring and mostly used the Survey of India (SoI) toposheets and 
coarser satellite resolution datasets (e.g. Landsat MSS) with few exceptions 
(Kulkarni and Rathore 2005; Kulkarni et al. 2007; Mehta et al. 2011, 2014; Pandey 
et al. 2011; Mir et al. 2013; Pandey and Venkataraman 2013). However, recent stud-
ies have shown inaccuracies in SoI topographical maps and difficulties with coarser 
resolution images in terms of identifying the accurate terminus positions and mostly 
in case of debris-covered glacier (Bhambri and Bolch 2009; Chand and Sharma 
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2015a, b). Thus, the declassified high-spatial-resolution imagery of Corona and 
Hexagon acquired during the period of 1960s and 1970s provides great potential to 
derive the past/historic glacier outlines in comparison with contemporary glacier 
outlines derived from high-resolution satellite images or field observations (Bhambri 
and Bolch 2009; Bolch et al. 2010b; Chand and Sharma 2015b).

Taking all these into consideration, the present study has a broader objective to 
fill a gap for the poorly observed glaciers in the upper Ravi basin, Himachal 
Himalaya, and provides the comprehensive multi-temporal fluctuation records of 
the glaciers with different surface characteristics. The sub-objectives of the present 
study are (i) to analyse the frontal area and length changes for the glaciers with 
clean ice-covered, debris-covered and proglacial lakes during the past four decades 
(1971–2013), (ii) to elucidate the possible impact of climate parameters on the gla-
cier fluctuation (iii) and to assess the suitability of SoI toposheets for the mapping 
of the historical glacier outlines and their change.

9.2  Regional Settings of the Study Area

The upper Ravi basin is located within southeastern part of Chamba district and 
northeastern part of Kangra district in Himachal Pradesh. The geographical extent 
of Ravi basin lies between 32°39′59.94″ and 32°10′42.99″ north latitude and 
76°15′45.72″ and 77°04′29.95″ east longitude, covered by SoI toposheet number 
52-D and 52-H (Fig. 9.1). Physiographically, it lies between the lesser and the 
greater Himalayas. The Ravi flows in a northwest direction for most of its course. It 
follows the strike between two parallel mountain ranges, namely, Dhaula-Dhar to 
the south, which separates the Beas basin from Ravi basin, and Pir-Panjal to the 
north, which divides the watershed between the Ravi and Chenab (Marh 1986). The 
total upper basin area is ~2500 km2 with altitude varying from 1200 to 6000 m a.s.l. 
The geomorphic history of the Ravi basin can be associated with the Pleistocene to 
Holocene climatic changes (Marh 1986). The thick sequence of glacial and glacio-
fluvial, e.g. boulder deposits and moraine deposits, can be recognized in different 
parts of the basin and laid during the Pleistocene glacial and interglacial periods 
(Marh 1986).

The climate of the study area is transitional between the winter-dry climate of the 
Indo-Gangetic plains (CWg by Koppen’s classification) and the highland climates 
(H) of the western Himalaya (Spate and Learmonth 1967). The basin lies between 
the transition zone of the maximum (Dharamshala) and minimum (Lahaul) 
 precipitation areas of Himachal Pradesh. The northern aspect of the Dhaula-Dhar 
range is in a rain shadow and, therefore, experiences minimum precipitation as 
compared to southern aspect of the Pir-Panjal range. However, the rainfall decreases 
from south (e.g. Dhaula-Dhar range) to north (e.g., Pir-Panjal range) direction and 
minimum in the interior areas of Pir-Panjal range (Fig. 9.2). A range of small to 
large valley glaciers are identified in the basin, ranging in area from 0.02 to 10.3 km2 
with a mean size of 0.6 km2 (Chand and Sharma 2015b). The mean size of glaciers 
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Fig. 9.1 Location of study area; inset picture shows the location of study area in the Himalaya 
with major river systems of the Indian subcontinent (Satellite data from USGS)

Fig. 9.2 Accumulated precipitation (1998–2013) for northwestern Himalaya using TRMM 3B4 
V7 Data; inset picture shows topography–rainfall relationship from south to north (Satellite data 
from USGS)
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in the study area is comparatively lower than other glaciated basins of the H-K 
region (Chand and Sharma 2015b). However, in the Ravi basin most of the small to 
medium glaciers are clean ice covered, whereas the large valley glaciers with high-
relief catchment area have extensive debris cover on their ablation area (Fig. 9.1).

9.3  Data and Methodology

9.3.1  Datasets and Its Selection

The present study used multi-temporal, multispectral and medium to high- resolution 
images to derive the glacier changes with supplement of field observations for 
selected glaciers. The early US military reconnaissance Corona KH-4B (1971) sat-
ellite high-spatial-resolution images were used to widen the time span for monitor-
ing the historic extent of the glacier back to the 1960s–1970s and conceivably 
provide more consistent results than SoI topographic maps and coarse-resolution 
satellite datasets (Bhambri et al. 2011; Chand and Sharma 2015b). Landsat satellite 
data of multi-spatial, spectral and temporal sensor of TM (1990s ±2), ETM+ (2000s 
±2) and OLI (2014) were used since 1990s for mapping glacier terminus in the 
respective years (Table 9.1). ASTER (2002) image with an overlaid areal coverage 
was also used to assist and identify the glacier terminus from Landsat ETM+ (2002) 
images. All the selected Landsat TM/ETM+ imageries are available as ortho-recti-
fied in the processing level L1T, but the Landsat TM image of 1989 was only pro-
cessed to L1G. This latter image shows a slight horizontal shift of a pixel (∼30 m) 
as compared to 2002 Landsat ETM+ reference image; hence, it was co-registered to 
the reference image using the projective transformation algorithm available in Erdas 
Imagine 10 (Bhambri et al. 2011; Chand and Sharma 2015b). Additionally, the 
spline method of ESRI ArcGIS 10 was used for rectification of Corona images 
(Chand and Sharma 2015b). The study focused on the adjustment of the area around 
the glacier on Corona images in respect of Landsat ETM+ PAN (2002) merged 
image for consistency of results. To assess positional accuracy, 24 common ground 
location points (GCPs) such as river and road junctions, peaks and rocky outcrops 
were identified in the rectified image of Corona (1971) and simultaneously in refer-
ence image of Landsat ETM+ PAN (2002). The horizontal shift between the both 
images was 5.27 m (1.76 pixels). In addition, the SoI toposheets 1:50,000 scale (52 
D 11 and 15) with 40 m contour interval (planimetric accuracy ±12.5 m and eleva-
tion accuracy ±6.5 m) (Raju and Ghosh 2003) were used for comparison and extrac-
tion of glacier outlines from SoI toposheets and high-resolution Corona image. The 
ASTER GDEM V2 (~30 m spatial resolution) from Japan Space Systems (http://
gdem.ersdac.jspacesystems.or.jp/) was used as reference DEM for extraction of gla-
cier topographic parameters. For climate trends, the present study used freely avail-
able reanalysis climatic data of MERRA (~1979–2014) and NCEP/NCAR 
(~1950–2010). Reanalysis data has been extensively used for the climate change 
studies throughout the Himalayan region including glaciated area on 
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multi-temporal scale (Agrawal et al. 2014; Kumar et al. 2014). The data has been 
downloaded by selecting an area of interest, a rectangular block of 32.25° N–32.5° 
N and 76.5° E–76.75°E with a grid size of 0.25° × 0.25° in the world’s map. MERRA 
is the reprocessing of atmospheric observations (Badarinath et al. 2010) collected 
over the satellite era (1979–2014). This study has utilized MERRA (Modern-Era 
Retrospective Analysis for Research and Applications) Monthly History Data 
Collections (2D), version 5.2.0 of the GEOS- 5- ADAS with a 1/2° latitude × 2/3° 
longitude × 72 layer model configuration. It is a NASA reanalysis for the satellite 
era using a major new version (V5) of the Goddard Earth Observing System (GEOS) 
Data Assimilation System (DAS) (NASA Giovanni 2013). The products are distrib-
uted through GES-DISC (http://disc.sci.gsfc.nasa.gov/MDISC/dataprods/merra_
products.shtml). In the present study, MERRA-2D temperature at pressure levels 
250, 500 and 850 hectopascals (hPa) has been used to quantify changes in the physi-
cal parameters of the regional climate. In addition, the long-term (~1950–2014) 
NCEP/NCAR reanalysis temperature (at 600, 700 and 850 hPa) and precipitation 
data has been used for analysing long-term trends (http://www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis.html). Monthly data were used to obtain average 
indices for annual and seasonal (December, January, February (DJF); June, July, 
August (JJA)) values of temperature and precipitation. A nonparametric Mann–
Kendall (MK) test was used to determine statistical significance trend (Kendall 
1970; Bhambri et al. 2011). The Mann–Kendall trend test should be applied on data 
series that does not show serial dependency (Hamed and Ramachandra Rao 1998). 
In the presence of Lag-1 autocorrelation coefficient, the trend-free pre-whitening 
(TFPW)-MK method has been used (Duhan et al. 2013). However, Yue and Hashino 
(2003) had reported that the application of pre-whitening to serially correlated data 
series reduces the detection rate. Therefore, the modified Mann–Kendall test 
(Hamed and Ramachandra Rao 1998; Rao et al. 2003) has been used for trend esti-
mation of autocorrelated data series. Additionally, the sequential values u(t) (for-
ward) and u’(t) (backward) from progressive analysis of Mann–Kendall trend test 
have been used to estimate the variation in trend over the time period, whereas Sen’s 
nonparametric test has been used to calculate the true slope of an existing trend (Sen 
1968; Sneyers 1990).

9.3.2  Glacier Mapping, Change and Uncertainty

The classification of the Global Land Ice Measurements from Space (GLIMS) ini-
tiatives (http://www.glims.org/MapsAndDocs/guides.html) was adopted to map the 
glacier boundaries from satellite images (Chand and Sharma 2015b). Manual digi-
tization was preferred to map the debris-covered glacier areas as spectral signature 
on satellite images doesn’t differentiate debris-covered ice with surrounding bare 
moraines (Paul et al. 2009; Bhambri et al. 2011). High-resolution datasets of Bhuvan 
2D/3D and Google Earth (GE) were used as additional sources to improve the gla-
cier outlines of debris- covered glaciers (e.g. Paul et al. 2013). Determination of the 
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most likely position of the glacier termini was based on signs of movement (identi-
fied with overlays of multi-temporal images), emerging melt water streams at the 
end of the terminus, breaks in surface slope, spectral colour deference and the pres-
ence of small melt water ponds (Bhambri et al. 2013; Chand and Sharma 2015b). 
The historic glacier extents from 1971 Corona images were manually delineated. 
Field investigations of selected glaciers (e.g. Tapni) using GPS, field photographs 
and field mapping of recessional moraine further facilitated in determining recent 
glacier termini. The change in glacier length was calculated by drawing parallel line 
stripes at 25 m distance interval. The length change was calculated as the average 
length from the intersection of the stripes with the glacier outlines and further along 
the central flow line in comparison with average change (Bhambri et al. 2012; 
Chand and Sharma 2015a). The mapping uncertainty for the glacier has been calcu-
lated on the basis of a buffer around the glacier margins as suggested by Granshaw 
and Fountain (2006). The buffer size was chosen to be half of the estimated shift 
caused by misregistration as only one side can be affected by the shift (Bolch et al. 
2010a). Thus, the buffer size was set to 2.5 m, 7.5 m and 15 m for the Corona, 
Landsat 7 ETM+/Landsat 8 OLI and Landsat TM, respectively, by taking the posi-
tional accuracy and half of pixel size into account. This study used glacier length 
change uncertainty (e) as suggested by Hall et al. (2003):

 
e a a E= ( ) + ( ) +1 2

2 2

reg ,  
(9.1)

where a1 and a2 are the pixel resolution of imagery 1 and imagery 2, respectively, 
and Ereg is the registration error. Accordingly, the uncertainty calculated for Corona 
(1971), Landsat TM (1989) and Landsat 8 OLI (2013) was 20.6 m, 41.3 m and 
26.6 m, respectively. The uncertainty for glacial area change was estimated by mul-
tiplication of the uncertainty of length with glacier width (Bhambri et al. 2012; 
Chand and Sharma 2015a).

9.4  Results

9.4.1  Frontal Area and Terminus Change  
for the Debris- Covered Glaciers

There are 71 debris-covered glaciers mapped in the basin for 2002 inventory with 
varying debris-covered area percentage (Chand and Sharma 2015b). However, some 
of the valley glaciers, e.g. Tapni and Silli, have extensive debris cover in their abla-
tion zone. Thus, these two glaciers are considered as representative glacier to eluci-
date the change in debris- covered glacier terminus and area during the last four 
decades. Silli Glacier is a small valley having ~47 % of debris covers in its ablation 
zone. It has a total area and length of ~5.9 ± 0.2 km2 and ~5 km (for main trunk), 
respectively. Silli Glacier shows a retreat of 153.8 ± 33.5 m in the past 42 years 
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(1971–2013), with an average rate of 3.7 ± 0.8 m per year. The total frontal area 
vacated by the Silli Glacier during this time period was estimated to be 
0.09 ± 0.004 km2 (0.002 ± 0.0001 km2 a−1) which is approximately 1.5 % of the total 
loss. The recession rate during the last decades (2002–2013) was comparatively 
higher than the 1989–2002 decade (Fig. 9.3a, Tables 9.2 and 9.3). Remarkably, the 
rate of retreat (~24.4 m a−1) significantly increases with the recent (~2013) snout 
location of Silli Glacier compared with the historical snout position of glacier 
mapped in SoI toposheets (1963). Tapni Glacier (5.6 ± 0.2 km2) is another debris-
covered glacier having ~66 % debris- covered area and length of ~8 km. However, it 
shows comparatively insignificant change in terms of terminus and frontal area 
change during the past four decades. The total area vacated by the Tapni Glacier for 
the period between 1971 and 2013 is 0.02 ± 0.001 km2 (0.001 ± 0.00003 km2 a−1) 
which is approximately 0.4 % of the total loss, showing total retreat of 135.3 ± 33.5 m 
(3.2 ± 0.8 m a−1) (Fig. 9.3b, Tables 9.2 and 9.3). Additionally, the same overestimate 
of glacier recession has been found for Tapni Glacier as its 1971 or recent (~2013) 

Fig. 9.3 Frontal area and terminus change for the debris-covered glaciers in the upper Ravi basin 
(Satellite data from USGS and Google Earth)

Table 9.2 Frontal area change for the glaciers with clean ice-covered, debris-covered and 
proglacial lake

Years 1971–1989 1989–2002 2002–2013 1971–2013

Silli Total (103 m2) 46 (±3.1) 14.7 (±2.4) 29.3 (±3.1) 90 (±4.1)
Annual (103 m2) 2.6 (±0.2) 1.1 (±0.2) 2.7 (±0.3) 2.1(±0.1)

Tapni Total (103 m2) 12.5 (±1.1) 10.6 (±0.9) 23.1 (±1.3)
Annual (103 m2) 0.4 (±0.03) 1 (±0.1) 0.5 (±0.03)

Nlkora 
Glacier

Total (103 m2) 211.1 (±8.3) 103 (±6.3) 123.2 (±5.3) 437.2 (±12.2)
Annual (103 m2) 11.7 (±0.5) 7.9 (±0.5) 11.2 (±0.5) 10.4 (±0.3)

Thamsar Total (103 m2) 63.3 (±3.6) 70.8 (±3.5) 22.7 (±2.5) 156.9 (±5.4)
Annual (103 m2) 3.5 (±0.2) 5.4 (±0.3) 2.1 (±0.2) 3.7 (±0.1)

Glacier 
with lake

Total (103 m2) 5.8 (±2.6) 10.9 (±4.9) 20.7 (±5.6) 37.4 (±6.2)
Annual (103 m2) 0.3 (±0.1) 0.8 (±0.4) 1.9 (±0.5) 0.9 (±0.1)
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glacier outlines compared with the 1963 SoI maps. A comparison of 1963 glacier 
outline as mapped from SoI toposheet and glacier outline of 1971 as mapped from 
Corona high-resolution datasets reveals that Tapni Glacier lost an area of 1 km2 
(0.13 km2 a−1) with an annual retreat rate of 144.2 m for 8 years – a rather unrealistic 
value. The study suggests that the glacier change using historical SoI maps overes-
timates the results and provides comparatively higher glacier recession rate in the 
basin.

9.4.2  Frontal Area and Terminus Change for the Clean  
Ice- Covered Glaciers

There are 75.1 % of ice-covered glaciers in the Ravi basin and most of them are 
small in size (Chand and Sharma 2015b). Accordingly, clean ice-covered Thamsar 
and Nlkora Glaciers were selected as representative glacier, according to their area, 
morphology and location in Dhaula-Dhar and Pir-Panjal ranges, respectively. Their 
terminus and frontal area change represents the response of clean ice-covered 
glacier to climate change during the last four decades (~1971–2013). Thamsar Glacier 
is one of the well-known clean ice-covered glaciers in the upper Ravi glaciered area 
of Dhaula-Dhar ranges. It is the source of Thamsar nalla which joins the Ravi river 
from its left side near Bara Bhangal village and the major water resources for the 
downstream villages. The average recession of the Thamsar Glacier between 1971 
and 2013 was estimated to be 182.1 ± 33.5 m with an annual rate of 4.3 m ± 0.8, 
whereas the total area vacated by the glacier for the same period is 0.2 ± 0.005 km2 
with an annual rate of 0.004 ± 0.0001 km2 which is approximately 19.4 % of the 
total loss which is significantly higher than the estimated total loss percentage for 

Table 9.3 Terminus average change for the glaciers with clean ice-covered, debris-covered and 
proglacial lake

Year 1971–1989 1989–2002 2002–2013 1971–2013

Silli Total retreat (m) 53.8 (±46.1) 39.4 (±46.5) 60.6 (±34) 153.8 (±33.5)
Retreat rate (m/
year)

3 (±2.6) 3 (±3.6) 5.5 (±3.1) 3.7 (±0.8)

Tapni Total retreat (m) 77.6 (±29.4) 57.7 (±34) 135.3 (±33.5)
Retreat rate (m/
year)

2.5 (±1) 5.2 (±3.1) 3.2 (±0.8)

Nlkora 
Glacier

Total retreat (m) 74.7 (±46.1) 47.9 (±46.8) 50.9 (±34) 173.5 (±33.5)
Retreat rate (m/
year)

4.1 (±2.6) 3.7 (±3.6) 4.6 (±3.1) 4.1 (±0.8)

Thamsar Total retreat (m) 83.2 (±46.1) 60.4 (±46.5 38.5 (±34) 182.1 (±33.5)
Retreat rate (m/
year)

4.6 (±2.6) 4.6 (±3.6) 3.5 (±3.1) 4.3 (±0.8)

Glacier 
with lake

Total retreat (m) 30.4 (±46.10) 54.4 (±46.5) 82 (±34) 166.8 (±33.5)
Retreat rate (m/
year)

1.7 (±2.6) 4.2 (±3.6) 7.5 (±3.1) 4 (±0.8)
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the above debris-covered glaciers (Fig. 9.4b, Tables 9.2 and 9.3). Additionally, the 
same overestimate of glacier recession has been found for the clean ice-covered 
Thamsar Glacier with the glacier terminus mapped from SoI toposheet (~1963) 
with the high-resolution satellite data of Corona for 1971. Thamsar Glacier had 
receded 2.7 km for 8 years (1963–1971) which is impossible within such a short 
period of time (Table 9.4). Besides, the high-resolution dataset of Corona (1971) 
clearly shows the extent of proglacial lake in front of glacier which reveals the gla-
cier mapping error in SoI toposheets and the same has been reported for the other 
glaciers across the Himalayan region (Raina and Srivastava 2008; Bhambri and 
Bolch 2009; Bhambri et al. 2012) (Fig. 9.7).

The Nlkora Glacier is a clean ice-covered glacier in the Budhil subbasin of Ravi 
and located in the Pir-Panjal ranges. It also shows a significant area loss during the 
last four decades. The average recession of the Nlkora Glacier between 1971 and 
2013 was estimated to be 173.5 ± 33.5 m with an annual rate of 4.1 ± 0.8 m, whereas 
the total area vacated by the glacier was estimated to be 0.4 ± 0.01 km2 with an 
annual rate of 0.01 ± 0.0003 km2 which is approximately 15.4 % of the total loss 
(Fig. 9.4a, Tables 9.2 and 9.3). We found that the Nlkora Glacier fragments into two 
parts during the last four decades. Similar fragmentation trends have been reported 
in other glaciered areas of the Himachal region (Kulkarni et al. 2007; Bhambri et al. 
2011). It is also significantly higher than the estimated total loss percentage for the 
debris-covered glaciers in the basin.

Fig. 9.4 Frontal area and terminus change for the clean ice-covered glacier in the upper Ravi basin 
(Satellite data from USGS and Google Earth)

9 Heterogeneity in Fluctuations of Glacier with Clean Ice-Covered, Debris-Covered…



166

9.4.3  Frontal Area and Terminus Change  
for the Glacier with Lake

The glaciers with proglacial lakes in their front show a significant change in their 
area during the past few decades as reported across the Himalayan region, espe-
cially for the Nepal and Sikkim Himalaya (Basnett et al. 2013). Accordingly, the 
study selected a glacier with proglacial lake in its front to see how such type of 
glacier behaves in the Ravi basin of Himachal Himalaya. The average recession of 
the glacier between 1971 and 2013 was estimated to be 166.8 ± 33.5 m with an 
annual rate of 4 ± 0.8 m, whereas the total area vacated by the glacier is 
0.04 ± 0.006 km2 with an annual rate of 0.0009 ± 0.0001 km2 which is approximately 
9.4 % of the total loss which is significantly higher than debris-covered glaciers and 
comparatively lower than estimated total loss percentage for the clean ice-covered 
glaciers in the basin (Fig. 9.5, Tables 9.2 and 9.3).

9.4.4  Climate Trends

The trend of temperature and precipitation time series of NCEP/NCAR and MERRA 
(1950–2014 and 1979–2014, respectively) was analysed to examine its behavioural 
pattern over the time period. The results of Mann–Kendall and sequential Mann–
Kendal trend test are presented in Table 9.5. The winter (DJF) average temperature 
at 600 hPa (NCEP/NCAR), 700 hPa (NCEP/NCAR) and 850 hPa (MEERA-2D) 
shows increasing trend at 5 % significance level, while the winter average tempera-
ture at 850 hPa (NCEP/NCAR) shows significant upward trend at 1 % significance 
level. Similarly, the annual time scale illustrates the increasing trend at 5 % 

Table 9.4 Terminus change along central flow line for the glaciers with clean ice-covered, debris- 
covered and proglacial lake

Year 1971–1989 1989–2002 2002–2013 1971–2013

Silli Total retreat (m) 7.1 (±46.1) 25.1 (±46.5) 88.2 (±26.7) 120.3 (±33.5)
Retreat rate (m/year) 0.4 (±2.6) 1.9 (±3.6) 8 (±3.1) 2.9 (±0.8)

Tapni Total retreat (m) 105.3 (±29.4) 50.3 (±34) 155.6 (±33.5)
Retreat rate (m/year) 3.4 (±1) 4.6 (±3.1) 3.7 (±0.8)

Nlkora 
Glacier

Total retreat (m) 183.5 
(±46.1)

43.5 (±46.8) 94.1 (±34) 321.1 (±33.5)

Retreat rate (m/year) 10.2 (±2.6) 3.3 (±3.6) 8.6 (±3.1) 7.6 (±0.8)
Thamsar Total retreat (m) 48.2 (±46.1) 45.2 (±46.5 86.8 (±34) 180.2 (±33.5)

Retreat rate (m/year) 2.7 (±2.6) 3.5 (±3.6) 7.9 (±3.1) 4.3 (±0.8)
Glacier 
with lake

Total retreat (m) 32.4 
(±46.10)

86.5 (±46.5) 94.5 (±34) 213 (±33.5)

Retreat rate (m/year) 1.8 (±2.6) 6.7 (±3.6) 8.6 (±3.1) 5.1 (±0.8)
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Fig. 9.5 Frontal area and terminus change for the glacier with lake in the upper Ravi basin 
(Satellite data from USGS and Google Earth)

Table 9.5 Temperature and precipitation trends for NCEP/NCAR (1950–2014) and MERRA-2D 
(1979–2014) based on the Mann–Kendall nonparametric test

Data Parameters

Mann–
Kendall 
results Annual Winter

Pre- 
monsoon Monsoon

Post- 
monsoon

NCEP/
NCAR 
(1950–2014)

Temperature 
(600 hPa)

Z 2.3608 1.9928 1.3135 1.1436 1.6305
∆T (°C a−1) 0.0094 0.0147 0.0091 0.0052 0.0134

Temperature 
(700 hPa)

Z 2.0155 2.4344 0.5548 0.4756 1.6815
∆T (°C a−1) 0.0083 0.0176 0.0044 0.0021 0.0158

Temperature 
(850 hPa)

Z 1.4607 2.6212 0.1529 −0.1076 1.3191
∆T (°C a−1) 0.0069 0.0191 0.0009 −0.0006 0.0146

Precipitation 
(mm)

Z −1.7220 −2.1230 −2.8930 −1.8740 −0.8440
∆P (°C a−1) −0.0167 −0.0130 −0.0154 −0.0241 −0.0090

MERRA-2D 
(1979–2014)

Temperature 
(250 hPa)

Z 4.8000 2.3292 2.6288 4.8627 1.9205
∆T (°C a−1) 0.0507 0.0504 0.0576 0.0487 0.0425

Temperature 
(500 hPa)

Z 1.2123 0.0136 0.8581 2.1657 0.3405
∆T (°C a−1) 0.0103 0.0013 0.0099 0.0207 0.0062

Temperature 
(850 hPa)

Z −0.5585 2.1657 1.2667 −2.7923 −0.0681
∆T (°C a−1) −0.0059 0.0353 0.0260 −0.0523 −0.0009

significance level for 600 and 700 hPa (NCEP/NCAR). The maximum value of 
Sen’s slope 0.035 °C/year and 0.019 °C/year was noticed during winter temperature 
at 850 hPa for MERRA and NCEP/NCAR, respectively. This demonstrates that the 
rate of increasing temperature in higher altitude is less in comparison to lower alti-
tudes. Overall, the result demonstrates significant rise in temperature during winter 
season at 600, 700 and 850 hPa. The sequential Mann–Kendal trend test for annual 
and winter season temperature indicates significant increasing trend, with forward 
line in each case crossing the confidence line (1.96) (Fig. 9.6). This result supports 
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Fig. 9.6 Temperature and 
precipitation trends for 
grid (32.5° N,  76.5° E)  
of upper Ravi basin during 
the past half century for 
NCEP/NCAR (1950–2014) 
and from 1979 to 2014 for 
MERRA-2D (Note: red 
and blue line shows 
forward [u(t)] and 
backward [u’ (t)]) (Satellite 
data from USGS and 
Google Earth)
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the earlier increasing trend of annual and winter season temperature at 5 % signifi-
cance level (Table 9.5). The winter and pre-monsoon precipitation shows decreasing 
trend at 5 % and 1 % significance level at the rate of −0.012 and −0.015 mm/year, 
respectively, while the perceptible water shows decreasing trend in winter, pre-mon-
soon and monsoon season at 1 % significance level. The monsoon season has 
recorded significant decrease in perceptible water (−0.025 mm/year). The result 
shows significant decreasing trend in precipitation and perceptible water during all 
seasons except post-monsoon. The sequential Mann–Kendal trend test also reveals 
the same trend and supports the result derived from Mann–Kendall trend test 
(Fig. 9.6). Figure 9.6 illustrates the decreasing precipitation trend during winter and 
pre-monsoon season at 5 % and 10 % significance level where the beginning of 
decreasing trend has been observed after 1965.

Fig. 9.7 Frontal area and terminus change comparison between SoI toposheets and high-resolution 
Corona datasets (1971) (Satellite data from USGS and Google Earth)
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9.5  Discussion

9.5.1  Heterogeneity in Fluctuation of Glaciers with Clean 
Ice-Covered, Debris-Covered and Proglacial Lake

The study reported that the clean ice-covered glaciers has a strong correlation with 
the total higher percent glacier area loss as compared to debris-covered glaciers 
which is consistent with the results in other glaciated regions across the Himalaya 
(Scherler et al. 2011; Bolch et al. 2008a; Nainwal et al. 2008; Racoviteanu et al. 
2009; Bhambri et al. 2011; Bahuguna et al. 2014; Chand and Sharma 2015b). 
However, the glacier with extensive debris cover reported less recession rate and 
area loss which suggested that the thick debris cover on glaciers leads, in general, to 
less frontal retreat or even stable tongues, as it lowers the rate of surface melting 
(Benn and Owen 2002; Benn et al. 2012). Debris cover defines the differential rates 
of melting as near the terminus a thick debris cover retards melting, but at the upper 
reaches of the glacier tongue, the thinner debris cover causes higher rates of melting 
(Basnett et al. 2013). This causes a lessening, or even reversal, of the surface gradi-
ent (Bolch et al. 2011; Benn et al. 2012) and leads to the formation of supraglacial 
lakes (Bennett et al. 2010). Such supraglacial lakes are clearly visible on the debris-
covered ablation part of the glaciers, e.g. Tapni and Silli. During the field, the supra-
glacial ponds with exposed ice in steep to near vertical sections have been found on 
the ablation zone of the debris- covered glaciers, and further number of supraglacial 
ponds was mapped from the Google Earth high-spatial-resolution image on the 
ablation zone of debris-covered glacier (Fig. 9.3c). Some of the ponds increased in 
size as observed from multi- temporal remote sensing datasets during the last 4 years 
which possibly shows down-wasting, trending of the glacier without any significant 
change in its terminus position. It needs further deeper study to know the response 
of debris covered on the glacier dynamics in response to climate warming. 
Furthermore, the glacier with proglacial lake or moraine-dammed lake in front of its 
terminus also shows comparatively significant area loss the same as observed in 
Jammu & Kashmir, Himachal, Nepal and Sikkim region of Himalaya (Kulkarni 
et al. 2006; Bolch et al. 2008b; Govindha Raj 2010; Raj et al. 2013; Basnett et al. 
2013). The lakes at the terminus of glaciers modify the stress regime of the glacier 
ice in contact. The presence of the lakes increases the terminus disintegration by the 
process of calving and also transmits thermal energy to the ice front, accelerating 
melting which leads to a loss in glacier area (Sakai 2000; Gardelle et al. 2011). 
However, there are no such glaciers with lake found in basin except in one case 
which has been discussed. Additionally, studies have reported a much larger lake 
growth in front of glaciers in the eastern Himalaya than in the central and drier 
northwest regions (Gardelle et al. 2011).

The present analysis has taken average length from the intersection of the stripes 
and along the central flow line to yield the change rate during the last four decades 
(Table 9.4). Their comparison shows more and less similar tendencies, but measure-
ment based on single point of the glacier only may result into either underestimation 
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or overestimation of recession and is more susceptible to outliers (Bhambri et al. 
2012; Chand and Sharma 2015a). Averaging along the front is a more robust method 
and provides more reliable estimations, especially in the situation where the glaciers 
do not have well- defined snout or terminus. The rate of retreat of glacier length and 
the discrepancy in total area loss may possibly be due to frontal glacier-margin 
morphology, e.g. in the case of higher frontal width–length ratio (Chand and 
Sharma 2015a).

This study reveals that highly erroneous rate of recession and area vacated for 
most of the studied glaciers has been found as compared to the glacier outlines 
derived from SoI map (1968) with Corona data (1971), recent remote sensing data 
and field observations (for selected glaciers) (Fig. 9.7 and Table 9.6). The toposheets 
are being used as the authentic source of database/information in various public and 
private user need-based requirements like surveying, infrastructure, surface eleva-
tion data, forest area delineation, land use/land cover and glacier change studies for 
the past few decades (Raju and Ghosh 2003). Thus, SoI toposheets are an important 
source of database for historical information, but it should be cautiously used for the 
glacier change studies due to seasonal change in land cover characteristics. 
Moreover, the previous study by Bhambri and Bolch (2009) reported the aerial pho-
tographs used for glacier mapping in SoI toposheets (e.g. for Himachal Himalaya) 
that has been acquired during the early or late winter seasons when the deglaciated 
area covered with seasonal snow further hinders the accurate mapping or identifica-
tion of glacier terminus. Thus, the comparison of historical glacier outlines for SoI 
maps with recent glacier outlines provides overestimated results in terms of glacier 
change as discussed above. Remarkably, Ahmad et al. (2004) estimated 10 km2 
vacation of the Gangotri glacier between 1985 and 2001, based on topographic map 
and satellite image which comes to overestimation of ~24 times as reported 
(~0.41 ± 0.03 km2) by Bhambri et al. (2012) using high-resolution satellite datasets. 
This study suggests that the earlier estimation exclusively based on the SoI maps is 
highly erroneous and, therefore, needs reassessments and recalculations of all such 
areas where these were used in order to correct records for the glacier recession/area 

Table 9.6 Comparison between SoI toposheets and Corona (1971)/recent data (2013) in terms of 
frontal area and terminus change for the glaciers with clean ice-covered, debris-covered and 
proglacial lake

Glaciers Area loss 1963–1971 1963–2013

Tapni Total area loss (km2) 1.01 1.03
Annual loss (km2) 0.13 0.02
Total average retreat (m) 1153.48 1178.31
Rate of retreat (m/year) 144.18 23.57

Sillia Total average retreat (m) 1100.52 1220.86
Rate of retreat (m/year) 137.57 24.42

Thamsara, b Total average retreat (m) 2716.6 2896.82
Rate of retreat (m/year) 452.8 60.4

aTerminus change calculated along the central flow line
bChange from 1965 (SoI toposheet of 1965)
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Fig. 9.8 Glacier change trends in Himachal Himalaya. (a) Glacier area loss corresponding to 
mean glacier elevation in the different basins of Himachal Himalaya, #Kulkarni et al. 2007; *Mir 
et al. 2013; *Chand and Sharma 2015b). (b) comparison of calculated glacier change using SoI 
toposheet and high-resolution Corona data and Landsat MSS (*Pandey and Venkataraman 2013; 
Chand and Sharma 2015a, b; Chand and Sharma 2016 In Printing)
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changes for the Indian Himalaya (Figs. 9.7b and 9.8b). Therefore, the SoI maps of 
1960s–1970s must be used with precaution for glacier frontal changes and in assessing 
overall glacier morphology changes. Besides, the declassified high- spatial- 
resolution imagery of Corona and Hexagon acquired during the same period 
provides great potential to derive the past/historic glacier outlines in comparison 
with contemporary glacier outlines derived from high-resolution satellite images 
(Bhambri and Bolch 2009; Bolch et al. 2010b; Chand and Sharma 2015a, b).

9.5.2  Comparison with Other Glaciers of the Himalayan 
Region

The areal changes of the glaciers in the Ravi basin confirm an expected and pub-
lished trend of glacier retreat (Shukla and Dutta 2005; Chand and Sharma 2015a, b). 
However, the rate of retreat is less than previously estimated from SoI toposheet 
analysis, e.g. for Manimahesh glacier (29.1 m a−1, clean ice-covered glacier) and Tal 
glacier (39.9 m a−1, debris- covered glacier). Additionally, the recession rate for 
debris-covered glaciers in the Ravi basin is also comparatively lower than other 
debris-covered glaciers observed in Himachal Himalaya using the SoI toposheets, 
e.g. Samudra Tapu (20 m a−1), Chhota Shigri (7 m a−1), Parbati (168.4 m a−1), Sara-
Umga (41 m a−1), Bara-Shigri (30 m a−1) and Miyar (17 m a−1) (Fig. 9.8). The main 
reason for the discrepancy is probably the interpretation of the glacier terminus on 
SoI topographic maps which is known to be a significant challenge in glacier termi-
nus mapping (Bhambri and Bolch 2009; Chand and Sharma 2015a, b). Moreover, 
the long-term rate of retreat, for a period of past 40 years, is available for around 100 
glaciers in the Himalaya (Bolch et al. 2012; Kulkarni and Karyakarte 2014). The 
mean loss of glacial length for four decades is approximately 621 ± 468 m with large 
variations in terms of retreat, advance and stable terminus position across the 
Himalayan region (Kulkarni and Karyakarte 2014). In the central Himalaya, changes 
in glacier terminus were reported for glaciers, e.g. Gangotri (19.9 m a−1), Milam 
(25 m a−1), Dokriani (15 m a−1), Tipra (14 m a−1), Chorabari (6.4 m a−1), Pindari 
(6.4 m a−1), Satopanth (22.9 m a−1) and Bhagirath- Kharak (7.4 m a−1) based on SoI 
toposheets and remote sensing data with limited field observations (Bhambri et al. 
2012; Mehta et al. 2014; Nainwal et al. 2008; Raj 2011). Studies suggest that almost 
all glaciers are retreating although the rate of retreat varies from one glacier to 
another. In addition, glacier terminus and area change have been observed in other 
regions of the Himalaya, e.g. Drang-Drung (9 m a−1) in the Greater Himalaya of 
Jammu and Kashmir region, Rekha-Samb (12 m a−1) in Nepal Himalaya and Zemu 
(14 m a−1), South Lhonak (42 m a−1), and Rathong (18 m a−1) in Sikkim (Kulkarni 
and Karyakarte 2014). Most of them are showing retreating trend during the past 
decades. However, some large glaciers have advanced or been stable recently in the 
northwestern Himalaya and in the Karakoram (Schmidt and Nüsser 2009; Iturrizaga 
2011; Hewitt 2011).
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In addition, area changes have been measured for several thousand glaciers in 
Hindu Kush-Himalaya (H-K). For instance, small high-altitude glaciers in the 
Trans-Himalaya of Ladakh had a shrinkage rate of ~0.4 % a−1 from 1969 to 2010 
(Schmidt and Nüsser 2012). In the Indian Himalaya, shrinkage rates are regionally 
variable: ~0.2 to ~0.7 % a−1, 1960s to 2001–2004 (11 Indian catchments, Kulkarni 
2012; Kulkarni et al. 2007); 0.12 ± 0.07 %a−1, 1968–2007 (Garhwal Himalaya, 
Bhambri et al. 2011); ~0.16 ± 0.1 % a−1, 1990s to 2010 (Sikkim Himalaya, Basnett 
et al. 2013); ~0.78 ± 0.03 % a−1, 1980–2010 (Bhutan, Bajracharya et al. 2014); and 
~0.3–0.6 % a−1, ~1970 to ~2005 (Tibet, Nie et al. 2010). Although recent studies 
indicate that many H-K glaciers have stable fronts since 2000 (Bhambri et al. 2013; 
Bahuguna et al. 2014), glaciers in the western, central and eastern Karakoram region 
show long-term irregular behaviour with frequent advances and possible slight 
mass gain (Bhambri et al. 2013; Bolch et al. 2012; Gardelle et al. 2013; Hewitt 
2011; Kääb et al. 2012). In the eastern Hindu Kush, west of the Karakoram, 25 % 
of the glaciers were stable or advancing during 1976–2007 (Sarikaya et al. 2012). 
This irregular behaviour of Himalayan glaciers in general could be attributed to 
local/regional topography (Haeberli 1990), local/regional climatic system (Kargel 
et al. 2005), glacier hypsometry (Furbish and Andrews 1984), the characteristics 
and thickness of supraglacial debris cover on the glacier surface (Bolch et al. 2008a; 
Scherler et al. 2011), the glacier size and ratio of accumulation area to total area 
(Kulkarni et al. 2007), contributions from tributary glaciers (Nainwal et al. 2008) 
and their geometrical/morphological properties (Mehta et al. 2014).

9.5.3  Climate Considerations

The retreating behaviour of glaciers on regional scale is mainly attributed to climate 
change through their dependence on temperature and precipitation regimes and dis-
cussed here. The winter average temperature for the basin has slightly increased 
during the past half century (1950–2014) (Fig. 9.6). The rate of increased trend is 
significant, and thus it is important that slight change in temperature has an impact 
on the glacier fluctuation. Besides, the continuous increase in average temperature 
for the winter month is also more significant in terms of glacier fluctuation as it may 
be one of the causative reasons to simultaneous occurrence of ablation and accumu-
lation during the winter month in the upper Ravi basin (Kulkarni et al. 2010; Chand 
and Sharma 2015b). A study of the temperature trends in the northwest Himalayan 
region (Bhutiyani et al. 2007) shows that a significant warming of 1.6 °C has 
occurred over the last century in winter, taking place at a faster rate, with the highest 
warming rates recorded in the period 1991–2002. This warming has been due to a 
rise in both maximum temperatures and minimum temperatures, though the maxi-
mum temperatures have gone up more rapidly. The study also shows that significant 
warming started in the late 1960s, with the highest rate of increase between 1990 
and 2009. The results show a decreasing trend in annual and winter average precipi-
tation during the last five decades (Fig. 9.6). Additionally, in the northwestern 
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Himalaya, a significant decreasing trend has been reported in the monsoon precipi-
tation during the period 1866–2006 (Bhutiyani et al. 2009). Additionally, a recent 
study shows reduced snowfall over the western Himalaya in a warm climate (Dimri 
et al. 2008). Reduction of snowfall can be explained by the combined effect of cli-
mate change and mesoscale influences of the mountains. The snowfall shows a 
decreasing trend over all the mountain ranges. The snowfall decreased by 280 cm 
over the Pir-Panjal ranges (Shekhar et al. 2010). It suggests that the decrease trend 
in total precipitation may affect the accumulation regime of the glaciers and further 
change the cumulative mass balance of the glaciers into negative. However, the lack 
of long-term field- observed climate data within the basin along with the influence of 
topographical parameters as well as glacier morphology, thickness and distribution 
of debris- covered area makes it difficult to determine the significant effects of cli-
mate parameters on glacier variability for the Ravi basin. Therefore, the availability 
of long-term meteorological data and field-based direct mass–balance measure-
ments within/nearby or adjoining basin and including geodetic estimates of glacier 
mass changes will provide a valuable database and further improve knowledge on 
the response of glaciers to climatic parameters in the Ravi basin of Himachal 
Himalaya.

9.6  Conclusion

This study provides a comprehensive multi-temporal glacier change for the glaciers 
with clean ice-covered, debris-covered and proglacial lake for the upper Ravi 
basins, Himachal Himalaya, from 1971 to 2013. The major findings and conclusion 
drawn from the present study are as follows:

• The study suggests that the clean ice-covered glaciers (~15.4 %, 19.4 %) have a 
strong correlation with the total higher percent glacier area loss as compared to 
debris-covered glaciers (0.4–1.5 %) as it is also consistent with the results in 
many other mountain regions in the Himalaya. Besides, the glacier with lake has 
been reported to have 9.4 % of glacier loss during the last four decades (~1971–
2013) which is also significant but comparatively lower than clean ice-covered 
glacier and significantly higher than debris-covered glacier. It clearly shows that 
the nature of surface material defines the rates of melting as near the terminus a 
thick debris cover retards melting. However, it requires deeper studies in the near 
future to look into overall perspective of surface melting and down-wasting 
throughout the glacier surface.

• The study suggests that an apparent higher rate of glacier retreat in the Himachal 
Himalaya could be the result of overestimation of glacier cover in the old datas-
ets due to the use of SoI topographic maps the same as observed for almost all 
the studied glaciers. High-spatial-resolution images of declassified Corona are 
efficient for mapping the historical glacier terminus and its morphology and con-
ceivably provide more consistent results than SoI topographic maps and coarse- 
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resolution satellite datasets. It can be used as a valuable resource for monitoring 
the historic extent of the glacier with higher accuracy.

• The average winter temperature at every altitude increased significantly during 
1950–2014, while precipitation during annual and in winter months also shows 
decreasing trend over the same period. However, the current availability of 
reanalysis climate data for the study area has to be validated before concluding 
the complex glacier–climate interactions, and thus further availability of field 
observed meteorological data and climatological investigations will help to dis-
entangle the complex glacier–climate interactions.
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Chapter 10
Current and Future Glacial Lake Outburst 
Flood Hazard: Application of GIS-Based 
Modeling in Himachal Pradesh, India

Simon K. Allen, Andreas Linsbauer, Christian Huggel, S.S. Randhawa, 
Yvonne Schaub, and Markus Stoffel

Abstract Most studies concerning the hazard from glacial lake outburst floods 
have focused on the threat from lakes that have formed over the past century, some 
of which have demonstrated significant growth in response to recent warming of the 
climate system. However, attention is shifting toward the anticipation of future haz-
ard and risk associated with new lakes that will develop as glaciers continue to 
retreat and water accumulates within depressions in the exposed bed topography. 
Using the Indian Himalayan state of Himachal Pradesh as a case study, this chapter 
provides both a review and implementation of modern approaches to assess current 
and future glacier lake outburst flood hazard over large spatial scales. Across 
Himachal Pradesh, the formation of new lakes over the next decades will lead to a 
minimum two- to threefold increase in land area affected by potential lake outburst 
floods in several districts. Generally the potential increase in glacial lake outburst 
flood frequency is demonstrated to be even greater, owing to the heightened oppor-
tunity for ice or rock avalanches to impact into larger and more numerous glacial 
lakes. Methods described herein allow early anticipation of future threats, providing 
a scientific basis for sound adaptation and planning responses.
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10.1  Introduction

The disappearance of mountain glaciers and the expansion of large glacial lakes are 
among the most recognizable and dynamic impacts of climate warming in the alpine 
environment. In combination with altered stability of surrounding rock and ice 
walls, the potential threat from glacial lake outburst flooding is thus evolving over 
time (Clague and O’Connor 2014; Deline et al. 2014; Kääb et al. 2005b; Schaub 
et al. 2013). With residential, tourism, and particularly hydropower infrastructure 
expanding higher into alpine valleys, and human demand on limited hydrological 
resources intensifying, increasing conflicts with the natural environment are 
expected (Huggel et al. 2008).

Glacial-related outburst floods refer to the sudden discharge of a water reservoir 
that has formed either underneath, at the side, in front, within, or on the surface of a 
glacier, and related dam structures can be composed of ice, moraine or bedrock. In 
the Himalaya, as elsewhere in the world, considerable focus has been on flood haz-
ard associated with the catastrophic failure of moraine-dammed lakes, for which the 
term glacial lake outburst flood (GLOF) is commonly applied in the literature (Liu 
et al. 2013; Quincey et al. 2007; Richardson and Reynolds 2000; Vuichard and 
Zimmermann 1987). In addition to posing a significant threat to lives and infrastruc-
ture in Central Asia, GLOFs are also widely documented in the Andes (Anacona 
et al. 2014; Lliboutry et al. 1977; Reynolds 1992), North America (Clague and 
Evans 2000; O’Connor et al. 2001), and Europe (Haeberli 1983; Haeberli et al. 
2001). Failure of moraine-dammed lakes occurs when the material strength of the 
dam structure is exceeded by driving forces, including the weight of the impounded 
water mass, shear stresses from seepage, and overtopping or additional momentum 
from displacement waves (Korup and Tweed 2007) (Fig. 10.1). In the Himalaya, 
displacement waves from large impacts of ice or rock are thought to have contrib-
uted to over 50 % of catastrophic moraine dam failures (Richardson and Reynolds 

Fig. 10.1 Schematic sketch showing a typical glacial lake outburst chain resulting from an initial 
mass movement. 1 A mass movement (ice, rock, or debris) enters a lake, producing 2 a displace-
ment wave that 3 overtops and 4 incises and erodes the dam area. 5 A flood then travels down-
stream where 6 populated areas and infrastructure are exposed. Note that displacement waves can 
be catastrophic with or without erosion of the dam area and, as such, can threaten also apparently 
stable bedrock-dammed lakes (Figure reproduced from Worni et al. (2014), with permission)
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2000). GLOFs characteristically transform into hyper-concentrated or debris flows 
following the entrainment of loose, unconsolidated paraglacial debris (e.g., Worni 
et al. 2012), and some of the most devastating and far-reaching impacts have 
involved subsequent flow transformations or chain reactions, such as damming of 
valleys, secondary outbursts, and debris flows (e.g., Huggel et al. 2005; Lliboutry 
et al. 1977). As such, approaches to glacial lake outburst hazard assessment must 
consider large spatial scales, not restricted by administrative or political 
boundaries.

Typically, glacial flood disasters or apparent threats over recent decades have 
involved terminal or lateral moraine dams that formed during the Little Ice Age 
(between the years 1400 and 1900) and lakes that have filled during the subsequent 
thinning and retreat of glaciers during the twentieth century (Clague and O’Connor 
2014). While in general the threat from such lakes may be diminishing over time, 
assuming that the most unstable lakes would already have failed, the Himalaya is 
noted as one area in particular where large proglacial lakes trapped behind Little Ice 
Age moraines are continuing to evolve (Clague and O’Connor 2014). For such lake 
reservoirs developing on or at the margins of glaciers, remote sensing-based meth-
odologies and geographic information systems (GIS) have proven appropriate tools 
for monitoring hazardous developments across large spatial scales (e.g., Huggel 
et al. 2002; Wessels et al. 2002). In view of projected future warming and continued 
retreat of alpine glaciers (Church et al. 2013), attention has shifted beyond monitor-
ing, toward the anticipation of where new lakes will form. Such lakes are unlikely 
to be impounded by large moraine dams, which requires the glacier to remain sta-
tionary for a sufficient length of time, but will form in bedrock depressions or over-
deepenings in the exposed glacier bed (Frey et al. 2010). While such lakes may 
form attractive landscape features, and even offer potential for hydropower genera-
tion (Haeberli and Hohmann 2008), a primary concern is the potential threat from 
overtopping waves generated by mass movements of ice and rock (Fig. 10.1), par-
ticularly as warming may destabilize the surrounding steep slopes (Deline et al. 
2014). Therefore, methods have been recently developed that enable not only the 
identification of where new lakes might form in the exposed bed topography but 
also to recognize source areas where steep rock and ice can detach and impact into 
glacial lakes under both current and future (ice-free) conditions (Linsbauer et al. 
2012; Schaub et al. 2013). In combination with modeling of GLOF paths (Huggel 
et al. 2003) and recognition of affected land areas, a suite of methods is thereby 
available with which a first-order assessment of the changing GLOF hazard can be 
implemented across large spatial scales.

This chapter provides both a review and implementation of modern GIS-based 
approaches to assess change in glacier lake outburst hazard in the Indian Himalayan 
state of Himachal Pradesh. The purpose of this contribution is therefore twofold: to 
(1) familiarize the reader with the available methodological approaches at this scale 
and (2) demonstrate results and interpret their relevance for hazard and risk 
 management in a large Himalayan state. Section 10.2 provides an overview of cur-
rent understanding of GLOF hazard across the Himalaya based on available lake 
inventories and more specifically presents an updated inventory for the study area 
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of Himachal Pradesh. Sections 10.3, 10.4, and 10.5 then review and implement 
approaches to modeling future lake development, lake predisposition to mass move-
ment impacts, and recognition of downstream affected areas. These approaches are 
then brought together in Sect. 10.6, to provide an illustrative synthesis of the chang-
ing glacial lake outburst hazard and risk across Himachal Pradesh.

The western Indian Himalayan state of Himachal Pradesh (pop ca. six million) 
has been selected as a specific focus area within a joint Swiss-Indo Indian Himalayas 
Climate Adaptation Programme (IHCAP; www.ihcap.in), and with a land area of ca 
55,000 km2, it is comparable in size to Switzerland. The elevation range within the 
state spans from 450 to 7000 m a.s.l, and the climate varies from tropical in the 
lower hills to temperate in the middle Himalayan region to cold and dry in the 
higher mountains. The state is characterized by a high dependency on agriculture, 
together with growing tourism and hydropower sectors, which together contribute 
toward a relatively high level of economic growth and employment but also create 
unique environmental challenges in the context of climate change.

10.2  Glacial Lake Inventories

Glacial lake inventories provide information on the distribution of mapped lakes, 
their size, type, dam characteristics and other factors that may be relevant for a 
hazard assessment. Where possible, this knowledge can be supplemented with 
information on past lake outburst disasters in a given region, to identify, for exam-
ple, common triggering and outburst mechanisms, event timing and seasonal com-
ponents, and discharge characteristics (Vilimek et al. 2013). One of the earliest 
glacial-related flood hazard inventories was completed for ice-dammed lakes in the 
Karakoram Himalaya (Hewitt 1982), recognizing some 30 glaciers that formed sub-
stantial dams on the Upper Indus and Yarkand river and cataloging related disasters
over the previous 200 years. While such ice-dammed lakes can exhibit cyclic 
behavior and are thereby reoccurring threats, other glacial lake reservoirs are typi-
cally new emerging problems without historical precedence. The fact that these 
reservoirs generally form slowly, and can be identified at the surface, enables the 
application of optical remote sensing and digital terrain analyses for monitoring 
hazardous developments (Kääb et al. 2005a). In the Himalaya, lake expansion and 
volume calculations have been reported for the Bhutan Himalayas (Fujita et al. 
2008; Komori 2008), and lake expansion and related glacier dynamics have been 
monitored in the Mt. Everest region of Nepal (Bolch et al. 2008; Wessels et al. 
2002), and potentially dangerous lakes cataloged in the southeastern Tibetan Plateau 
(Wang et al. 2011) and Northern Tien Shan (Bolch et al. 2011) based on modern 
application of remote sensing and topographic analyses.

Larger-scale coordinated national or transnational efforts to map and assess the 
threat of Himalayan glacial lakes have primarily been led by the International 
Centre for Integrated Mountain Development (ICIMOD) (see Ives et al. 2010 for an 
overview). Many of these studies have employed semiautomated lake mapping 
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techniques based on the Normalized Difference Water Index (NDWI), typically 
applied using the blue and near-infrared channels of Landsat or equivalent imagery, 
which express maximum and minimum reflectance differences for glacial water and 
give good discrimination from ice and snow (Huggel et al. 2002). In total 8790 
glacial lakes have been mapped across the Hindu-Kush Himalayan countries of 
Bhutan, China, Nepal, Pakistan, and India (excluding the states of Arunachal 
Pradesh and Jammu and Kashmir), of which around 200 have been classified as 
potentially dangerous based on semi-qualitative and subjective criteria (Ives et al. 
2010). Employing a more objective and automated classification of GLOF hazard 
across the Himalaya region, Fujita et al. (2013) have demonstrated that potential 
glacial lake flood volumes are largest in Eastern Nepal and the Bhutan Himalayas, 
where glacier lakes are also bigger and expanding most rapidly (Gardelle et al. 
2011). The first glacial lake inventory to cover the five glaciated Indian Himalayan 
states of Jammu and Kashmir, Himachal Pradesh, Uttarakhand, Sikkim, and 
Arunachal Pradesh was constructed from Landsat ETM+ 30 m resolution imagery 
from the years 2000 and 2002 (Worni et al. 2013). In their broad hazard assessment 
considering dam morphology and geometry, potential for lake impacts from mass 
movements of rock and ice, and potential downstream damage to life and property, 
more than 100 critical or potentially critical lakes were identified, particularly in the 
eastern state of Sikkim.

For the purposes of this chapter, glacial lakes across Himachal Pradesh have 
been remapped using latest Landsat 8 imagery from 2013 to 2014, providing an 
important baseline against which future changes in GLOF hazard can be assessed. 
Considering a minimum lake area of 0.01 km2, and selecting only those lakes 
located above 3500 m and either dammed or fed by glacial processes, 120 lakes are 
now identified within the state watershed area, including lakes within the immediate 
upstream area of the Satluj basin in neighboring China (Fig. 10.2). This is a signifi-
cant increase from the 45 lakes mapped previously for 2000/2002 (Worni et al. 
2013) and demonstrates the limitations and subjectivity associated with glacial lake 
inventories, even when semiautomatic remote sensing procedures are used. The 
NDWI (used in both the 2000/2002 and 2013/2014 inventories) is sensitive to scene 
specific properties and selected lake/no-lake threshold, becomes ineffective when 
lakes are snow covered or frozen, and struggles to delineate some lakes from blue 
glacial ice. These factors undoubtedly limited the number of lakes identified in 
2000/2002, in addition to the more restricted definition of glacial lakes employed by 
Worni et al. (2013), requiring that lakes be in very close proximity to glacial ice. 
Despite these limitations which suggest caution in comparing inventories from dif-
ferent studies, at least 5 new lakes have clearly emerged in the Himachal Pradesh 
watershed over the past decade, and 15 lakes have increased their surface area in the 
order of 10–200 %. This includes the rapidly expanding Gopang Garth lake, one of 
only two lakes in Himachal Pradesh that have been classified as critical, while 
potentially critical lakes have been identified across nearly all glaciated districts of 
Himachal Pradesh (Worni et al. 2013) (Fig. 10.2). Lake volumes (an important 
 factor for GLOF hazard) cannot be established directly from optical remote sensing, 
although empirically derived equations based on measured mean lake depths and 
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Fig. 10.2 (a) Glacial lake distribution across the Indian state of Himachal Pradesh for 2013/2014. 
Four main hydrological basins are indicated, and district administrative boundaries are in red. The 
volume estimate for the 120 lakes is after Huggel et al. (2002). Critical and potentially critical 
lakes classified by Worni et al. (2013) are also indicated, but this does not constitute a complete 
assessment for all lakes. (b) The Google Earth image compares the Landsat-derived extent of 
Gopang Garth lake in 2002 with 2014 (Source: Author)
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areas can relate lake area to volume (Huggel et al. 2002; O’Connor et al. 2001). The 
relationship derived by Huggel et al. (2002):

 V A= ⋅0 104 1 42. .
 

where area (A) is area in m2 and volume (V) is in m3 is based partially on the evi-
dence from glacial lakes in the Himalaya, although it may underestimate the actual 
volumes of larger lakes by up to 80 %, owing to the large natural variability of lake 
depth in relation to area (Huggel et al. 2004a).

10.3  Future Lake Development

The erosive power of glaciers can form large depressions at the bed, and when such 
overdeepened parts are exposed due to glacier retreat and filled with water, rather 
than sediments, new lakes can form (Clague and Evans 1994). Hence, by detecting 
overdeepenings in the glacier bed, sites of potential future lake formation can be 
identified. As the glacier surface topography can be seen as a smoothed image of the 
underlying bed (Oerlemans 2001), surface slope is a key factor in determining ice 
thickness variability and detecting such overdeepenings. Frey et al. (2010) pre-
sented a multilevel strategy for the identification of overdeepened parts of glacier 
beds. On the first level, a simple slope threshold of <5° is applied to detect flat areas 
potentially suitable for lake formation. On the second level, the changes in surface 
slope, glacier width and crevasse patterns are evaluated (Fig. 10.3). On a third, more 
sophisticated level, the model GlabTop was applied to estimate ice thickness distri-
bution and bed topography across a large region of the Swiss Alps.

GlabTop (Glacier bed Topography) computes ice thicknesses based on an ice 
dynamical approach, and the assumption of perfect plasticity of ice, which relates 
glacier thickness to its local surface slope via the basal shear stress. Basel shear 
stress is estimated for each glacier and based on an empirical relation between shear 
stress and elevation range (Haeberli and Hoelzle 1995), which implicitly includes 
mass turnover and hence a mass balance gradient (Linsbauer et al. 2012). While the 
glacier-wide estimated basal shear stress value determines the overall thickness of 
the glacier, the modeling of thickness variability for local glacier parts is established 
from the zonal mean of the surface slope within 50 m elevation bins (Linsbauer 
et al. 2012; Paul and Linsbauer 2012). The latest version of the model (GlabTop2), 
as applied and discussed in the Himalayan context by Frey et al. (2014), is fully 
automated and requires only a DEM and glacier outline mask as input. The resulting 
modeled ice thickness distribution is subtracted from the surface DEM to obtain the 
bed topography, i.e., a DEM without glaciers. The overdeepenings in the glacier 
beds are detected by filling them with the ArcGIS hydrology tool “fill” and a slope 
grid derived from the filled DEM. By selecting slope values <1° within the glacier 
outlines, the overdeepenings in the glacier beds are found. The difference grid 
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between the filled DEM and the former DEM without glaciers is used to quantify 
the area and volume of the overdeepenings/potential lakes (Linsbauer et al. 2012).

Application of the GlabTop2 model for the state of Himachal Pradesh used the 
Global DEM (version 2) from the Advanced Spaceborne Thermal Emission and 
Reflection Radiometer (ASTER GDEM2) with a spatial resolution of ~30 m 
(Hayakawa et al. 2008) and glacier outlines from Frey et al. (2012). Maximum ice 
thicknesses exceeding 250–300 m are typically modeled for many larger valley 
glaciers in the districts of Lahaul and Spiti and Kullu, but generally thicknesses less 
than 100 m predominate for the smaller glaciers and in ablation areas (Fig. 10.4). In 
total, more than 4000 potential overdeepenings are modeled with surface areas 
>0.01 km2 (Table 10.1). Whereas the locations of overdeepenings are generally 
rather robust (Linsbauer et al. 2012), overdeepenings located at glacier termini have 
to be interpreted with care. This is because they can be very shallow, input data 
(DEM and glacier outlines) may not align exactly causing modeling artifacts, or the 
50 m elevation bin for slope averaging exceeds the glacier termini (slope is not 
completely averaged within the glacier boundaries). In order to refine the focus to 

Fig. 10.3 Simplified schematic sketch showing three surface morphological criteria that can  
indicate potential overdeepenings in the bed topography (blue dashed line) where new lakes may 
develop. The black arrows indicate a sudden steepening of the slope, the red arrows show a  
narrowing of the glacier width, and the yellow areas indicate a flat and crevasse-free region above 
a heavily crevassed area (Figure reproduced from Frey et al. (2010) with permission)
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Fig. 10.4 GlabTop2 modeled (a) ice thicknesses and (b) overdeepenings in the glacier bed topog-
raphy for a glaciated area above the Parvati valley, Kullu district, India. Final selected overdeepen-
ings where new lakes are considered most likely to develop within the exposed bed topography are 
indicated (Source: Author)
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those situations where potential lakes are considered most likely to develop in the 
coming decades (approximately 10–50 years), only those lakes below the current 
mean elevation of the glacier (approximating the glacier ablation area) were selected 
for further analyses. In a third and final selection step, a key topographic criterion 
established by Frey et al. (2010) was automated in a GIS environment to identify 
only those overdeepenings located above a sudden steepening in the topography of 
the glacier surface (as illustrated in Fig. 10.5). This steepening was approximated 
by mean slope values >25° within a zone 300 m immediately below the overdeep-
ening and identifies situations where there is a higher likelihood of a thick over-
deepened part of the glacier occurring, with thinner ice below (see overdeepening C 
in Fig. 10.5). Following the selection process, 279 potential new lakes are identified 
across the state of Himachal Pradesh (see Table 10.1 and examples shown in Figs. 
10.4b and 10.5) and used for subsequent analyses presented in Sects. 10.4, 10.5, and 
10.6. This represents less than 10 % of all modeled overdeepenings in the glacier 
bed topography and, thus, should be considered a conservative lower estimate for 
the actual number of glacial lakes that may develop in the future. Maximum lake 
depths exceed 100 m, with the modeled mean depth across all 279 lakes being 15 m. 
Although the greatest number of potential new lakes is identified in the Chenab and 
Satluj basins, the total volume of water stored in the potential lakes is largest in the 
Beas basin, owing to significantly larger mean lake volumes modeled and selected 
here (Table 10.1).

10.4  Lake Impact Predisposition

As indicated by Richardson and Reynolds (2000), mass movements of ice and rock 
are the most common reported trigger of GLOF events in the Himalaya. In the 
future, as lakes form in exposed depressions eroded at the glacier bed, this trigger 
mechanism is expected to increase in importance, given new lakes will be forming 

Table 10.1 The selection of potential new lakes within modeled overdeepenings in the glacier 
bed, listed for four main hydrological basins (see Fig. 10.2) and for the entire state watershed area 
of Himachal Pradesh. The number of potential lakes remaining after each sequential selection step 
is indicated. The total and mean modeled volume of the final lake selection is given

Selection steps to identify new lakes based on 
modeled overdeepenings (number of lakes)

Hydrological 
basin 1. >0.01 km2

2. Below mean 
elevation of the 
glacier

3. Above a 
topographic 
steepening

Total (mean) volume of 
selected potential new 
lakes (m3 × 106)

Ravi 163 125 15 18.7 (1.2)
Beas 601 453 63 112.5 (1.8)
Chenab 1866 1566 98 93.9 (1.0)
Satluj 1262 1120 76 52.7 (0.7)
State wide 4253 3572 279 313.9 (1.1)
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at increasingly higher altitudes in closer proximity to steep, potentially destabilized 
high-mountain flanks. While these new lakes will primary be dammed by bedrock 
rather than loose moraine material, they will still be susceptible to overtopping from 
displacement waves generated by ice or rock avalanches. Ice avalanche starting 
zones are generally distinguished based on their slope morphology (Alean 1985). 
Cliff-type situations originate from the steep frontal section of a glacier and are 
typically low-volume, high-frequency events. In contrast, the more seldom ramp- 
type situation involves a failure at the glacier bed and release of a large volume of 
glacial ice (e.g., Huggel et al. 2005). The stability of such glaciers is intimately 
linked to topography and temperature (Haeberli et al. 1989); cold glaciers become 
unstable at much steeper (ca 45°) slope angles, relative to warmer glaciers (ca 25°), 
suggesting climate warming could directly alter the frequency and spatial distribu-
tion of ice avalanches (Stoffel and Huggel 2012). Climate influence on rock slope 

Fig. 10.5 Longitudinal profile through a glacier above the Parvati valley, Kullu district, India, 
showing four large overdeepenings modeled with GlabTop2 and demonstrating some of the mor-
phological criteria introduced by Frey et al. (2010) (see Fig. 10.3). The red lines in the profile 
graph indicate a distinct break in slope (c); the orange and red arrows show a narrowing of the 
glacier width (b). Based on the criteria applied herein, overdeepening C is selected as a most likely 
location where a new lake will form (Source: Author)
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stability in glaciated mountain regions is more complex, with various processes 
operating on a range of spatial scales, some of which remain poorly understood (see 
McColl 2012 for a comprehensive review). Nonetheless, an apparent increase in 
rockfall activity has been observed in several regions of the European Alps over the 
past 100 years, especially in peri- and paraglacial environments, coincident with 
rising global temperatures, glacial recession, and thawing of permafrost (Huggel 
et al. 2012).

Local detailed mapping of potential source areas of unstable ice and rock is fea-
sible for case studies and may be assessed qualitatively using high-resolution satel-
lite imagery (Worni et al. 2013). However, in view of anticipating future GLOF 
hazard across large spatial scales, where potential new lakes may number hundreds 
or even thousands, automated approaches are warranted that can quantify the threat 
of ice and rock impacts. Procedures based on spectral band segmentation of remotely 
sensed imagery and slope classification have been widely used to map areas of steep 
ice, for example, and possible impacts into glacial lakes have been modeled (e.g., 
Allen et al. 2009; Huggel et al. 2004b). The GIS-based approach demonstrated here 
has been recently integrated within a comprehensive risk analyses of current and 
future (ice-free) conditions in the Swiss Alps (see Schaub 2014 for a full descrip-
tion) and is founded on the concept of topographic potential (Romstad et al. 2009). 
Topographic potential encompasses (a) the potential for rock or ice to detach 
(parameterized by slope angle) and (b) the potential for the resulting rock and/or 
ice avalanche to reach a glacial lake (parameterized by the overall trajectory slope 
or angle of reach) (see Fig. 10.6). For implementation within Himachal Pradesh, 
we do not distinguish whether the slope is bedrock or ice covered and assume an 
impact into a lake is possible from any slope >30° (cf. Allen et al. 2011; Fischer 
et al. 2012), where the overall slope trajectory is >25 % (cf. Bolch et al. 2011; 
Noetzli et al. 2003; Romstad et al. 2009). The combined area (given in km2) within 
each lake watershed fulfilling these two criteria is referred to as the lake impact 

Fig. 10.6 Schematic sketch summarizing the concept of topographic potential used to determine 
the predisposition of a glacial lake to mass movement impacts of rock and ice. 1 A glacial lake has 
to be situated within 2 the attainable run-out distance (based on the overall trajectory slope or angle 
of reach) from 3 potentially unstable steep rock and ice slopes (based on slope angle) (Figure 
modified from Schaub (2014))
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predisposition area. Although other regional-scale parameters such as slope lithol-
ogy, glacial history, and permafrost conditions can be integrated to further refine 
the detection of unstable terrain (Schaub 2014), such data is generally lacking for 
many high-mountain regions.

In Himachal Pradesh, the catchment area of Lahaul and Spiti district contains not 
only the largest number of glacial lakes but also contains a high proportion of lakes 
where the impact predisposition area is large (Fig. 10.7). At this scale, in the absence 
of further information on triggering processes and dam characteristics, districts with 
the largest lake impact predisposition area may be expected to have the greatest 
likelihood (or probability of occurrence) of outburst flood events. Generally, the 
potential for mass movement triggering of GLOFs in Himachal Pradesh is seen to 
decrease with distance south from the main Himalayan range (Fig. 10.7). Although 
the districts of Mandi and Hamipur do not have any glacial lakes within their admin-
istrative borders, their upstream catchment areas extend north into higher elevation 
reaches of the Beas and Satluj basins, where lakes are threatened by potential ice 
and rock impacts. Both lakes previously assessed as “critical” (Worni et al. 2013) 
are also identified here as having a high predisposition to impacts from rock and ice.

Fig. 10.7 GIS-based modeling of lake predisposition to mass movement impacts. Values are 
based on the area (km2) within each lake watershed where slope values are >30° and the overall 
trajectory slope (angle of reach to the lake) is >25 %. Topographic data is from the Global Digital 
Elevation Model (GDEM) version 2 of the Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER). Aggregated results show the lake impact predisposition area summed for 
each district watershed (Source: Author)
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The concept of topographic potential provides a simple yet robust indication of 
how GLOF frequency will increase in response to continued deglaciation. The 
potential area from which mass movements of ice and rock can detach from will 
increase over time, not only as existing lakes expand higher into the surrounding 
basins but also as new lakes develop (Fig. 10.8). As demonstrated for the Gopang 
Garth area, steep (>30°) ice or rock slopes within a 25 % overall slope trajectory to 
the current lake are mostly limited to the terrain immediately adjacent to the lake. 
However, as the lake expands in the future to fill the modeled overdeepened area, 
the potential source area for rock or ice avalanches that may reach the lake signifi-
cantly increases to include much of the watershed. Whereas the current lake is 
mostly susceptible to impacts striking perpendicular to the lake orientation, future 
impacts may enter the lake from an angle which directs full-wave energy toward the 
lake outlet.

Fig. 10.8 Area around Gopang Garth proglacial lake in the district of Lahaul and Spiti, showing 
potential source areas of steep (>30°) ice and rock within an overall trajectory slope of >25 % of 
current and future glacial lakes. Arrows provide an approximate indication of the direction from 
which mass movements of ice or rock may impact the lakes (Source: Author)
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10.5  GLOF-Affected Land Area

As described for Himachal Pradesh, some district watersheds extend upstream into 
glaciated areas far beyond the local administrative boundaries. A key component 
and next step for any large-scale GLOF hazard assessment therefore requires that 
the maximum affected downstream area for any flood event is determined, based on 
the so-called “worst-case” scenario modeling. While a range of advanced 2-D and 
3-D hydrodynamic models have been used to create detailed GLOF inundation 
maps (see Westoby et al. 2014 for a comprehensive review), high computational 
costs and the requirement for high-resolution topographic data limit their applica-
tion for larger-scale GLOF hazard assessment. In contrast, GIS-based flow routing 
methods are computationally simple and have been used to simulate outburst events 
from a large number of glacial lakes in the Swiss Alps (Huggel et al. 2003) and 
Southern Alps of New Zealand (Allen et al. 2009).

The modified single-flow (MSF) model is a GIS-based hydrological flow routing 
algorithm that calculates the flow direction from one DEM pixel to another accord-
ing to the steepest downward gradient between each pixel and its eight neighbors 
(after O’Callaghan 1984), modified to allow flow spreading of up to 45° from the 
main flow direction (see Huggel et al. 2003 for a full model description). In addition 
to determining the extent of area potentially affected by the flow path, the model can 
also establish for every pixel a qualitative probability of being affected by the event 
flow path, based on distance from the lake source and lateral deviation from the 
central flow path. The maximum downstream travel distance for each GLOF path is 
determined using an empirically derived worst-case scenario defined by the overall 
trajectory slope to the source lake, with values as low as 5 % (3° angle of reach) 
appropriate for highly mobile sediment-laden events (Huggel et al. 2004a). Beyond 
these worst-case run-out distances, no severe damages can be expected. It is impor-
tant to note that approaches such as the MSF have no strict physical basis and do not 
account for geotechnical conditions within the flow channel. As such, there is no 
direct information on flow volumes or velocities, sediment eroded, or deposition 
volumes, and run-up or overtopping of obstructions in the flow path cannot be simu-
lated. Nevertheless, at large spatial scales, the MSF-derived first-order assessment 
of downstream affected area provides a reasonable proxy for the magnitude of the 
GLOF hazard and provides a useful basis for identifying exposed infrastructure and 
communities under both current and future conditions.

MSF modeling of GLOF paths has been completed for both current and future 
glacial lakes within the watershed area of Himachal Pradesh (Fig. 10.9), revealing 
that even when maximum worst-case run-out distances are considered, the GLOF 
hazard is largely confined to the three mountainous districts of Lahaul and Spiti, 
Chamba, and Kullu, with some few paths affecting also Kangra, Mandi, and Shimla. 
The development of new lakes in the future does not alter the number of districts 
potentially affected by GLOFs, i.e., future GLOF paths remain confined to those 
districts currently affected by potential paths. In terms of total area affected (sum of 
all pixels affected by GLOF paths), Lahaul and Spiti will see the greatest increase 
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resulting from the future formation of new lakes (235 % increase in area affected by 
GLOF paths). However, much of this mountainous district is inhabitable, and hence, 
population density is low, decreasing the likelihood that GLOFs will directly 
threaten exposed people or village infrastructure (see Sect. 10.6). Fortunately the 
most heavily populated districts in Himachal Pradesh are also the districts with zero 
or limited land area affected by potential GLOFs. It is noted that GLOFs originating 
beyond the Indian boarder can potentially affect districts within Himachal Pradesh, 
highlighting the large scales involved and transnational approaches required to 
manage GLOF hazard.

10.6  Synthesis of Changing GLOF Hazard and Risk

Based on the distribution of current and potential newly forming glacial lakes, the 
predisposition of these lakes to mass movements of ice and rock, and recognition of 
the maximum affected area from any potential lake outburst events, it is possible to 

Fig. 10.9 GIS-based worst-case scenario modeling of potential GLOF path extent for current 
glacial lakes and for new lakes projected to develop as glacier recession exposes overdeepenings 
in the bed topography (see Sect. 10.3). Current paths overlay the new GLOF paths, to emphasize 
where new threats are emerging. The base image shows population density for the 12 districts of 
Himachal Pradesh (From Census India, 2011 – www.censusindia.gov.in)
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demonstrate some first-order understanding of changing GLOF hazard across large 
spatial scales.

Disaster risk is the consequence of a physical hazard, intersecting with vulnera-
ble and exposed people, infrastructure, or services (IPCC 2012). Sections 10.4 and 
10.5 addressed the hazard component of GLOFs for a large Indian Himalayan state, 
in terms of the probability of occurrence (based on modeled predisposition of the 
lake to mass impact triggered outburst flooding) and in terms of the potential mag-
nitude (based on the modeled affected downstream land area). The overall hazard 
therefore for each district watershed is calculated here simply as a function of the 
probability of occurrence and potential magnitude, i.e.:

 

GLOFhazard probabilityof occurrence lake impact predispositio= ( nnarea

potentialmagnitude affected landarea

)

( )×  

Resulting values are considered unitless and in no way constitute an assigned 
hazard level in the engineering sense, but rather provide a comparative measure that 
can be used to explore changing patterns of hazard and risk between the different 
districts, establishing a basis for prioritization of resources toward hazard manage-
ment and further studies. The term risk is likewise not applied in a strict nor quanti-
tative sense here, because the vulnerability component (primarily a social, political, 
and economic construction) required for a complete disaster risk assessment is not 
provided. Here, the hazard component is combined with a simple measure of expo-
sure (total district population), to better illustrate where GLOFs represent a risk to 
people living in Himachal Pradesh, i.e.:

 GLOF risk GLOFhazard population= ×  

The large potential for ice and rock avalanche impacts into glacial lakes, and 
large area affected by potential GLOF paths, results in a relatively high overall 
GLOF hazard in the heavily glaciated and mountainous district of Lahaul and Spiti 
(Fig. 10.10a). However, when district population is considered, the risk profile 
looks very different, and highest GLOF risk under current conditions is demon-
strated for the smaller and more densely populated districts of Chamba and Kullu 
(Fig. 10.10b). This of course assumes that the populated villages within each district 
actually coincide with the land areas affected by the simulated GLOF paths – an 
assumption that may be robust in the case of Kullu where the simulated GLOF paths 
cross much of the district, but less so in Chamba. In Shimla, for example, the GLOF 
hazard appears localized to the extreme northern and eastern margins of the district, 
so the relatively high risk demonstrated for this district is most likely overstated. 
Further aggregation of the modeling results to reduced administrative scales (block 
or village level) would improve such an assessment. While risk to population is 
emphasized in this example, risk patterns might look very different if exposure of, 
e.g., hydropower or tourist infrastructure and agricultural or ecosystem services was 
assessed.
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The relative distribution of GLOF hazard is not expected to change significantly 
in the future, as glaciers retreat, existing lakes expand, and new lakes form in over-
deepenings in the exposed glacier bed. Future risk is not assessed and would require 
projected information on population trends, which in turn will be influenced by 
future socioeconomic conditions, employment opportunities, and migration pat-
terns. The greatest hazard will remain in Lahaul and Spiti, where most new lakes 
will form, but notably, the hazard level in Kullu and Kinnaur will rise above that of 
Chamba, where comparatively few new lakes are simulated to form (Fig. 10.11a). 
Across all districts, the absolute hazard level (and corresponding risk) can be 
expected to increase significantly, as the overall potential for impacts of rock and 
ice into glacial lakes increases (Fig. 10.11b), and the affected downstream area 
within simulated GLOF paths increases (Fig. 10.11c). Generally across most dis-
tricts, the simulated increase in lake impact predisposition area (and therefore 
potential future GLOF frequency) is of an order of magnitude larger than the simu-
lated increase in GLOF-affected area. The district of Kullu is noteworthy in this 
regard, as large increases in both the potential frequency and land area affected by 
future GLOFs are modeled, relative to current conditions. Particular emphasis for 

Fig. 10.10 (a) District-level aggregated results of lake impact predisposition modeling (Sect. 10.4) 
combined with MSF modeling of downstream affected areas (Sect. 10.5) to establish a relative 
GLOF hazard ranking for the districts of Himachal Pradesh. (b) Hazard ranking values are  
normalized by district population, to establish a relative GLOF risk level. Five districts are not 
affected by any potential GLOF hazard or risk. *Hazard/risk indication is intended to provide a 
comparative measure between districts and does not constitute a formal or quantified rating 
(Source: Author)
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ongoing monitoring and further study could be given to those lakes with the highest 
likelihood for impacts of rock and ice, especially where closer inspection reveals 
that associated GLOF paths intercept with populated villages or infrastructure. In 
these instances, advanced numerical modeling approaches could provide a basis for 
comprehensive hazard zonation for the current GLOF threat if sufficiently high- 
resolution topographic data is available (e.g., Worni et al. 2013). For new lakes, 
modeled information regarding future lake depths and volumes (Sect. 10.3) could 
provide a basis for semiempirical estimates of maximum discharge (e.g., Huggel 
et al. 2002) and, thus, contribute toward a quantified hazard rating.

10.7  Conclusions

Most research concerning the hazard from glacial lake outburst floods has focused 
on the threat from lakes that have formed over the past century and which continue 
to expand rapidly in response to recent warming of the climate system. However, 

Fig. 10.11 (a) The same as Fig. 10.10a, but including future new lakes modeled in the overdeep-
enings within the glacier bed (Sect. 10.3). Due to the large number of lakes, the lake impact pre-
disposition area for individual lakes is not indicated to preserve clarity. (b) Percentage increase in 
aggregated district-scale lake impact predisposition area (Sect. 10.4) and c GLOF-affected area 
(Sect. 10.5), resulting from the formation of new lakes. Percentage increases for each district are 
calculated relative to current values. Dark shading indicates larger increases. The assessment  
does not account for the possibility that some lakes may become filled with sediment, dry up, and 
disappear over time (Source: Author)
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attention is shifting toward the anticipation of future hazard and risk associated with 
new lakes that will develop as glaciers continue to retreat and dramatically different 
landscapes are uncovered. Nowhere will this threat be more pronounced than in the 
Himalaya, where the majority of the world’s glaciers are found and where the 
dynamics of nature interact closely with livelihoods and anthropogenic resources.

Using the Indian Himalayan state of Himachal Pradesh as a case study, this chap-
ter has introduced and demonstrated a suite of approaches that enable both current 
and future GLOF hazard to be assessed over large spatial scales. Emphasis has been 
given to the changing potential for GLOFs triggered by mass movements of ice or 
rock and recognition of downstream affected areas. Other climate-related factors, 
including thawing of ice-cored moraines, permafrost degradation, heavy precipita-
tion, and rapid snowmelt, also influence GLOF activity and may also be assessed in 
view of future changes in the high-mountain climate system. With early anticipa-
tion of future threats, adaptation and planning responses can be optimized and the 
risk of disaster minimized.
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    Chapter 11   
 Estimating Recent Glacier Changes in Central 
Himalaya, India, Using Remote Sensing Data                     

     Suraj     Mal     ,     R.  B.     Singh     , and     Udo     Schickhoff   

    Abstract     Changing glacier snout positions, surface area, and mass balance are 
considered as important indicators of climate change. Climatic warming and cooling 
are refl ected through shrinkage and expansion of glaciers, often without signifi cant 
time lags. Glaciers are important sources of water supply for lowlands and thus have 
signifi cant infl uence on ecosystem services, agriculture, and socioeconomic condi-
tions. The economy of the Indo-Gangetic Plain is particularly vulnerable in this 
respect. Therefore, the present study assesses recent changes (2001–2013) of gla-
ciers in central Himalayan region using remote sensing data. A total of 31 glaciers 
were mapped on Landsat ETM+ (2001) and OLI (2013) and compared to estimate 
the changes in snout positions. The study reveals that there are signifi cant variations 
in glacier retreat. The retreat rate varies between 5.6 m −1  (Lawan Glacier) and 
about 35.6 m −1  (Pachu Glacier). A total of 6 glaciers retreated with less than 10 m −1 , 
16 between 10 and 20 m −1 , 6 between 20 and 30 m −1 , and 3 more than 30 m −1 . 
An attempt has also been made to assess underlying driving forces of the varying 
retreat rate of glaciers. The elevation of snouts, the area, and the length of glaciers 
have implications on snout retreat rate. There are, however, some other important 
factors, e.g., accumulation area ratio, slope angles of accumulation and ablation, 
amount of rainfall and snowfall, temperature conditions, and debris cover, that have 
signifi cant bearings on glacier retreat.  
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11.1       Introduction 

 The Himalayan glaciers are globally recognized to be sensitive to climate variability 
and important indicators of climate change (Khalsa et al.  2004 ; Jiawen et al.  2006 ; 
Bajracharya et al.  2007 ). They are observed to react in highly sensitive manner to 
climate changes due to their proximity to the melting point (Zemp et al.  2006 ;  
Bajracharya et al.  2015 ). Therefore, the study of spatio-temporal behaviors of gla-
ciers over a period can signifi cantly contribute to an improved understanding of 
climate change in remote mountain regions, e.g., in the Himalaya, where the net-
work of meteorological observatories is poor and measurements are sparse (Bhambri 
et al.  2011a ,  b ; Deota et al.  2011 ; Mehta et al.  2011 ). Besides, most of the meteoro-
logical observatories are biased to valley fl oors and certain aspects (Gerlitz et al. 
 2014 ); consequently, their observations are often representative of the climate of 
certain elevations and aspects. 

 Extensive studies on the glaciers of the Hindu Kush-Karakoram-Himalaya 
(HKH) region reveal their differential recessional behaviors (Bajracharya  2007 ; 
Kulkarni et al.  2007 ; Raina  2010 ; Bhambri et al.  2011a ; Bolch et al.  2012 ; Kulkarni 
and Karyakarte  2014 ). The snout retreat rates signifi cantly vary in different parts of 
the HKH mountains, owing to local physiography, status of debris cover (Scherler 
et al.  2011 ), accumulation area ratio, area of ablation zone, and equilibrium line 
altitude (Kulkarni et al.  2004 ; Deota et al.  2011 ; Venkatesh et al.  2013 ; Mal and 
Singh  2013 ). These local factors signifi cantly modify the melting of glaciers. 
Dobhal et al. ( 2013 ) and Schmidt and Nüsser ( 2009 ) suggest that a thin debris cover 
can increase the melting of glacier and may lead to downwasting in the upper abla-
tion zone, while a thick debris cover may reduce the melting and further the retreat 
rate of snout. According to Venkatesh et al. ( 2013 ), “the slope is a very important 
factor of snout retreat. Steep slopes cause increased down-slope advancement of 
glaciers that is balanced by the melting due to climate change. It leads to almost 
zero rate of advance/retreat or stationary snout positions (e.g. Zemu glacier). On the 
other hand, the lower slope angles restrict down-slope movements and climatic fac-
tors play more dominant role that make them more sensitive to local climate change 
leading to higher retreat of snout (e.g. Gangotri glacier).” 

 The glaciers are important sources of water supply particularly in the summer 
season for the large human population, agricultural activities, and industrial require-
ments in Himalayan Mountain and northern Indian plains (Mehta et al.  2011 ; Bolch 
et al.  2012 ; Mal and Singh  2013 ). Therefore, glaciers have indirect but signifi cant 
infl uences on ecosystem services, river water discharge, agricultural crop produc-
tion and food security, and socioeconomic conditions of northern Indian plains 
(Bolch et al.  2012 ). The glacier shrinkages can have serious consequences on econ-
omy and environment. Therefore, it is urgently required to understand and assess 
the recent behaviors of glaciers in Indian Himalaya. Thus, the present study aims to 
study recent changes (2001–2013) of glaciers in and around Nanda Devi region, 
central Himalaya, India.  
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11.2     Study Area 

 The present study was conducted in and around Nanda Devi National Park. 
Geographically, the study area lies in the Indian central Himalaya (upper water-
sheds of river Rishi Ganga, Dhauliganga, Pindar, and Gori Ganga). The study area 
is located in the districts of Chamoli (Garhwal Himalaya), Pithoragarh, and 
Bageshwar (Kumaon Himalaya) of Uttarakhand, extending from 79°40′ E to 80°25′ 
E longitude and from 30°35′ N to 30°10′ N latitude (Fig.  11.1 ). The study area is 
part of an important high-altitude Himalayan protected area, which is characterized 
by large number of ridges and peaks including Dunagiri (7066 m), Kalanka (6931 m), 
Nanda Devi East (7434 m), Nanda Khat (6611 m), Trishul (7120 m), Nanda Devi 
(7816 m), Trishuli (7074 m), and Hardeol (7151 m) (Bisht et al.  2011 ).

   These peaks and high-altitude basins harbor a huge concentration of glaciers 
(Bisht et al.  2011 ), e.g., Uttari Nanda Devi, Dakkhni Nanda Devi, Dakkhni Rishi, 
Milam, Pindari, Kalabaland, Trishul, Pachu, Lawan, Ramni, Ghankhawi, etc. Some 
of the major tributaries (rivers) emerge from these glaciers including Pindar River 
from Pindari Glacier; Rishi Ganga River from Uttari Nanda Devi, Dakkhni Nanda 
Devi, and Dakkhni Rishi glaciers; Gori Ganga from Milam Glacier, etc. The main 
Rishi Ganga valley (NDNP) has been closed for mountaineering and other human 

  Fig. 11.1    Location of the study area in Central Himalaya, Uttarakhand (Source: Suraj Mal, RB 
Singh, U. Schickhoff)       
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activities since 1982 (Banerjee  2003 ). As a result, the glaciers of NDNP have been 
rarely studied at fi eld. Bisht et al. ( 2011 ) have however conducted a few fi eld-based 
investigations in the valley. Other glaciers such as Milam and Pindari are relatively 
better accessible and studied at fi eld and also by using remote sensing methods (e.g. 
Raj  2011 ; Raj et al.  2014 ). Dunagiri is also a relatively well-researched glacier at 
fi eld. Therefore, the study area provides new and complementary opportunities to 
study glacier responses to climate change.  

11.3     Database and Methods 

 The study is primarily based on analysis and comparison of Landsat satellite data, 
which was also supported by fi eld-based investigations of some glaciers. Landsat 7 
Enhanced Thematic Mapper (ETM+) of 20 October 2001 and Landsat 8 Operational 
Land Imager (OLI) satellite images of 29 October 2013 were acquired from the 
website of US Geological Survey, i.e.,   www.earthexplorer.org    . The ETM+ satellite 
image provides data in eight spectral bands. The spatial resolution is 30 m for one 
to seven bands, while the eighth band (panchromatic) is acquired at 15 m spatial 
resolution (Chander et al.  2009 ). The OLI satellite data consist of 11 spectral bands, 
wherein the spatial resolution for one to seven bands and the ninth band is 30 m, 
and the eighth (panchromatic) is acquired at 15 m and 10–11 bands at 100 m spatial 
resolution (  http://landsat.usgs.gov/landsat8.php    ). 

 The standard false-color composites (FCC) of Landsat 7 ETM+ (432) and 
Landsat 8 OLI (543) were prepared and merged with their respective high- resolution 
panchromatic bands (eighth band, 15 m) using Brovey transform method following 
Bahuguna et al. ( 2007 ). It produced high-resolution images, thus helpful in effi -
ciently identifying and mapping snout positions even in shadow and substantially 
debris- covered areas (Bahuguna et al.  2007 ). The snouts were identifi ed based on 
shadow of ice wall of glacier and emergence of stream/river from glacial ice. The 
glacier outlines were derived based on manual digitization on both the images. It is, 
however, a time-consuming and labor-intensive work (Paul et al.  2004 ) but effi cient 
method of glacier mapping. The accuracy of mapping is largely dependent on skills 
of experts or digitizer (Paul et al.  2013 ). There are other methods, e.g., band ratio-
ing, morphometric glacier mapping (Kamp et al.  2011 ), supervised classifi cation 
and Normalized Difference Snow Index (NDSI) (Bolch et al.  2008 ), object-based 
classifi cation (Rastner et al.  2014 ), etc., available for glacier mapping, but they 
require manual corrections in debris-covered ice in lower ablation zone and in upper 
accumulation zone to estimate the boundary between two glaciers (Bolch et al. 
 2008 ; Kamp et al.  2011 ). 

 The glacier outlines were compared at the snout positions in order to estimate 
total retreat. The total retreat was then divided by number of years (12) to calculate 
the rate of snout retreat (Dobhal et al.  2004 ). The lengths of glaciers were estimated 
along the central fl ow line of glacier (Bhambri et al.  2012 ). The area of glaciers 
was calculated using ArcGIS. The elevation of snout position was estimated 
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based on ASTER Global Digital Elevation Model version 2 (GDEM2). In order to 
understand the infl uence of snout elevation, length, and area of glaciers on the rate 
of retreat, simple regression method was used. The orientation of glacier was 
 estimated based on ASTER GDEM2, where glacier types were determined based on 
Sah et al. ( 2005 ).  

11.4     Results and Discussion 

11.4.1     Glacier Distribution and Characteristics 

 A total of 31 glacier snouts could be identifi ed on both the satellite images of the 
study area based on shadows of snout and emergence of rivers. There are, however, 
more than ten glaciers, for which the snouts could not be identifi ed due to (1) the 
snout positions were heavily debris covered; (2) there was no shadow of snouts, as 
the glacier and forefi eld had similar and regular slopes; and (3) the river was too 
shallow near the snout so that its emergence could not be clearly identifi ed. Thus, 
they were not included in the present study. The marked slope changes in the snout 
area, as derived from the ASTER GDEM2, improved the accuracy of snout identi-
fi cation and glacier mapping in the ablation zone. Of the total 31 glaciers investi-
gated, 12 were small glaciers (<5 km 2 ), 7 glaciers had areas between 5 and 10 km 2  
and 5 between 10 and 15 km 2 , and 7 were large glaciers (>15 km 2 ) (Fig.  11.2 ). 
Milam, Kalabaland, Trishul, Uttari Nanda Devi, Dakkhni Rishi, and Bagini are 
among the large glaciers, whereas Silasamudra, Dunagiri, Sakram, Lawan, etc. are 
among the small glaciers (Table  11.1 ).

    A total of 5 glaciers were observed to have length less than 5 km, 18 glaciers 
between 5 and 10 km, and 7 glaciers more than 7 km (Fig.  11.3 ). Glacier types were 
also identifi ed based on Sah et al. ( 2005 ). A total of 18 glaciers were identifi ed to be 
of simple basin type, 5 of compound basins type (very large glaciers), and 8 of com-
pound basin type (Fig.  11.4 ). Simple basin has only one area of accumulation, 
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  Fig. 11.2    Glacier 
distribution by area 
(Source: Suraj Mal, RB 
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   Table 11.1    Varying retreat rate of glaciers and relationships with local physiographic conditions 
(2001–2013), based on Landsat satellite images   

 Name  Type  Orientation 
 Area 
(km 2 ) 

 Elevation 
of snout 

 Length 
km 
(2013) 

 Retreat 
rate (m −1 ) 
(2001–
2013) 

 Bagini  Compound 
basins 

 North-west  20.08  4404  11.6  18.5 

 Barhaa  Compound 
basins 

 East-west  3.96  4049  3.3  18.7 

 Bethartoli  Compound 
basin 

 North-east  9.27  3965  6.8  20.0 

 Bidalgwar  Simple basin  Northeast- 
southeast 

 6.05  3728  8.4  9.4 

 Burphu  Simple basin  Northeast- 
southwest 

 9.35  3999  7.7  32.7 

 Dakkhni Nanda 
Devi 

 Compound basin  Southwest- 
northwest 

 12.25  4421  9.9  10.1 

 Dakkhni Rishi  Simple basin  Southwest- 
northeast 

 20.44  4558  12.2  11.8 

 Dunagiri  Simple basin  South-
 northwest 

 2.00  4340  4.8  11.4 

 Ghankhawi  Simple basin  Southwest- 
northwest 

 4.90  3930  6.1  8.3 

 Kafi ni  Simple basin  North-south  4.15  3951  6.2  19.1 
 Kalabaland  Compound 

basins 
 North-south  35.35  3840  15.3  21.5 

 Kimphu  Simple basin  West-east  6.09  4272  8.2  13.9 
 Lawan  Simple basin  Southwest- 

northeast 
 3.77  4213  5.8  11.8 

 Milam  Compound 
basins 

 Northwest- 
southeast 

 56.42  3626  16.4  28.4 

 Mrigthuni  Simple basin  Northwest- 
southeast 

 12.22  4282  8.2  33.8 

 Nanda Ghunti  Compound 
basin 

 South- 
northwest 

 12.61  4134  9.9  18.2 

 Pachu  Simple basin  West- northeast  4.00  4179  6.6  35.6 
 Pindari  Simple basin  North-south  11.00  3812  5.9  18.8 
 Poting  Simple basin  Northwest- 

southeast 
 5.21  3708  5.4  29.5 

 Ramni  Compound 
basin 

 Northeast- 
southwest 

 15.52  4814  9.2  12.5 

 Sakram  Simple basin  Southwest- 
northeast 

 2.92  4212  5.8  17.0 

 Shalang  Compound 
basin 

 Southwest- 
northeast 

 14.40  3933  11.7  11.3 

 Silasamudra  Simple basin  Southeast- 
northwest 

 1.89  3764  5.2  15.7 

 Trishul  Compound 
basin 

 South-
 northeast 

 34.19  4408  14.4  22.4 

(continued)
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Table 11.1 (continued)

 Name  Type  Orientation 
 Area 
(km 2 ) 

 Elevation 
of snout 

 Length 
km 
(2013) 

 Retreat 
rate (m −1 ) 
(2001–
2013) 

 Unnamed Ronti  Simple basin  South- 
northwest 

 4.33  3976  5.7  22.1 

 Unnamed 
Utt a  ND tri 1 

 Compound 
basin 

 North- 
southeast 

 8.01  4868  6.7  8.4 

 Unnamed 
Utt ND b  tri 2 

 Simple basin  North- 
southwest 

 1.78  5105  3.4  17.1 

 Unnamed 
Utt ND tri c  3 

 Simple basin  North-south  0.45  5130  16.8  8.5 

 Unnamed_
inlawan 

 Compound 
basin 

 North  3.11  4400  4.6  5.6 

 Unnamed_north 
of Milam 

 Simple basin  Southwest- 
northeast 

 5.71  4963  4.7  18.1 

 Uttari Nanda 
Devi 

 Compound 
basins 

 North-south  30.21  4209  15.7  6.2 

   a Uttari 
  b Nanda Devi 
  c Tributary  
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whereas compound basin has two or more accumulations. In the compound basins, 
many valley glaciers feed one glacier (Sah et al.  2005 ).

11.4.2         Glacier Retreat and Its Driving Forces 

 All the glaciers have been observed to retreat in the study area. There are, however, 
signifi cant variations in glacier retreat. The retreat rate varies between 5.6 m −1  for 
Lawan Glacier and 35.6 m −1  for Pachu Glacier. Of the total 31 studied glaciers, 
6 were observed to retreat at low rate (<10 m −1 ), 7 between 10 and 15 m −1 , 9 between 
15 and 20 m −1 , 4 between 20 and 25 m −1 , and 5 more than 25 m  −1  (Fig.  11.5 ). Uttari 
Nanda Devi, Ghankhawi, Bidalgwar, etc. are some of the glaciers that have retreated 
with lower rates, while Poting, Burphu, Milam, Pachu, Mrigthuni, etc. have retreated 
at higher rates. The glacier retreat calculated for the recent decade in this study is 
relatively lower than estimated by Bisht et al. ( 2011 ) for a longer period of time.

   The glacier recession across the mountains of the world (Oerlemans  2005 ; Zemp 
et al.  2006 ; Bajracharya et al.  2015 ) has been related to global warming and climate 
change in the last century (Bolch et al.  2012 ). However, their varying retreating 
rates in different parts of the globe remain largely unexplained in terms of different 
climate change conditions and variety of physiographic factors and due to the 
inaccessibility of glaciers, limiting the fi eld-based measurements and investigations 
(Deota et al.  2011 ; Scherler et al.  2011 ). In fact, glaciers show differential reces-
sional patterns across the Himalayan region (Bajracharya et al.  2015 ) owing to local 
topography; orientations; slope of bedrock; altitudes of snouts and altitudinal ranges 
of glacier (head to toe); area and length of glaciers; status of debris cover; area of 
accumulation and ablation zone; equilibrium line altitude (Kulkarni et al.  2004 ); 
trends of snowfall, rainfall, and temperature and climatic zone; etc. (Raina  2010 ; 
Scherler et al.  2011 ; Deota et al.  2011 ; Mal and Singh  2013 ; Venkatesh et al.  2013 ). 
It is diffi cult to estimate all of these factors purely based on remote sensing images, 
and therefore attempt has been made to analyze elevation of snout positions based 
on ASTER GDEM2, length of glaciers along the central fl ow line, and area of gla-
ciers based on Landsat satellite images. Further, simple regression analysis was 
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deployed to analyze the infl uence of these factors on the glacier retreat. The area 
and length of glacier did not reveal signifi cant infl uence on glaciers retreat rate 
(Figs.  11.6  and  11.7 ). On the other hand, the elevation of snout positions was found 
to signifi cantly infl uence the rate of glacier retreat (Fig.  11.8 ).
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  Fig. 11.6    Scatter plot 
showing relationship between 
retreat rate and glacier area 
(Source: Suraj Mal, RB 
Singh, U. Schickhoff)       

R² = 0.0184

0.0
2500.0
5000.0
7500.0

10000.0
12500.0
15000.0
17500.0

0.0 10.0 20.0 30.0 40.0
Retreat rate (m-1)

Le
ng

th
 o

f g
la

ci
er

 (m
)

  Fig. 11.7    Scatter plot 
showing relationship 
between retreat rate and 
glacier length (Source: 
Suraj Mal, RB Singh, 
U. Schickhoff)       

R² = 0.1347

0
1000
2000
3000
4000
5000
6000

0.0 10.0 20.0 30.0 40.0
Retreat rate (m-1)

Sn
ou

t e
le

va
tio

n 
(m

)

  Fig. 11.8    Scatter plot 
showing relationship 
between retreat rate and 
snout elevation (Source: 
Suraj Mal, RB Singh, 
U. Schickhoff)       

 

 

 

11 Estimating Recent Glacier Changes in Central Himalaya, India, Using Remote…



214

     In our earlier studies, it was found that glaciers having higher snout elevations 
have retreated with relatively lower retreat rate and those with lower snout elevation 
retreated at higher retreat rates, as lower snout positions are in higher temperature 
zone and higher snout positions in lower temperature zones (Mal and Singh  2013 ). 
Similar effects were observed by Venkatesh et al. ( 2013 ). Snout elevations were 
recorded as high as 4500–5100 m above mean sea level (Dunagiri, Ramni, Dakkhini 
Rishi glaciers), and these glaciers retreated at lower rates (<15 m −1 ). Some of the 
glaciers (Milam, Poting, Kalabaland glaciers) with lower elevation snout positions 
retreated at relatively higher rates. 

 In many studies, the rise of temperature has been regarded as the main and direct 
important factor of glacier retreat (Zemp et al.  2006 ; Bhambri et al.  2011b ). 
Likewise, the negative trend of snowfall in winter season in Indian Himalayan 
region (Shekhar et al.  2010 ), as a result of rising temperature (Dimri and Kumar 
 2008 ), is also responsible for it, as snowfall feeds snow to upper glacier regions. 
Decline in snowfall may result in poor health of glaciers (Duan et al.  2006 ) and 
negative mass balance even in the accumulation zone. Therefore, status and trend of 
snowfall is very important to understand the health of glaciers (Bolch et al.  2012 ). 
The combined effects of reduced precipitation and warmer temperature conditions 
have led to glacier shrinkages (Jiawen et al.  2006;  Bajracharya et al.  2014 ). 

 Many areas in recent decades are also experiencing transformation of precipita-
tion from snowfall to rainfall (Bhutiyani et al.  2007 ,  2009 ; Dimri and Kumar  2008 ). 
Such changes have accelerated the rate of melting of glacier ice (Bolch et al.  2012 ), 
thus leading to increased retreat rates. The rainwater has higher temperature than 
that of ice. Consequently, when rainwater falls on glacier ice, the glacier ice melts 
quickly and higher retreat rates are observed (Mal and Singh  2013 ). 

 Similar effects have been observed at glaciers with many supraglacial lakes or 
glacial lakes in front of snouts, e.g., at Rolwaling Glacier and Tsho Rolpa Glacier 
Lake in Nepal (ICIMOD  2011 ). Direct and prolonged contact of glacial lakes with 
glacier ice and snouts accelerates the melting of glacial ice and further increases its 
retreat. The glacial lakes have also increased across the Himalayan region leading to 
increasing melting rates of glaciers (Nie et al.  2013 ; Dobhal et al.  2013 ). In some 
cases, streams emerging from the upper tributary glaciers terminate on main valley 
glaciers. It also increases the melting of glacial ice, and consequently higher retreat 
rates of glaciers are observed. Similar conditions are found in case of Milam Glacier 
(Mal and Singh  2013 ). There is a small stream terminating into the main valley 
glacier that emerges from one of the right tributary glaciers. It has led to higher 
melting rate of snout of Milam Glacier in its right side. 

 Debris cover also signifi cantly infl uences the melting rate of Himalayan glaciers 
leading to changing dynamics of snout positions, modifi cation of albedo and energy 
balance over glacier surface, and modifi cation in response of glaciers to changing 
climatic conditions (Veettil et al.  2014 ; Dobhal et al.  2013 ). Ice melting is signifi -
cantly determined by thickness and area of debris cover over the glaciers (Scherler 
et al.  2011 ; Schmidt and Nüsser  2009 ). Thin and patchy debris covers are found in 
the upper ablation zone, which enhances the melting of the ice in summer season 
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(Schmidt and Nüsser  2009 ). A thin debris cover leads to downwasting and surface 
lowering of glaciers (Schmidt and Nüsser  2009 ). Thicker debris cover, on the con-
trary, is confi ned to the lower ablation zone of glaciers and acts as a protector of 
glacier ice and reduces the melting rate (Dobhal et al.  2013 ; Hewitt  2005 ; Schmidt 
and Nüsser  2009 ). It also slows down the glacier’s response to climatic warming 
(Scherler et al.  2011 ). According to Dobhal et al. ( 2013 ), a higher melting rate is 
recorded in case of thin (<5 cm) debris cover in the upper ablation zone, and melting 
is signifi cantly lower in case of a thick (>5 cm) debris cover in lower ablation zone. 
Similarly, Scherler et al. ( 2011 ) suggest that most of the heavily debris-covered 
Himalayan glaciers have stable fronts and Tibetan glaciers retreat at higher rates, 
where debris cover is negligible. Therefore, observed retreat of snout positions may 
not directly represent changing climatic conditions and can lead to erroneous con-
clusions (Venkatesh et al.  2013 ; Schmidt and Nüsser  2009 ).   

11.5     Conclusion 

 The glaciers in the study area have retreated in recent past. There are, however varia-
tions in the rate of retreat. Glaciers have shown different behavior even within the 
same basins and under similar climatic conditions. Such variations of glaciers may 
be linked to local physiographic conditions (slope, aspect, elevation of snout, eleva-
tion range between snout and head of the glacier, etc.), characteristics of glaciers 
(total area, accumulation area, ablation area, status of equilibrium line altitude, 
length-width-depth), status of debris cover, and trends of temperature and precipita-
tion. Therefore, the snout behavior of individual glaciers may not be direct refl ec-
tion of climatic warming; instead, it may be the adjustment of glaciers to local 
physiographic and atmospheric conditions. Consequently, the snout retreat has to be 
carefully interpreted in the light of multiple infl uencing factors. The mass balance of 
glaciers may be considered a more suitable proxy of changing climatic conditions.     
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    Chapter 12   
 Instability Processes Triggered by Heavy Rain 
in the Garhwal Region, Uttarakhand, India                     

       Manish     Mehta     ,     D.  P.     Dobhal    ,     Tanuj     Shukla    , and     Anil     K.     Gupta   

    Abstract     On 16 and 17 June 2013, high-intensity rainfall (>400 mm) in different 
parts of the state of Uttarakhand caused devastating fl ash fl oods and triggered wide-
spread landslides incurring heavy losses to the infrastructure, agricultural fi elds, 
human and animal lives, roads and widespread destruction of natural resources. 
Such a magnitude of disaster was perhaps not witnessed by the region at least over 
the last 100 years. Thus, this disaster can be considered as an extreme climatic event 
of the century. The extent and intensity of the tragedy can easily be visualised by the 
fact that all the famous shrines of the Uttarakhand state, located in high mountain-
ous, snow-bound areas such as Badrinath (3133 m asl on Alaknanda River), 
Kedarnath (3584 m asl on Mandakini River), Gangotri (3140 m asl on Bhagirathi 
River), Yamunotri (3291 m asl on Yamuna River) and Hemkund Sahib (4433 m asl 
on Alaknanda River), were badly affected by this extreme fury of the nature.  

  Keywords     Rainfall   •   Disaster   •   Alaknanda River   •   Uttarakhand   •   Indian Himalaya  

12.1       Introduction 

 The Himalaya, the youngest mountain chain in the world, is very fragile and vulner-
able to the climate change. The lofty mountains of the Himalaya are home to the 
largest ice mass outside the polar regions, aptly termed as Third Pole. There are 
~9575 glaciers with an estimated area of 37,466 Km 2  in the Indian administrative 
part of the Himalaya (Raina and Srivastava  2008 ). The distributions of the glaciers 
in the Indian Himalayan states are uneven. This variability may be due of the vast 
extension of the Himalaya along with rugged topography and varying climatic 
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conditions. They are perennial source of water to the three great rivers of India – the 
Indus, the Ganga and the Brahmaputra – and lifeline of millions of people in the 
region. 

 Recent climate changes have a signifi cant impact on high-mountain glacial envi-
ronment. Due to continuously rising air temperature all over the world, the precipi-
tation pattern at higher altitude is changing from solid (snow) to liquid (rain) 
(Immerzeel et al.  2010 ). This high-altitude rain causes rapid melting of snow/ice 
resulting in the formation and expansion of moraine-dammed, supraglacial and 
cirque lakes which will be potentially dangerous in downstream valley (Dobhal 
et al.  2013 ). 

 The recent fl ash fl ood which occurred on 16 and 17 June 2013 in different parts 
of Uttarakhand state resulted in heavy loss of infrastructure, agricultural fi elds, lives 
and roads and widespread devastation of natural resources. Such a cumulative 
large-scale disaster has not been recorded in the history of the region in at least last 
100 years. Thus this disaster is to be considered as an extreme climatic event of the 
century. The extent and intensity of the tragedy can easily be visualised by the fact 
that all the famous shrines of the Uttarakhand state, located in high mountainous, 
snow-bound areas such as Badrinath (3133 m asl Alaknanda river), Kedarnath 
(3584 m asl, Mandakini river), Gangotri (3140 m asl Bhagirathi river), Yamunotri 
(3291 m asl Yamuna river) and Hemkund Sahib (4433 m asl, Alaknanda), were 
badly affected by this fury of nature. Mandakini river valley of Rudraprayag district 
is amongst the worst affected where maximum damage and casualties have been 
reported. Due to this fl ash fl ood event, the landscape of Uttarakhand has changed, 
making the whole region more fragile and vulnerable.  

12.2     Physiographical Setting of the Area 

 The investigated area is situated between Devprayag and Badrinath (Fig.  12.1 ). 
Geologically, the area is composed of Palaeozoic-Mesozoic sedimentary succes-
sion resting upon the crystalline basement with fault/thrust contact. The area 
between Devprayag and Badrinath lies in meta-sedimentary Garhwal group rock 
and Vaikrita Group (Valdiya et al.  1999 ) of Central Crystalline (Heim and Gansser 
 1939 ). In general, rock types are sandstone, slate, phyllite, conglomerate, etc. in 
Garhwal group and mica schist, quartzites, mylonite, gneiss, pegmatite, granite, etc. 
in Vaikrita group. The sequence has been intruded by the Badrinath and Gangotri 
granite dated 465 ± 5 ma (Bhanot et al.  1978 ). Tectonically, the southern front of the 
mountain is divided into three lithotectonic units that are separated by southward 
younging thrusts. The southern and the youngest is Himalayan Frontal Thrust 
(HFT) that brings Siwaliks on to Ganga foreland, the Main Boundary Thrust (MBT) 
brings Lesser Himalayan metasedimentaries over Siwaliks and then the Main 
Central Thrust (MCT) thrusts Higher Himalayan Crystallines over the Lesser 
Himalaya. All these thrust zones are characterised by zones of weak and pulverised 
rocks that are prone to failures.
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   In the Himalaya, the precipitation and basin runoff generally decrease from the 
east to west due to gradual weakening of westward-moving Indian Summer 
Monsoon (ISM) trough (Immerzeel et al.  2010 ; Ali et al.  2013 ). In the east, ISM 
precipitation dominates, while in the west, westerly circulation and cyclonic storms 
contribute about two-third of the total annual precipitation. Westerlies contribute 
two-third of the total snowfall in high altitudes during winter; the remaining one- 
third results from summer precipitation during southwest monsoon circulation 
(Armstrong  2011 ). The Uttarakhand is located on the western fringe of the Central 
Himalaya, dominated by monsoon precipitation in summer and winter precipitation 
from western disturbances (Owen et al.  1996 ). The general climate of the 
Uttarakhand is temperate, marked by seasonal variations in temperature and is 
affected by tropical monsoons. January is the coldest month, with daily high tem-
peratures averaging below freezing in the north and near 21 °C in the southeast. In 
the north, July is the hottest month, with temperatures typically rising from about 7 
°C to about 20 °C daily. In the southeast, May is the warmest month, with daily 
temperatures normally ranging between 38 and 27 °C. Most of the state’s roughly 
1500 mm annual precipitation is brought by the southwest monsoon, which occurs 
from July through September. In the northern parts of the state, 3–5 m of snowfall 
is common between December and March. General pattern of rainfall distribution 
shows two belts of high precipitation that are controlled by orographic structure of 
the mountain range. The fi rst high-precipitation belt lies in the south over Siwalik 
Hills where average rainfall is 1200 mm/a, and the second lies over the physio-

  Fig. 12.1    Drainage and glacier map of Uttarakhand. The  rectangle box  shows the study area 
(Source: Author)       
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graphic transition of the Lesser and Higher Himalaya where around 2000 mm of 
rainfall occurs annually. The remaining part of the mountain is rather semi-arid. 
During 16–17 June 2013 places like Uttarkashi, Devprayag and Haridwar recorded 
more than 300 mm of rainfall within 2 days. 

 The climate of glaciated regions of the Himalaya, because of inaccessibility of 
the areas and poor meteorological and hydrological data, is rather not well docu-
mented. The Chorabari Glacier that lies at the head of Mandakini River has been 
monitored by Wadia Institute of Himalayan Geology, Dehradun, since 2003. This 
meteorological observatory (3820 m asl) installed monitors air temperature, wind 
speed and precipitation of glacier at an altitude of 3820 m asl. The data from this 
observatory as published recently by Mehta et al. ( 2014 ) suggests the average daily 
air temperature range from −13.5 to 11.6 °C, while the maximum and minimum air 
temperature range between −9.4 to 16.7 °C and −19.5 to 9.8 °C, respectively, 
between 2007 and 2012 (Mehta et al.  2014 ). 

 Summer precipitation in glaciated regions is highly infl uenced by the monsoon, 
and average rainfall recorded between 2007 and 2012 was 1309 mm (June–October). 
Winter precipitation generally occurs between December and March when the 
westerlies are dominant in the area as they move eastward over northern India and 
is the main source of snow accumulation. No instrumental data was available for 
winter snowfall; however, residual snow depth fl uctuated between 25 and 50 cm in 
April and early May at 4000 m asl during the period from 2003 to 2010 (Dobhal 
et al.  2013 ); snow normally melts before the commencement of the monsoon in 
mid-June.  

12.3     Result and Discussion 

12.3.1     The Event of June 2013 

 Exceptional early monsoon rain between 15 and 17 June 2013 combined with melt-
ing snow caused horrifi c fl ood in the rivers of the Garhwal Himalaya (Bhagirathi, 
Alaknanda, Mandakini and Yamuna River) and subsequently triggered widespread 
landslides. Thousands of pilgrims got stranded at various pilgrim places and en 
route (Dobhal et al.  2013 ). Due to heavy downpour, the activation of landslide and 
fl ash fl ood in the region has caused huge damage to lives, infrastructure and prop-
erty in Garhwal, Uttarakhand. In downstream of these rivers, places like Lambagar, 
Govindghat, Bhyundar and Pulna village in Alaknanda valley and Kedarnath, 
Rambara, Gaurikund and Sonprayag in Mandakini valley and Uttarkashi, Gangotri, 
Sangamchatti and Dharli in Bhagirathi basin were severely damaged or completely 
washed out. The catastrophic event of June 2013 took more than 6000 human lives 
with more than this number being untraceable, and >100,000 people have been 
affected. The quick survey by an agency of the World Bank estimated the fi nancial 
loss incurred due the event was more than $250 million, and over US$500 million 
damage appeared in the media. Due to this fl ash fl ood event in the Uttarakhand, the 
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landscape of the area has changed making the whole region more fragile and vulner-
able. Such a magnitude of disaster was perhaps not witnessed by the region at least 
over the last 100 years (Rautela  2013 ). 

 The extent and intensity of the tragedy can easily be visualised by the fact that all 
the famous shrines of the Uttarakhand state, located in high mountainous, snow- 
bound areas, such as Badrinath (3133 m asl on Alaknanda River), Kedarnath 
(3584 m asl on Mandakini River), Gangotri (3140 m asl on Bhagirathi River), 
Yamunotri (3291 m asl on Yamuna River) and Hemkund Sahib (4433 m asl on 
Alaknanda River) were badly affected by this extreme fury of the nature. In this 
report we cover the devastated area that lies within the Bhagirathi River basin, 
which forms the part of Uttarkashi, Tehri and Pauri district in the Lesser and Higher 
Garhwal Himalaya. The area is characterised by highly rugged topography and very 
high relief having sharp ridges with prominent dip slopes. Lithologically, the area 
constitutes medium- to high-grade metamorphic and sedimentary rocks classed as 
Garhwal formation and Central Crystalline.  

12.3.2     Mandakini Valley 

 The Mandakini River is a tributary of Alaknanda River which originates from 
Chorabari Glacier and comprising of an area of 2250 Km 2 . The elevation variations 
in the basin are ranging from 640 to 6940 m asl forming broad U-shaped valley in 
the upper reaches and V-shaped gorges in down valley while fl owing through 
Higher and Lesser Himalayan terrains. The major tributaries of this river are Vasuki 
Ganga (Son Ganga), Kali Ganga, Madhyamaheshwar and Markanda Ganga, while 
other small tributaries are Laster Gad, Helaun Gad, Kakragad, Kyunja Gad, Kyar 
Gad and Ghasta Gad fl owing on both sides of the valley and fi nally merging into the 
Alaknanda River at Rudraprayag (Fig.  12.2 ). The valley has complex topography 
having high mountain chains with glacierised basin in the north and fl uvial terraces 
in the central and lower parts. The Chorabari and Companion are two largest gla-
ciers besides a few other small glaciers including ice apron, hanging glaciers, gla-
cierete and cirque glaciers (Mehta et al.  2012 ). The area has a couple of high-altitude 
lakes which are directly fed by snow/ice melt and rainwater. Geologically the area 
falls in the Lesser Himalaya and Higher Himalaya consisting of metabasics, phyl-
lites, carbonates and quartzites in the lower valley and mainly Central Crystalline 
rocks in the higher reaches comprising of alternate band of deformed amphibolites, 
calc silicate lances, quartzites, mylonitic, biotite-rich fi ne grain gneisses, augen 
gneisses and phyllonites (Valdiya et al.  1999 ).

   During the recent fl ash fl ood that occurred on 16 and 17 June 2013, the Mandakini 
river valley is amongst the worst affected area of the Uttarakhand where the maxi-
mum damage and casualties have been reported (Dobhal et al.  2013 ). Two 
 hydropower projects which are under the conduction stage in the valley have also 
been affected by this fl ash fl ood event. 
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12.3.2.1     Flood Event and Assessments 

 Between en route of Rudraprayag and Gaurikund, about 80 Km motor road (NH 
112) is either badly damaged or washed out at different places. The large number of 
massive landslides has been activated on both sides of the valley (Fig.  12.3 ). 
Agastyamuni Tilwara towns and villages located on the right and left banks of the 
river are badly damaged or road completely washed out. The riverbed is refi lled by 
the sediments, and the riverbed level is raised by 5–10 m. The powerhouse site of 
(L&T) is completely covered by debris (Fig.  12.3 ). Most of muck disposal sites 
(Total 14 No) in the upstream and downstream of the powerhouse have been rolled 
out during the swelling fl ow of Mandakini. It is also observed that the Mandakini 
has shifted its course in many places and now fl owing on the left bank along with 

  Fig. 12.2    Topography and drainage pattern of Mandakini valley (Source: Author)       
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the motor road, and sediments are deposited on the right bank. The sizes of the 
boulders vary from 1 to 5 m and are semi-angular in shape indicating that they have 
not been transported from long distance (Fig.  12.3 ). The maximum discharge 
recorded was 1378 m 3  on 16 June at 9 am (L&T offi cial data, no data collected 16 
onwards), and rainfall recorded at Kund site during the period was 104.8 and 
117.4 mm on 16 and 17 June 2013, respectively (Figs.  12.4  and  12.5 ).

     At Kund (near semi-village) 10 Km upstream from the powerhouse, where the 
barrage site is located (under construction), is badly damaged on the right side of the 
river. Here, huge amounts of sediments are deposited over the riverbed. Upslope in 
the north from the barrage site, evidences of subsidence are clearly visible in and 
around the semi-village and motor road (Fig.  12.3 ). On the way to Kalimath, the 

  Fig. 12.3    The number of massive landslides has been activated on both sides of the valley, and the 
powerhouse site of (L&T) is completely covered by debris (Source: Author)       
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road is extensively damaged either by landslides or river toe cutting. A number of 
landslides (old and new) have occurred throughout the valley. A massive landslide 
(~400 × 60 m, Fig.  12.3 ) occurred on the left bank of Kali River just 200 m down 
from Kalimath and has completely ruined about 800 m of motor road, and a huge 
amount of sediment is deposited on the left bank of Kali River. There are signatures 
of damming and breaching of river at many places as huge amounts of sediments 
are deposited at both banks of the river. A lot of sediments have already been trans-
ported with river water during the fl ash fl ood. On the way to Kalimath, river 
Madmaheshwar joins to Kali Ganga near Guptkashi. It seems that Madmaheshwar 
was also caught by the fl ash fl ood as a huge amount of sediments is spread over at 
the termini of the river. The thickness of sediments deposited here is about 10–15 m 
as a house which is built near the river bank is completely overlaid by fl ood 
 sediments. The hydropower site located in the valley is also washed away during 
the fl ood (Fig.  12.3 ). 

 Upstream from Kalimath towards Sitapur (Phata-Byung project, Lanco), the val-
ley is deep and narrow and has not much damage except a few landsides observed all 
along either sides of river Mandakini. Upstream the valley (From Sitapur town) is 
again extensively affected by the fl ood; near Sitapur town, the barrage site of Phata-
Byung project is completely smashed; however, the location of the barrage site is 

  Fig. 12.4    Monthly discharge ( a ) and discharge in June (2008–2013,  b ) in Mandakini river at 
Singoli-Bhatwari Power House (Source: L&T offi ce)       
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narrow, and bounded by steep rock wall and upslope side, the area has become 
slightly wide (Fig.  12.6 ). As per the information received from project offi cers, the 
water level started rising from 16 June evening onwards. Due to the high river fl ow, 
huge amount of sediments including large boulders and chunks of trees fi lled the 
river and blocked the river at the barrage site. The amount of water was so huge that 
the river level rose by ~15–20 m. The main tunnel (~4 m dia) was also fi lled by the 
fl ood sediments. On 17 June at 9 am, the discharge suddenly increased, which may 
be due to breaching of the Chorabari lake at Kedarnath area washing out the barrage 
site as well as the settlements near Sitapur. This process continued up to late  evening, 
because of continuous rain in the area. The river fl ows started to reduce on 18 June 
and returned to its normal fl ow on 19 June. The signature of river fl ood level and 
deposition of sediments (fi ne sand silt deposit) clearly indicates that there was 
impounding of water and breach of lake on 17 June as large volume of water came 
from the Chorabari. It is also observed that the sediments including boulders that 
came from higher area settled down between Gaurikund and Sitapur.

  Fig. 12.5    Monthly average rainfall ( a ) and average rainfall for June (2007–2013,  b ) in lower 
Mandakini River basin at Singoli-Bhatwari (Source: L&T offi ce)       
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12.3.3         Alaknanda Valley (8 and 9 December 2013) 

 Alaknanda River originates from Satopanth Glacier (3870 m asl), located just 10 
Km upstream from Shri Badrinath shrine. The major tributaries (up to 
Vishnuprayag, confl uence of Alaknanda and Dhauliganga) are Saraswati, Khir 
Ganga, Lakshman Ganga (Bhyundar Ganga) and Khanakul Ganga, which origi-
nated from Tara Glacier (5068 m asl), Khiro Glacier (3940 m asl), Tipra Glacier 
(3795 m asl) and Kagbhusandi Lake (4370 m asl), respectively (Fig.  12.7 ). The 
Alaknanda River merges into Dhauliganga at Vishnuprayag (1445 m asl), which 

  Fig. 12.6    Toe cutting by the river that destroyed the dam site (Source: Author)       
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originated from Niti Glacier (4136 m asl). The valley has complex topography 
having high snow-clad mountain chains with glacierised and glaciated valleys in 
the north and fl uvial terraces in the central and lower parts. A variety of drainage 
pattern show predominant control of structural elements combined with sub-aerial 
denudation processes.

  Fig. 12.7    Topography and drainage pattern of Alaknanda valley (Source: Author)       
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   Geomorphologically the area is rugged terrain with mountainous ridges, inter-
vening deep gorges and steep to very steep slope valleys. Both valley side slopes at 
their base forms large number of convex features due to colluvial fan deposits. 
Gentle slopes are normally either along the valley fl oors or high-altitudinal zone in 
the form of meadow (bugyal, Alpine zone). Geologically, the area forms a part of 
the Central Crystalline of the Higher Garhwal Himalaya (Heim and Gansser  1939 ). 
The Central Crystalline is separated from the calc-zone of Chamoli formation by 
the Main Central Thrust (MCT) which passes through at Helang south of 
Vishnuprayag (1445 m asl). In the north, the northwest-southeast trending Tethyan 
Thrust separates Central Crystalline from the Tethyan sedimentary zone. At 
Vishnuprayag the rocks are primarily made of quartzites, folded biotite gneiss at the 
base overlaid by micashist. The Pandukeshwar quartzites form the steep-sloped 
high-relief zone in the upper Alaknanda valley. 

12.3.3.1     Flood Event and Assessments 

 Along the valley from Satopanth Glacier (head of the river) to Vishnuprayag (ter-
mination of river into Dhauliganga), the worst affected area is observed between 
Lambagar and Govindghat. It has been observed that in the higher areas like 
Badrinath (heavily populated in June) and upstream, the effect of torrential rain that 
occurred on 15–17 June 2013 was less as compared to down valley from Badrinath. 
Prolonged heavy downpouring on 16 and 17 June 2013 resembled a ‘cloud burst’ 
type of event in the Khiro and Bhyundar river valley that badly hit for 10 Km area 
between Lambagar and Govindghat. The Khiro river emerges from Khero Glacier, 
fl ows northwest-southeast for about 8 Km and terminates into Alaknanda near 
Hanuman Chatti just a few hundred metres upstream from Lambagar (plate 4). The 
nature of fl ood appearing in the valley may be due to the cloudburst (rainfall data 
not available) or temporary blockade (damming) in the Khiro river by landslide/
rock fall/avalanche that might have occurred in the valley due to extensive rain and 
rapid snow glacier melting. Sudden breaching of blockade made the river more furi-
ous and eroded the valley wall and brought down a huge amount of sediment trees 
and boulders and spread over all around its termini and down valley of Alaknanda 
River. The valley is fi lled by debris and river level has raised by >20 m (Fig.  12.8 ). 
The river is arrested by Vishnuprayag hydro project (400 MW) barrage, but due to 
the scrolling and swelling of the river, a large amount of sediments chocked the bar-
rage bays and also washed out a bay on the left side of the river (Fig.  12.8 ). 
Morphologically, the valley is narrow bounded by steep rock slope in the right 
fl ank, and in left of the valley, the remnants of glacier deposit indicate the past 
extension of the glacier. Due to accumulation of huge water in the barrage, the 
hydrological pressure builds towards the week zone (left fl ank of the valley) and 
rapidly moves down valley with removing barrage bay number 4 and scoops out the 
valley fl oor, motor road and valley wall deposit. At such situations, there are no 
ways to validate the offi cial report (M/s J.P.) On the status of the barrage, gates were 
being opened on 15 June and powerhouse shut down on 16 June.
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  Fig. 12.8    Photograph showing the fury of nature in Alaknanda valley (Source: Author)       
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   Downstream from the Lambagar (barrage site), the valley is narrow with high 
gradient. Sudden release of a large volume of water carrying a huge amount of sedi-
ments and fl owing on the steep gradient directly hit Pandukeshwar village and com-
pletely washed away the lower part of the village. In between areas, the Lambagar 
village, motor road and footpath are extensively damaged (plate 4).  At Pandukeshwar 
the river has shifted its path towards the right side of the valley which is much closer 
to the village (Fig.  12.8 ). The size (5–10 m long), shape and concentration of boul-
ders are self-explanatory of the furry of the river Alaknanda on that day. There are 
a number of large and small landslides activated on both sides of the valley and also 
damaged roads and footpaths. The Bhyundar Ganga originates from Tipra Glacier 
and Hemkund Sahib (4000 m asl) and fl ows for about 18 Km before merging to 
Alaknanda, and Govindghat was also trapped by similar weather event. During the 
event, the Bhyundar and Pulna villages were completely washed out, and footpath, 
agricultural land and infrastructure were badly damaged. The sediments brought by 
the river directly hit the Govindghat town and smashed the lower part of the town 
and roads. Between Govindghat and Vishnuprayag, the river drained in a narrow 
and deep gorge, and the impact of the fl ood event appears to be minimised.    

12.4     Conclusion 

 The study implied that there are two zones in the Himalaya that are most vulnerable 
during such extreme events. Zone I lies above the Main Central Thrust (MCT) 
where the rocks are thrusted and tectonically deformed and hill slopes are steeper 
and where the mountains receive the highest rainfall. Such geologic and physio-
graphic conditions make this region most reactive to heavy rainfall events. For 
example, this survey has shown that the area above Badrinath route had most num-
ber of landslides and where the bridges and culverts were also damaged. Zone II lies 
in the lower reaches where the hill slopes are rather gentler and rains are lesser 
intense, but the higher population density and anthropogenic interference combined 
with week rocks like phyllites made the few zones that failed during the event, and 
therefore the survey witnessed another cluster of damaged roads and high density of 
landslides in the Lesser Himalaya. Another important information that this exercise 
brought out was the collapse of the fi ll terrace. The fi ll types of terraces that were 
within the reach of the fl ood or were densely populated with poor drainage and 
sewer network collapsed due to undercutting by the bulging river.  

12.5     Recommendations 

     1.    In a dense network of river discharge measurement, automatic weather stations 
should be deployed. This network should be connected via satellite. This will 
help in understanding the changing pattern of rainfall and river response time.   
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   2.    In riverbeds, the lowest level of fi ll terraces should not be allowed for any civil 
construction. However, these areas can be used for agricultural activities.   

   3.    Complete ban on the construction of buildings or any forms of shelters over the 
highly unstable and active debris slopes like screen fans which are susceptible to 
change in angle of repose due to any alteration. The zones of river confl uences 
should also be avoided.   

   4.    It is a well-known fact that thick forests and vegetal cover minimise soil erosion 
and gulley formation due to the protection of slope by leaves and branches and 
binding of the soil by root systems. Therefore a massive and well-adapted affor-
estation programme coupled with its protection leading to survival of plants 
should be taken up.   

   5.    Roads should be aligned along the rivers but at higher elevation. There should be 
service roads linking villages and fi elds from the trunk roads.   

   6.    In Alaknanda valley there are two zones that are prone to landslides. Zone I lies 
above the MCT and the second in the periphery of the Tehri reservoir. Zone I 
which has the lowest vegetation and steeper slopes is highly sensitive to such 
extreme events and therefore should be avoided for permanent settlements. 
Since all shrines are located in these areas, we recommend buffer community 
zones should be created in the lower elevations and only controlled passage to 
pilgrims should be allowed. Several helipads and mobile hospitals with all emer-
gency facilities should be developed during the Yatra season.         
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    Chapter 13   
 The Need for Community Involvement 
in Glacial Lake Field Research: The Case 
of Imja Glacial Lake, Khumbu, Nepal 
Himalaya                     

     Teiji     Watanabe     ,     Alton     C.     Byers    ,     Marcelo     A.     Somos-Valenzuela    , 
and     Daene     C.     McKinney   

    Abstract     This chapter explores the relationship between research on glacial lake 
outburst fl oods (GLOFs), a lack of communication of results, and resultant confu-
sion among local inhabitants. First, this chapter reviews the progress of research on 
Imja Glacial Lake (Imja Tsho) in the Mt. Everest region of Nepal, one of the most 
extensively studied lakes in the Himalaya and which is considered by some to be 
among the most dangerous lake. Secondly, the lack of community involvement in 
Imja Glacial Lake research since studies began in the late 1980s is covered, fol-
lowed by a discussion of the confusion that communities have felt as a result of 
confl icting opinions regarding the lake’s actual risk of fl ooding. Thirdly, we argue 
for the need of a “science-based, community-driven” approach to glacial lake and 
other climate change research in the interests of fi nding meaningful and effective 
solutions to contemporary problems. Developing a new framework of research, 
community involvement, and action will be important not only for local communi-
ties but also for scientists in GLOF-prone areas of the Himalaya as well as else-
where in the world.  
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13.1       Introduction 

 Studies on GLOF in the Himalaya commenced rather recently when compared with 
the longer history of research elsewhere in the world, such as Iceland (e.g., 
Thorarinsson  1939 ) and Peru (e.g., Kinzl  1940 , see Carey et al.  2012 ). Some of the 
fi rst descriptions of glacial lakes in the Himalaya were made by Hagen ( 1963 ) of 
Imja Glacial Lake (Imja Glacier Lake or Imja Tsho) in the eastern Khumbu region, 
Nepal, and by Gansser ( 1966 ) in the Bhutan Himalaya. Buchroithner et al. ( 1982 ), 
Fushimi et al. ( 1985 ), and Ives ( 2013 :168) examined the 1977 GLOF that occurred 
in the Nare Drangka (drangka = Sherpa for river) on the west-facing slopes of Ama 
Dablam (6812 m) of central Khumbu. In 1985, another GLOF (Dig Tsho) occurred 
from the Langmoche Glacier, western Khumbu, where members of the United 
Nations University Mountain Hazards Mapping Project were sent for fi eld-based 
observation (Vuichard and Zimmermann  1986 ,  1987 ). Their descriptions of the 
1985 Dig Tsho outburst led to the fi rst assessment of GLOFs by the International 
Centre for Integrated Mountain Development (ICIMOD) (Ives  1986 ), in which Imja 
Glacial Lake was identifi ed as a rapidly expanding supraglacial lake (Ives  2015 ). 

 Hammond ( 1988 ) conducted the fi rst GLOF-related study on Imja Glacial Lake. 
Since then, the number of GLOF-related publications has increased greatly, with 
Imja now being one of the most studied glacial lakes in the Himalaya. Local resi-
dents, however, particularly those living in the village of Dingboche, voiced dis-
pleasure to the authors in 2009 and 2011 over the growing number of foreign and 
Nepali scientists studying the lake, citing their lack of communication and reluc-
tance to share results as the main culprits. What information they did receive about 
the lake was mixed, with some scientists warning that a catastrophic fl ood was 
imminent while others downplayed the risk. As a result, uncertainty and confusion 
surrounded Imja Glacial Lake in the eyes of local communities, which the authors 
decided to attempt to resolve if at all possible. The following sections review the 
history of research at Imja Glacial Lake; the attempts to, for the fi rst time, engage 
local people in the research and discussions; and fi nally lessons learned and recom-
mendations regarding next steps necessary to promote a better blending of science 
and local communities.  

13.2     Study Area 

 Imja Glacial Lake is located about 9 km south of Mount Everest (Fig.  13.1 ). Its 
altitude is about 5010 m and area is 1.257 km 2  as of 2012 (Somos-Valenzuela et al. 
 2014 ). The water volume is 75.2 million m 3 , and the maximum depth is 149.8 m as 
of 2014 (Kargel et al.  2015 ). The lake is bordered by lateral moraines to the north 
and south, the Lhotse Shar Glacier to the east, and debris-covered “dead ice” sur-
rounded by the terminal and lateral moraines to the west. Salerno et al. ( 2012 ) con-
sider the lake as a proglacial lake rather than a supraglacial lake because the eastern 
(upper) shoreline consists of the terminus of the glacier.
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   Since the late 1990s, the lake has received a large amount of attention from sci-
entists and the media because of its status as one of the most dangerous glacial lakes 
in the Himalaya (e.g., Mool et al.  2001 ; ICIMOD  2011 ). Other reports have exag-
gerated the lake’s GLOF potential and damage to downstream populations, 
 infrastructure, and agricultural land (Ives  2004 ,  2013 ), causing a considerable 
amount of confusion for the scientifi c, donor, and local communities alike.  

  Fig. 13.1    Study area and the close view of Imja Glacial Lake (Source: Author)       
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13.3     GLOF-Related Studies on Imja Glacial Lake 

13.3.1     History of Research 

 Hagen ( 1963 ) fi rst described the surface condition of the debris-covered Imja 
Glacier, noting that there were fi ve small ponds on the surface. As mentioned previ-
ously, Hammond ( 1988 ) conducted the fi rst GLOF-related study of Imja Glacial 
Lake for her Master’s thesis. Hammond was followed by Watanabe ( 1992 ) and 
Watanabe et al. ( 1994 ,  1995 ) who demonstrated the rapid melt of the dead ice near 
the terminal moraine. A number of studies since then have discussed the growth of 
the lake (Yamada  1998 ; Gspurning et al.  2004 ; Bajracharya et al.  2007a ,  b ; Quincey 
et al.  2007 ; Watanabe et al.  2009 ; Ives et al.  2010 ; Lamsal et al.  2011 ; Chen et al. 
 2013 ,  2014 ; Racoviteanu et al.  2014 ). Somos-Valenzuela ( 2014 ) and Somos-
Valenzuela et al. ( 2014 ) summarized lake area expansion as estimated by previous 
and ongoing studies as shown in Fig.  13.2 . This fi gure shows both the large number 
of studies that have been conducted as well as the general trend of the increasing 
area. However, Fujita et al. ( 2009 ) questioned the continuation of the lake’s rapid 
expansion, stating that lake expansion rate from 2000 to 2011 was 0.011 km 2 /year 

  Fig. 13.2    Imja’s lake area expansion from 1962 to 2012. There are no other Himalayan glacial 
lakes that have been studied by so many scientists (Source: Author)       
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while that until 2000 was 0.022 km 2 /year. The lake area in 2008 by Fujita et al. 
( 2009 ) was 0.92 km 2  and that by Salerno et al. ( 2012 ) was 0.98 km 2 . The lake area 
in 2009 by Gardelle et al. ( 2011 ) was 1.138 km 2  and in 2012 was 1.257 km 2  (Somos-
Valenzuela et al.  2014 ). Somos-Valenzuela et al. ( 2014 ) obtained an expansion rate 
of 0.039 km 2 /year for the period from 2002 to 2012. Collectively, there is consider-
able discrepancy in lake expansion results.

   Recent expansion of the lake has been occurring on the proximal (eastern) shore-
line (upwards), which is mainly due to ice calving (Sakai et al.  2003 ; Hambrey et al. 
 2008 ; Fujita et al.  2009 ; Watanabe et al.  2009 ). Somos-Valenzuela et al. ( 2014 ) 
showed that the glacier terminus at the eastern lakeshore has been retreating at a rate 
of 52.6 m/year between 2002 and 2012, while a rate of 31.6 m/year was recorded 
for the period between 1992 and 2002. Further, Bajracharya et al. ( 2007a ) showed 
that the lake expanded 74 m/year from 2001 to 2006, while it was 42 m/year from 
1962 to 2001. 

 Another method that visually illustrates Imja Lake’s growth is repeat photogra-
phy (Byers  2005 ,  2007 ; Byers et al.  2012 ,  2013a ), which clearly illustrates the dra-
matic changes in Imja Glacier since photographed by the Austrian climber 
cartographer Erwin Schneider in 1955 (Byers  2010 ; see Plates 4 in Byers  2007 ). 
The accelerated recent upward lake expansion in the 2010s was also successfully 
demonstrated (Fig.  13.3 ).

   Yamada and Sharma ( 1993 ) conducted the fi rst bathymetric survey of Imja 
Glacial Lake in 1992 and found the average and maximum depth of the lake attained 
47.0 m and 98.5 m, respectively. Sakai et al. ( 2003 ,  2005 ) and Fujita et al. ( 2009 ) 
updated the lake bathymetry in 2002 and compared the changes between 1992 and 
2002. They found the average and maximum lake depth became 41.6 m and 90.5 m, 

  Fig. 13.3    Imja Glacial Lake in 2007 ( a ) and in 2014 ( b ). The glacier terminus in 2007 ( X ) experi-
enced calving processes that resulted in signifi cant lake expansion by May of 2014 ( Y ) (Photographs 
by Alton C. Byers)       
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respectively. This means that the lake had not deepened, but the lake area and vol-
ume had been enlarged from 0.60 × 10 6  to 0.86 × 10 6  m 2  and from 28.0 to 35.8 mil-
lion m 3 , respectively. Somos-Valenzuela et al. ( 2014 ) conducted a sonar bathymetric 
survey and water volume estimate in 2012: the maximum lake depth obtained was 
116.3 ± 5.2 m and the volume was 61.7 ± 3.7 million m 3 . Further, Kargel et al. ( 2015 ) 
reported the most recent bathymetry results in October 2014 where the maximum 
depth was found to be 149.8 m and the water volume was 75.2 million m 3 , both of 
which are much larger than those reported for 2012. This result also suggests the 
acceleration of the lake growth during the 2010s. 

 The dead ice in Imja Glacier is melting with concurrent changes in its surface 
morphology (Watanabe et al.  1994 ,  1995 ; Benn et al.  2012 ). Sakai et al. ( 2007 ) 
measured surface topography of the dead-ice area in 2001 and 2002 and compared 
the spillway morphology measured by Watanabe et al. ( 1995 ) in 1994. Results indi-
cated that dead ice melting along the spillway (outlet channel) has lowered the lake 
level by some 37 m over the last four decades (Watanabe et al.  2009 ; Lamsal et al. 
 2011 ). 

 There has been a tendency for lake level to decline since the 1960s (Fig.  13.4 ). 
The most recent observations, however, suggest that the lowering rate may have 
slowed down since 2007. Fujita et al. ( 2009 ) suggested that no signifi cant change in 
the lake level had occurred between 2001 and 2007 (i.e., 5009 m a.s.l., F in Fig.  13.4 ), 
although the in situ measurement and ALOS-DEM datum both in 2006 provided 
altitudes of 5004 m a.s.l. (H in Fig.  13.4 ) and 5006 m a.s.l. (I in Fig.  13.4 ), respec-
tively. Since the late 2000s, the lake level decline is likely to have slowed down or 
even to have stopped (G–J in Fig.  13.4 ). The recent accelerated rate of the upward 
lake expansion, i.e., the accelerated glacier retreat (Byers et al.  2013a ), might have 
contributed to the slowed decline of the lake level. On the other hand, if the decline 
of the lake level continues, it can potentially affect the outlet (spillway) channel 
incision, i.e., the outlet could evolve into a new arm of the lake when the width of 
the outlet is enlarged (Benn et al.  2012 ).

   Seepage also affects the enlargement of the outlet complex and can also be a 
GLOF trigger. The potential seepage area around the terminal moraine and its 
nearby lateral moraines changes due to the changes of both the dead-ice surface 
morphology and the lake level (Watanabe et al.  2009 ). Watanabe et al. ( 2009 ) had 
not observed any seepage during the fi eld survey; however, Somos-Valenzuela 
( 2014 : 18) found seepage at two sites of the terminal moraine on three separate 
occasions in 2011–2012. 

 The enlargement rates of the outlet complex and seepage are strongly related to 
the spatial distribution and thickness of the ice covered by debris in the “dead-ice” 
area. A few scientifi c teams have attempted geophysical surveys on the “dead-ice” 
area, but no clear results have been obtained so far (Somos-Valenzuela  2014 ). 

 Lamsal et al. ( 2011 ) showed that the lowering of the glacier surface in the east 
of the lake was as large as 47.4 m from 1964 to 2006, which was much larger than 
that in the “dead-ice” area (16.9 m). Nuimura et al. ( 2012 ) also found the surface 
lowering of the Imja Glacier at a rate of -0.81 ± 0.22 m/year for the period from 
1992 to 2008. 
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 Studies of fl ood estimates from Imja Glacial Lake are still limited (Bajracharya 
et al.  2007b ; ICIMOD  2011 ). Braun and Fiener ( 1995 ) attempted to produce sketch 
maps of the land surface that would be fl ooded down valley from the lake site to 
Ghat (Fig.  13.1 ), referencing the damaged area caused by the 1985 Dig Tsho 
GLOF. Bajracharya et al. ( 2007a ) estimated the fl ood arrival time from Imja Glacial 
Lake to Dingboche to be 13.9 min and to Ghat at 46.4 min. Somos-Valenzuela et al. 
( 2015 ) suggested that Imja Lake be lowered by at least 10 m, and preferably 20-m 
reduction, to signifi cantly reduce its risk of fl ooding. 

 Kattelmann and Watanabe ( 1998 ) discussed general approaches to reducing the 
GLOF hazard from Imja Glacial Lake. Kattelmann and Watanabe ( 1998 ) and 
Bajracharya et al. ( 2007b ), among others, also suggest the importance of introduc-
ing an early warning system. A Japanese team with the help from ICIMOD installed 
a system for a near real-time monitoring of a part of Imja Glacial Lake and 

  Fig. 13.4    Imja Lake level decline from 1964 to 2009. ( a ) Corona image and the altitude from the 
1:2500 map produced by air photographs; ( b ) 1:50,000 map; ( c ,  e ,  h ,  j)  in situ measurement 
(Watanabe et al.  2009 ); ( d ) 1:2500 map produced by air photographs; ( f ) Sakai et al. ( 2007 ); ( g ) in 
situ measurement by Dr. Katsuhiko Asahi; ( I ) ALOS image (Lamsal et al.  2011 ). Note that each 
measurement was done in different seasons. There are no measurements on seasonal fl uctuations, 
and Chikita et al. ( 2000 ) showed about 0.6 m of the lake level fl uctuation in 5 days in July 1997 
(Source: Authors)       
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 emphasized the advantage of such a system (Fukui et al.  2008 ). Unfortunately, the 
video camera and other system equipment had fallen into disrepair within 2 years. 

 Khanal et al. ( 2015 ) discussed a risk assessment methodology and estimated the 
monetary loss due to a GLOF from Imja Glacial Lake, conducting 23-group discus-
sions with local inhabitants along the Imja Valley/Dudh Kosi Basin. Their estimates 
include the loss of cultivated land of 314 ha, number of directly affected persons at 
5784 and indirectly affected at 96,767 persons, and loss of 445 houses, 25 bridges, 
and 3 schools, among other infrastructure. The monetary losses include $US 8.917 
million of real estate, $US0.932 million of agricultural land, and $US 2.037 million 
of public infrastructure.  

13.3.2     History of Research 

 There are more than 20 studies that have examined Imja Glacial Lake and many 
more studies that have discussed or referenced it. Detailed analyses of Imja in terms 
of the lake’s development history, morphological transformation, bathymetry, and 
geophysical structure of the moraines have been conducted since the 1980s. 
Although Imja Glacial Lake has been classifi ed as dangerous (e.g., Mool et al.  2001 ; 
Kattelmann  2003 ), there are different views on the trend of the lake’s areal expan-
sion. Further, perceptions on the dangers of a GLOF from Imja have recently 
changed, from highly dangerous to medium or low danger (Bolch et al.  2008 ; 
Hambrey et al.  2008 ; Watanabe  2008 ; Fujita et al.  2009 ; Watanabe et al.  2009 ), 
although considerable disagreement remains (Somos-Valenzuela  2014 : 48). 
Hambrey et al. ( 2008 ), for example, concluded that the lake is stable. Budhathoki 
et al. ( 2010 ) stated that Imja has a moderate risk of a GLOF, although they might 
have overestimated this by using the entire water volume as opposed to the potential 
fl ood volume (PFV; see Somos-Valenzuela et al.  2014 ). Watanabe ( 2008 ), Fujita 
et al. ( 2009 ), Watanabe et al. ( 2009 ), and ICIMOD ( 2011 ) also stated that the lake 
is relatively stable. This shift from “dangerous” to “stable” was likely derived from 
combinations of longer-term, diversifi ed, and more accurate study approaches. The 
most recent studies, on the other hand, suggest that a rapid upward expansion of the 
lake is occurring (Fig.  13.3 ), and seepage is now regularly observed at the terminal 
moraine (Somos-Valenzuela  2014 ). This second shift from “stable view” to “less 
stable view” suggests that the changes of the lake conditions may have recently 
accelerated, and the rate might be further accelerated from this point onward. It is 
not entirely clear what communities would be affected by a GLOF from Imja, with 
the exception of a few villages such as Dingboche and Phunki (Somos-Valenzuela 
 2014 : 199). As will be seen, local people living in Chaurikharka, Khumjung, and 
Namche VDCs nevertheless ranked the potential GLOF hazard from Imja Glacial 
Lake as their number one priority during a recent series of local adaptation plan of 
action (LAPA) community consultations (Byers and Thakali  2015 ).   
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13.4     Community Involvement in the GLOF Research 
of Imja Glacial Lake 

13.4.1     The Importance of Regular Communications 

 The authors conducted a number of consultations with local communities in the 
Dingboche region between 2009 and 2011. During the Andean-Asian Mountains 
Global Knowledge Exchange expedition to Imja Glacial Lake in 2011 (Byers et al. 
 2013a ), local inhabitants voiced strong objections to the numerous international and 
national researchers who had been studying Imja Glacial Lake for over 30 years 
(Byers  2012 ). A few local representatives clearly stated that Japanese scientists in 
particular had been the source of much tension, as they rarely shared the results of 
their research. They accused a group of Japanese climbers of frightening local com-
munities by exaggerating the dangers of a GLOF during interviews. Sherpa ( 2014 ) 
also described such local attitudes toward scientists. As mentioned previously, an 
international team attempted to establish an early warning system by using a wire-
less LAN setup with geo-ICT tools and technologies with a local community (Fukui 
et al.  2008 ). However, the locals had a different view of the project as well as the 
community’s involvement, saying that they would not use mobile phones as a tool 
to receive a warning message because they only used their phones for day-to-day 
communications. This response was most likely due to the lack of attention paid by 
the international team in explaining the effectiveness of using mobile phones for 
early warning purposes to the local communities, as mobile phones have since 
proven to be quite effective (e.g., as demonstrated in May 2012 during the Seti 
Khola fl ood in central Nepal (Regmi 2015, pers. comm.). 

 Ives ( 2005 ) emphasizes the need of involving local inhabitants before any action 
connected to glacial lake research or mitigation is undertaken. During the September, 
2011, Andean-Asian Mountains Global Knowledge Exchange expedition to Imja 
Glacial Lake, local people were invited to participate in discussions at the lake con-
cerning its history, growth, potential triggers, and level of risk (Fig.  13.5 ). In March 
of 2012, the High Mountains Adaptation Partnership (HiMAP;   www.highmoun-
tains.org    ) was established by the Mountain Institute and University of Texas at 
Austin, with support from the US Agency for International development (Byers 
 2012 ; Byers et al.  2013b ). HiMAP is based on a “science-based, community-driven” 
approach where the results of glacial lake and other climate change research are 
routinely shared with local communities, thereby facilitating the development of the 
most accurate, knowledge-based local adaptation plans of action (LAPA) possible 
(Byers et al.  2013b ). Although there was a high level of uncertainty surrounding 
Imja Glacial Lake during the September 2011 visit, the availability of reliable infor-
mation led to its ranking as the number one threat and vulnerability in the fi nal 
LAPA plan (Byers and Thakali  2015 ). HiMAP has also collaborated with the United 
Nations Development Programme (UNDP), which launched the Community Based 
Flood and Glacial Lake Outburst Risk Reduction Project (CFGORRP) for the 
period from 2013 to 2017, as well as with the Department of Hydrology and 
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Meteorology (DHM) of the Nepal Government and GEF (UNDP  2013a ). The pro-
motion of local involvement, collaboration, and sharing of information with a wide 
range of stakeholders is quite timely considering the acceleration of Imja Glacial 
Lake’s expansion.

13.4.2        An Integrated Approach 

 For decades, research and action projects, such as development and nature conser-
vation initiatives, have been independently designed, funded, and conducted with 
little involvement by scientists or local communities. There have been occasional 
opportunities for scientists to provide the results of their data during the project 
design phase, but the goals of the donor-driven projects were often different and the 
scientifi c fi ndings ignored (Fig.  13.6a ). Likewise, the active involvement of local 
people in a project became secondary to the goals and objectives of the city-bound 
donor or government agency. Unfortunately, this represents the current status of 
most projects in the high mountain world.

   As mentioned previously, the number of studies conducted about Imja Glacial 
Lake as well as other glacial lakes is increasing. The use of different fi eld methods 
with different thresholds of accuracy has resulted in different opinions regarding the 
actual danger of a GLOF at Imja Glacial Lake. It is our opinion that the current 
United Nations Development Programme to mitigate the GLOF danger from Imja 
Glacial Lake remains in need of a careful review of existing studies, including the 

  Fig. 13.5    International and national scientists discussing the rapid lake expansion and future miti-
gation measures of GLOF from Imja Glacial Lake on the lateral moraine of the Imja Glacier 
(Photograph by Teiji Watanabe, September 14, 2011)       
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launch of additional studies where indicated, if the project hopes to achieve success. 
The overall purpose of UNDP’s CFGORRP is to reduce human and material losses 
from GLOF events in the area. For this purpose, the project plans to reduce the level 
of the lake at least 3 m over a period of 1 year and to install and operate a community- 
based low-tech early warning system. These two approaches to mitigate GLOF risk 
from Imja Glacial Lake are not new. The Nepal Government has implemented two 
similar approaches in Tsho Rolpa (ICIMOD  2011 ). However, the siphon system to 
reduce the lake level met with limited success, largely related to the project running 
out of funds, and the early warning system did not function properly. Clearly, Nepal 
needs a success story related to the effective lowering and risk reduction of a poten-
tially dangerous glacial lake, and there exists no better opportunity at present than 
Imja. 

 Although UNDP suggests a 3-m reduction of the lake level based on the UNDP 
Government of Nepal Country Programme Action Plan (CPAP) Output 7.3.2 
(UNDP  2013b : 50), Somos-Valenzuela et al. ( 2015 ) argued that at least a 10-m 
reduction of the lake level (preferably 20-m reduction) would be necessary to real-
istically reduce risk. We suggest that the UNDP project should be open to additional 
inputs from different stakeholders and research results, as well as incorporating the 
knowledge derived from existing studies. 

 UNDP ( 2013a : 46) writes that the project has been designed to avoid duplication 
and instead will work in partnership with several key institutions and ongoing or 
proposed initiatives that will support the achievement of the project’s planned out-
comes. Even if the project uses the information from existing studies, however, the 
exclusion of even small but critical parts of the research results would not produce 
the best solutions available and could lead to costly mistakes, such as the failure to 
construct a lake lowering system capable of further lowering in the future. Moreover, 

  Fig. 13.6    Relationship between a research project and an action project. ( a ) Typical current 
relationship (research project and action project are independent from the design stage. Scientists 
may provide some data to the action project), ( b ) Future framework of all-in-one package 
(This project is co-designed by all stakeholders with the common funds towards the same fi nal goal 
as the Future Earth suggests; see   www.futureearth.org    )       
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the outcome of the project (e.g., 3-m reduction of the lake level) should be reconsid-
ered when additional research results recommend further lowering. 

 When a project requests the assistance of scientists, several obstacles are often 
encountered. One is that research teams often need a longer period of time to com-
plete their work than the donor prefers, leaving the researchers to provide whatever 
they can within the allotted time frame. This could lead to a delivery of misleading 
and false conclusions by the scientists. Additionally, an action project may ignore 
current research views if different from those upon which the project was based. As 
an alternative, the current High Mountains Adaptation Partnership led by TMI has 
the advantage of directly translating its research results into action, because it can 
set a time frame of the project to meet the research requirement. 

 We suggest that a better framework would consist of an integrated project with 
both research and action components (Fig.  13.6b ). In the integrated project, all 
stakeholders participate in the project’s design, from the very beginning and with 
the same fi nal goal in mind. The relative importance of the research component and 
action component can vary, depending on the fi nal goal and the duration. It can 
share all scientifi c uncertainties and discrepancies among the stakeholders, includ-
ing those from different scholarly communities, by which the shared issues can be 
discussed from a new point of view. Further, the involvement of local communities 
needs to be strengthened within any framework. If a wider range of locals are 
involved in a project at the co-designing stage, the gaps between the communities 
and the outside stakeholders will be minimized. This could result in a more effec-
tive cooperation and lead to a better chance of success of the project. Unnecessary 
threats to the local inhabitants could be also mitigated by more regular communica-
tion between the scientists and locals. The integrated framework approach shows 
promise of being effective not only for local communities but also for scientists, 
donors, governments, and other stakeholders as well.   

13.5     Conclusions 

 This chapter discussed the following three points, which were drawn from the 
GLOF-related studies and activities from Imja Glacial Lake.

    1.    GLOF studies are relatively new in the Himalaya. There has been rapid and 
growing progress in recent research, which has been characterized by an applica-
tion of diversifi ed methodologies. These research activities, however, resulted in 
the discrepancy of some results: for example, several recent studies have con-
cluded that Imja Glacial Lake contains no immediate danger of fl ooding, and 
others show accelerated upward lake expansion. The situations of the lake are 
always changing, meaning that continuous monitoring is important even if the 
lake poses little danger at present; it could become quite dangerous within 20 or 
more years. In addition, the discrepancies within the accumulated GLOF-related 
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studies could lead to more confusion among the local inhabitants if not explained 
and discussed on a regular basis.   

   2.    Most previous research activities on GLOF have been conducted under a basic 
research design, with little attention paid to involving local communities and/or 
to the applied nature and use of the results. This has often resulted in misunder-
standings about the danger of GLOFs among local communities, resentment 
against outside scientists, and loss of credibility among donors and research 
groups. New models that blend science, local participation, communication, and 
integrated approaches to problem solving are needed if the best solutions to con-
temporary climate change problems are to be found.   

   3.    GLOF and climate change research projects for action as well as action projects 
with research assistance have been initiated in the Imja Valley/Dudh Kosi Basin. 
A new framework of integrated projects that contain both research and action 
components is advocated here, for the Himalaya and beyond, which would also 
allow stakeholders to use the same funds for both research and action. By involv-
ing the widest range of stakeholders possible, such an integrated approach would 
benefi t both scientists and local communities alike.         
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Chapter 14
Understanding Factors Influencing  
Hydro- climatic Risk and Human 
Vulnerability: Application of Systems 
Thinking in the Himalayan Region

Gourav Misra, Harekrishna Misra, and Christopher A. Scott

Abstract The Uttarakhand flash floods of 2013 have been dubbed as the “Himalayan 
Tsunami”. The region has been subjected to severe changes in its high-mountain 
glacial environment. The risk of disasters striking this region has therefore consider-
ably increased in recent times because of the increased human activities and 
unplanned urbanization, which along with changing climate affects the fragile 
social-ecological system (SES) in the region. This chapter deals with the study of 
the SES wellbeing in the Himalayas in light of the 2013 Uttarakhand disaster with 
focus on the drivers and the interrelationships among them. Systems thinking (ST) 
is the foundation of the proposed framework for this case study. Application of ST 
principles provides insights to the way environment has been responding to the 
stimuli. ST approaches provided the scope to confirm that drivers and dimensions 
like population, anthropogenic induced disturbances (deforestation and hydel proj-
ects) and education (disaster preparedness) need to be given priorities for address-
ing the challenges. The case of Uttarakhand in India indicates that the systemic 
behaviour for measuring SES wellbeing can be measured through standard dimen-
sions. However, systematic behaviour analysed through events and pattern analyses, 
causal-loop diagrams and circular referencing loops provided deeper insights that 
have differently influenced this systemic behaviour.
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14.1  Introduction

The Indian state of Uttarakhand is situated in the world’s highest and youngest 
mountain range. The geology of the area is deformed, degraded and dissected by 
structural deformities and drainages. It is seismically very active and is plagued by 
frequent earthquakes and landslides. This region is therefore highly unstable and 
this is further compounded by variable climatic conditions and rapidly expanding 
anthropogenic interferences in the form of unplanned urbanization, deforestation, 
mining, and hydropower projects.

The Uttarakhand flash floods of 2013 have been dubbed as the “Himalayan 
Tsunami”. On 16th and 17th June 2013, heavy and prolonged rainfall compounded
with high-volume glacial melt caused overflowing of the Chorabari Lake and the 
tributaries Madhu Ganga and Dudh Ganga that eventually led to the Mandakini
River bursting its banks and devastating communities and ecosystems. During this
period, the state received heavy to extremely heavy rainfall (about 65–245 mm,
IMD 2013) because of the fusion of westerlies and the monsoonal cloud system 
(Prakash 2013; IMD 2013). Apart from the heavy rains, the high glacial melt in the 
months of May and June due to rising temperatures also led to the increase in lake
water volume and the overflowing of the lakes. As a result, the town of Kedarnath 
suffered great devastation that caused thousands of deaths, severe damage to build-
ings, leaving large numbers of pilgrims stranded in the valley (Prakash 2013; 
DMMC 2013).

The region has been subjected to severe changes in its high-mountain glacial 
environment. The risk of disasters striking this region has therefore considerably 
increased in recent times because of the increased human activities and unplanned 
urbanization to cater to the ever-increasing influx of tourists and pilgrims in to the 
state. Reclamation of rivers coupled with deforestation for large-scale and unplanned 
urbanization has led to change in river courses, increased surface flow with high 
sediment load, and rise of river bed due to deposition of debris. Such impediment to 
normal river flow courses leads to ecological imbalances with catastrophic conse-
quences. These changes in the course of river flow were also seen during the cloud-
burst on 16th and 17th June when the Alaknanda River and its tributary Mandakini
were flooded and started flowing in their old courses where human settlements had 
come up (Dobhal et al. 2013, The Third Pole 2013). Such natural and human cou-
pled hazards are therefore imminent to cause large-scale destruction in the absence 
of effective disaster preparedness, risk assessment, and longer-term programs and 
policy measures.

Therefore, in view of the above, this chapter aims to apply a systems thinking 
conceptual framework to:

 1. Social-ecological assessment of risk and framing of guidelines for planned 
human activities in the form of land use change, i.e. urbanization, deforestation, 
etc.

 2. Contribute to the development of an action plan for ensuring preparedness in 
case of reoccurrence of similar disasters
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This chapter discusses the environmental change and human vulnerability in the 
context of ecosystem resilience and its interaction with various drivers. The factors 
affecting the resilience of SESs need to be studied for understanding the effects on 
human wellbeing and also the anthropogenic effects on loss of resilience.

The ability of any SES to absorb shocks or disturbances defines its resilience. 
Regime shifts (i.e. the shift of the ecosystem from one stable state to another) as 
well as management tools and policy alternatives are therefore an active area of 
study (Rocha et al. 2014; Scott and Buechler 2013). Regime shifts can occur due to 
abrupt or continuous change in the drivers. Regime shift is succeeded by loss of 
resilience and hence the study of a dynamic SES such as the Mandakini watershed 
in Uttarakhand would help in unravelling the factors or drivers responsible for such 
shifts. Analysis of long-term data can help predict the mean state and the natural 
variability of the ecosystem and the points where the shifts/changes occur. Several 
studies (Prakash 2013; DMMC 2013; DeYoung 2004) indicate the role of climate 
and hydrology but provide limited insights into the effects of coupled anthropogenic 
activities and policies on ecosystem resilience (i.e. natural- human interaction).

This chapter is organized as follows. In Sect. 14.2, a conceptual framework is 
presented with the aim to understand the factors leading up to events such as the 
June 2013 floods in Uttarakhand. In the following Sect. 14.3, understanding derived 
from application of the framework is mapped to the calamity in Uttarakhand.  
In Sect. 14.4, limitations of this work are discussed along with scope for further 
research.

14.2  Conceptual Framework

It is believed that calamities and disasters are mostly man-made. They occur due to 
inaccurate assessment of cause and effect relationships among various contributors, 
complex and dynamic behaviour of the contributors, and restrictive pressure on 
livelihood opportunities that humans face in the society. These contributors are also 
likely to be affected by political, social, and economic considerations that societies 
adopt for development. However, for attaining resilient outcomes, it is essential that 
holistic approaches are taken. The conceptual framework presented in Fig. 14.1 is 
based on this understanding, which is further explained below. The framework  
recognizes that disasters/calamities are outcomes of the processes that aim to sup-
port SESs in place. Any interventions around this system have been influenced by 
ecological, social, and economic dimensions. While doing so, it is thus imperative 
to take a holistic approach through systems thinking (ST) principles and create a 
measurement system so that impacts of interventions are measured holistically. This 
measurement is also considered to be helpful in supporting design and analyses of 
policies created for governance and use of resources for development.

14 Understanding Factors Influencing Hydro-climatic Risk and Human Vulnerability…



254

14.2.1  Systems Thinking (ST)

ST (Edson 2008; Misra 2013) is the foundation of the proposed framework. ST is a 
discipline that enforces measures for capturing holistic views of challenges, includ-
ing solutions proposed through stakeholder participation. ST is opposed to tradi-
tional thinking in many ways. First, ST does not believe in “top-down” approach to 
address problems. Second, it argues in favour of “economies of flow” and is opposed 
to “economies of scale”. This means external influences are to be accounted for dur-
ing assessment of problems and finding solutions. Third, it tries to examine patterns 
of events.

Rather than thinking of the world in “parts” that form “wholes”, we start by recognizing 
that we live in a world of “wholes” within “wholes”. Rather than trying to put the pieces 
together to make the whole, we recognize that the world is already whole.

In this chapter paper, some of the critical dimensions of systems thinking are 
taken up for evaluating the events in Uttarakhand. They are as presented below:

 I. Examine ST through “systemic” and “systematic” behaviour of the events.
 II. Find out whether events recur and display a pattern.

Social-Ecological System
Wellbeing

Dimensions

1. Ecological
2. Economic
3. Social

Measurements
(Systems Thinking 

approach)

Impact 
Assessments

Policy Designs

Policy Analysis Policy Feedbacks

Fig. 14.1 The framework for the study (Source: Authors)
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 III. Cause and effects may not be generally linearly posited. There are likely to be 
multiple causal pathways, feedbacks, and other constraints.

IV. Attempt to see the “whole” picture of the issue at hand (do not miss the forest
for the trees).

This case study deals with the resilience of the SES wellbeing in the Himalayas 
in light of the 2013 Uttarakhand disaster with focus on the drivers and the interrela-
tionships among them. The resilience of a SES can be classified into social, ecologi-
cal, and economic dimensions, which constitute various drivers whose interaction 
determines the joint outcome behaviour of the SES. These dimensions as per sys-
tems thinking approach need to undergo systemic and systematic behavioural 
measurements.

14.2.1.1  Systemic Behavioural Measurements

Systemic behaviour measurements in ST approach include overarching problem 
areas rather than focusing on individual problems. However, measurements with 
systemic views provide the scope to adopt “reductionist approach” to guide the 
planners in a systematic manner. In this chapter, the following arguments are con-
sidered important to measure ecosystem wellbeing of a region based on the attri-
butes presented in Fig. 14.1.

 
Ecosystemwellbeing f= Dimension ecological economic social( , , )  (14.1)
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 Dimension fSocial = ¼( , , , ,Literacy awareness health unemployment ¼¼)  (14.4)

14.2.1.2  Systematic Behavioural Measurements

Under this measurement, all the dimensions discussed above are systematically 
analysed through “cause and effect relationship” studies. Indicative relationships 
are presented in Fig. 14.2.

In Fig. 14.2, a schematic representation is made to explain the circular referenc-
ing of cause and effects for ecosystem wellbeing in a region. It is argued that the 
ecosystem is affected by the social, ecological, and economic behaviour of human 
agents. Unless these behaviours are regulated with a balanced approach to sustain 
livelihood systems in the region, it is quite likely that disasters would recur.
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Having made an impact assessment of these drivers on the river basin, policy 
recommendations need to be made in accordance with gap between positive (what 
is) and normative (what should be) outcomes. These policy changes are expected to 
feedback into the existing dimensions of the river basin ecosystem, convert into 
drivers, thereby setting in motion a causal loop, determining subsequent SES out-
comes and so on.

14.2.1.3  Recurrence of Events and Pattern

The state of Uttarakhand is vulnerable to multiple disasters like floods, earthquakes, 
landslides, fires, etc. It ranks in the top five in the list of natural disaster-prone states 
of India (DMMC 2015). Some of the major flash floods and cloudbursts in 
Uttarakhand are listed in Table 14.1 below (table adapted from Planning 
Commission-GOI 2006; NIDM 2015):

It may be noted that recurrence of events (flash floods and cloudbursts) is high 
over a period time. Flash floods with high recurrence over the years during 1989 and
2013 have displayed a pattern as well. This pattern is for a period during the months 
of May and September in a particular year. Recurrence of cloudbursts is also an 
annual affair during 2002 and 2012 with a low frequency, and the pattern is not 
understandable. However, data as presented in Table 14.1 above are conclusive in 
establishing a strong recurrence.

#1 Social

#2 Ecological

#3 Economic

Ecosystem
Well-being

Dimensions Drivers

#11 Literacy
eness

#1n others

#21 Forest Cover

#2n

Others#31 Land Productivity

#3n

#12 Health

#22 Biodiversity

#32Income

Fig. 14.2 Cause and effect relationships (Source: Authors)
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14.2.1.4  The “Whole” Picture

Systems thinking (ST) (Misra 2013) considers it important to paint a whole picture 
for any recurring problem. It is argued that any recurring problem is the result of 
poor articulation of ST-based action plans. It is also often difficult to capture the 
cause and effects of any problem holistically in the beginning of analyses. However, 
ideally, citizens, planners, and interventionists need to cocreate strategies for sus-
tainable society, ecology, and especially overall development.

Table 14.1 Some of the major flash floods and cloudbursts in Uttarakhand

Flash floods Cloudbursts

Date; location Date; location

05-09-1989; Karanprayag, Chamoli 2002; Khetgaon
26-12-1991; Uttarkashi, Uttarkashi 2004; Ranikhet
30-07-1994; Chaukhutia, Almora 2007; Pithoragarh and Chamoli
02-08-1997; Near Neelkanth, Haridwar 2008; Pithoragarh
17-07-2001; Near Meykunda,
Rudraprayag

2009; Munsiyari Tehsil, Pithoragarh

20-07-2003; Didihat, Pithoragarh 21 July 2010; Almora
21-05-2004; Kapkot, Bageshwar 18 August 2010; Kapkot, Bageshwar
09-06-2004; Kapkot, Bageshwar 13 September 2012; Chwanni, Mangoli, and Kimana 

villages of Okhimath block in Rudraprayag
21-07-2005; Vijaynagar, Rudraprayag
13-08-2007; Didihat, Pithoragarh
25-07-2009; Joshimath, Chamoli
2009; Munsiyari, Pithoragarh
19-07-2010; Kot, Pauri
20-07-2010; Khatima, Rudrapur,  
Udham Singh Nagar
31-07-2010; Dehradun
18-08-2010; Dhari, Nainital
24-08-2010; Jaspur, Udham Singh Nagar
08-09-2010; Karanprayag, Chamoli
11-09-2010; Nyalgarh, Pauri
18-09-2010; Belbandgoth, Champawat
18-09-2010; Jwalapur Kasim, Haridwar
20-09-2010; Dhari, Nainital
22-09-2010; Kot, Pauri
06-05-2011; Raipur, Dehradun
15-08-2011; Tuneda, Bageshwar
03-08-2012; Asi Ganga Valley,  
Uttarkashi District
June, 2013; Mandakini, Uttarakhand
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It is often under discourse that an “individual household” could be treated as a 
unit of development whereas society is its superset. However, under ST principles, 
it tends to examine whether there is a scope to have analogous treatment like a tree 
in the forest. With ST principles, it may be worth considering the challenge of man-
aging wellbeing of a tree by ignoring the forest or vice versa. Like a tree in a larger 
forest, a household similarly is influenced by its context – society, environment, and 
policies formulated for use of infrastructure, commons, and resources for liveli-
hoods. It means a household is not only a unit of economic activities (production 
and consumption) but also is part of ecology, society, and political environment that 
influence its quality of life and livelihoods. Just as trees aggregate to form forests
with other related entities like river, water bodies, birds, animals, and humans, the 
“whole” around the “individual household” tends to include many coexisting enti-
ties in the ecosystem. Thus, it is important to examine the “whole” and needs to be 
examined for suitable ecosystem. Disasters, with ST principles, are termed as man-
made, and therefore, it may be worth examining the patterns and cause-effects of 
such events.

14.3  Case of Uttarakhand

The Himalayan regions experience numerous disasters annually, and earthquakes, 
landslides, and flooding contribute to almost half of the incidents (Shaw and 
Nabanapudi 2015). The state of Uttarakhand, India, situated in the Himalayan 
mountain range is no different and plagued by natural disasters. Landslides, floods, 
and heavy rainfall have frequently created havoc in the lives of the people in the 
region. It is seismically active and therefore highly unstable, and this is further 
compounded by unfavourable climatic conditions and uncontrolled anthropogenic 
interferences in the form of unplanned urbanization, deforestation, mining, and 
hydropower projects.

The region has been subjected to severe changes in its high-mountain glacial 
environment. The risk of disasters striking this region has therefore considerably 
increased in recent times because of the increased human activities and unplanned 
urbanization to cater to the ever-increasing influx of tourists and pilgrims in to the 
state. Reclamation of rivers coupled with deforestation for large-scale and unplanned 
urbanization has led to change in river courses. Such impediment to normal river 
flow courses leads to ecological imbalances with catastrophic consequences.

The 2013 flash floods in Uttarakhand can therefore be evaluated in the systems 
thinking context. Prolonged heavy rainfall and glacial melt caused by increased 
temperatures were responsible for bursting of the rivers and also indicate the role of 
extreme weather events causing disasters. Another theory put forward is that the 
reclamation of rivers coupled with deforestation for large-scale and unplanned 
urbanization led to change in river courses, increasing surface flow with high sedi-
ment load, and rise of river bed due to deposition of debris (Prakash 2013; Dobhal
2013; The Third Pole 2013; Singh 2013). With the effect of climate change being 
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felt increasingly in the form of increasing temperatures in the Indian subcontinent – 
about 0.3–0.6 °C in the last 100 years (IPCC 2007) and predicted to increase further 
in the coming decades – the frequency of disasters is expected to rise. The increase 
in climate-related disaster events and human casualties has been reported to be 
increasing at the rate of 6 % and 9 %, respectively (Shaw and Nabanapudi 2015; 
DMMC 2015; Sharma and Dobriyal 2014). Several studies (Bajracharya 2009; 
SAARC 2008) and the 2013 Uttarakhand disaster (Chopra 2014) also show a rapid 
melting of the Himalayan glaciers in recent times and present indications of impend-
ing disasters in times to come. Figure 14.5 shows the precipitation and air tempera-
tures trends for the last 40 years in this context (data is based on Indian Meteorological
Department (IMD) and Tropical Rainfall Measurement Mission). The average tem-
peratures have been on a greater increasing slope, whereas the average rainfall trend 
is less steep in comparison. The year of Uttarakhand disaster, 2013, which also 
shows a big spike in rainfall, is on an increasing trend which along with the rising 
trend in average temperatures provides a grim picture of the future if precautions 
and corrective measures in the form of disaster preparedness and prompt rescue 
measures are not taken.

14.3.1  Systems Thinking Perspectives

Application of ST principles provides insights to the way environment has been 
responding to the stimuli. In the case of Uttarakhand, rainfall is one of the major 
contributors to the disasters. Therefore, three steps of ST principles have been 
applied in this Uttarakhand case: (a) nonlinearity between temperature and rainfall 
leading to disasters, (b) pattern of relationship between temperature and rainfall, 
and (c) causal loop analyses for the disaster.

14.3.1.1  Events and Patterns

As explained earlier, disasters are expected to be the “surprises” for Uttarakhand, 
and they should not continuously recur. In this case, floods, flash floods, landslides, 
incidence of poverty, etc. can be categorized as “events”. Although the role of envi-
ronment in such disasters has been debated and discussed a lot, there is a clear 
relationship between natural disasters and anthropogenic factors. Unabated con-
structions, reclamation of land from rivers, hydropower projects, and road laying to 
accommodate the ever-increasing tourist influx in the state has impacted the already 
environmentally fragile ecosystem of the state.

An Article by Singh (2013) goes on further to prove this by citing data from the 
Uttarakhand state transport department. The department reports a 1.5 times increase 
in the number of registered vehicles (83,000–183,000) over the period of 2005–
2013. And a vast majority of these vehicles are for transporting pilgrims and tour-
ists. Such vehicle figures jumped from 4000 in 2005 to 40,000 in 2013, an almost
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ten time increase. The proportion of new tourist vehicles to total registered vehicles 
jumped from a mere 5 % in 2005 to 22 % in 2013. These figures provide further 
strength to the established correlation between landslides and tourism increase in 
mountains (Singh 2013a, b; Seethapati 2015).

Additionally there are 98 existing Hydro-Electric Projects (HEPs) in Uttarakhand
with plans to increase this number to 336 in the future, out of which the largest 
number (122) are commissioned in the disaster-prone Alaknanda valley (SANDRP
2013). Most of these hydropower HEPs involve deforestation, which increases the 
threat of soil erosion due to runoff, landslides, and floods. An extensive and conclu-
sive study (Chopra 2014) also discusses the role of HEPs in disturbing the ecology 
of the Uttarakhand and eventually contributing to the disaster of the 2013. It is 
argued that HEPs alter the course of river flow due to submergence, drying of rivers 
downstream in non-monsoon due to diversions into tunnels, and fragmentation of 
rivers due to multiple HEPs on a stream. This leads to irreversible impacts on the 
ecosystem and biodiversity in the mountainous region. The role of extreme climate 
events like unprecedented heavy rainfall and climate change impacts has also been 
discussed. One of the causes of the bursting of the lake is reported to be warm rain-
fall on snow that led to overflowing of the Chorabari Lake. Also the dams were not 
equipped to contain huge amounts of flood water and prevent flooding downstream. 
A combination of natural climatic and anthropogenic factors therefore led to the 
2013 disaster.

Systemic Behaviour Measurements

In the case of Uttarakhand, it may be worthy considering the events contributing 
adversely to the SES wellbeing. Thus, the systemic behaviour can be represented as 
Eqs. 14.5, 14.6, 14.7, 14.8, 14.9, and 14.10 below:

 
SESwellbeing f= Dimension Events( )  (14.5)

 Dimension fEvents = ( , , )Social Economic Ecological  (14.6)

 Dimension fEvent Flood- = ( , , )Social Economic Ecological  (14.7)

 Dimension fEvent Flood Social- - = ( ,Tourism unplanned urbanizationn,.. )  (14.8)

 

Dimension fEvent Flood Economic- - = ( ,Hydro Electric Projects low iincome weak housingstructures

resulting in low resilience

, * .)¼

 
(14.9)

 
Dimension fEvent Flood Ecological- - = ( ,Heavy rainfall deforestatiion glaciermelt temperatures, , ..)¼

 (14.10)
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*As per the Vulnerability Atlas of India, in Uttarakhand approximately 56 % of
houses are made of mud, unburnt brick, and stonewall. This is a sign of very high 
vulnerability, considering probability of earthquakes, landslides, flash floods, cloud-
bursts, etc. (DMMC 2015).

Systematic Behaviour Measurements

As explained earlier, systematic measurements are based on measurable and identi-
fiable cause and effect relationships that are presented through ST approaches. In 
the case of Uttarakhand, SES wellbeing are severely influenced by the flash flood 
and landslides leading to loss of human lives, property, and livelihoods of people 
due to ecological imbalances. These events are recurring and pattern oriented. Thus, 
there is scope to evaluate the cause and effects of such events and their contributions 
to the environment and society.

It is important to examine under systematic measurements whether pattern of the 
behaviour could be of linear or nonlinear in nature. ST principles acknowledge that 
causal relationships to be nonlinear at metalevel though systematic analyses for 
micro measurements may seem to be linear. Therefore, it may be worth discussing 
linear and nonlinear behaviour in this section with some clarity. The behaviour 
between two variables, for example, is said to be linear if the magnitude across two 
different time periods remains same. In Fig. 14.3, this linear behaviour is presented. 
In the timelines t1 and t2, slope m1 and slope m2 remain the same for the variables. 
This prediction, however, may have the complexities of the equation Y = mX + C
where C becomes a constant influencer in the system.

Nonlinearity is understood to be a phenomenon that presents different correla-
tions that datasets provide during a time period. This is explained in Fig. 14.4 where 
a generic case of linearity is presented.

Slope m1

Y
->

 V
al

ue

X-> Time

Slope m2

dx1

dx2

dy1

dy2

Fig. 14.3 Linear pattern in 
causal relationships 
(Source: Authors)
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In this case study of Uttarakhand, two influencers, i.e. temperature rise and  
rainfall, are taken up for analyses. In Figs. 14.4 and 14.5, relationships between 
these two influencers are presented. It may be noted that pattern of this relationship 
is “nonlinear” which is a major qualifier for validating ST principles.

It may be noted that in Fig. 14.5, the average temperature and rainfall during 
the period 1974–2013, though provides a pattern, do not have same slopes. 

Slope m1

Y
->

 V
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X-> Time

Slope m2

dx1

dx2

dy1

dy2

Fig. 14.4 Nonlinear 
pattern in causal 
relationships (Source: 
Authors)
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This behaviour is supported in Fig. 14.6 where the d temperature (delta temperature) and 
d rainfall (delta rain fall) present different values at a particular timeline. Therefore, 
slopes in those timelines are concluded to be of different magnitudes. Note: In this 
analysis under systems thinking baseline has not been considered as “static” because 
of continuous occurrence of events. Under circular referencing, the t0 (initiation 
time) itself is dynamic. Therefore, the baseline in this analysis is an annual affair, 
which means every preceding year that is the base year for the current year. The delta 
values (−ve or +ve) will showcase the linearity pattern. So the graphs presented in
Fig. 14.6 are nonlinear in nature.

In Fig. 14.8, a generic causal loop diagram for Uttarakhand scenario is presented. 
Inspiration to present this scenario is derived from Fig. 14.2. This diagram, though 
is not holistic, provides an indicative results with circular referencing of multidi-
mensional contributions encompassing social, ecological, and economic issues 
prevalent in Uttarakhand.

Figure 14.7 presents a holistic approach discussing various dimensions and  
drivers of SES wellbeing. As shown in Fig. 14.8, SES wellbeing is dependent of 
social, economic, and ecological factors. Whereas social issues are predominantly 
influenced by population density in the region, ecological dimension is influenced 
by large-scale construction of hydel projects and deforestation. Population density 
is because of tourist influx and birth rate that India faces in general. Economic 
activities have generated pressure on land and forest in the region leading to rise in 
temperature as well as recurrence of flash floods. It may be worth noting that this 
cause-effect relationship has circular effects, which mean that all the dimensions 
contribute to each other in the timeline for Uttarakhand.

Fig. 14.6 Annual incremental or delta rainfall and temperature values showing nonlinearity 
(Source: Authors)
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14.4  Conclusion

In this chapter, the case of Uttarakhand, India, from the Himalayan region is pre-
sented to examine appropriateness of applying ST principles to explore causes and 
likely effects of the events that occur in disaster management paradigm. Another 
objective was to ascertain whether systemic behaviour could be translated into 

Fig. 14.8 Causal loop diagram for Uttarakhand scenario (Note: + effects denote direct influence
whereas −signs denote indirect influences) (Source: Authors)
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specific systematic measurements so that certain clarity would emerge to address 
the complex challenge that society faces like disasters. Through this case study, it 
could be ascertained that measuring social, economic, and ecological dimensions 
could assess systemic behaviour. Besides, it could be verified from secondary 
sources that systemic measurements provide insights to complex phenomena, and 
these complexities could be measured by analysing each dimension through sys-
tematic analyses of dimensions, identifying drivers for each of these dimensions. It 
is also evident from the analyses that systematic measurements have the scope to 
analyse the cause and effects through circular referencing and reinforcing contribu-
tions of the drivers. It was also observed that each case provided different situations 
through which social, economic, and ecological dimensions contributed to the 
disasters and in turn to the SES wellbeing. Despite contributions specific to the
cases, ST approaches provided the scope to confirm that drivers and dimensions like 
population, deforestation, and education (disaster preparedness) need to be given 
priorities for addressing the challenges.

The case of Uttarakhand in India indicates that the systemic behaviour for  
measuring SES wellbeing can be measured through standard dimensions. However, 
systematic behaviour analysed through events and pattern analyses, causal-loop dia-
grams, and circular referencing loops provided deeper insights that have differently 
contributed/ influenced this systemic behaviour. Uttarakhand is situated in the high 
mountainous environment with large-scale unplanned urbanization, glacial melt, 
and reclamation of land from rivers acting as main contributors to flooding events. 
The various contributors and influencers are discussed in Eqs. 14.5–14.10 as func-
tional dependencies and Figs. 14.2 and 14.7 as cause-effect relationships. Here 
flood is a common phenomenon and is a recurring event. Outcomes of such events
have been loss of human life and income generation opportunities, stress on liveli-
hood options, and degradation of the environment with loss of ecosystem services. 
In addition, ecological vulnerability has also increased. This case- based study pro-
vides the scope for policymakers to take cognizance of systemic issues while 
addressing the systematic influencers in the local context.

There are two limitations of this work. The first one relates to use of data. Data
for analyses and formation of the case is drawn from secondary sources. ST 
approaches require supporting primary sources of data and validation processes 
through case studies and other related quantitative methods. The second limitation 
is analysing patterns for the relationship between temperature and rainfall. The 
datasets used are large, and thus analyses based on their mean may mask the results 
at the ground level. Future works therefore are planned for taking up these measures 
and come up with insightful analyses.
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    Chapter 15   
 Climate Change and Treeline Dynamics 
in the Himalaya                     

     Udo     Schickhoff     ,     Maria     Bobrowski    ,     Jürgen     Böhner    ,     Birgit     Bürzle    , 
    Ram     Prasad     Chaudhary    ,     Lars     Gerlitz    ,     Jelena     Lange    ,     Michael     Müller    , 
    Thomas     Scholten    , and     Niels     Schwab   

    Abstract     Treelines are sensitive to changing climatic conditions, in particular to 
temperature increases, and the majority of global alpine treelines has shown a 
response to recent climate change. High temperature trends in the Himalaya suggest 
a treeline advance to higher elevations; it is largely unknown, however, how broader-
scale climate inputs interact with local-scale factors and processes to govern treeline 
response patterns. This paper reviews and synthesizes the current state of knowl-
edge regarding sensitivity and response of Himalayan treelines to climate warming, 
based on extensive fi eld observations, published results in the widely scattered lit-
erature and novel data from ongoing research of the present authors. 

 Palaeoecological studies indicate that the position of Himalayan treeline eco-
tones has been sensitive to Holocene climate change. After the Pleistocene-Holocene 
transition, treelines advanced in elevation to a position several hundred metres 
higher than today under warm-humid conditions and reached uppermost limits in 
the early Holocene. Decreasing temperatures below early and mid-Holocene levels 
induced a downward shift of treelines after c. 5.0 kyr BP. The decline of subalpine 
forests and treeline elevation in the more recent millennia was coincident with 
weakening monsoonal infl uence and increasing anthropogenic interferences. 
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 To assess current treeline dynamics, treeline type, treeline form, seed-based 
regeneration and growth patterns are evaluated as sensitivity indicators. 
Anthropogenic treelines are predominant in the Himalaya; upslope movement of 
these treelines is related to the effects of land-use change. Near-natural treelines, 
rare nowadays, are usually developed as krummholz treelines which are relatively 
unresponsive. Strong competition within the krummholz belt and dense dwarf scrub 
heaths further upslope largely prevents the upward migration of tree species and 
retards treeline advance to higher elevation. However, intense recruitment of 
treeline trees within the treeline ecotone and beyond indicates benefi cial precondi-
tions for future treeline ascent. Growth patterns of treeline trees are particularly 
sensitive to higher winter and pre-monsoon temperatures, suggesting that moisture 
supply in the pre-monsoon season might be an effective control of future treeline 
dynamics. Modelled upslope range expansions of treeline trees point to potentially 
favourable bioclimatic conditions for an upward shift of treelines.  

  Keywords     Holocene   •   Monsoon   •   Niche modelling   •   Recruitment   •   Seedling   •   Soil 
moisture   •   Soil temperature   •   Tree radial growth   •   Treeline advance   •   Treeline form   
•   Treeline type  

15.1       Introduction 

 Impacts of climate change have affected natural and human systems on all conti-
nents and across the oceans in recent decades, with emerging evidence of strong and 
comprehensive impacts on mountain regions of the world (Huber et al.  2005 ; Körner 
et al.  2005 ; Schickhoff  2011 ; Grover et al.  2015 ). Subjected to above-average warm-
ing, mountain and glacier environments are highly vulnerable and especially sensi-
tive to changes in climate. Cascading, more or less globally consistent effects on 
physical systems include mountain permafrost degradation, shrinking glaciers, 
changing snowpacks, and changing water discharge and availability in rivers and 
streams (IPCC  2014 ). With regard to mountain biota, substantial evidence has accu-
mulated reinforcing the conclusion that observed changes in plant and animal phe-
nology and growth have occurred in response to higher temperatures (Cook et al. 
 2012 ; Peñuelas et al.  2013 ), and that the distribution of many plant and animal spe-
cies has shifted upwards in elevation (Lenoir et al.  2008 ; Gonzalez et al.  2010 ; Chen 
et al.  2011 ; Gottfried et al.  2012 ; Pauli et al.  2012 ). 

 Thus, it is generally assumed that impacts of contemporary climate change also 
modify patterns and processes in alpine treeline ecotones and ultimately affect the 
altitudinal position of treelines in mountains of the world (Holtmeier and Broll 
 2005 ,  2007 ; Wieser et al.  2014 ). This assumption is based on strong general links 
between thermal defi ciency and treeline position that have resulted in a consensus 
that treeline positions at continental and global scales are thermally limited, with 
variations induced by specifi c local site conditions. In the course of a long history 
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of treeline research, correlations between treeline formation and air and soil tem-
peratures have been repeatedly established (e.g. Däniker  1923 ; Wieser and Tausz 
 2007 ; Holtmeier  2009 ; Richardson and Friedland  2009 ; Körner  2012 ; Paulsen and 
Körner  2014 ; Weiss et al.  2015 ). At a global scale, treeline formation and mainte-
nance appear to coincide with a growing season mean air temperature ranging from 
5.5 to 7.0 °C and a growing season mean soil temperature of 6.4 ± 0.7 °C (Körner 
 1998 ,  2007 ,  2012 ; Körner and Paulsen  2004 ). However, considerable deviations 
from a global treeline isotherm occur at local scales, suggesting a rather broad error 
term with regard to a global soil temperature threshold. For instance, we assessed a 
growing season mean soil temperature of 7.5 ± 0.5 °C at a near-natural treeline in 
Rolwaling/Nepal (Müller et al.  2016 ). Mean temperatures which do not exist in 
nature are obviously rather rough indicators of thermal defi ciency at treeline 
elevations. 

 Given the repeated climatically caused treeline fl uctuations during the Holocene 
(MacDonald et al.  2000 ; Reasoner and Tinner  2009 ; Schwörer et al.  2014 ) and the 
general dependency of the upper limit of tree life on heat balance, it seems apparent 
that climate warming will improve growth conditions of treeline forest stands, gen-
erate higher stand densities and induce treelines to advance to higher elevations 
(Grace et al.  2002 ; Dullinger et al.  2004 ; Smith et al.  2009 ). However, treeline 
movement to greater elevations is a complex process which is extremely diffi cult to 
predict since the sensitivity of global treelines to recent climate change is highly 
diverse. Observed responses at treelines are quite inconsistent and sometimes con-
tradictory, spanning the entire gradient from static treelines with rather insignifi cant 
responses to dynamic treelines substantially migrating upslope (e.g. Camarero and 
Gutiérrez  2004 ; Daniels and Veblen  2004 ; Danby and Hik  2007 ; Kullman and 
Öberg  2009 ; Moiseev et al.  2010 ; Liang et al.  2011 ; Kullman  2014 ; Mathisen et al. 
 2014 ; Schickhoff et al.  2015 ). The variability in the response of treelines to changes 
in climate is refl ected in a recent meta-analysis based on a global dataset of 166 sites 
for which treeline dynamics had been reported since AD 1900. Fifty-two percent of 
the sites showed advancing treelines, while 47 % did not reveal any elevational 
shifts; 1 % experienced treeline recession (Harsch et al.  2009 ). In old-settled moun-
tain regions, e.g. in the European Alps where pastoral use, logging, mining and 
other land-use impacts had lowered the treeline during the Holocene, land abandon-
ment and the general decline of human impact are usually the dominant driver for 
treeline movement to higher elevations (Gehrig-Fasel et al.  2007 ; Vittoz et al. 
 2008 ). However, when substantial treeline advances during the twentieth century 
are reported, effects of land use and climate change are often hard to disentangle 
(e.g. Baker and Moseley  2007 ). 

 To explain the gradient from complete treeline inertia to rapid upslope migration, 
the local-scale complexity of abiotic and biotic site factors and their  interrelationships 
have to be considered that collectively result in nonlinear responses to climate. 
Response variability must be attributed to the interaction of broad-scale climate 
inputs and fi ne-scale modulators of treeline patterns (Holtmeier and Broll  2005 , 
 2007 ,  2009 ; Batllori and Gutiérrez  2008 ; Elliott  2011 ; Malanson et al.  2007 ,  2011 ). 
It is still largely unknown, however, how local-scale site conditions such as abiotic 
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site factors, plant interactions associated with facilitation, competition and feedback 
systems modify treeline response patterns to region-wide climate controls. The 
mechanisms of seedling establishment and growth to maturity across the treeline 
ecotone are of particular interest in this respect (Smith et al.  2003 ,  2009 ; Wieser 
et al.  2014 ). Different treeline forms (diffuse, abrupt, island, krummholz) obviously 
show varied responsiveness and may allow inferences on the general mechanisms 
controlling response patterns (Harsch and Bader  2011 ), but it is still an open ques-
tion to what extent treeline form can be used to predict treeline dynamics. In order 
to analyze how local-scale factors and processes mediate the broader-scale climate 
inputs and interact and govern sensitivity and response of treelines, complex research 
approaches at local and landscape scales and in different treeline environments are 
needed (Holtmeier  2009 ; Malanson et al.  2011 ; Wieser et al.  2014 ). 

 Recently, the scientifi c interest in treelines increased considerably since treeline 
ecotones are potentially promising research objects for detecting and monitoring 
climate change effects. While European and North American mountains have been 
a major focus in treeline research programmes, comparatively very few studies have 
been conducted in the Himalayan mountain system. Information on altitudinal posi-
tion, physiognomy and treeline-forming tree species is more or less suffi ciently 
documented in the widely scattered literature (Schweinfurth  1957 ; Champion and 
Seth  1968 ; Stainton  1972 ; Troll  1972 ; Gupta  1983 ; Puri et al.  1989 ; Singh and Singh 
 1992 ; Schickhoff  2005 ; Miehe et al.  2015 ). However, recent reviews illustrated the 
defi cient state of knowledge of Himalayan treelines, only very scanty information 
has been published with regard to sensitivity and response to climate change 
(cf. Schickhoff  2005 ; Dutta et al.  2014 ; Schickhoff et al.  2015 ). 

 Large warming trends (up to 1.2 °C per decade at higher altitudes) have been 
observed in the Himalaya in the past 30–40 years (Shrestha and Aryal  2011 ; Gerlitz 
et al.  2014 ; Hasson et al.  2016 , Chap.   2     in this volume). Considering the sensitivity 
of mountain biota and ecosystems in the Himalaya to climate change (Xu et al. 
 2009 ; Shrestha et al.  2012 ; Telwala et al.  2013 ; Aryal et al.  2014 ; Anup and Ghimire 
 2015 ), substantial effects on Himalayan treeline ecotones are to be expected. Since 
treeline ecotones in the Himalaya are strongly modifi ed by human impact (Miehe 
and Miehe  2000 ; Schickhoff  2005 ), it is often a challenge to detect a clear climate 
change signal and to exclude land-use change as a driver of treeline dynamics. 
Respective research has to concentrate on the few remaining near-natural treeline 
sites (Fig.  15.1 ). This paper summarizes the most current knowledge about sensitiv-
ity and response patterns of Himalayan treelines to climate change, updating a pre-
vious review (Schickhoff et al.  2015 ) and complementing it by inferring insights 
from palaeoecological studies.

15.2        Holocene Climatic Changes and Treeline Fluctuations 

 In view of the direct relationship between thermal conditions and the elevational 
position of treelines, it is obvious that treeline ecotones have been sensitive to 
changing climatic conditions in the course of the Holocene and have refl ected 
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general long-term climatic trends. It has been documented for many mountain 
regions of the world, in particular for the European Alps, the Scandes and the Rocky 
Mountains, that treelines have been fl uctuating throughout postglacial times in 
response to climatic oscillations (Lang  1994 ; Tinner and Theurillat  2003 ; Reasoner 
and Tinner  2009 ; Körner  2012 ). Respective information on the Himalaya, however, 
is still comparatively poor and mainly based on fossil pollen in high-elevation mires 
and lakes. Complementary plant macrofossil and charcoal studies, missing to date 
even in the wider region with a few exceptions (e.g. Kaiser et al.  2009 ; Kramer et al. 
 2010a ), will be valuable in determining the local occurrence of tree taxa at treeline 
elevations. On the other hand, numerous palaeoclimatic studies have generated 
insights into changing climatic conditions in South Asia during the Holocene, espe-
cially with regard to monsoon variability (e.g. Overpeck et al.  1996 ; Prasad and 
Enzel  2006 ; Clift and Plumb  2008 ; Cai et al.  2012 ). Thus, available proxy data 
allow the inference of a fairly clear pattern of Holocene treeline fl uctuations. In the 
following we review the current knowledge about Holocene climate and  subalpine/
alpine vegetation changes in order to detect treeline shifts across the Himalayan 
mountain system in spatial and temporal differentiation. 

 In general, the reaction of Himalayan treelines to changes in climatic conditions 
during the Holocene roughly follows the well-established temperate zone response 
pattern with upslope movement during warmer periods and recession during cooler 
phases. However, the emerging picture of Holocene treeline fl uctuations reveals 
considerable regional variations throughout the Himalaya which show that factors 

  Fig. 15.1    Altitudinal zonation of a near-natural north-facing treeline in the central Himalaya: 
upper subalpine forests of  Abies spectabilis  and  Betula utilis  (leaves still unfolded) give way to 
 Rhododendron campanulatum  krummholz at c. 4000 m, Rolwaling, Nepal (Schickhoff, 2013-04-15) 
(Source: Udo Schickhoff)       
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other than temperature play a signifi cant role. Moisture balance is a crucial control 
in this respect, largely depending on the monsoon intensity that has changed with 
spatial and temporal variability on a regional scale (Staubwasser  2006 ). Other criti-
cal factors include soil physical and chemical properties, disturbance regimes (fi re, 
avalanches, other extreme events), individual tolerances and ecological demands of 
tree species, regeneration, migrational lags and competition from established veg-
etation (Holtmeier  2009 ). Despite regional variations, the general course of 
Himalayan treeline fl uctuations during the Holocene is in agreement with studies 
from other extratropical mountain regions. After the Pleistocene-Holocene transi-
tion (c. 11.7 kyr BP), Asian monsoon precipitation increased dramatically (Morrill 
et al.  2003 ), resulting in warm and moist climatic conditions. Treelines advanced in 
elevation to a position several hundred metres higher than today, thus reaching 
uppermost limits in the early Holocene (Fig.  15.2 ). Decreasing temperatures below 
early and mid-Holocene levels induced a general and widespread downward shift of 
treelines after c. 5.0 kyr BP. The decline of subalpine forests and treeline elevation 
in the more recent millennia was coincident with weakening monsoonal infl uence 
and increasing anthropogenic interferences. However, Holocene treeline history 
was by no means uniform throughout the entire Himalayan mountain system. 
Substantial spatial and temporal differences become apparent at regional to local 
scales.

15.2.1       Hindukush-Karakorum-Himalaya in N Pakistan, 
W Tibet  

 Comparatively scanty information is available for the far NW of the mountain sys-
tem (Hindukush-Karakorum-Himalaya in N Pakistan, adjacent W Tibet). After the 
transition to warmer conditions and reforestation in the postglacial period (Singh 
 1963 ; Agrawal et al.  1989 ), enhanced precipitation and maximum moist and warm 
conditions prevailed between 10.7 and c. 7.0 kyr BP (Gasse et al.  1996 ; Brown et al. 
 2003 ). Increased humidity infl ux into the arid/semiarid mountain region north of the 
main Himalayan range had been suffi cient for the development of closed coniferous 
forests in the upper montane and subalpine belt as far as the upper Ishkoman Valley, 
location of the present-day northernmost pine forest ( Pinus wallichiana ) (Schickhoff 
 2000a ). Schlütz ( 1999 ) documented a dense  Pinus wallichiana  forest thriving at 
high elevation in the Rakhiot Valley (Nanga Parbat) at least since 7.9 kyr 
BP. Reinforced monsoonal rains at 7.2 kyr BP and increasing winter and spring 
precipitation from the westerlies after 6.3 kyr BP enhanced total precipitation effec-
tiveness (Prasad and Enzel  2006 ), resulting in the dominance of  Picea ,  Betula  and 
 Salix  at treeline elevations in the Nanga Parbat area (Schlütz  1999 ). Miehe et al. 
( 2009a ) provided evidence of the local existence of a forest habitat ( Pinus wallichi-
ana ) in the Yasin Valley (E Hindukush) until around 5.7 kyr BP. Climate history 
and vegetation reconstruction suggest a treeline ascent to higher elevation than 
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  Fig. 15.2    Himalayan treeline elevation today and in the early Holocene, based on temperatures 
1.5–2.5 K higher than today and using a lapse rate of 0.5 K per 100 m (cf. Böhner  2006 ; Reasoner 
and Tinner  2009 ; Kramer et al.  2010a ; treeline elevations after Schickhoff  2005 ). ( a ) W Himalaya; 
( b ) central Himalaya; ( c ) E Himalaya (Source: Udo Schickhoff)       
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today during early to mid-Holocene. Decreasing monsoonal precipitation and 
increasing aridity after c. 5.0 kyr BP are documented for the wider region (Overpeck 
et al.  1996 ; Morrill et al.  2003 ) including the Ganga Plain (Sharma et al.  2004 ) and 
were also inferred from pollen analyses in Yasin Valley (Schlütz  1999 ). Drier con-
ditions resulted in the dwindling of more hygrophilous species ( Pinus  in Yasin; 
 Betula ,  Salix ,  Picea  at Nanga Parbat) (Schlütz  1999 ). The general climate deteriora-
tion after 5.0 kyr BP, in particular decreasing temperatures, suggests a decline of 
subalpine forests and a treeline depression close to current elevations. Substantial 
human activities at treelines in the far NW can be anticipated at least for the past 
fi ve millennia but most probably go back to the mid-Holocene. Miehe et al. ( 2009a ) 
attribute the decline of high-altitude conifer forests in the E Hindukush around 
5.7 kyr BP to the infl uence of mobile livestock keepers. Increased grazing intensity 
since 2.7 kyr BP and signifi cant land-use intensifi cation in the past centuries are 
evident from the reinforced occurrence of grazing weeds and other cultural indica-
tors in pollen profi les from Yasin and Nanga Parbat (Jacobsen and Schickhoff  1995 ; 
Schlütz  1999 ). Available data are not suffi cient to assess whether the medieval 
warm period (MWP), which is refl ected in tree ring growth in the Karakorum (Esper 
et al.  2007 ), and/or the following ‘Little Ice Age’ (LIA) caused signifi cant treeline 
dynamics. However, the cold-wet LIA period (fi fteenth to eighteenth centuries) in 
the wider region with widespread glacial advances (Yang et al.  2009 ) might have 
caused dieback and recruitment gaps at treeline elevations and suggests a slight 
downward shift of treelines.  

15.2.2     West and Central Himalaya in India 

 Available information on Holocene climate history and vegetation dynamics in the 
West and Central Himalaya in India is much more comprehensive due to a larger set 
of pollen analyses and other proxy data. In agreement with climate reconstructions 
for the far NW, the postglacial climate amelioration that had proceeded with several 
setbacks culminated after the Pleistocene-Holocene transition. Rawat et al. ( 2015 ) 
ascertained increased monsoon intensity with a warm and wet climate for Lahaul 
between 11.6 and 8.8 kyr BP. Likewise, maximum monsoonal activity and a change 
to warmer and most humid conditions were inferred for Ladakh between c. 11.0 and 
9.2 kyr BP (Bhattacharyya  1988 ; Demske et al.  2009 ; Leipe et al.  2014 ). A palyno-
logical analysis of a sediment profi le from the Garhwal Himalaya adjoining to the 
SE corroborated the early Holocene climatic amelioration (Bhattacharyya et al. 
 2011 ), which continued until mid-Holocene throughout the West and Central 
Himalaya in India (Bhattacharyya  1989 ; Sharma  1992 ; Sharma and Gupta  1997 ; 
Phadtare  2000 ; Ranhotra et al.  2001 ; Anoop et al.  2013 ; Rawat et al.  2015 ). An 
enhancement of the winter westerly fl ow, assessed for Ladakh between 9.2 and 
4.8 kyr BP (Demske et al.  2009 ), contributed to maximum humidity levels. However, 
the early Holocene climatic amelioration was interrupted by several cooler and/or 
drier spells, e.g. between 8.8 and 8.1 kyr BP in Lahaul (Rawat et al.  2015 ) and 
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between 7.2 and 6.6 kyr BP in Garhwal (Phadtare  2000 ). Nevertheless, in response 
to favourable climatic conditions, species composition and distribution of forest 
types changed remarkably during the early Holocene. In Ladakh, a signifi cant 
expansion of open juniper forests (Bhattacharyya  1989 ) indicates the increase in 
temperature and humidity. On the more monsoon-infl uenced Himalayan south slope 
(Jammu and Kashmir, Himachal Pradesh, Uttarakhand), thermophilous trees of the 
genera  Quercus ,  Pinus ,  Alnus ,  Juglans , etc. became established refl ecting a general 
increase of later successional broadleaved trees and forests at the expense of coni-
fers (Singh and Agrawal  1976 ; Dodia et al.  1985 ; Bhattacharyya et al.  2011 ; Rawat 
et al.  2015 ). At higher altitudes, the replacement of alpine meadows by subalpine 
birch ( Betula utilis ) forests, as inferred for Himachal Pradesh and Garhwal 
(Bhattacharyya  1988 ; Bhattacharyya et al.  2011 ), indicates a widespread treeline 
advance by several 100 m during the early Holocene (cf. Fig.  15.2 ). The upward 
shift of treelines was most likely interrupted during cooler and drier phases as sug-
gested by a treeline descent below Gangotri Glacier between 8.3 and 7.3 kyr BP 
(Bhattacharyya et al.  2011 ). Here, climate reverted to warm-moist conditions 
between 7.3 and 6.0 kyr BP, causing the re-expansion of birch forests and the decline 
in steppe elements which had become prominent during the period of decreasing 
humidity (Bhattacharyya et al.  2011 ). 

 The mid-Holocene thermal optimum with a stronger-than-present summer mon-
soon was followed by slightly cooler and distinctly drier conditions, albeit not syn-
chronously throughout the West and Central Himalaya in India. Bhattacharyya et al. 
( 2011 ) assessed a trend towards drier climatic conditions for the Gangotri Valley 
(Garhwal) already after 6.0 kyr BP. At lower elevations and further south in Garhwal, 
Kotlia and Joshi ( 2013 ) inferred a cold and dry phase between 5.1 and 3.5 kyr BP. A 
signifi cant shift towards aridity was described for Ladakh and Lahaul after 4.8 kyr 
BP (Demske et al.  2009 ; Leipe et al.  2014 ; Rawat et al.  2015 ). The majority of paly-
nological case studies from Jammu and Kashmir to Kumaon reconstructed the 
weakest monsoon phase with decreasing rainfall and cooler climatic conditions for 
the time period between 5.0 and 3.0 kyr BP (Dodia et al.  1985 ; Sharma and Chauhan 
 1988 ; Sharma and Gupta  1997 ; Phadtare  2000 ; Trivedi and Chauhan  2008 ). These 
fi ndings are in line with a signifi cant decline of the Asian monsoon between 5.0 and 
4.3 kyr BP identifi ed by Morrill et al. ( 2003 ), which triggered severe drought events 
on the Tibetan Plateau (Herzschuh  2006 ) and most likely even the collapse of the 
Indus Valley Civilization (Staubwasser et al.  2003 ; Gupta et al.  2006 ). The change 
to cooler and drier climatic conditions provoked a decline in oak and other broad-
leaved tree species, while conifers regained dominance (Dodia et al.  1985 ; Sharma 
and Gupta  1997 ), and the treeline presumably shifted downwards (cf. Kramer et al. 
 2010a ). From 4.0 kyr BP onwards, it is increasingly diffi cult to disentangle climatic 
and human impacts on treeline dynamics. The fi rst appearance of Cerealia and cul-
tural pollen indicates the introduction of farming and the proliferation of cultivation 
between 4.0 and 3.0 kyr BP in the West and Central Himalaya in India (Vishnu-
Mittre  1984 ; Dodia et al.  1985 ; Sharma and Gupta  1997 ; Trivedi and Chauhan 
 2008 ). The development of mixed mountain agriculture with pastoralism on alpine 
meadows marks the beginning of human-induced treeline decline in the late 
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Holocene which was most likely several orders of magnitude higher than climate-
driven subalpine forest retreat and treeline depression, in particular on south-facing 
slopes (cf. Schickhoff  2005 ; Schickhoff et al.  2015 ). 

 The more recent millennia saw the consecutiveness of climatic oscillations 
between cold-dry and warm-humid phases. In most of the subregions relatively dry 
and cold conditions prevailed between c. 2.5 kyr BP and 500 AD (Kar et al.  2002 ; 
Chauhan and Sharma  2000 ; Chauhan et al.  2000 ; Chakraborty et al.  2006 ; Phadtare 
and Pant  2006 ; Demske et al.  2009 ), followed by the MWP and the transition to the 
LIA. The latter phases become apparent in all palynological analyses, albeit not 
exactly synchronous in terms of age dating. Morrill et al. ( 2003 ) date the transition 
between MWP and LIA to 1300 AD in the Asian monsoon realm. These more 
recent climatic oscillations are associated with moderate treeline shifts. Chauhan 
et al. ( 2000 ) and Chauhan ( 2006 ) inferred from their pollen profi les a treeline 
advance in response to the MWP and a subsequent treeline descent during LIA in 
upper Spiti and in Kullu District, Himachal Pradesh (see also Yadav et al.  2011 ). 
Likewise, palynological data for the post-LIA phase suggest a treeline advance to 
higher elevations in the Gangotri Valley (Kar et al.  2002 ). An upward shift of the 
treeline in the range of 750 m since 1730 AD as postulated by Phadtare and Pant 
( 2006 ) for the Pinder Valley (Kumaon) seems, however, to be unrealistic in the light 
of reference data from other mountain regions. Körner ( 2012 ) even considers the 
LIA too small an event to trigger a signifi cant treeline shift. Massive deforestation 
and dramatically increased anthropogenic activities during the past centuries which 
can be reconstructed from palynological analyses (Sharma and Chauhan  1988 ; 
Sharma  1992 ; Sharma and Gupta  1995 ; Gupta and Nautiyal  1998 ; Trivedi and 
Chauhan  2008 ) as well as from historical documents (Schickhoff  1995 ,  2005 ,  2012 ) 
complicate the attribution of treeline dynamics to climatic forcing.  

15.2.3     Nepal Himalaya 

 As in the regions adjoining to the west, the climatic amelioration after the 
Pleistocene-Holocene transition is associated with an upward shift in treeline posi-
tion. Yonebayashi and Minaki ( 1997 ) inferred a treeline advance and an expansion 
of  Pinus  and  Quercus  trees under warmer climatic conditions in the Arun Valley, E 
Nepal, after c. 11.0 kyr BP. The change to warmer and more humid conditions in W 
Nepal in the further course of the early Holocene is indicated by an increase of 
 Quercus  and temperate genera at the expense of conifers and birch (Yasuda and 
Tabata  1988 ). Stronger summer monsoons with increased rainfall were also assessed 
for the Kali Gandaki Valley, Central Nepal (Saijo and Tanaka  2002 ), where inner- 
Himalayan  Pinus wallichiana  forests had established in the early to mid-Holocene 
(Miehe et al.  2009a ). The end of the Holocene climatic optimum around 5.5 kyr BP 
as determined by Schlütz and Zech ( 2004 ) for Gorkha roughly parallels the climate 
history of the West Himalaya. Drier climatic conditions were assessed in the 
Muktinath Valley (Kali Gandaki) after 5.4 kyr BP (Miehe et al.  2002 ) and in W 
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Nepal after 4.5 kyr BP (Yasuda and Tabata  1988 ). The general climatic decline in 
the Subboreal is characterized by a downward shifting of altitudinal vegetation 
zones and a treeline depression (Schlütz and Zech  2004 ). As in other Himalayan 
regions, late Holocene treeline decline was most likely not triggered by climatic 
forcing alone. Miehe et al. ( 2002 ) dated the onset of pastoral land use and barley 
cultivation in Muktinath to 5.4 kyr BP and 4.5 kyr BP, respectively. Miehe et al. 
( 2009a ) argue that the sudden decline of  Pinus  forests in Muktinath around 5.4 kyr 
BP was related to the use of fi re and other activities of early nomads and settlers. 
First signifi cant human impact and deforestation in Gorkha as well as increasing 
human impact in Muktinath was detected for the time period between 3.0 and 
2.0 kyr BP (Schlütz and Zech  2004 ; Miehe et al.  2002 ). Likewise, effects of climatic 
forcing and human impact on treeline dynamics during recent centuries are hardly 
to disentangle. The LIA shrinking of  Abies  and  Tsuga  in Gorkha is accompanied by 
increased grazing pressure and fi re frequency (Schlütz and Zech  2004 ); a similar 
interference of effects can be presumed for the Langtang Valley after its coloniza-
tion in the fi fteenth century (cf. Beug and Miehe  1999 ).  

15.2.4     East Himalaya 

 The transition to warmer and more humid conditions in the early Holocene parallels 
the climate development in other Himalayan regions and has been documented in 
several studies (e.g. Sun et al.  1986 ; Walker  1986 ; Jarvis  1993 ; Shen et al.  2006 ; 
Kramer et al.  2010a ,  b ; Song et al.  2012 ; Xiao et al.  2014 ). Investigations of the 
corresponding vegetation dynamics point to distinct expansions of high-altitude 
forest cover and a signifi cant treeline advance. In the Hengduan Mountains (Yunnan, 
Sichuan), alpine vegetation was replaced by early successional  Betula  forests, 
 Picea - Abies  forests and  Rhododendron  shrublands after 11.7 kyr BP (Kramer et al. 
 2010a ; Xiao et al.  2014 ). In the further course of climate warming, a temperature 
increase of 3–4 K from pre-Holocene conditions triggered an enhanced upward 
shift of treelines to a position around 400–600 m higher than today after 10.7 kyr BP 
(Kramer et al.  2010a ) (cf. Fig.  15.2 ). Higher temperatures and the intensifi cation of 
the summer monsoon resulted in a substantial expansion of forest cover also in 
other parts of Yunnan and in Arunachal Pradesh after 10.2 kyr BP (Sun et al.  1986 ; 
Walker  1986 ; Ghosh et al.  2014 ). Recent palaeoecological studies with higher tem-
poral resolution (Kramer et al.  2010a ) detected a climate deterioration in the 
Hengduan Mountains between 8.1 and 7.2 kyr BP which is related to the 8.2 kyr BP 
event observed in most records from the northern hemisphere (Alley et al.  1997 ; 
Dixit et al.  2014 ). The return to colder and drier conditions involved a downward 
shift of treelines indicated by a sharp decrease of  Betula  and other tree pollen 
(Kramer et al.  2010a ; Yang J et al.  2010   ). After this cold spell, treelines shifted 
upwards again under warm and wet climatic conditions. The Holocene climatic 
optimum between c. 6.9 and 4.4 kyr BP (Kramer et al.  2010a ; Xiao et al.  2014 ) is 
characterized by advancing treelines, e.g. in E Tibet to an elevation 500 m higher 
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than today (Yu et al.  2000 ). Dense moist evergreen forest cover was prevalent at 
lower elevations (Ghosh et al.  2015 ), while broadleaved trees,  Tsuga ,  Picea  and 
 Abies , were dominant in the upper montane and subalpine belt (Kramer et al.  2010a ; 
Song et al.  2012 ; Xiao et al.  2014 ). 

 After 4.4 kyr BP, colder and drier climatic conditions prevailed in the Hengduan 
Mountains. Mean July temperatures decreased to about 2–3 K below the mid- 
Holocene level, and treelines shifted downwards, probably attaining a magnitude of 
400–600 m (Kramer et al.  2010a ). A rising trend of dryness was assessed for 
Arunachal Pradesh after 3.8 kyr BP (Ghosh et al.  2014 ), a weakening of the summer 
monsoon for Assam after 4.2 kyr BP (Bera and Basumatary  2013 ). Thus, palaeocli-
matic data indicate a later onset of temperature and humidity decline after the mid- 
Holocene climate optimum compared to the West Himalaya. Relatively cold and 
dry conditions prevailed in NE India until 2.2 kyr BP (Mehrotra et al.  2014 ). As in 
other Himalayan regions, climate-driven forest retreat and treeline depression dur-
ing late Holocene were reinforced by human infl uence. Earliest records of human 
activity and grazing indicators in pollen profi les in Yunnan and Sichuan were traced 
back to c. 3.4 kyr BP (Kramer et al.  2010a ; Yang J et al.  2010   ), but anthropogenic 
interferences might have played a major role much earlier as it has been ascertained 
for other parts of the Tibetan Plateau (Frenzel  1994 ; Miehe et al.  2008 ,  2009b ). 
Thus, treeline oscillations during the past three millennia seem to be rather related 
to human impact than to climatic forcing. In spite of increased anthropogenic dis-
turbance in the past centuries (Jarvis  1993 ; Chauhan and Sharma  1996 ), palynologi-
cal data suggest a treeline advance during the MWP, a decline in arboreal pollen and 
treeline descent during LIA, an increase of  Quercus ,  Betula ,  Alnus  and Rosaceae 
pollen at higher altitudes and a renewed treeline shift towards higher elevation after 
LIA (Sharma and Chauhan  2001 ; Bhattacharyya et al.  2007 ). However, given the 
alternating regional temperature history during the past centuries (Yang B et al. 
 2010 ), it is still unclear whether signifi cant climate-driven treeline shifts before, 
during and after the LIA actually occurred.   

15.3     Treeline Sensitivity and Response 

15.3.1     Treeline Types and Treeline Forms 

 It is evident from past treeline fl uctuations that treeline elevation has always been 
tracking changing temperatures in the course of the Holocene, albeit with varied 
time lags which are hard to quantify given the available data. Since the future ther-
mal level at treeline elevations will most likely be distinctly higher compared to 
present conditions and to conditions during the mid-Holocene climate optimum 
(IPCC  2013 ), an upslope movement of subalpine forests and a treeline advance to 
higher elevations can be anticipated, given that no other factors adversely affect tree 
growth and regeneration (Holtmeier  2009 ). 
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 The susceptibility of treelines to respond to changing climatic conditions varies 
considerably among different treeline types and treeline forms (Schickhoff et al. 
 2015 ). Climatic treelines (Fig.  15.3 ) show comparatively high susceptibility and are 
more likely to refl ect climate tracking since increases in temperature sums and 
growing season length will affect growth patterns, regeneration and treeline posi-
tion, at least in the long term (Holtmeier and Broll  2007 ; Körner  2012 ). However, 
the direct infl uence of climate warming is variegated in complex ways by local- 
scale abiotic and biotic site factors and their manifold interactions acting as thermal 
modifi ers. For instance, the varying microtopography in treeline ecotones exerts a 
modifi ed infl uence on soil temperatures, soil moisture or the distribution of trees 
(Holtmeier and Broll  2005 ,  2012 ; Case and Duncan  2014 ). Notwithstanding the 
basically high susceptibility of climatic treelines, their sensitivity is controlled by 
these thermal modifi ers with a notable scope of fl uctuation in the medium term 
(several years to a few decades), while the long-term response in terms of treeline 
shifts might be more homogeneous.

   By contrast, orographic and edaphic treelines are largely resistant to the effects 
of climate warming. The establishment of trees in orographic treeline ecotones 
remains primarily under the control of orographic factors such as debris slides, 
rockfalls, snow avalanches, etc., regardless of higher temperatures. Likewise, 
edaphic treelines are hardly affected in the medium term, unless pedogenetic pro-
cesses accelerate and favour the establishment of tree seedlings and tree invasion. 
Anthropogenic treelines are comparable to climatic treelines in terms of sensitivity 

  Fig. 15.3    Climatic treeline at c. 4050 m with  Abies densa  and several  Rhododendron  spp., 
Kangchendzonga National Park, Sikkim (Schickhoff, 2015-03-26) (Source: Udo Schickhoff)       
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to climate warming. In many mountain regions, cessation of pastoral use and other 
human impact in recent decades has generated prolifi c regeneration, increased tree 
establishment within the treeline ecotone and invasion into treeless areas above the 
anthropogenic forest limit. These directional changes are readily attributed to effects 
of global warming; they result, however, in most cases from decreasing land use 
(Gehrig-Fasel et al.  2007 ; Vittoz et al.  2008 ; Holtmeier  2009 ; Schickhoff  2011 ). 

 In the Himalayan mountain system, we consider the vast majority of treelines to 
be anthropogenic (Fig.  15.4 ) and a relatively low percentage to be orographically/
edaphically and climatically determined (Schickhoff et al.  2015 ). Animal hus-
bandry, timber logging, fuelwood collection and the like are integral parts of village 
economies for millennia (see above), and have transformed treeline ecotones, in 
particular on south-facing slopes, to such an extent that treeline depressions of up to 
500–1000 m occur (Miehe  1997 ; Miehe and Miehe  2000 ; Schickhoff  2005 ; Miehe 
et al.  2015 ). On north-facing slopes, which have a much lower utilization potential, 
the extension of alpine grazing grounds and the overuse of subalpine forests 
(Schmidt-Vogt  1990 ; Schickhoff  2002 ) have resulted in substantial treeline depres-
sions as well. For instance, a difference between current and potential treeline of up 
to 300 m was assessed in Kaghan Valley, West Himalaya (Schickhoff  1995 ). Thus, 
present-day landscape patterns at treeline elevations are cultural landscape patterns. 
Treelines on south slopes are almost exclusively anthropogenic. Only very few 
near-natural treeline ecotones, more or less undisturbed by human impact, persist in 
remote, sparsely populated valleys which are not connected to the road network 

  Fig. 15.4    Anthropogenic treeline in Manang, Nepal, showing an abrupt transition to alpine 
grazing lands (Schickhoff, 2013-09-24) (Source: Udo Schickhoff)       

 

U. Schickhoff et al.



285

and/or where plants and animals are protected for religious reasons (Miehe et al. 
 2015 ; Schickhoff et al.  2015 ). A substantial medium-term treeline response to cli-
mate warming is to be expected from the tiny fraction of climatic treelines only and 
from those anthropogenic treelines which are no longer exposed to important human 
disturbance. However, the vast majority of anthropogenic treelines will be subjected 
to continued intensive land use in the foreseeable future. Thus, the proportional 
distribution of treeline types in the Himalaya suggests a rather low responsiveness 
to climate warming, at least in terms of treeline shifts (Schickhoff et al.  2015 ).

   To explain the variability of treeline response to climate warming, treeline spa-
tial patterns have to be taken into consideration. A general link between treeline 
form and dynamics (Lloyd  2005 ; Harsch et al.  2009 ) was recently substantiated by 
Harsch and Bader ( 2011 ), who distinguished in their global study four treeline 
forms with wide geographic distribution (diffuse, abrupt, island, krummholz). They 
found diffuse treelines, formed and maintained primarily by growth limitation, to 
exhibit a strong response signal, while abrupt, island and krummholz treelines, con-
trolled by seedling mortality and dieback, are comparatively unresponsive. Since 
treeline forms in the Himalaya are predominantly controlled by anthropogenic dis-
turbances, they cannot easily be classifi ed into discrete classes. Diffuse treelines are 
largely limited to less disturbed or near-natural sites in southern aspects which have 
become very rare. The occurrence of abrupt and island treelines under natural con-
ditions can be virtually excluded. When abrupt treelines occur (Fig.  15.4 ), e.g. 
 Betula  treelines in Manang Valley, Nepal, they are caused by land use (cf. Shrestha 
et al.  2007 ). The far majority of less disturbed or near-natural Himalayan treelines, 
mainly confi ned to north-facing slopes, has to be categorized as krummholz treelines 
(cf. Fig.  15.1 ; Schickhoff et al.  2015 ). Since krummholz treelines usually show a 
rather low responsiveness to climate warming, substantial treeline shifts at these 
near-natural Himalayan treelines are to be expected in the long term only. However, 
a substantial short- to medium-term response can be anticipated in terms of increased 
vertical stem growth and enhanced recruitment of seedlings (Schickhoff et al. 
 2015 ).  

15.3.2     Seed-Based Regeneration 

 The establishment of seedlings and a successful performance during early life 
stages is the prior condition for any treeline advance to higher elevations (Holtmeier 
 2009 ; Smith et al.  2009 ; Zurbriggen et al.  2013 ). In the Himalaya, tree recruitment 
in treeline ecotones is not well understood. Nevertheless, some conclusions on 
effective regeneration with regard to treeline response to climate warming can be 
drawn. The number of respective seedling studies is limited, and available studies 
are reviewed in Schickhoff et al. ( 2015 ). High levels of recruitment in recent 
decades become apparent from these studies, as long as the respective treeline eco-
tones are not too heavily disturbed by grazing and other human impact. Little infor-
mation on treeline seed-produced regeneration is available from the northwestern, 
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western and central Himalayan mountain regions in Pakistan and India. Generally 
low regeneration rates were assessed in subalpine forest stands in the Karakoram, in 
line with retarded growth processes and slow stand development cycles under 
semiarid- subhumid climatic conditions (Schickhoff  2000b ). By contrast, intense 
recruitment patterns were reported from the humid Himalayan south slope. Treeline 
elevations in Himachal Pradesh and Uttarakhand showed high levels of recruitment, 
with increasing establishment of pine ( Pinus wallichiana ) and birch ( Betula utilis ) 
seedlings even above the treeline zone (Dubey et al.  2003 ; Gairola et al.  2008 ,  2014 ; 
Rai et al.  2013 ). An increasing number of studies on seed-based regeneration are 
available from Nepal. Suffi ciently regenerating treeline forests with high densities 
of seedlings and saplings and seedlings occurring above the treeline are consistently 
reported from Manang Valley, Annapurna Conservation Area (Shrestha et al.  2007 ; 
Ghimire and Lekhak  2007 ; Ghimire et al.  2010 ; Kharal et al.  2015 ). Similar results 
were achieved at different treeline sites in Langtang National Park (Gaire et al. 
 2011 ; Shrestha et al.  2015a ), in Manaslu Conservation Area (Gaire et al.  2014 ) and 
in Mt. Everest Nature Reserve (S Tibet) (Lv and Zhang  2012 ). High levels of recruit-
ment of  Abies spectabilis  in recent decades with seedlings and saplings at much 
higher elevations than uppermost cone-bearing tree individuals were a consistent 
result of these studies. By contrast, a relatively low number of  Abies  seedlings and 
saplings above treeline was assessed in Makalu Barun National Park (Chhetri and 
Cairns  2015 ). Seedling abundance is often positively correlated with soil moisture 
(Ghimire and Lekhak  2007 ; Zhang et al.  2010 ) and temperature parameters (Lv and 
Zhang  2012 ; Gaire et al.  2014 ). Concordant results were obtained in the East 
Himalaya, including intense recruitment of  Abies densa  in subalpine forests of 
Bhutan (Gratzer et al.  2002 ; Gratzer and Rai  2004 ), considerably increased Smith 
fi r ( Abies georgei  var.  smithii ) recruitment in recent decades in the Sygera Mountains 
(SE Tibet) (Ren et al.  2007 ; Liang et al.  2011 ; Wang et al.  2012 ) and high rates of 
Smith fi r regeneration with the percentage of seedlings/saplings increasing upslope 
across the treeline ecotone in the Hengduan Mountains (NW Yunnan) (Wong et al. 
 2010 ). 

 The emerging pattern of a generally intense regeneration at Himalayan treeline 
sites which are less or not disturbed by pastoral use is corroborated by new results 
from ongoing research projects of the present authors in two study areas in Nepal 
(Rolwaling Valley, Gaurishankar Conservation Area; Langtang Valley, Langtang 
National Park) (cf. Schickhoff et al.  2015 ; Schwab et al.  2016       ). At a newly estab-
lished treeline study site in Rolwaling Valley, east-central Nepal, we assessed largely 
prolifi c regeneration (Table  15.1 ) with seedling establishment of  Betula utilis ,  Abies 
spectabilis ,  Rhododendron campanulatum  and  Sorbus microphylla  and thriving of 
saplings to some extent far above the upper limit of adult trees (Fig.  15.5 ). Some 
individuals of more than 2 m height even grow vigorously above the  Rhododendron 
campanulatum  krummholz belt, i.e. 100–150 m above the treeline which is located 
at 3900 m (NW-exp.)/4000 m (NE-exp.). In spite of this recruitment, we found the 
dense krummholz belt to be an effective barrier for upslope migration of other tree 
species, expressed by a negative correlation between abundance and density of  R. 
campanulatum  and recruitment of other tree species (Schwab et al.  2016       ). 
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Permanently dense foliation of evergreen  Rhododendron  and potential allelopathic 
effects that have been shown for other species of this genus (Chou et al.  2010 ) obvi-
ously prevent the establishment of seedlings of competing tree species to a large 
extent. Maximum seedling/sapling density of more than 11,000 N/ha occurs in 
uppermost subalpine forests immediately below the transition to the krummholz 
belt (elevational zone B; NW slope).  R. campanulatum  has its most intense 

    Table 15.1    Number of seedlings/saplings (<7 cm breast height diameter; N ha-1) of  Betula utilis , 
 Abies spectabilis ,  Rhododendron campanulatum  and  Sorbus microphylla  in the treeline ecotone in 
Rolwaling Valley according to slope exposure and altitudinal zone   

 Altitudinal 
zone  Altitude (m) 

  Betula 
utilis  

  Abies 
spectabilis  

  Rhododendron 
campanulatum  

  Sorbus 
microphylla   Total 

 NE 
slope 

 A  3780–3880  754  453  1209  1450  3866 
 B  3920–3980  179  872  5388  975  7414 
 C  4020–4080  104  53  6103  2257  8517 
 D  4120–4220  0  0  819  191  1010 
 Total  –  1013  1378  13,519  4873  20,807 

 NW 
slope 

 A  3760–3780  3517  1996  612  2058  8183 
 B  3820–3880  1288  819  8338  825  11,270 
 C  3920–3980  69  81  4125  269  4544 
 D  4020–4240  12  25  1712  238  1987 
 Total  –  4886  2921  14,787  3390  25,984 

  Updated from Schickhoff et al. ( 2015 )  

  Fig. 15.5     Abies spectabilis  sapling at 4200 m in  Rhododendron anthopogon  dwarf scrub heath, 
Rolwaling, Nepal, c. 200 m above treeline (Schickhoff, 2013-08-20) (Source: Udo Schickhoff)       
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 recruitment at treeline elevations (zones B and C; cf. Table  15.1 ; Schwab et al. 
 2016       ). We assessed signifi cantly positive correlations of seedling/sapling abun-
dance with soil moisture for  Abies ,  Betula  and  Rhododendron  and with soil tem-
perature for  Abies ,  Betula  and  Sorbus , in each case over almost all size classes. 
Thus, higher soil moisture and higher soil temperatures indicate higher recruitment 
density of the majority of treeline tree species.  R. campanulatum  saplings (up to a 
height of 2 m) were found to be negatively correlated with soil temperature; germi-
nants and large shrubs of this species, however, showed a positive correlation 
(Schickhoff et al.  2015 ).

    In accordance with the observations in Rolwaling, we found the production of 
viable seeds and the supply of treeline ecotones with fertile seeds in Langtang 
Valley to be suffi cient to generate relatively high rates of seedling establishment, 
even beyond the actual upper limit of contiguous forests between 4000 and 4100 m. 
We assessed maximum seedling/sapling density at 3900 and 3950 m with 10,665 N/
ha and 10,075 N/ha, respectively, before the recruit abundance sharply decreases 
above 4100 m, slightly above the transition from cloud forests to dwarf scrub heaths 
(Table  15.2 ). In contrast to countless seedlings/saplings of  Sorbus microphylla  and 
 R. campanulatum , recruitment of  Abies spectabilis  is relatively sparse and obvi-
ously related to grazing impact and the removal of adult trees as seed sources 
(Fig.  15.6 ). Regeneration of  Betula utilis  is also less intense; birch seedlings, how-
ever, are far more homogeneously distributed across size classes compared to the 
other species, with numerous saplings of greater size classes established at the 
treeline and above the upper limit of contiguous forests (cf. Schickhoff et al.  2015 ; 
see also Sujakhu et al.  2014 ). We conclude from these high levels of recruitment 
within and beyond treeline ecotones in both near-natural study sites (Rolwaling, 
Langtang) that seed-based regeneration will not restrict future treeline advance to 
higher elevations.

   Table 15.2    Cumulative numbers of seedlings/saplings (N ha-1) of  Betula utilis ,  Abies spectabilis , 
 Rhododendron campanulatum  and  Sorbus microphylla  in the treeline ecotone in Langtang Valley 
according to altitude and size classes   

 Size class (cm) 

 Altitude 
(m)  0–19  20–49  50–99 

 100–
149 

 150–
199 

 200–
299 

 300–
399 

 400–
499 

 500– 
7 cm dbh  Total 

 3850  5441  1134  522  631  603  131  69  69  78  8678 
 3900  6269  1834  909  628  719  172  59  41  34  10,665 
 3950  6778  1225  566  500  434  122  75  169  206  10,075 
 4000  4741  772  513  459  425  63  34  84  159  7250 
 4050  3694  403  231  213  253  97  75  78  75  5119 
 4100  3631  497  253  269  259  113  69  34  25  5150 
 4150  397  184  69  47  75  31  22  16  19  860 
 4200  19  28  16  13  9  3  0  0  0  88 
 Total  30,970  6077  3079  2760  2777  732  403  491  596  47,885 

   dbh  diameter at breast height  
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15.3.3         Tree Growth-Climate Relationships 

 As evident from climatically shaped growth forms at treeline elevations, tree growth 
is sensitive to decreasing temperatures and related harsh climatic and climatically 
induced ecological conditions. Thus, tree physiognomy usually refl ects changing 
environmental conditions related to climatic alteration. Accelerated, climate 
warming- induced height growth of previously low-growing tree individuals has 
been reported from different treeline ecotones for recent decades (e.g. 
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  Fig. 15.6    Seedling/sapling density in the treeline ecotone in Langtang Valley according to altitude 
and size classes ( x  axis = size class;  y  axis = quantity;  z  axis = altitude) (Modifi ed from Schickhoff 
et al.  2015 ) (Source: Udo Schickhoff)       
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Lescop- Sinclair and Payette  1995 ; Kullman  2000 ; Kullman and Öberg  2009 ). As 
for the Himalaya, the recent expansion of treeline ecotones, subalpine forests and 
alpine scrub detected, for instance, by Rai et al. ( 2013 ) in Himachal Pradesh and 
Uttarakhand during 1980–2010, has most likely been accompanied by enhanced 
height growth of individual trees as well. Regeneration analyses at the Langtang and 
Rolwaling study sites provide evidence of successful regeneration even under the 
harsh climatic conditions above the krummholz belt, with saplings partially project-
ing above the snow cover (Fig.  15.7 ; Schwab et al.  2016       ). Height growth of these 
recruits might have accelerated recently. Further analyses and data evaluations will 
provide more detailed information on physiognomic changes in response to climate 
warming from Rolwaling and other Himalayan treelines.

   In contrast to height growth, radial growth is less affected by decreasing tem-
peratures when approaching the upper treeline but shows more pronounced response 
to climate warming (Körner  2012 ). In humid mountain regions, climate warming 
usually results in enhancements of tree radial growth, but under arid or semiarid 
conditions or in regions with seasonal drought periods, climate warming is often 
associated with a decline in tree radial growth (Schickhoff et al.  2015  and further 
references therein). In the Himalaya, dendroclimatological results available to date 
are inconsistent with studies showing evidence of climate warming-related increase 
in tree-ring widths and others that detected decreasing tree radial growth (see 
below). In general, radial growth response to changing climatic conditions is spa-
tially differentiated and species-specifi c (Schickhoff et al.  2015 ; Schwab et al. 
 2015 ). Himalayan treeline conifers seem to be more responsive to temperature than 
precipitation change, with W and central Himalayan conifers being more responsive 
to winter and pre-monsoon temperatures and E Himalayan conifers being more 
responsive to summer temperatures in most case studies. Tree-ring growth in E 
Himalaya is obviously less sensitive to climate variation compared to W Himalayan 
sites and trees (Bhattacharyya and Shah  2009 ). 

 Tree growth-climate relationships in the NW and W Himalaya are not consistent. 
Growth of high-elevation junipers has been shown to be more responsive to tem-
perature variation in the Karakorum (Esper et al.  2002 ,  2007 ), while in Lahaul it is 
more infl uenced by precipitation (Yadav et al.  2006 ; Bräuning et al.  2016       ). Some 
studies, based on tree-ring width chronologies of  Pinus wallichiana ,  Cedrus deo-
dara  and  Picea smithiana  from high-altitude forests and treeline sites, point to dis-
tinctly positive responses of tree growth to recent climate warming, refl ected by 
accelerated growth in the past decades and signifi cantly positive correlations with 
mean annual and winter (DJF) temperatures (Singh and Yadav  2000 ; Borgaonkar 
et al.  2009 ,  2011 ). However, another pattern of tree growth- climate relationships is 
currently emerging from an increasing number of studies: ring-width chronologies 
from treeline sites and other high-elevation sites in Himachal Pradesh and 
Uttarakhand reveal a strong sensitivity of tree growth to pre- monsoon temperature 
and humidity conditions. Bhattacharyya and Yadav ( 1990 ), Yadav and Singh ( 2002 ) 
and Yadav et al. ( 2004 ) detected signifi cantly negative correlations with long-term 
pre-monsoon temperature series using  Abies spectabilis ,  Taxus wallichiana  and 
 Cedrus deodara  tree-ring sequences. A negative correlation of pre-monsoon 
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 temperature with total ring width and a positive correlation of pre-monsoon precipi-
tation with ring width are apparently widespread dendroecological patterns in the 
West and Central Himalaya in India (cf. Borgaonkar et al.  1999 ; Pant et al.  2000 ; 
Bhattacharyya et al.  2006 ; Ram and Borgaonkar  2013 ,  2014 ). Increased evapotrans-
piration and soil moisture defi cits induced by higher temperatures during the rela-
tively dry spring months obviously impede tree growth in particular on sites which 
are prone to drought stress. 

 Recent dendroecological studies in Nepal corroborate these results. Signifi cantly 
negative correlations with long-term pre-monsoon temperature series were detected 
in  Abies spectabilis  tree-ring data from near-treeline sampling locations in Humla 
District (Sano et al.  2005 ) and in Langtang National Park (Gaire et al.  2011 ; Shrestha 
et al.  2015b ). The pre-monsoon period has been shown to be also critical for broad-
leaved treeline trees. Dawadi et al. ( 2013 ) assessed for the growth of birch trees at 
treeline sampling sites in Langtang Valley a positive correlation with March-May 
precipitation and an inverse relationship with pre-monsoon temperatures. Liang 
et al. ( 2014 ) confi rmed for study sites in Sagarmatha National Park, Langtang 
National Park and Manaslu Conservation Area that reduced pre-monsoon moisture 
availability is a primary growth-limiting factor for  Betula utilis  at treeline and that 
years with high percentage of missing rings or narrow rings coincide with dry and 
warm pre-monsoon seasons (see also Gaire et al.  2014 ). These fi ndings are in accor-
dance with results from current research of the present authors based on a ring- 
width chronology of  Betula utilis  from treeline sites in Langtang Valley dating back 

  Fig. 15.7    Tall saplings of  Betula utilis  (c. 2 m) growing 100–150 m above the current treeline in 
Langtang Valley, Nepal (Schickhoff, 2010-07-21) (Source: Udo Schickhoff)       
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to AD 1657, showing a negative correlation of tree-ring width with pre-monsoon 
temperature and a positive correlation with pre-monsoon precipitation (unpubl. 
data). A signifi cant negative correlation with May temperature has also been 
detected for  Juniperus tibetica  on the semiarid southern Tibetan Plateau (He et al. 
 2013 ; Liu et al.  2013 ). Other studies from Nepal highlight a strong positive relation-
ship of  Abies spectabilis  ring width with higher winter temperatures prior to grow-
ing season (Bräuning  2004 ; Gaire et al.  2014 ). 

 In the E Himalaya, the ring width of several treeline conifers was also found to 
be sensitive to winter season temperature, while their maximum latewood density 
was positively correlated with summer temperature (Bräuning and Mantwill  2004 ; 
Bräuning  2006 ; Bräuning and Grießinger  2006 ; Fan et al.  2009 ). Positive relation-
ships with winter temperatures for  Abies densa  and with May temperature for  Larix 
griffi thiana  were assessed near treelines in Sikkim and Arunachal Pradesh, while 
tree growth was inversely related to summer temperatures (Chaudhary and 
Bhattacharyya  2000 ; Bhattacharyya and Chaudhary  2003 ). Ring-width chronolo-
gies of  Abies georgei  var.  smithii  growing at treeline in the Sygera Mountains (SE 
Tibet) revealed accelerated growth in the past decades and signifi cantly positive 
correlations with monthly mean and minimum temperatures of most months, par-
ticularly in summer (Liang et al.  2009 ,  2010 ). Zhu et al. ( 2011 ) reported a similar 
response to summer temperatures for  Picea likiangensis  var.  balfouriana  at treelines 
in the Bomi-Linzhi region (SE Tibet). 

 Summing up, studies on tree growth-climate relationships in the Himalaya show 
non-uniform, species-specifi c and spatially differentiated results. However, most 
case studies concordantly indicate a positive relationship of ring width with higher 
winter temperatures. Warmer conditions during winter season facilitate the storage 
of higher levels of hydro-carbonates and are benefi cial to root system activity and 
carbon absorption and transportation (He et al.  2013 ). At W and central Himalayan 
treelines, growth patterns are particularly responsive to pre-monsoon temperature 
and humidity conditions. Here, treeline trees may be increasingly subjected to 
drought stress during the dry pre-monsoon season for which high temperature 
trends were determined for the entire Himalayan Arc (Gerlitz et al.  2014 ; Schickhoff 
et al.  2015 ). Thus, tree growth in the more humid E Himalaya will most likely be 
positively infl uenced by climate warming during the coming decades. Pre-monsoon 
temperature and humidity conditions will control tree growth in the W and central 
Himalaya to a considerable extent, in spite of facilitation by higher winter 
temperatures.   

15.4     Treeline Shifts 

 Under natural conditions, treeline advance to higher elevation in response to a 
warming climate is normally a medium- to long-term process in the order of several 
decades to hundred or more years. It is assumed that treeline positions are always 
lagging behind climatic fl uctuations and that global treelines we observe today are 
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each in a specifi c state of climate tracking. Since the responsiveness of treelines to 
changing climatic conditions is varied, it is understandable that current observations 
on treeline shifts in response to recent climate change are globally heterogeneous. 
The varying degree of human impact on treelines adds to this heterogeneity in 
response. Response patterns include advancing as well as stagnating or rather unre-
sponsive treelines. The comparability of global observations is limited since they 
are not based on a uniform treeline concept. The mere presence of seedlings is not 
synonymous with an actual treeline advance. Only the sustainable transition into 
subsequent sapling size classes and the establishment of trees beyond the current 
tree limit is indicative of a treeline shift (cf. Graumlich et al.  2005 ). 

 Hitherto documented Himalayan treeline shifts mirror the global pattern, in 
terms of both response heterogeneity and comparability of observations. Only very 
few studies addressed this topic to date; they can be grouped into studies based on 
dendroecological and forest ecological fi eld data and those based on remote sensing 
and repeat photography (cf. Schickhoff et al.  2015 ). Most of the studies reported 
higher population density of trees and considerably increased number of seedlings 
in the treeline ecotone, but more or less stationary treeline positions or insignifi cant 
treeline shifts over recent decades. This applies in particular to fi eld data-based 
studies (Gaire et al.  2011 ; Liang et al.  2011 ; Shrestha et al.  2015a ; Chhetri and 
Cairns  2015 ; Schickhoff et al.  2015 ). When migration rates are calculated on the 
basis of uppermost seedling position, higher rates of upslope movement are found 
(Gaire et al.  2014 ). However, seedling establishment is not equivalent to effective 
regeneration and not to treeline advance. Seedlings have a generally low survival 
rate during the fi rst years after germination and have to survive critical later life 
stages after projecting above the winter snow cover. Only when uppermost indi-
viduals survive, become established as trees and mature, an ecotone expansion 
should be termed treeline shift. 

 Remote sensing studies largely confi rm the results of fi eld studies. Landsat- 
based change detection of treeline ecotones in Himachal Pradesh and Uttarakhand 
indicated a general increase in green biomass and an expansion of fi r and birch 
forests in recent decades, but no treeline shifts (Bharti et al.  2012 ; Rai et al.  2013 ). 
Bold statements of recent exceptional treeline advances in other remote sensing 
studies (Panigrahy et al.  2010 ; Singh et al.  2012 ) have turned out to be implausible 
(cf. Bharti et al.  2011 ; Negi  2012 ; Rawat  2012 ). A repeat photography study actu-
ally documented a treeline shift of almost 70 m in elevation at a slope in the 
Hengduan Mountains (NW Yunnan) since AD 1923 (Baker and Moseley  2007 ). 
Such great altitudinal shifts can be expected from anthropogenic treelines where 
treeline advance is rather a result of the cessation of pastoral use and other human 
disturbances than a clear climate change signal. 

 Modelling approaches are increasingly used to gain a better understanding of 
treeline dynamics in response to climate and land-use change and of underlying 
process-pattern relationships and to explore potential range shifts of treeline tree 
species (e.g. Dullinger et al.  2004 ; Wallentin et al.  2008 ; Paulsen and Körner  2014 ). 
In the Himalaya, modelling studies to project future geographic distribution of tree 
species have hardly been conducted so far. Recently, initial modelling studies with 
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regard to environmental niches of the genus  Rhododendron  in Sikkim and of  Betula 
utilis  in Uttarakhand were published (Kumar  2012 ; Singh et al.  2013 ). In a prelimi-
nary study, we used ecological niche modelling to forecast the range shift of  Betula 
utilis  under novel climate conditions in AD 2070 (Schickhoff et al.  2015 ). The 
potential habitat of  Betula utilis  was predicted to shift to higher elevations and to 
expand into new habitats north of the Himalayan range (Fig.  15.8 ). Signifi cant 
upslope expansions are modelled for Trans-Himalayan ranges in S Tibet. Range 
contractions are forecasted for the Indian W Himalaya, the S Hindukush and the 
Wakhan Corridor. Further modelling studies are badly needed in order to predict 
more accurately patterns and rates of treeline dynamics driven by climate change.

15.5        Conclusions 

 In view of the heterogeneity of treeline environments in the vast Himalayan moun-
tain system, it is diffi cult to infer generally acceptable statements on treeline sensi-
tivity and response to changing climatic conditions. However, several conclusions 
can be drawn from the present review that might be of relevance for treeline dynam-
ics in other mountain regions beyond the Himalayan system. The Holocene 
Himalayan treeline history substantiates the conception that treeline elevation has 
been tracking temperatures over the postglacial millennia. The basic pattern of 
treeline fl uctuations during the Holocene resembles those of other extratropical 
mountain regions but is accentuated by spatial and temporal differences at regional 
to local scales. Himalayan treelines reached uppermost limits during the Holocene 
thermal optimum, before a general and widespread downward shift of treelines was 
induced by deteriorating climatic conditions after c. 5.0 kyr BP. The palaeo-data 
suggest that treelines are currently in a dynamic process of climate tracking in 
response to recent climate warming and that a future advance of treelines is plausi-
ble at continued warming. 

  Fig. 15.8    Potential range shift of  Betula utilis  under novel climate conditions in AD 2070 
(Modifi ed from Schickhoff et al.  2015 ) (Source: Udo Schickhoff)       
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 At near-natural Himalayan treelines, a signifi cant move in elevation seems to be 
possible only in the long term. Near-natural or less disturbed treelines on north- 
facing slopes are usually developed as krummholz treelines which show a low 
responsiveness. Strong competition within the krummholz belt and dense dwarf 
scrub heaths further upslope adversely affects upward migration of tree species and 
retards treeline shifts. Nevertheless, high levels of recruitment with huge amounts 
of seedlings/saplings present within the treeline ecotone and to some extent beyond 
suggest that favourable preconditions for a future treeline advance exist. Species- 
specifi c competitive abilities during the recruitment phase or rather the effective-
ness of recruitment suppression in the krummholz and dwarf scrub belts will control 
this advance. By contrast, anthropogenic treelines, predominant in the Himalaya, 
will show substantial short- and medium-term effects once pastoral use and other 
human disturbances will have ceased. Dendroecological studies point to a high sen-
sitivity of mature Himalayan treeline trees to temperature. Tree radial growth is 
positively infl uenced by higher winter temperatures, and negatively infl uenced by 
higher pre-monsoon temperatures and increased drought stress in the pre-monsoon 
season, in particular in the W and central Himalaya. These fi ndings suggest that 
moisture supply might be an effective control of future treeline dynamics. In gen-
eral, the bioclimatic preconditions for a future treeline advance will be existent as 
indicated by predicted shifts to higher elevations of treeline tree species based on 
ecological niche modelling. Treeline shifts into treeless ecosystems will have large- 
scale consequences in terms of biodiversity, ecosystem function and ecosystem ser-
vices, including reductions in alpine diversity and alterations of ecosystem 
productivity and carbon storage. A widespread upward encroachment of subalpine 
forests would also affect land-use potentials and tourism economies.     
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Chapter 16
Treeline Responsiveness to Climate Warming: 
Insights from a Krummholz Treeline 
in Rolwaling Himal, Nepal

Niels Schwab, Udo Schickhoff, Michael Müller, Lars Gerlitz, Birgit Bürzle, 
Jürgen Böhner, Ram Prasad Chaudhary, and Thomas Scholten

Abstract At a global scale, the elevational position of natural upper treelines is 
determined by low temperatures during growing season. Thus, climate warming is 
expected to induce treelines to advance to higher elevations. Empirical studies in 
diverse mountain ranges, however, give evidence of both advancing alpine treelines 
as well as rather insignificant responses. Himalayan treeline ecotones show consid-
erable differences in altitudinal position as well as in physiognomy and species 
composition. To assess the sensitivity of a near-natural treeline to climate warming 
at local scale, we analysed the relations between changes of growth parameters and 
temperature gradients along the elevational gradient in the treeline ecotone in 
Rolwaling valley, Nepal, by a multispecies approach. We observed species-specific 
transition patterns (diameter at breast height, height, tree and recruit densities) and 
varying degrees of abruptness of these transitions across the treeline ecotone result-
ing in a complex stand structure. Soil temperatures are associated with physiog-
nomic transitions, treeline position and spatial regeneration patterns. In conclusion, 
treeline tree species have the potential to migrate upslope in future. Upslope migra-
tion, however, is controlled by a dense krummholz belt of Rhododendron campanu-
latum. Currently, the treeline is rather stable; however we found a prolific 
regeneration as well as signs of stand densification. Given the spatial heterogeneity 
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of Himalayan treeline ecotones, further studies are needed to fully understand the 
complex conditions for the establishment and development of tree seedlings and the 
responsiveness of Himalayan treeline ecotones to climate change.

Keywords Density–diameter curve • Regeneration • Soil temperature • Species
composition • Treeline dynamics • Abies spectabilis • Betula utilis • Rhododendron 
campanulatum • Sorbus microphylla

16.1  Introduction

At a global scale, the position of natural upper treelines is determined by low air and 
soil temperatures during growing season (e.g. Troll 1973; Stevens and Fox 1991; 
Holtmeier 2009; Körner 2012). Climate warming is expected to induce treelines to 
advance to higher elevations. Empirical studies in diverse mountain ranges, how-
ever, give evidence of both advancing alpine treelines as well as rather insignificant 
responses (Baker and Moseley 2007; Hofgaard et al. 2009; Wieser et al. 2009; 
Grigor’ev et al. 2013; Shrestha et al. 2014; Chhetri and Cairns 2015), pointing to an 
evident research deficit. Harsch et al. (2009) analysed data from 166 globally dis-
tributed treelines which dynamics were monitored since AD 1900. 47 % of the 
treelines did not show any elevational shift, while 52 % of the treelines advanced to 
higher altitudes and only 1 % showed recession. Apart from climate change, land 
use changes influence high-altitude vegetation patterns and treeline positions (e.g. 
Dirnböck et al. 2003; Bolli et al. 2007; Gehrig-Fasel et al. 2007; Pauchard et al. 
2009; Schickhoff 2011; Penniston and Lundberg 2014; Piermattei et al. 2014; Durak 
et al. 2015). Thus there is the need to disentangle these effects to draw correct con-
clusions concerning the sensitivity of treelines to climate change.

Many studies detected above-average current warming trends between 0.6 and 
1 °C per decade for the Himalayan region. Maximum values were found for the high 
elevations and during winter and pre-monsoon seasons (Shrestha et al. 1999; Liu 
and Chen 2000). For the Rolwaling valley, the target area of the present study, 
monthly temperature trends in the order of 0.7 °C per decade were assessed in win-
ter and pre-monsoon seasons (Gerlitz et al. 2014). During monsoon, no statistically 
significant trends were identified. Trend analyses of precipitation amounts in the 
Himalayas do not show a consistent pattern. Some studies, however, detected nega-
tive trends of winter and pre-monsoon precipitation over the western and central 
Himalaya (Duan et al. 2006; Bhutiyani et al. 2010; Jain et al. 2013). An enhanced 
frequency of winter and pre-monsoon drought events was reported for western 
Nepal by Wang et al. (2013). Recent climatic changes will inevitably affect growth 
patterns and seedling performance at Himalayan treelines, albeit to a regionally dif-
ferentiated extent (Schickhoff et al. 2015, 2016).

It is widely accepted that climate exerts a top-down control on local ecological 
processes at the treeline (e.g. Batllori and Gutiérrez 2008; Elliott 2011). However, 
it is not well understood how landscape-scale and local-scale abiotic and biotic fac-
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tors and processes interact and influence the treeline and its response to climate 
change. Moreover, effects of climate warming often mix up with impacts of land 
use (Malanson et al. 2007; Batllori et al. 2009). In consequence, complex research 
approaches at local and landscape scales at natural treelines are needed (e.g. 
Malanson et al. 2011). Recent studies based on a global treeline data set suggest a 
close link between treeline form (spatial pattern) and dynamics. Harsch and Bader
(2011) consider treeline form (diffuse, abrupt, island, krummholz) to be an indica-
tor of controlling mechanisms (at the levels of direct tree performance, causative 
stresses and modifying neighbour interactions) and response to climate change. 
They confirmed the link between treeline form and dynamics established earlier 
(Lloyd 2005; Harsch et al. 2009) and supported the general suitability of treeline 
form for explaining the variability of response to climate warming. Apart from 
treeline form, tree species composition, tree density, diameter and height distribu-
tions can be indicators for treeline sensitivity to climate change. In addition, these 
parameters provide information on the establishment of recruits and their perfor-
mance which are among the most significant indicators of treeline sensitivity 
(Germino et al. 2002; Holtmeier 2009; Körner 2012; Zurbriggen et al. 2013; 
Schickhoff et al. 2015, 2016).

In the Himalaya, only very few studies on treeline seedlings have been conducted 
so far, and tree recruitment in treeline ecotones is not well understood (Schickhoff 
2005; Shi and Wu 2013; Dutta et al. 2014; Schickhoff et al. 2015, 2016). Hitherto 
available studies refer to treeline ecotones with deviating species compositions and 
population structures and generally to ecotones which have been disturbed by land 
use effects (e.g. Shrestha et al. 2007, 2014; Ghimire et al. 2010; Gaire et al. 2011; 
Sujakhu et al. 2013; Chhetri and Cairns 2015). Thus, their generalisability and infor-
mative value for near-natural treeline ecotones are limited. The present study was 
conducted in the framework of the research scheme TREELINE which focuses on 
spatially differentiated patterns and processes by correlating varied treeline responses 
to landscape- and local-scale site conditions and mechanisms (geomorphic controls, 
soil physical and chemical conditions, plant interactions associated with facilitation, 
competition and feedback systems). We present population structures from a near-
natural treeline ecotone in Rolwaling Himal, Nepal, focussing on species composi-
tions and growth parameters with an emphasis on the ratio of recruits to adult trees. 
Unlike most other treeline studies in Nepal (e.g. Shrestha et al. 2007; Lv and Zhang 
2012; Sujakhu et al. 2013; Gaire et al. 2014), we assessed the treeline-forming tree 
species of our study area in its entirety. Near-natural treeline ecotones can contain 
codominant tree species which respond differently to climate change (Trant and 
Hermanutz 2014). In consequence, multispecies approaches to treeline dynamics, 
which survey all ecotone tree species, can capture the sensitivity of the ecotone to 
climate change sufficiently. We aim at (1) analysing species-specific patterns and 
abruptness of transitions of tree and recruit densities and growth parameters along 
the elevational gradient, (2) detecting altitudinal boundaries of tree species distribu-
tions and (3) assessing the relation between abrupt changes of growth parameters 
and temperature gradients along the altitudinal zoning of the ecotone and relating 
the results to the sensitivity to climate warming. We hypothesise that changes in tree 
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physiognomy (diameter at breast height (dbh), tree height, growth forms) and den-
sity occur species specific with varying abruptness intensities along the treeline eco-
tone, indicating complex spatial structures and resulting in several tree species limits 
inside the ecotone, each potentially susceptible to climate change. Air and soil tem-
peratures are supposed to be crucial variables explaining species-specific responses.

16.2  Materials and Methods

16.2.1  The Study Area

The Rolwaling valley (27°52′ N; 86°25′ E) is located in Dolakha District, east- 
central Nepal, adjacent to the border of Tibet Autonomous Region. It is embedded 
in the Gaurishankar Conservation Area (2035 km2), which has been a protected area 
since 2010 (Shrestha et al. 2010; Bhusal 2012). Our study site is located at a north- 
facing slope ranging from the closed subalpine forest via timberline and treeline to 

Fig. 16.1 Stratification of the study area by altitude (zones A, B, C, D) and aspect (NE, NW) and 
approximate location of plots (blue and yellow points) (Schwab, 18 September 2014) (Source: 
Niels Schwab)
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the lower alpine vegetation zone (3740 m to 4250 m a.s.l.). We subdivided the study 
site into three slope sectors according to their deviating exposure (Fig. 16.1).

Due to the remote location without connection to the road network (3-day walk-
ing distance), the small human population and the fact that plants and animals in 
Rolwaling are protected to a certain extent by the recurring Buddhist theme of a
sacred hidden valley (Sacherer 1979; Baumgartner 2015), the Rolwaling treeline 
exhibits a near-natural state (cf. Sect. 16.3.6) and represents a climatic treeline. The 
study slopes show no signs of fire or of grazing by cattle; wood cutting is negligible. 
The Rolwaling River separates the uninhabited north-facing study slope from the 
very sparsely populated south-facing slope where human impact is likewise low. 
Thus, in view of the fact that most Himalayan treeline sites are disturbed by land use 
effects (Schickhoff et al. 2015, 2016), the study slopes provide a unique research 
opportunity for detecting a climate change signal when assessing treeline 
dynamics.

The study sites cover the entire treeline ecotone. The lower reaches contain 
mixed forest stands with the upper limits of tall, upright-growing individuals of 
Acer caudatum, Abies spectabilis and Betula utilis. A krummholz belt with dense 
and largely impenetrable Rhododendron campanulatum thickets represents the tran-
sition to alpine dwarf scrub heaths with only small (dbh <7 cm) and stunted tree 
species individuals (Fig. 16.2).

16.2.2  Data Collection

We stratified the treeline ecotone according to the altitudinal zoning of tree species 
composition and stand structure into four altitudinal zones, reaching from closed 
forests (zone A) to alpine dwarf scrub heaths (zone D; Table 16.1). We established 
a total of 50 plots, each with a size of 20 × 20 m2 (projected on a horizontal plain), 
comprising four randomly selected plots in each of the zones A–D at three slopes 
(two slopes NE-exposed, one slope NW-exposed; Table 16.1). Nomenclature of 
identified tree species follows Press et al. (2000). We measured dbh with a diameter 
measuring tape at 1.3 m above ground level (Van Laar and Akça 2007) and height 
of all trees with dbh ≥7 cm with a laser dendrometer (Laser Technology Criterion 
RD 1000, distance measurement: MDL LaserAce 300). Individuals of tree species 
with dbh <7 cm (recruits) were identified, counted and assigned to height classes 
(Table 16.2). We counted all stumps ≥7 cm diameter and measured diameters 10 cm 
above ground or, if stump height was less than 10 cm, at highest point above ground. 
We identified the species and cause of death (natural, anthropogenic, unidentified) 
in each plot. We classified the degree of decomposition of tree stumps into four 
classes (undecomposed, slight, medium, intense decomposition) to roughly esti-
mate the dieback period (Schickhoff 2002). We assumed the intensely decomposed 
stumps to not influence the current stand structure. Vegetation surveys took place in 
April, May, July and August 2013 and September 2014.
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To relate soil temperature to growth parameters, we installed 34 modified Wi-Fi 
Plant sensors (Koubachi AG), which have monitored soil temperature in 10 cm 
depth in a 1 h interval since May 2013. For this paper we use data from June 2013
to May 2014. Thirty-two sensors were placed on the NW-exposed and on one of the 
NE-exposed slopes (2 transects × 4 altitudinal zones × 4 plots). Mobile climate sta-

Fig. 16.2 Transition from closed forest to alpine dwarf scrub heath. (a) Uppermost stand of A. 
spectabilis at NE-slope (c. 4000 m a.sl.); (b) Rh. campanulatum krummholz (in white-pink bloom) 
and transition to Abies-Betula forest (zone B); (c) Elevational range from zone A to D with transi-
tion from B to C in focus; (d) Mixed forest stand of zone B and abrupt transition to Rh. campanu-
latum krummholz belt; (e) Rh. campanulatum krummholz (front) and abrupt transition to mixed 
Abies-Betula forest of zone B; (f) Alpine dwarf scrub heath with Rh. campanulatum and 
Rhododendron dwarf shrub species and single S. microphylla individuals (a–c: 5 May 2013; d: 23 
July 2013; e–f: 17 September 2014; Schwab) (Source: Niels Schwab)
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tions installed in the lower and upper part of the ecotone have recorded air tempera-
tures since April 2013 (data evaluated until June 2014). Soil bulk density of
field-moist soils was sampled using soil core cutters (100 cm3) and analysed follow-
ing DIN EN ISO 11272:2014. Additionally, atmospheric nitrogen deposition (NO2, 
NH3) was measured using passive devices (Passam AG) requiring no power for their 
operation. The samplers were placed in a special shelter 2 m above ground to protect 
them from rain and minimise wind influence. Exposition time was 2 weeks.

16.2.3  Data Analyses

We computed stem numbers and stand densities per hectare (ha) and visualised 
population structures and species compositions by plotting barplots and histograms 
of all samples and subsamples. Comparisons of our density–diameter distributions 

Table 16.1 Study site properties

Aspect

Zones

A B C D

Slope 1 NE
  Altitude [m a.s.l.] 3830–3895 3920–3990 4015–4080 4180–4245
  No. of plots 4 4 4 4
Slope 2 NE
  Altitude [m a.s.l.] 3795–3875 3925–3990 4040–4090 4130–4225
  No. of plots 4 4 4 4
Slope 3 NW
  Altitude [m a.s.l.] 3770–3795 3845–3890 3925–4020 4140–4200
  No. of plots 6 4 4 4
Total no. of plots 14 12 12 12
NE transition altitudes [m 
a.s.l.]

3900 (AB) 4010 (BC,
TL)

4120 (CD)

NW transition altitudes [m 
a.s.l.]

3820 (AB) 3910 (BC,
TL)

4080 (CD)

Vegetation Mixed 
forest

Mixed forest Krummholz Alpine scrubs

Aspects: NE north-east, NW north-west, TL treeline

Table 16.2 Size classifications of tree species individuals and abruptness parameters

dbh 
[cm]

Height 
[cm] Recruit class Terms Indication of abruptness for

<7 0–10 1 Seedlings Recruits Height, density
<7 11–50 2
<7 51–130 3 Saplings
<7 131–200 4
<7 201–∞ 5
≥7 ns – Trees dbh, height, density

dbh diameter at breast height, ns not specified
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to other studies should be understood as only rough estimates due to the differing 
study-specific definitions of size classes and classification intervals. In order to 
analyse regeneration patterns, we calculated values for the mean height of recruits 
as mean of the class configurations. We calculated a regeneration index (RI) accord-
ing to Schickhoff (2002):

 
RI x n

i
i i=

=
( )å

1

5

med
 

where ni is the number of recruits in the 5 recruit height classes (Table 16.2) and 
x imed( ) is the median of the height class limits. In contrast to mean height values of 
recruits, the RI includes information of abundance and combines it with the recruits’ 
height. Thus the RI provides information on growth performance and success of 
establishment beyond the seedling stage.

In order to describe and analyse variation in stand structures and to characterise 
abrupt or smooth/gradual transition patterns along the ecotone, we calculated the 
abruptness of transitions between subsequent zones (abruptnessAB, abruptnessBC, 
abruptnessCD). We computed the abruptness for various parameters (Table 16.2) 
using a modified approach by Wiegand et al. (2006) and Batllori and Gutiérrez
(2008). The abruptness of the transitions was the difference of the scaled values of 
successive zones (lower zone minus upper zone; scaled range [0,1]):
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where l and h are the altitudinal zones (A, B, C, D). The lower zone (e.g. A) is 
denoted l and the successive higher zone (e.g. B) is denoted [h]. A positive abrupt-
ness indicates a transition of decreasing values with elevation as it is generally 
expected in a treeline ecotone while a negative abruptness points to an increasing 
value of a stand parameter with elevation (see Table 16.3 for further differentiation 

Table 16.3 Definitions and interpretation of abruptness values

Abruptness Definition/interpretation

−1,…,1 Maximum range
Positive Decreasing parameter with elevation
Negative Increasing parameter with elevation
−1 Transition from maximum to zero
−1 Transition from zero to maximum
0 No change
1/3 resp. −1/3 Linear transition in case of 4 zones
−0.33 ≤ abruptness ≤0.33 Gradual/smooth transition
−0.5 ≥ abruptness ≥0.5 Abrupt transition, change by half or more of the parameters 

range
0.33,…,0.5 resp. 
−0.33,…,−0.5

Intermediate transition
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of abruptness values). Total abruptness was gained as the arithmetic mean abrupt-
ness of all parameters under consideration at a specific transition. We calculated 
both the abruptness for all individuals of the stands and the species-wise 
abruptness.

Seasonal means for discrete time steps (0, 6, 12, 18 h local time) were calculated 
for air temperature for each climate station. Topographically induced 6 hourly tem-
perature lapse rates (ΔT/ΔZ*100) were derived for the NW and NE transects to 
assign site-specific air temperatures (Gerlitz et al. 2016). We calculated growing 
season mean soil temperature at treeline and number of growing degree days accord-
ing to Körner and Paulsen (2004). For soil temperatures we calculated abruptness 
values according to the above described procedure for mean annual and mean sea-
sons’ temperatures (MAM, JJAS, ON, DJF). All computations and figure plottings
were carried out using ‘base’ and ‘graphic’ R functions (version 3.1.2; R Core Team 
2014) and the packages ‘plyr’ (Wickham 2011) and ‘vegan’ (Oksanen et al. 2014).

16.3  Results

16.3.1  General Vegetation Patterns and Species Limits

In general, upper subalpine forests are primarily composed of Betula utilis and 
Abies spectabilis, with Rhododendron campanulatum and Sorbus microphylla 
forming a second tree layer. Closed forests give way to an extensive krummholz belt 
of Rh. campanulatum at c. 3910 m a.s.l. (NW)/4010 m a.s.l. (NE), which turns into 
alpine Rhododendron sp. dwarf scrub heaths at c. 4080/4120 m a.s.l (Fig. 16.2). 
Total plant species richness decreases from the closed forests in the subalpine zone 
across the treeline ecotone and increases again in the uppermost dwarf scrub heath 
plots of zone D at the transition to alpine grassland. Minimum species numbers are 
found in the krummholz belt zone C with a mean species number of 12 and in the 
lower dwarf scrub heath plots with 11 species. Zone A contains the maximum of 25 
plant species (unpublished data by B. Bürzle).

We identified different tree species-specific altitudinal limits (i.e. ‘the uppermost 
occurrence regardless of size’, Körner 2012) throughout an altitudinal gradient 
from zone A to zone D (Fig. 16.3): We found the uppermost individuals of Prunus 
rufa at 3925 m a.s.l. (NE) resp. 3890 m a.s.l. (NW) in zone B, of Acer caudatum at 
3950 m a.s.l. (NE) resp. 3890 m a.s.l. (NW) in zone B and of Juniperus recurva at 
4080 m a.s.l. (NE, no J. recurva at NW) in zone C. All other species still occurred 
in zone D. We found B. utilis recruits at 4140 m a.s.l. in the lowest plot in zone D at 
the NW slope but in none of the higher plots. Thus the species limit of B. utilis 
appears to be at the lower part of zone D. In contrast, we found A. spectabilis indi-
viduals even at 4185 m a.s.l. Similarly, S. microphylla and Rh. campanulatum occur 
at nearly all plots in zone D (both maximum altitude 4245 m a.s.l.). Vegetation 
analyses above zone D point to a position of their tree  species lines at the upper 
border of zone D (c. 4260 m, unpublished data by B. Bürzle, Fig. 16.3).
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16.3.2  Tree Species Composition

The lowest zones A and B contain mixed forest stands where tall, upright-growing,
adult individuals of most tree species reach their upper limits (Acer caudatum in A; 
Abies spectabilis, Betula utilis and Prunus rufa in B). Zone C represent the krumm-
holz belt with dense and largely impenetrable Rhododendron campanulatum thick-
ets and upper limits of stunted A. spectabilis and B. utilis tree individuals with dbh 
≥7 cm. Zone D is occupied by alpine vegetation (mainly dwarf scrub heaths), inter-
spersed with only low-growing individuals or young growth (dbh <7 cm) of A. 
spectabilis, B. utilis and Rh. campanulatum (Fig. 16.2). We found very few Sorbus 
microphylla individuals with dbh ≥7 cm in zone D (Figs. 16.4 and 16.5). The recruit 
density pattern (Fig. 16.6) mostly resembled the one of individuals with dbh ≥7 cm. 
The occurrence of Juniperus recurva, a species that can grow to tree size, remark-
ably differed between recruits and adults. We found no individual with dbh ≥ 7 cm; 
J. recurva recruits were existent in zones A, B and C. Rh. campanulatum and S. 
microphylla seedlings occurred in rather high abundance in zone D; however no 
tree-sized individual of these species was detected. We found the highest number of 
individuals of both trees and recruits in zone B. Zone C exhibited nearly the same

Fig. 16.3 Approximate locations of treeline, outpost-treeline and species limits (Schwab, 18 
September 2014) (Source: Niels Schwab)
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number of trees per ha as zone B. Zones A and C resembled each other in terms of
recruit numbers, whereas recruit density indicated distinct differences between both 
zones and zone B. However, altitudinal zones differed in the percentages of the
individual species. P. rufa and J. recurva individuals occurred in very low abun-
dance and are thus not analysed in detail.

All tree species occurring in zone A except the rare P. rufa exhibited evenly dis-
tributed numbers of individuals. Rh. campanulatum becomes more frequent with 
elevation. In zone C, Rh. campanulatum dominates the tree species composition 
and is accompanied by few Sorbus individuals. Although Rh. campanulatum 
accounts for more than 50 % of tree individuals and more than 75 % of recruits in 
zone B, the transition from zone B to C shows the most abrupt change in tree spe-
cies composition along the altitudinal gradient. This abrupt change in species 
 composition coincides with the most abrupt changes in annual and seasonal mean 
soil temperature at transition BC (cf. Sect. 16.3.7). S. microphylla occurred with 
high constancy and its density–diameter distribution points to an established popu-
lation in zone C, which coexists aside the Rh. campanulatum population. Established 
recruit populations in zone D indicate the potential of Rh. campanulatum and S. 
microphylla to sprout and survive at least the early life stages at this high altitude 
(see discussion Sect. 16.4.3).

16.3.3  Stand Densities

Stand densities showed similar patterns in zones A, B and C: We found 7473 (zone
A, standard deviation SD =4432), 8748 (zone B, SD=6718) and 7280 (zone C,
SD = 3948) individuals per ha belonging to the recruit class (dbh <7 cm) (Figs. 16.6 

A

B

C

D

A. spectabilis
B. utilis
S. microphylla
Rh. campanulatum
P. rufa
A. caudatum

tree density [ha−1]

el
ev

at
io

na
l z

on
e

0 500 1000 1500 2000 2500

Fig. 16.4 Tree species density of individuals ≥7 cm dbh (trees) (Source: Niels Schwab)
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and 16.7). The number was significantly smaller in zone D. Here, 1333 individuals 
per ha (SD = 1197) represent more than one tree species recruit individual per 10 m2 
in the alpine dwarf scrub heath. However, zone D exhibited only two tree individu-
als per ha in the 7–14 cm dbh class and not a single individual of higher dbh classes. 
The number of trees in the dbh class 7–14 cm increased continuously with elevation 
from 984 trees per ha (SD =386) in zone A to 1597 (SD =869) in zone B and to 1943
(SD = 1246) in zone C. The following class (14–21 cm dbh) showed most individu-
als in zone A and B (258 resp. 283 trees per ha, SD =157 resp. SD=177) and only
73 trees per ha (SD = 104) in zone C. In the latter we sampled four trees per ha 
(SD = 9) in the 21–28 cm class; trees did not exceed 28 cm dbh. The number of 
individuals per class decreased with increasing dbh in zones A and B. All dbh
classes in zone B revealed higher numbers of trees and recruits compared to zone
A. Old trees exceeding 49 cm dbh doubled in number in zone B (31) compared to
zone A (14, not shown in Fig. 16.7). The largest dbh were 114 cm in zone A and 
113 cm in zone B.

16.3.4  Tree Species Population Structures and Regeneration

16.3.4.1  Density–Diameter Distributions

The different tree species Abies spectabilis, Acer caudatum, Betula utilis, Sorbus 
microphylla and Rhododendron campanulatum showed species-specific deviations 
from a basically similar density–diameter distribution (Fig. 16.5). A common  
characteristic is the reverse J-shape of the density–diameter distributions with 
significantly higher numbers of recruits in comparison to numbers of all other  
dbh classes. We found recruits only but no trees in nearly all uppermost reaches of 
each species’ occurrences.

A. spectabilis: A. spectabilis exhibited high numbers of recruits <7 cm dbh in 
relation to the larger dbh classes in zones A and B. In general, this holds also for
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Fig. 16.6 Tree species density of individuals <7 cm dbh (recruits) (Source: Niels Schwab)
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zone C; however recruit (62 per ha, SD = 120) and tree (6 per ha, SD = 12) abun-
dances were very low and we did not find trees exceeding 22.8 cm dbh. In zone D 
only eight A. spectabilis recruits per ha (SD = 22) occurred and no individuals with 
dbh >7 cm. The number of trees exceeding 49 cm dbh differed in zones A and B: We
found only four trees per ha in A and 27 per ha in B.

A. caudatum: A. caudatum occurred in zones A and B only and showed a high
abundance of recruits (1695 per ha, SD = 1641) and tree individuals up to the dbh 
class 21–28 cm. No A. caudatum trees >7 cm dbh were detected in zone B, but 60
recruit individuals per ha (SD = 85).

B. utilis: Similar to A. spectabilis, the population structure of B. utilis differed 
with altitude. We found a high number of recruits in zone A (1942 per ha, SD = 1627) 
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and decreasing abundances in larger dbh classes. In contrast to A. spectabilis, B. 
utilis exhibits a higher number of trees in all classes from 7 to 42 cm dbh in zone 
B. Further, the number of B. utilis exceeding 42 cm dbh is higher in zone A (24 per 
ha) compared to B (14 per ha). The absolute number of B. utilis recruits in zone B
(547 per ha, SD = 611) is smaller compared to A. spectabilis recruits, and the ratio 
of recruits to trees is smaller due to the higher number of individuals in the tree 
classes > 7 cm dbh. In zone C, B. utilis showed 92 recruits per ha (SD = 219) and 
tree individuals in higher number and larger dbh’s than A. spectabilis. We found 
merely four B. utilis recruits per ha (SD = 14) in zone D.

S. microphylla: S. microphylla recruits are of high abundance in zones A (1715 per 
ha, SD=1248), B (924 per ha, SD=798) and C (1591 per ha, SD=2064). In zone A,
S. microphylla tree individuals occurred only up to the dbh class 28–35 cm. S. 
microphylla is the only species with a substantial number of individuals in zone C, 
apart from Rh. campanulatum (see below). Even 206 recruits per ha (SD = 297) 
were present in zone D.

Rh. campanulatum: The population structure of Rh. campanulatum differed sig-
nificantly from other species. In zone A, the number of recruits (959 per ha, 
SD = 1180) and trees per ha were in the same range as other species. Rh. campanu-
latum recruits exhibited significantly higher abundances of recruits in zones B (6361
per ha, SD = 5893), C (5435 per ha, SD = 2395) and D (1115 per ha, SD = 963). This 
prolific regeneration was followed by correspondingly high abundances in the sub-
sequent dbh classes. However, Rh. campanulatum populations were poor concern-
ing maximum dbh, which was 22.5 cm in zone A, 29.8 cm in zone B and 18.7 cm in
zone C. In zone D, we found only recruits <7 cm dbh. Zone C exhibited a much 
more homogeneous all-species configuration of the 7–14 cm dbh class due to the 
high percentage of Rh. campanulatum individuals and less recruits per ha compared 
to zone B. Altitudinal transitions in Rh. campanulatum populations did not follow 
the trend of other species in terms of decreasing dbh and abundance with elevation 
(cf. Fig. 16.5). The smaller SD values of Rh. campanulatum recruit densities in 
zones B, C and D indicate that Rh. campanulatum population is spatially more 
homogenous intra-zone than recruit populations of other species. In contrast to zone 
A, Rh. campanulatum accounts for the significantly higher all-species tree densities 
in zones B and C (Fig. 16.4).

Total all-species recruit densities of zones A, B and C did not differ as much as
the tree densities. All species show L-shaped or reverse J-shaped density–diameter
distributions (Fig. 16.5). At some altitudinal zones, several species exhibit a very 
pronounced L-shape indicating an overproportional number of recruits compared to 
the classes above 7 cm dbh, e.g. A. caudatum and B. utilis in zone A and S. micro-
phylla in C. Zone A contains more recruits of A. spectabilis, B. utilis and S. micro-
phylla compared to zone B, where their recruit numbers are distinctly lower
compared to tree densities (Figs. 16.4, 16.5 and 16.6).

In summary, we assessed largely prolific regeneration of all tree species. Seedling 
establishment of B. utilis, A. spectabilis and S. microphylla occurred to some extent 
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far above the upper limit of adult trees. Some individuals of more than 2 m height 
even grew vigorously above the krummholz belt, where a small birch tree of 1.7 m 
in height was found in 4140 m a.s.l. Maximum recruit density occurred between 
3920 and 3990 m a.s.l. (NE) resp. 3845–3890 m a.s.l. (NW) in zone B (more than
8700 N ha−1), where Rh. campanulatum showed most intense recruitment (more 
than 6300 N ha−1). Seedling/sapling density sharply decreased towards the alpine 
tundra (zone D), where only Rh. campanulatum and to some extent S. microphylla 
recruits occurred with considerable numbers of individuals.

16.3.4.2  Recruit Heights

The height class distributions of recruits showed clear variations between species and 
between altitudinal zones (Fig. 16.8). Abies spectabilis exhibited reverse J-shaped
distributions in zones A and B, whereas the small numbers of recruits in zones C and
D were rather homogenously distributed among classes. For Acer caudatum, we 
found a high percentage of tall recruits exceeding 2 m height and a slight increase in 
individual numbers from the 10 to 200 cm height classes in zone A. An evenly dis-
tributed small number of A. caudatum recruits occurred in zone B but was absent in
zones C and D. Betula utilis recruits showed a heterogeneous distribution between 
height classes with a relative small number of seedlings smaller than 10 cm in height 
in zone A. In zone B, the taller height classes exceeding 50 cm had higher recruit
densities. The same holds for zone C, however with distinctly smaller recruit num-
bers. In zone D, we found four B. utilis recruits per ha exclusively in the height class 
of 131–200 cm. Sorbus microphylla showed increasing class sizes with increasing 
recruit heights in zones A, B and C, except for the 10 cm class in zone B which con-
tained c. three times more recruits than the subsequent 50 cm class. The distribution 
of S. microphylla recruits in zone D corresponds to a bell shape with no individuals 
smaller than 10 cm. Rhododendron campanulatum exhibited a reverse J-shape in
zone A and a reverse L-shape with the overall highest number of recruits in any class 
in zone B with c. 4400 per ha in the ≤10 cm class. The height class distribution in 
zone C was rather homogenous, while it resembled the bell shape in zone D.

The average recruit height of all tree species was tallest in zone C followed 
closely by mean height in zone A (Fig. 16.9, black dotted line). Likewise, the 
recruits of most single species reached their maximum height in zone C. In general, 
recruits of Prunus rufa, B. utilis, S. microphylla and A. caudatum showed a mean 
height of more than 130 cm, which is taller than the recruit mean height of Juniperus 
recurva, Rh. campanulatum and A. spectabilis in all altitudinal zones. Recruits of all 
species in zone D showed a lower height growth compared to zone C, except for B. 
utilis, whose recruit height increased slightly. B. utilis was the only species with a 
continuous, however gentle, increase in mean recruit height with elevation. The 
average height of B. utilis and S. microphylla recruits were distinctly taller than A. 
spectabilis and Rh. campanulatum recruits in zone D (cf. Fig. 16.9). S. microphylla 
recruits’ height did not change distinctly along the altitudinal gradient. The height 
of Rh. campanulatum recruits exhibited highest values in zone C and smallest in 
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zone B (in average < 50 cm). A. spectabilis recruits showed compared to other spe-
cies smallest heights in all zones except in zone B where Rh. campanulatum recruits 
did not reach the height level of A. spectabilis. Nevertheless, the mean height of A. 
spectabilis recruits increased constantly with elevation up to zone C (cf. Fig. 16.9).

16.3.4.3  Regeneration Index (RI)

The regeneration index (RI) of the recruits of all species showed the highest value 
in zone A, followed by C, B and D (Fig. 16.10, black dotted line). The single species 
showed different RI patterns: Rhododendron campanulatum exhibited the most con-
spicuous values along the altitudinal gradient with a rather low RI in zone A and an 
RI higher than any of the other species in zones B, C and D (Fig. 16.10). Like Rh. 
campanulatum Sorbus microphylla shows a non-uniform RI trend along the gradi-
ent with the second highest RI level of all species in zones B, C and D (Fig. 16.10). 
The RI reached nearly 130,000 in zone C, while the maximum of all other species 
except Rhododendron was only 7000 (Betula utilis). In contrast to S. microphylla, 
the RI value of Acer caudatum was very low in zone B. The RIs of B. utilis and 
Abies spectabilis constantly decreased towards zone D (Fig. 16.10). For instance, A. 
spectabilis showed a value of 25,000 in zone A, 20,000 in B and only 2400 and
260 in zones C and D. Juniperus recurva and Prunus rufa showed the overall smallest 
RI values in zones A and B (Fig. 16.10).

Depending on the regeneration indicator in focus, different species seem to per-
form better at different altitudinal positions. While the mean height (Fig. 16.9) 
shows whether the population of a species is able to reach a specific mean sprout 
height, the RI (Fig. 16.10) provides information on the actual performance of the 
recruits of a species by incorporating their abundance. Comparing values of both 
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Fig. 16.9 Recruit height class distribution along the altitudinal gradient for all species and species 
wise (Source: Niels Schwab)
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indicators, it becomes obvious that the height–abundance patterns of the different 
species are complex and non-uniform. The small RI values of B. utilis in zones C 
and D contrast with their high mean heights. Obviously B. utilis recruits are able to 
grow at these altitudes but they do not grow in considerable abundance. On the other 
hand, A. spectabilis recruits with similarly low RI values in C and D grow up to a 
 considerably lower height only, the lowest of all species in zones C and D. These 
relations indicate a comparatively better performance of B. utilis at these high-ele-
vation environments. Both height and RI of S. microphylla exhibited high and even 
highest values and we even found rare tree individuals ≥7 cm dbh in zone D. The 
dbh classes above 14 cm dbh include only small numbers of S. microphylla in the 
lower zones (Fig. 16.5). Rh. campanulatum exhibited an enormously high RI and 
highest Rhododendron-specific mean height together with the absolute dominance 
in zone C (Figs. 16.4 and 16.6). In zone D, Rh. campanulatum’s heights are lower, 
and we did not find any individuals ≥7 cm dbh among the number of 1115 recruits 
per ha, which is more than five times the abundance of S. microphylla recruits.

16.3.5  Abruptness Patterns of Trees and Recruits 
at Elevational Transitions

In general, values of stand parameters such as dbh, tree height and tree density 
decreased with elevation. Along this gradient, the degree of abruptness of these 
parameters increased at the transitions between single zones (Fig. 16.11 and 
Tables 16.4 and 16.5). The abruptness of recruit density exhibited the same trend, 
while the abruptness in terms of recruit height classes was highest at the transition 
A to B, lowest at B to C and intermediate at the transition from zone C to D
(Fig. 16.11 and Tables 16.4 and 16.5).
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Fig. 16.10 Regeneration index RI species wise and sum of all species (Source: Niels Schwab)
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The total all-species tree density (Table 16.4, Fig. 16.11) decreased most abruptly 
(abruptness = 0.96) at the transition CD, while the decrease was less but nearly 
equally abrupt for dbh and tree height at BC and CD (dbh: abruptness = 0.48 resp.
0.52; height: abruptness = 0.39 resp. 0.45). This pattern differed between single  
species: Density of Betula utilis, Sorbus microphylla and to a certain extent Abies 
spectabilis trees decreased abruptly at the transition from B to C (abruptness = 0.92
resp. 0.62 resp. 0.5), while Rhododendron campanulatum’s density increased inter-
mediately from B to C (abruptness= −0.32) and dropped abruptly from maximum to
the smallest density at the transition from C to D (abruptness = 1). Abruptness of the 
transitions with regard to dbh and tree height did not resemble density abruptness, 
neither for all species nor species-wise (Table 16.4).

For instance, B. utilis, Rh. campanulatum and A. spectabilis showed the most 
abrupt transitions in tree height at CD and this applied also for dbh of B. utilis and 
Rh. campanulatum. The majority of transitions of all species’ trees showed positive 
abruptness values, indicating the decrease of dbh, height and stand density with 
elevation. Negative values mainly occurred at the transition from zone A to B, e.g.
for all species density (intermediate, abruptness = −0.34), densities of B. utilis 
(smooth, abruptness = −0.21) and Rh. campanulatum (abrupt, abruptness = −0.54) 
and dbh of A. spectabilis (abrupt, abruptness = −0.53). While we found uniform 
numbers of abrupt and smooth transitions for trees of A. spectabilis, B. utilis and Rh. 
campanulatum, the smooth transitions nearly doubled the number of abrupt ones in 
case of S. microphylla.

The total all-species recruit density (Table 16.5 and Fig. 16.11) decreased most 
abruptly (abruptness = 0.8) at the transition from zone C to D, while there were 
distinct decreases in terms of recruit height at the transitions from zone A to B
(abrupt, abruptness = 0.57) and from C to D (intermediate, abruptness = 0.41). As 
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for trees this all-species pattern was not resembled by every single species: Density 
of Rh. campanulatum and S. microphylla recruits decreased abruptly at the transi-
tion from zone C to D (abruptness = 0.8 resp. abruptness = 0.92), while the most 
abrupt decreases of A. spectabilis and B. utilis recruits occurred at the transition BC
(abruptness = 0.72) and AB (abruptness = 0.72), respectively. Again, abruptness of
the transitions with regard to recruits’ height did not resemble density abruptness 
neither for all species nor species-wise (Table 16.5). In general, we found many 
negative values, indicating increasing recruit heights with elevation. Rh. campanu-
latum, S. microphylla and A. spectabilis recruits’ mean height increased abruptly at 
the transition from zone B to C (abruptness = −1.0 resp. abruptness = −0.88 resp.
abruptness = −0.68). Except B. utilis, which showed increasing recruit height at all 
transitions, decreasing recruit heights at the transition from zone C to D were found. 
These were smooth for A. spectabilis (abruptness = 0.16), intermediate for Rh. cam-
panulatum (abruptness = 0.43) and abrupt for S. microphylla (abruptness = 1.0).

16.3.6  Near-Natural State of Treeline Ecotone

All assessed density–diameter distributions resembled a reverse J- or L-shape, thus
indicating a near-natural state of the Rolwaling treeline. The total number of tree 
stumps decreased considerably with elevation (Table 16.6). In zone B, the basal
area of stumps (medium and less decomposition) amounted only to 3 % of the total 
basal area (living trees and stumps), while it was less than 0.5 % in zone C. Thus, 
wood cutting and its influence on stand structures is negligible. In zone A, the stump 
basal area was higher (21 %), but potential modifications of stand structure here do 
not affect timberline and treeline transitions at higher altitudes. The species compo-
sition of stumps of all decomposition classes exhibited Sorbus microphylla (c. 17 
stumps per plot in average), Acer caudatum (c. 11) and Betula utilis (c. 9) as most 
affected in zone A. S. microphylla (c. 7), Rhododendron campanulatum (c. 7) and  
B. utilis (c. 6) accounted for most stumps in zone B (Table 16.6).

According to our field observations, influences of herbivores and domesticated 
animals can be ruled out. We found minimal evidence for deer, like faeces and bark 
stripping. We observed pika (Ochotona sp.), weasel (Mustela sp.) and snowcock 
(Tetraogallus sp.) more often, but no influence on treeline stand structures could be 
identified. Since the study slopes are separated by the river from settlements and 
thus very difficult to access, we did not observe any grazing impact. Further evi-
dence for a negligible anthropogenic impact in the Rolwaling treeline ecotone is 
given by soil and atmospheric data. Investigations of bulk densities in the prevailing 
podzol soils revealed low mean values from 0.01 g cm−3 (decomposition layer) to a 
maximum of 1.14 g cm−3 (Ae horizons), indicating obviously undisturbed soils. 
Monitoring of atmospheric nitrogen deposition (nitrogen dioxide (NO2), ammonia 
(NH3)) below detection limit indicate no effect in the study area.
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16.3.7  Soil and Air Temperatures

In general, mean soil and mean air temperatures show similarly decreasing trends 
with elevation (Fig. 16.12). In winter (DJF) and autumn (ON) seasons of 2013, the
mean soil temperatures of zones B and D exceeded soil temperatures of the respec-
tive subjacent zones, most likely due to cold air drainage (A) and less irradiation 
and/or less snow cover insulation (evergreen Rhododendron campanulatum cover in 
zone C). We measured a growing season mean soil temperature of 7.5 ± 0.5 °C at the 
transition from zone B to C. Growing degree days differed between the two lower

Table 16.6 Mean basal area of tree stumps (≥7 cm diameter) in proportion to stump + living trees 
(≥7 cm dbh) mean basal area in altitudinal zones A, B, C and D (in total and differentiated in causes 
of death) and species composition of stumps

Condition A B C D
Living trees Basal area trees [m2/ha] 28.77 47.93 13.29 0.01
Undecomposed + slight 
decomposition

Stumps basal area (total 
basal area of living trees + 
stumps = 100 %) [%]

7.1 0.04 0.08 0.00

Natural cause [%] 0.00 43.36 0.00 −
Anthropogenic cause [%] 93.71 56.64 0.00 −
Unidentified cause [%] 6.29 0.00 100.00 −

Undecomposed + slight 
+ medium decomposition

Stumps basal area (total 
basal area of living trees + 
stumps = 100 %) [%]

19.04 2.89 0.49 0.00

Natural cause [%] 0.00 0.56 0.00 −
Anthropogenic cause [%] 96.13 90.94 20.20 −
Unidentified cause [%] 3.87 8.50 79.80 −

Undecomposed + slight 
+ medium + intense 
decomposition

Stumps basal area (total 
basal area of living trees + 
stumps = 100 %) [%]

64.65 20.81 5.15 0.00

Natural cause [%] 0.17 28.56 35.63 −
Anthropogenic cause [%] 51.29 31.57 32.68 −
Unidentified cause [%] 48.54 39.87 31.69 −

Species composition of stumps
Mean number of stumps 
per plot

A B C D

All decomposition 
classes

Abies spectabilis 6.00 1.86 0.00 0.00
Acer caudatum 11.00 0.00 0.00 0.00
Betula utilis 9.00 5.67 2.50 0.00
Prunus rufa 1.67 0.00 0.00 0.00
Rhododendron 
campanulatum

3.00 6.67 4.00 0.00

Sorbus microphylla 16.62 6.60 3.00 0.00
Unidentified 9.00 5.00 0.00 0.00
Sum 56.28 25.79 9.50 0.00
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zones (A: 175 days, B: 177 days) and the upper zones (C: 158 days, D: 154 days)
showing a shortening of the growing season in the uppermost zones by c. 3 weeks.

Yearly mean soil and air temperatures differed most in altitudinal zone B (soil:
3.7 °C; air: 2.8 °C) and nearly equalled in zone C (soil: 2.5 °C; air: 2.6 °C). At BC,
the transitions of soil temperature (zone B → zone C; year: −1.2 °C; ON: −1.1 °C; 
DJF: −1.8 °C; MAM: −1.2 °C; JJAS: −0.9 °C) exceeded the differences of air tem-
peratures (zone B→zone C; year: −0.3 °C; ON: −0.1 °C; DJF: −0.1 °C; MAM:
−0.4 °C; JJAS: −0.3 °C). Soil temperatures exhibited abrupt transitions along the
elevational gradient (Fig. 16.13). The annual mean soil temperature and mean soil 
temperatures of autumn, winter (all abruptness = 1) and spring (abruptness = 0.94) 
dropped very abruptly at the transition BC. This decrease was less pronounced in
summer (abruptness = 0.59). We found rather unexpected increases of soil tempera-
tures with increasing elevation at the AB and CD transitions in autumn (abruptness
= −0.59 resp. abruptness = −0.39), winter (abruptness = −0.78 resp. abruptness = 
−0.34) and for the annual mean soil temperatures (abruptness = −0.22 resp. 
abruptness = −0.18). In spring, the soil temperatures of the transitions AB (abrupt-
ness = −0.08) and CD (abruptness = 0.06) were similar to each other. In summer, 
soil temperatures decreased nearly abruptly from zone A to B (abruptness = 0.41),
while they differed only slightly at the transition from zone C to D (abruptness = 
−0.03).
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Fig. 16.12 Yearly and seasons’ mean soil and air temperatures of the four altitudinal zones A, B, 
C, D. ON October/November, DJF December–February, MAM March–May, JJAS June–September
(Source: Niels Schwab)
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16.4  Discussion

16.4.1  Treeline Structure and Treeline Responsiveness 
to Climate Warming

In general, the tree species composition and altitudinal position of the Rolwaling 
treeline ecotone coincides with previous findings for north-facing slopes in central 
and E Nepal, where Abies spectabilis, Betula utilis, Sorbus microphylla and 
Rhododendron campanulatum dominate the ecotones between 3900 and 4400 m 
(Schickhoff 2005; Miehe et al. 2015). Considering the altitudinal zonation of veg-
etation within the treeline ecotone, in particular the dense Rh. campanulatum thicket 
in zone C, it is evident that the Rolwaling treeline has to be assigned physiognomi-
cally to treelines with a krummholz belt (cf. Holtmeier 2009). The contorted and 
gnarled growth form of Rh. campanulatum is, however, not necessarily genetically 
predetermined (cf. Miehe 1990), since there are some upright-growing individuals 
at lower altitudes in zones A and B (Fig. 16.14). Rh. campanulatum thickets in the 
lower C zone reach a considerable height of more than 3–4 m and stems may attain 
large diameters. Thus, these thickets can also be termed dwarf forests (cf. Masuzawa 
1985). Towards their upper altitudinal limit at the transition CD, these thickets or 
dwarf forests are gradually reduced in height and become climatically stunted. 
Within the krummholz thicket in lower zone C, the uppermost tree individuals 
(>3 m height) of A. spectabilis and B. utilis mark the outpost-treeline sensu Körner
(2012, Fig. 16.3), which is located slightly upslope (30–50 m altitude difference) 
from the treeline. The latter connects the uppermost patches of forest composed of 
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trees with true tree habitus and coincides with the transition BC (4010 m NE;
3910 m NW) in our slope stratification scheme (cf. Figs. 16.1 and 16.2). Within the 
subalpine forest, Abies and Betula trees reach timber size up to the treeline, thus the 
difference in altitude between timberline and treeline is negligible (terminology 
sensu Körner 2012).

Variations in uppermost distribution limits of treeline species basically reflect 
species-specific physiological capacities to survive environmental stresses. Limits 
on upslope expansion can be imposed by potentially limiting resources (carbon, 
water, nutrients) and by physical factors, e.g. growing season length, frost intensity, 
wind exposure, abrasion, etc. (Crawford 2008). Obviously, physiological tolerances 
of treeline species in Rolwaling are sufficient to establish recruits far above the 
uppermost adult trees. The wide krummholz belt (up to 200 m altitude difference) 
with absolute dominance of Rh. campanulatum does not constitute an insurmount-
able barrier for other treeline species. Uppermost individuals of A. spectabilis 
(4185 m), B. utilis (4140 m) and S. microphylla (4245 m) occur above the krumm-
holz belt in zone D. The tree species lines give evidence of successful regeneration 
even under the harsh climatic conditions of treeless terrain, at least to a sapling stage 
of 1–2 m height. Although these recruits are few in number, mostly stunted, mostly 
growing in the ‘chamaephyte environment’ (Wieser et al. 2014), and far away from 
reaching any tree size definition, they partially project above the snow cover and 
indicate the potential for treeline advance under more favourable environmental 
conditions. Even above the krummholz belt, tree species might be hindered by the 
dense alpine dwarf scrub heath vegetation (mainly composed of Rhododendron 
anthopogon, Rhododendron lepidotum, Rhododendron setosum) because shrub 
community competitive abilities might affect tree establishment (Körner 2012; 
Schickhoff et al. 2016; Chhetri and Cairns 2015). The recruit density of A. specta-
bilis decreases abruptly from B to C. The abrupt decrease indicates a lower potential
for upward migration in comparison to B. utilis recruits which showed a smooth 
transition in density and height from B to C. S. microphylla has the best premise to 
advance to higher elevations given the negative abruptness values of Sorbus recruits 
at the transition from zone B to C and absolute density and mean height values.

Fig. 16.14 Rhododendron campanulatum growing upright in zones A and B (a Schwab, 30 July
2013) and as krummholz in zone C (b Schwab, 29 September 2014) (Source: Niels Schwab)
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How is the structure of the Rolwaling treeline related to the responsiveness to 
climate warming? Our data suggests that the extensive Rh. campanulatum krumm-
holz belt plays a crucial role for any treeline shift to higher altitudes. High competi-
tiveness and absolute dominance of Rh. campanulatum prohibits to a large extent 
upslope migration of other treeline tree species from the closed forests in zones A 
and B. Supposed allelopathic effects of Rh. campanulatum might contribute to the 
low establishment rates of other tree species in the krummholz thickets (Schickhoff 
et al. 2015, 2016). Thus, the treeline position is rather stable, and a considerable 
treeline advance is not to be expected in the medium term (several years to a few 
decades). Our results are in line with Harsch and Bader (2011), who concluded from 
a global treeline dataset a comparatively low responsiveness of krummholz treelines 
compared to diffuse treelines. They found the majority of diffuse treelines and only 
one third of krummholz treelines to be advancing, while abrupt and island treelines 
were found to be rather stable. The disjunction of mechanisms and environmental 
conditions primarily associated with these different treeline forms seem to explain 
this pattern (cf. Harsch and Bader 2011). Krummholz treelines in the Himalaya (cf. 
Miehe 1990, 1991; Schmidt-Vogt 1990; Miehe and Miehe 2000) have not been 
analysed so far with regard to their responsiveness to climate warming. Schickhoff 
et al. (2015) provide a first overview of the sensitivity of krummholz treelines in 
Rolwaling and Langtang. In the latter, seedling establishment beyond the actual 
upper limit of contiguous forests was detected which is a sign for a potential treeline 
shift. Chhetri and Cairns (2015) found a slight upward shift of an undisturbed dif-
fuse treeline in Nepal’s Makalu Barun National Park. However, they state that the
treeline has advanced only until the early twentieth century. Other studies on 
treelines in Nepal Himalaya report tree and/or recruit densities of all occurring or 
selected species (Ghimire and Lekhak 2007; Shrestha et al. 2007, 2014; Gaire et al. 
2010, 2011, 2014; Ghimire et al. 2010; Lv and Zhang 2012; Sujakhu et al. 2013). 
None of the cited studies refers to a treeline ecotone which is regarding dominance 
and spatial extent similar to zone C of our study area. In general, most treeline eco-
tones in Nepal are disturbed by human impact which has changed population struc-
tures since long.

Our data suggest that high abruptness values along the altitudinal gradient are 
associated with major changes in site factors. At the transition BC, i.e. the transition
from upright-growing tree individuals to krummholz, we found the most abrupt 
change in soil temperatures. The distinct decrease in soil temperatures is obviously 
related to the dense foliage and canopy of the evergreen Rh. campanulatum thickets 
which provide a more efficient isolation of the soil surface from solar radiation and 
subsequent heat transformation compared to the upper subalpine Abies-Betula for-
est. Abrupt microenvironmental changes are commonly associated with abrupt 
treelines (cf. Harsch and Bader 2011; Cieraad and McGlone 2014), corresponding 
in the Rolwaling case to an abrupt transition from forest to krummholz. Although 
krummholz treelines represent a definite treeline form, they can obviously feature 
abrupt treeline characteristics (cf. Fig. 16.2).

In contrast to diffuse treelines, advances of both abrupt and krummholz treelines 
are connected rather to winter warming and reduced winter stress factors than to 
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growing season temperature (Harsch et al. 2009). Tree growth is assumed being 
rather limited by dieback (short-term stressors) than by limited biomass gain (long- 
term mild stress, Harsch and Bader 2011). In consequence, it is likely that the 
Rolwaling treeline is rather influenced by winter condition stress factors. These lead 
to plant damage and limit survival. Vertical growth in krummholz depends on the 
degree of structural microsite facilitation, e.g. reduced wind and sun exposure, and 
beyond treeline tall seedling growth is likely limited by the same factors (Smith 
et al. 2003). Thus, recruitment beyond treeline is restricted as long as vertical 
growth-limiting conditions prevail (Harsch et al. 2009). In Rolwaling, growing sea-
son temperature and length is likely to increase while duration of winter conditions 
(frost days) decreases (Gerlitz et al. 2014). Nevertheless, we assume that the conse-
quences of winter conditions for plant growth will not change substantially because 
processes like wind abrasion, snow and ice damage occur regardless of the length 
of the frost period. Most likely heavy snowpack provokes mechanical stress and 
dieback in the krummholz belt. A short-term treeline shift in response to climate 
warming is not to be expected.

Obviously, Rh. campanulatum wood has mechanical properties which enable the 
described growth form, similar to the flexibility of, for example, Alnus sp., Betula 
sp., Salix sp. and Nothofagus sp. at various treelines on earth (Jalkanen and
Konocpka 1998; Gallenmüller et al. 1999; Körner 2012). Most likely, this property 
facilitates the establishment of Rh. campanulatum under harsh climatic conditions.

B. utilis, and to a lesser extent A. spectabilis and S. microphylla, shows maxi-
mum abruptness values over different transitions (Tables 16.4 and 16.5). This dis-
tribution indicates that these species still perform well in growth parameters like 
dbh and tree height in zone C, while density decreases abruptly at lower altitude. 
Single individuals of A. spectabilis, B. utilis and S. microphylla appear to profit 
from variations in Rh. campanulatum density (canopy openings) and/or variations 
in environmental factors like exposition and soil parameters (microsite facilitation). 
The abruptness values of the Rolwaling treeline ecotone show a heterogeneous 
 pattern across slopes and development stages (Tables 16.4 and 16.5 and Fig. 16.15) 
confirming the need for a differentiated categorization and species-specific analyses 
of treelines at local and landscape scales (Trant and Hermanutz 2014; Schickhoff 
et al. 2015, 2016).

16.4.2  Soil Temperature and Regeneration

In general, tree and recruit species compositions of altitudinal zones correspond to 
each other with distinct higher number of recruits than trees (Figs. 16.4, 16.5 and 
16.6), indicating sustainable regeneration and stable populations. However, no tree 
individual of any species occurred in zone D (except Sorbus microphylla), while 
recruits of Abies spectabilis, Betula utilis, S. microphylla and Rhododendron  
campanulatum exist. These recruits are potential indicators for an upward shift of tree 
species distributions triggered by recent climate warming (see above), and a recent 
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increase in recruit density could increase the numbers of trees in the near future. The 
occurrence of recruits in zone D indicates the potential of tree species to become 
established above the krummholz belt.

Recruit densities of A. spectabilis, B. utilis and S. microphylla correlate posi-
tively in nearly all height classes with soil temperature. Rh. campanulatum densities 
correlate both, positively (height classes <3 cm and >200 cm) and negatively (height 
≥3 cm and ≤200 cm; cf. Schickhoff et al. 2015). Thus, increasing soil temperatures 
potentially support the process of tree species establishment above the current 
treeline. Interestingly, soil temperatures at the Rolwaling treeline are higher com-
pared to the global mean at treeline elevations. We measured a growing season 
mean soil temperature of 7.5 ± 0.5 °C under uppermost forest stands of A. spectabi-
lis and B. utilis at the transition BC (Müller et al. 2015), a similar value as the warm 
temperate bioclimatic region seasonal mean temperature of 7.4 ± 0.4 °C, but dis-
tinctly higher than the global growing season mean soil temperature of 6.4 ± 0.7 °C 
(Körner 2012). This significant deviation from the global mean adds to the rather 
broad range of soil temperatures (5–9 °C) measured at treeline elevations (e.g. 
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Walter and Medina 1969; Winiger 1981; Bernoulli and Körner 1999; Körner and
Paulsen 2004; Gehrig-Fasel et al. 2008; Shi et al. 2008; Hoch and Körner 2009; 
Kessler et al. 2014) and suggests a broadening rather than a narrowing of the error 
term of ±0.7 °C postulated by Körner (2012). In terms of soil temperatures, the 
Rolwaling treeline appears to be decoupled from rapid climate warming, i.e. the 
above-average soil temperatures might imply a retarded tracking of climate warm-
ing and a decelerated shift of treeline position (cf. Müller et al. 2015).

The more linear trend of air temperatures and in comparison to soil temperatures 
less pronounced differences between zone B and C can be attributed to the statistical
method used to obtain these values (Gerlitz et al. 2016), while the soil temperatures 
were measured directly on site. However, heat deficiency above the subalpine for-
ests is caused by a combination of low soil and air temperatures.

Above-average soil temperatures as well as an increasing number of growing 
degree days (representative for the Himalayan south slope; cf. Shrestha et al. 2012; 
Gerlitz et al. 2014) set the stage for an upward migration of tree species. We assume 
the current treeline to be located below its potential climatic limit. Since the ecotone 
is not affected by land use, the treeline is obviously suppressed by the given constel-
lation of environmental factors (e.g. soil nutrient availability, krummholz barrier, 
allelopathic effects) and of facilitative (positive) resp. competitive (negative) inter-
actions of recruits with neighbouring vegetation. The high numbers of S. micro-
phylla recruits above the treeline (= in zones C and D) might result from a recent 
upward migration resp. stand densification and, if so, support the view of a species- 
specific response to climate change. Rather S. microphylla recruits than those of 
other tree species are capable to overcome the permanently densely foliated and 
potentially allelopathic krummholz belt.

16.4.3  Species-Specific Regeneration

In general, the results of our regeneration studies which show reverse J-shaped den-
sity–diameter distributions, and indicate intense and sustainable regeneration and 
thus the potential for upward migrations, are in line with other studies from treelines 
in Nepal (e.g. Ghimire and Lekhak 2007; Shrestha et al. 2007; Gaire et al. 2010, 
2011, 2014; Ghimire et al. 2010; Sujakhu et al. 2013). In some of the J-shapes of
these studies, the smallest dbh class is not included (Ghimire and Lekhak 2007; 
Shrestha et al. 2007) or shows smaller numbers than the subsequent class (Gaire 
et al. 2010, 2011, 2014; Sujakhu et al. 2013) putting their statements regarding 
intense and sustainable regeneration into a different perspective. Low numbers in 
the small dbh class indicate grazing impact by domesticated or wild animals which 
exacerbate the interpretation of the results regarding migration potentials. The 
species- specific low numbers in the tallest diameter classes or absence of classes 
above 50 cm dbh in some studies (Ghimire and Lekhak 2007, Gaire et al. 2010, 
2011, 2014; Sujakhu et al. 2013) are signs indicating anthropogenic impacts. Some 
studies (Lv and Zhang 2012; Gaire et al. 2014) detected rather bell-shaped 
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density–diameter distributions or reverse J-shaped distributions (Gaire et al. 2010, 
2011, 2014; Sujakhu et al. 2013) that do not correspond to the reverse J- or L-shaped
ones we found in Rolwaling being to a much higher degree dominated by recruits. 
However, Gaire et al. (2014) assessed a significant upward shift, densification and 
high recruitment intensity of Abies spectabilis at their study site in Manaslu 
Conservation Area. Even in this study, the low dbh classes show only small numbers 
of recruits, especially in case of Betula utilis. In our study area, zone A provides a 
much better basis for regeneration of A. spectabilis, B. utilis and Sorbus microphylla 
compared to zone B, where their recruit numbers are distinctly lower compared to
tree densities (Figs. 16.4, 16.5 and 16.6). The reason might be competitive advan-
tages of Rhododendron campanulatum in zone B. However, the competitive strength
of Rh. campanulatum seems to be strongest in zone C. This applies especially for 
the taller individuals (≥7 cm dbh).

Few studies from Nepal provide data on recruit densities. In Langtang valley, 
Gaire et al. (2010, 2011) found significantly less B. utilis recruits per ha, about the 
same number of A. spectabilis and significantly less Rh. campanulatum and S. 
microphylla recruits compared to the ecotone in Rolwaling. In comparison to our 
results, Schickhoff et al. (2015) found a comparable distribution of seedling and 
sapling species and slightly higher total numbers of recruits in Langtang. Pinus wal-
lichiana recruit density was very high (c. 4500 N/ha at lower altitude; c. 1000 N/ha 
at higher altitude) in Manang (Ghimire et al. 2010); however the investigated forest 
was obviously dominated by this single species and thus showed a different species 
composition than the Rolwaling ecotone. In another study from Manang, A. specta-
bilis exhibited very high recruit numbers (c. 3200 N/ha). In the Manang study of 
Shrestha et al. (2007), B. utilis recruit numbers were comparable to the present 
study. In contrast, they found a very high number of A. spectabilis recruits at lower 
altitude (3500–3900 m a.s.l.; c. 5600 N/ha), while the number was distinctly smaller 
than ours at higher altitude (3900–4200 m a.s.l.; c. 160 N/ha). Pinus wallichiana 
showed a similar pattern with high numbers at lower and smaller numbers at higher 
altitude. Recruit densities of A. spectabilis and B. utilis in Manaslu Conservation 
Area resembled roughly the corresponding densities in Rolwaling. In contrast, Rh. 
campanulatum recruits occurred only rarely (c. 200 N/ha, Sujakhu et al. 2013). A. 
spectabilis recruit numbers were smaller in Barun valley (c. 200 N/ha; Chhetri and
Cairns 2015) compared to Rolwaling. In summary, several studies from Nepal 
report continuous regeneration and potentials for treeline shifts, consistent with our 
findings.

In our study, the recruit height class distribution of A. spectabilis differs from B. 
utilis, Acer caudatum and S. microphylla. Obviously, the latter species grow faster 
and aggregate more individuals in taller height classes. The height class patterns 
reflect inter alia varying reproduction strategies: We found vegetative propagation 
(coppices) for B. utilis and S. microphylla, while A. spectabilis recruits grow sepa-
rately from other individuals and sprout from seeds. As low temperatures restrict 
rather germination than layering (Holtmeier 2009; Wieser et al. 2014), temperatures 
obviously do not restrict seed-based regeneration of A. spectabilis given the recruit 
height class and dbh distributions. The results of recruit mean height and RI show 
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that A. spectabilis and B. utilis have the potential to develop above the transition BC
beyond the seedling stage. The rare occurrence of trees indicates the potential to 
develop even further and become established. There are less A. spectabilis and B. 
utilis recruits in upper altitudinal zones, but the percentage of survivors that grow 
successfully to taller height classes is distinctly higher compared to lower elevation. 
Asynchronous shortages in seedling establishment in each zone at different time 
periods might be one reason for differing species- and altitudinal-specific patterns. 
Another reason could be that competitive stress is higher in the lower zones and thus 
a smaller percentage of recruits survive. More favourable light conditions appear to 
favour the growth of B. utilis in zone D and in openings in zone C. S. microphylla 
can be considered established in zones C and D given height class distribution and 
RI. Some species show no distinct signs of treeline shift but more obvious an inten-
sified regeneration, indicating ongoing stand densification below treeline. This 
applies species specific especially for A. spectabilis in zones A and B, B. utilis in 
zone A, S. microphylla in zone A and C and Rh. campanulatum in zones B to D
where we found evidences for stand densification. Climate warming impact may 
influence regeneration below treeline and treeline shift in different intensities (e.g. 
Camarero and Gutiérrez 2004; Wang et al. 2006; Kirdyanov et al. 2012; Gaire et al. 
2014; Shrestha et al. 2014) which seems to apply for our study area.

Rh. campanulatum’s population structure in zones C and D is a sign for its poten-
tial to spread out further (cf. Figs. 16.4, 16.5, 16.6 and 16.8). In comparison to zones 
C and D, Rh. campanulatum seems to grow under more intense competitive stress 
in zone B. While the high RI and the very high number of recruits smaller than 
10 cm height point to a viable regeneration, the very low mean height and relative 
small numbers of recruits in classes above 10 cm height imply competitive pressure 
by other species and a distinct self-thinning process. Obviously, Rh. campanulatum 
keeps its regeneration capacity in the zones above, while the competitive strength of 
other species except S. microphylla seems to be reduced. As especially the RI of S. 
microphylla and also its average recruit height are relatively low in zone B, this spe-
cies becomes more competitive in zones C and D. The shift in the ratio of recruits 
to trees at the specific tree species lines, recruit height and RI distributions indicate 
the potential for sustainable recruitment and tree growth. Positive correlations of 
recruit density with soil temperatures and soil moisture give evidence of the rele-
vance of these site factors (cf. Schickhoff et al. 2015). However, other site factors, 
e.g. nutrient availability, microclimatic variations and germination conditions like 
surface structure and light conditions, might in addition hinder or facilitate intensi-
fied recruitment (e.g. Holtmeier and Broll 2005, 2010; Malanson et al. 2007; 
Hofgaard et al. 2009; Batllori et al. 2010; Renaud et al. 2011; Elliott 2012; Wang 
et al. 2012; Durak et al. 2015; Treml and Chuman 2015).

The high standard deviations of the mean densities which we present in the 
results reveal the heterogeneous patterns of the populations even within same alti-
tudinal zones. Analyses of subsets of our sample, e.g. single slopes, confirm this 
finding. This applies also for general and species-specific abruptness patterns (e.g. 
recruits, species and slope-wise, Fig. 16.15 and Tables 16.4 and 16.5). This vari-
ability suggests differences in site conditions apart from altitude and thus a varied 
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potential for recruitment at local scales. No distinct differences in soil temperatures 
between zone C and D were detected during growing season (Figs. 16.12 and 
16.13). If dissemination depended on temperature, only species which once was 
established in zone C could migrate easily to zone D as there is no temperature 
threshold to pass.

In summary we assessed a prolific regeneration in the Rolwaling treeline ecotone 
which indicates a considerable potential to respond to climate warming with a 
treeline shift. Any treeline advance, however, will be controlled to a large extent by 
the dense krummholz belt which acts as an effective barrier for upslope migration 
of treeline-forming tree species. Most likely the treeline in Rolwaling confirms the 
low responsiveness of near-natural Himalayan treelines and upward shifts only in 
the long term, despite the currently existing potential (Shrestha et al. 2014; 
Schickhoff et al. 2015, 2016; Chhetri and Cairns 2015).

16.5  Conclusions

Changes in tree dbh and tree and recruit height and density are species specific and 
occur with varying degrees of abruptness along the treeline ecotone. We identified 
several tree species lines inside the ecotone. The stand structure is complex; high 
standard deviations from mean values indicate heterogeneous patterns, differing 
between different slopes, species and altitudinal zones. Soil temperatures rather 
than lapse rate air temperatures are associated with physiognomic transitions, 
treeline position and spatial regeneration patterns. Thus, the Rolwaling treeline is 
potentially susceptible to climate change, and treeline tree species have the potential 
to migrate upslope in future with Sorbus microphylla showing particularly high 
dynamics. Upslope migration, however, is effectively controlled by the dense 
krummholz belt. Currently, the treeline is rather stable; however we found a prolific 
regeneration as well as signs of stand densification. Further investigations including 
dendroecological analyses will clarify the complex conditions for establishment 
and development from recruits to trees. Moreover, investigations at additional 
Rolwaling study sites and in other valleys are needed to better understand the spatial 
heterogeneity of Himalayan treeline ecotones and their responsiveness to climate 
change.
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    Chapter 17   
 Dendroecological Perspectives on Climate 
Change on the Southern Tibetan Plateau                     

     Achim     Bräuning     ,     Jussi     Grießinger    ,     Philipp     Hochreuther    , and     Jakob     Wernicke   

    Abstract     Tree rings are indicators of historic environmental changes and plant 
response to past and current climate change. Summer temperature reconstructions 
from maximum latewood density on the southeastern Tibetan plateau (TP) for the 
past 600 years revealed cool summer temperatures between ca. 1580 and 1790 
A.D., corresponding to the “Little Ice Age (LIA).” This period was characterized by 
several glacier advance periods, with a maximum glacier extent ending around 
1740–1780 A.D. and smaller readvance phases during the early nineteenth to late 
nineteenth century. Stable carbon isotope analyses of tree-ring cellulose indicate 
species-specifi c ecophysiological response patterns of trees to environmental condi-
tions related to enhanced atmospheric CO 2  levels and drier site conditions which 
might affect future forest composition. Spatial patterns of altitudinal changes of 
climate-growth relationships indicate the dominance of different growth-limiting 
factors in different regions of the TP. In semiarid regions along the western distribu-
tion limit of forests, moisture availability during the growing season is most relevant 
for growth of juniper tree species even in high altitudes. In contrast, warmer tem-
peratures have a stimulating effect on radial growth close to the upper tree limit on 
the humid eastern TP. These fi ndings are corroborated by fi rst studies of cambial 
phenology, indicating a stimulating infl uence of early growing season temperatures 
on cell formation. In the dry northeastern TP, wet conditions during the main grow-
ing season in June are favorable for radial growth. Due to the low number of studies 
and a long history of human impact on forests, a climate-driven upward shift of the 
upper tree limit cannot yet clearly be stated. Tree-ring analyses on long-living dwarf 
shrubs may increase the potential for dendrochronological climate reconstructions 
beyond the upper limit of tree growth on the TP.  
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17.1       Introduction 

 The Tibetan plateau (TP) and its southern declivity are strongly infl uenced by the 
Asian summer monsoon system, which consists of the overlapping Indian (ISM) 
and East Asian summer monsoon (EASM) branches, reaching the TP from south-
western and eastern directions, respectively. During May to September, pressure 
gradients between the TP and surrounding oceans trigger the transport of warm- 
humid air masses from (i) the Bay of Bengal (ISM) and (ii) the Pacifi c Ocean 
(EASM) towards the Himalayas and the eastern TP, whereas during other seasons, 
westerly winds may strongly affect the TP (Bothe et al.  2011 ). As a result, instable 
air masses are forced to rise, leading to orographic rain along the marginal mountain 
ranges of the TP and hence to a pronounced moisture gradient leewards (Fig.  17.1 ). 
For the regional ecosystems, the monsoonal summer rainfall is the major source of 
precipitation during the vegetation period. Solid precipitation during the summer 
monsoon season is also crucial for the mass balance of monsoonal glaciers that are 
important long-term freshwater storages and form the major river sources for South 
and Southeast Asia (Immerzeel et al.  2010 ).

  Fig. 17.1    Average July precipitation in High Asia calculated for the period 2000–2011 (Data are 
taken from the High Asia Refi ned analysis data (HAR) using a spatial resolution of 30 km  
(Maussion et al.  2014 )).  White  and  yellow rectangles  show areas of Figs.  17.2  and  17.5 , 
respectively       
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   The recent decades have witnessed signifi cant trends of decreasing precipitation 
coupled with increasing temperatures across the Himalaya-Tibet region (Wei and 
Fang  2013 ; Shrestha et al.  2012 ). Especially in the southeastern part of the TP, these 
trends are supposed to exceed natural climate variability (Wang et al.  2008 ; You 
et al.  2010 ). Due to the lack of meteorological data before the 1950s and the scarcity 
of existing climate stations, a fi nal assessment of these observed changes is still 
challenging. As a consequence, there is a strong demand for regional paleoclimate 
data which can help to better understand the apparent changes in climate and land-
scape (e.g., glacier variability, climate-induced landscape dynamics) in a long-term 
perspective. 

 Trees are valuable biological archives recording environmental and ecological 
changes. In the formation of annual growth rings that can be precisely dated, tree- 
ring data are suitable to reconstruct past ecological and/or climate variability (e.g., 
Schweingruber  1996 ; Briffa et al.  1998a ). Using different tree-ring parameters, like 
ring width, maximum latewood density, or variations of stable isotopes in wood cel-
lulose, can provide proxies sensitive to different climate elements and seasons. 

  Fig. 17.2    Topography of the study area. Numbers indicate glaciers with dated LIA moraines:  
( 1 ) Baitong, ( 2 ) Ruoguo, ( 3 ) Xinpu, ( 4 ) Gawalong, ( 5 ) Gyala Peri, ( 6 ) Midui, ( 7 ) Zepu, ( 8 ) Arza, 
( 9 ) Xincuo, ( 10 ) Xuequ, ( 11 ) Gongpu (undated), ordered by minimum LIA moraine age (c.f. 
Fig.  17.3 )       
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From an ecological perspective, the investigation of stable isotopic variations in tree 
rings ( δ  13 C,  δ  18 O,  δ  2 H,  δ  15 N) can help to disentangle climate-driven changes on the 
tree level (e.g., Saurer et al.  2003 ,  2004 ; McCarroll et al.  2009 ; Gagen et al.  2011 ). 
An increasing number of studies from the TP-Himalayan region have shown the 
tremendous potential of tree-ring based climate reconstructions to quantify regional 
climate and ecological variations (e.g., Bräuning and Mantwill  2004 ; Yadav et al. 
 2011 ; Grießinger et al.  2011 ; Sano et al.  2012 ; He et al.  2013a ,  b ; Yang et al.  2014 ; 
Wernicke et al.  2015 ). In this chapter, we do not attempt to provide a complete 
review on tree-ring based climate reconstructions from the TP. We rather highlight 
recent fi ndings on hydroclimatic changes on the very humid and sensitive southeast-
ern TP. In addition, we compare regional climate reconstructions with changes in 
the cryosphere to unravel the interplay between climate change and glacier fl uctua-
tions (Hochreuther et al.  2015 ; Loibl et al.  2014 ,  2015 ). Finally, we discuss evidence 
for ecological changes in tree response to environment and vegetation dynamics in 
sensitive vegetation zones.  

17.2     Trees as Archives of Past Climate and Landscape 
Changes 

 Landscapes on the TP are currently undergoing considerable changes as a response 
to climate warming. Monsoonal glaciers have suffered from substantial mass loss 
during the last decades (Bolch et al.  2012 ; Yao et al.  2012 ; Zhang et al.  2013 ). For 
the past centuries, glacier moraines can be used as witnesses of former ice extents. 
For that purpose, various dating techniques like cosmogenic nuclides (esp.  10 Be) 
and radiocarbon dating of organic compounds ( 14 C) have been widely applied (see 
Yang et al.  2008 ; Xu and Yi  2014  for comprehensive overviews). Even though these 
techniques were applied widely for moraine dating, they lack in dating precision on 
various time scales (Geyh  2005 ). Dendrochronology provides very precise dating 
control of climatic variations and landscape dynamics and is a very helpful method 
for glacier extent reconstruction if a former glacier advance reached below the 
upper tree line. Trees are tilted or destroyed by advancing ice mark periods of gla-
cier advances, while trees growing on moraine crests may be used to provide mini-
mum dates for glacier retreat (Bräuning  2006 ). The limited number of existing 
dendroglaciological studies that have yet been carried out on the southeastern TP 
indicate a strong spatial difference between study regions. 

 Besides climatic conditions, glacier dynamics depend on relief parameters, espe-
cially size and steepness of the ablation area and the surrounding slopes, as well as 
on size and shape of the accumulation area (Scherler et al.  2011 ). Hence, occurrence 
of moraine stages may vary according to glacier aspect, size, and topography. 
Beside the complex topographic conditions, climatic gradients play a modifying 
role for glacier mass balances. For example, the amount of precipitation (Fig.  17.1 ), 
the ratio of liquid to solid precipitation, and the dates of monsoon onset and cessa-
tion lead to changes in glacier surface albedo. The interference of these factors 
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increases potential errors when comparing local glacier fl uctuations over large 
 distances. Thus, attempts to reconstruct regional glacier chronologies should be 
based on climatically homogenous settings. 

 By using remote-sensing techniques, Loibl et al. ( 2014 ) analyzed 1964 glaciers 
on the southeastern TP regarding past- to present-day equilibrium-line altitude 
(ELA) changes. They found that local variations of ELA positions are mainly 
depending on the size of the accumulation area and on glacier size in a nonlinear 
way. The majority of glaciers on the southeast TP are north oriented, and their ter-
minal positions descent considerably lower down than those of glaciers of any other 
direction, underlining the importance of exposition by reducing direct solar insola-
tion. The cases of Xinpu and Gongpu glaciers provide excellent examples: both 
descent from Mt. Pulongu (6,300 m a.s.l.) in opposite directions (S/N) and have 
only slightly differing accumulation area sizes. However, the recent glacier termini 
are located in signifi cantly different elevations of 3,300 m and 3,900 m, respectively 
(Hochreuther et al.  2015 ). 

 Glacier studies on the southeastern TP covering the last millennium and thus 
including the so-called Little Ice Age (LIA, ca. 1450–1800 A.D.; Bradley and Jones 
 1993 ; Wanner et al.  2008 ) are rare.  14 C ages of tilted or killed trees embodied in 
terminal moraines have been used to date glacier advances. In contrast, dendrochro-
nological techniques mostly focus on glacier retreat dates using the maximum age 
of in situ living trees covering the respective landforms (for methods see Yang et al. 
 2008  for an overview of studies). The majority of LIA maximum advance moraines 
date to 1760 A.D. ± 20 years (Fig.  17.3a ), likely marking the end of the LIA on the 
southeastern TP. Moraines of former advance phases are rarely preserved, as they 
were often impacted during younger readvance phases. Older LIA stages can best 
be observed by multilobate glacier settings (e.g., Xinpu or Zepu, see Loibl et al. 
 2015  for details). In equally rare cases, single trees have been found able to survive 
minor glacier readvances, offering the chance to date these via formation of reaction 
wood by tilting or by the occurrence of frost rings (e.g., Bräuning  2006 ). 
Conclusively, three major glacier retreat phases can be distinguished since the 
beginning of the LIA: (i) prior to 1540, (ii) predating 1630, and (iii) are treat prior 
to 1740 which marked the major LIA advance phase. Interestingly, the dated 
moraines at the western and eastern margins of the Nyainqêntanglha Range (Xuequ, 
Xincuo, Arza, see Fig.  17.2 ) exhibit considerably younger ages (1885, 1876, and 
1833, respectively).

   Summer precipitation serves as the major mass gain for the monsoonal temperate 
glaciers on the southeastern TP and has been found to be the most infl uential cli-
matic variable for local glacier mass balance (e.g., Zhang et al.  2013 ). Hence, varia-
tions in annual or summer precipitation signifi cantly contribute to glacier fl uctuations. 
However, only very few precipitation reconstructions are currently available for this 
very humid region. A reconstruction of August precipitation anomalies from the 
southern TP (Grießinger et al.  2011 , Fig.  17.3b ) exhibits continuously high-precipi-
tation levels throughout the LIA, covering periods of glacier advance and glacier 
meltdown. Thus, summer precipitation alone seems not the only controlling factor 
for variations of glacier length of monsoonal temperate glaciers.
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   A comparison of the moraine ages to reconstructions of relative humidity 
(Wernicke et al.  2015 , Fig.  17.3c ) reveals no direct relationship between glacier 
retreat and humidity. Regardless of glacier size and aspect, all minimum ages of 
glacier retreats from major advance stages during the last centuries coincide with 
episodes of above-average northern hemispheric annual temperatures (Shi et al. 
 2013 , Fig.  17.3d ). The dependency of glacier length to annual temperature has been 
reported on a global scale (e.g., Oerlemans  2005 ). Since the relationship between 
climate and glacier fl uctuations is complex, annual temperature proves to have an 
integral function; though colder temperatures in single years do not necessarily 
cause a mass gain for glaciers due to the possibility of reduced precipitation or 

  Fig. 17.3    Glacier fl uctuations on the southeastern Tibetan plateau (TP) compared to regional and 
global climate reconstructions. ( a ) Minimum moraine ages of glacier advance phases during the 
Little Ice Age. Numbers refer to local glaciers mapped in Fig.  17.2 , glaciers 1 and 3 exhibit mul-
tiple stages/lobes. ( b ) summer precipitation anomalies for the southern TP (Grießinger et al.  2011 ). 
( c ) summer relative humidity on the eastern TP (Wernicke et al.  2015 ). ( d ) northern hemispheric 
temperature anomalies (Shi et al.  2013 ) ( e ) August temperature on the southeastern TP (Zhu et al. 
 2011 ). ( f ) global total solar irradiance (TSI, Steinhilber et al.  2009 ).  Gray vertical bars  indicate 
periods of reduced solar activity       
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moisture input, a series of consecutive cold years will generally result in a positive 
mass balance. 

 Reconstructions of August temperature based on maximum latewood density 
refl ect variations of climate during the summer monsoon period (Fig.  17.3e ). 
However, summer climate does not have the integral character of annual tempera-
ture since it does not capture the considerable variance of spring and early summer 
climate (Bolch et al.  2010 ). Depending on other factors, like monsoon onset or total 
precipitation amount, the impact of August temperatures on glacier mass balance 
varies considerably (Mölg  2012 ). A direct relationship, not considering other rele-
vant factors, is therefore statistically improbable. Total solar irradiance (TSI, Fig. 
 17.3f ) plays a key role in determining north hemispheric temperature. Nonetheless 
it cannot fully explain glacier fl uctuations on the TP during the LIA. Other factors, 
like, e.g., volcanic activity (Briffa et al.  1998b ; Loibl et al.  2015 ), may be masking 
the relationship between TSI and surface climatic elements at a local site. Thus, the 
relationship of TSI and glacier fl uctuations is characterized by feedback mecha-
nisms. The period of increased solar irradiance in the early eighteenth century 
induced a global temperature rise and initiated the termination of the last major 
phase of the LIA. This is documented by a clustering of dating results of major 
moraine stages in the late eighteenth century (Fig.  17.3a ). 

 A parallel increase/decrease of temperature and precipitation would lead to a 
negative mass balance of monsoonal glaciers and hence to a faster back wasting of 
glaciers on the southeastern TP. Negative temperature excursions lasting over 
decades, however, set the frame for glacier advances, due to a lowering of the ELA 
and consequently a surplus of solid precipitation (Bolch et al.  2010 ). This relation-
ship is also valid in the reverse case, and the recent ELA rise is widely regarded as 
the main reason for the recent glacier retreat. It was shown that these processes 
cease at elevations above 5,000 m a.s.l. (Qin et al.  2009 ). The majority of the mon-
soonal temperate glaciers currently have lower ELA positions, with lowest ELA 
altitudes in the southeastern TP (Loibl et al.  2014 ). As a consequence, the mon-
soonal temperate glaciers are highly sensitive to changes in temperature and mois-
ture. They are advancing during cool and summer moist periods that very likely 
have prevailed during most parts of the LIA.  

17.3     Tree Responses to Long-Term Environmental Trends 

 In the former section we discussed tree-ring evidence for reconstructing historic 
climate changes. However, also other ecological trends may have an impact on tree 
growth and ecological reactions of physiological processes as they may be recorded 
by stable isotope variations in annually formed tree rings. From a dendroecological 
perspective, variations in tree-ring  δ  13 C are potential indicators of changes of the 
environmental and ecophysiological conditions during tree growth. The plant physi-
ological background underlying stable carbon isotope variations in tree rings has 
been thoroughly investigated during the recent decades and is well understood (e.g., 
Seibt et al.  2008 ; Leavitt  2010 ; Gessler et al.  2014 ). Since the major carbon source 
for terrestrial plants is atmospheric CO 2 , the “storage” of environmental 
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information in tree-ring  δ  13 C is mainly controlled by processes on leaf-level (Gessler 
et al.  2014 ). Therefore, any superposed change of the  13 C/ 12 C relationship of atmo-
spheric CO 2  will lead to substantial changes of tree-ring  δ  13 C. Since the late 1950s 
high- precision measurements reported a strong increase in atmospheric CO 2  from 
316 ppm in 1959 to 350 ppm in 2014 due to fossil fuel combustion (Keeling et al. 
 2005 ;   www.esrl.noaa.gov/gmd/ccgg/trends    , Fig.  17.4 ). Parallel with this increase in 
CO 2 ATM  is the depletion in atmospheric  δ  13 C, leading to a shift in the  13 C/ 12 C rela-
tionship in atmospheric CO 2  and hence a change of  δ  13 C during carbon fi xation 
(Friedli et al.  1986 ; Gessler et al.  2014 ).

   Stable carbon isotope ratios ( δ  13 C) in tree rings from trees growing at high- 
elevation sites in the subhumid eastern TP show substantial linkages to local cli-
mate, albeit species-specifi c changes in their long-term trends are obvious 
(Grießinger  2008 ). Figure  17.4  shows a comparison of spruce ( Picea balfouriana ) 
and juniper ( Juniperus tibetica )  δ  13 C ATMcorr -variations from a site located in 4,400 m 
elevation near Qamdo. During the preindustrial period prior to 1850, both time 
series show a high variability and a slightly decreasing long-term trend in  δ  13 C until 
the mid-nineteenth century, which is stronger for juniper (−0.2 ‰) than for spruce 
(−0.06 ‰). After 1850, a distinctive but tree-species strengthening in this negative 
 δ  13 C tree-ring  trend can be observed. The obvious tipping point for the onset of the 
maximum decrease rate can be dated to the beginning of the twentieth century, 
which is consistent to fi ndings of studies from other regions (Marshall and Monserud 
 1996 ; McCarroll and Loader  2004 ; Treydte et al.  2006 ; Knorre et al.  2010 ). 
Surprisingly, this decrease in  δ  13 C tree-ring  is much stronger in spruce (−2 ‰) than in 
juniper trees (−0.5 ‰). Similar absolute values of a 1–2 ‰ decrease in  δ  13 C tree-ring  
since 1800 were also found in the mentioned studies, although none of them com-
pared two tree species at one site simultaneously. Our fi ndings clearly indicate a 
species-dependent response towards changes of environmental conditions. Although 
this apparent trend cannot be related to a change in climate or rising atmospheric 
CO 2  content solely (Cernusak et al.  2013 ; Gessler et al.  2014 ), it is obvious that tree 
species on the TP are facing fundamental ecophysiological responses through cli-
mate change. In fact, rising CO 2  will, e.g., lead to an increase in leaf-level discrimi-
nation through stomatal conductance, changes in the photosynthetic rate, or of 
intrinsic water-use effi ciency (iWUE).  

17.4     Dendroecological Evidence for Recent Environmental 
Changes 

 In the sections above, we used dendrochronological data to evaluate former environ-
mental changes. However, trees are also recorders of recent changes of environmen-
tal processes. In the fi nal section, we want to have a closer look on applied fi elds of 
dendroecological studies on the landscape level as well as to recent trends in tree- 
ring research in areas beyond the tree limit. At fi rst, however, we want to refl ect how 
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short-term climatic signals are transferred into annual growth layers of wood, and 
how altitudinal gradients affect spatial patterns of tree response to regional climate. 

17.4.1     Cambial Phenology of High-Elevation Conifer Species 

 On the humid southeastern Tibetan plateau where annual precipitation sums of 
more than 600 mm occur, species-rich subtropical mountain conifer forests are 
found, where the upper tree line (4,400 m a.s.l.) is formed by Smith fi r ( Abies 
georgei  var.  smithii ) and blackseed juniper ( Juniperus saltuaria ) (Liang et al. 
 2011a ). While ring-width variations at such sites are in general good recorders of 
temperature fl uctuations, it is not known how interannual differences in climate and 
short-term climatic extreme events infl uence wood formation at such sensitive sites. 
High-resolution studies on cambial dynamics combining wood anatomical and 
cambial modeling approaches are able to shed more light on these important eco-
logical questions. For example, a comparison of the cambial phenology of ca. 40 
and 160-year-old Smith fi r trees growing in 3,850 m elevation revealed that in 2008 

  Fig. 17.4    δ 13 C tree-ring  time series of juniper ( red line ) and spruce ( blue line ) tree rings from Qamdo/
SE-Tibet. Both time series are corrected for an increasing atmospheric CO 2  content.  Dashed lines  
indicate trends for the preindustrial period and since the beginning of industrialization around 
1850, respectively. Inlay shows the annual atmospheric CO 2  content at Mauna Loa/Hawaii (Data 
from Tans & Keeling NOAA/ESRL;   www.esrl.noaa.gov/gmd/ccgg/trends/    )       
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cambial activity started around May 10 in young trees and was delayed to May 31 in 
old trees. The phase of cell enlargement of newly formed xylem cells ended around 
August 23, whereas thickening of secondary cell walls terminated end of September, 
so that the total period of wood formation varied from 5 months in young trees to 4 
months in old trees, respectively (Liu et al.  2013 , for location see Fig.  17.5 ). Cell 
formation rates were positively correlated to minimum air temperatures occurring 
around 1 week before cell formation, indicating that in cool and humid environ-
ments temperature is the dominant controlling factor for tree radial growth. Studying 
wood formation of Qilian juniper ( Sabina przewalskii ) along an altitudinal gradient 
in the semiarid northern Tibetan plateau, Wang et al. ( 2015 ) found that the initiation 
of the growing season in May was triggered by warmer spring (April) temperatures, 
whereas growth rates during the main growing season in June correlated with pre-
cipitation. The duration of the growing season at the upper tree line lasted between 
41 and 51 days in 2011 and 2012, respectively. These fi ndings indicate that tree- 
growth rates at high-elevation sites may be controlled by different climatic factors 
in different climate zones of the TP, and that response of forest ecosystems to cli-
mate change may be spatially very heterogeneous and complex.

17.4.2        Growth-Climate Relationships Along Climatic 
Gradients 

 To reconstruct past climate variations from tree-ring width, statistical calibration 
functions are established between available climate station data and tree-ring chro-
nologies. After validation, these relationships are used in a transfer function to 
reconstruct paleoclimate (Fritts  1976 ), assuming that the current dependencies of 
growth on climate were also working during former periods. In mountain regions, 
topography has a strong impact in modifying the regional climatic regime (Thomas 
and Herzfeld  2004 ), so that tree-growth relationships to climate may vary with ele-
vation. However, the degree to which elevation-dependent climatic gradients impact 
climate-growth relations seems to be controlled by the overall climate regime. 
Figure  17.5  illustrates examples of juniper chronologies from four study areas expe-
riencing different moisture conditions. At each study site, two well-replicated ring- 
width chronologies of juniper trees were developed. Climate data from the next 
climate stations were used to establish correlation functions between ring width and 
precipitation and temperature during a 15-month time window considering a period 
from July of the previous growing period until September of the current growing 
season. 

 In the semiarid steppe forests at Dulan on the northern TP, mean annual precipi-
tation is 212 mm, showing a high interannual variability. The regional forests are 
dominated by Qilian juniper ( Sabina przewalskii ) and are located close to the 
 western distribution limit of forests. At Dulan, both established chronologies show 
a strong positive infl uence of precipitation during the growing season (Fig.  17.5 ), 
whereas temperature shows a negative correlation to tree growth, indicating that hot 
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and dry conditions during the growing period are causing stress to the trees. This 
climate-growth relationship is slightly weaker at the higher site, probably indicating 
that the degree of drought stress becomes less with increasing elevation. Nevertheless, 

  Fig. 17.5    Correlation coeffi cients between ring-width chronologies of junipers and temperature 
( red ) and precipitation ( blue ) of nearby climate stations from July of the previous growing season 
to September of the current growing season. Symbols for previous year’s month are written in 
lowercase letters. At Reting and in Anemaqin, regional means of two climate stations were used. 
At each study site ( red triangles ), juniper chronologies from different elevations were developed 
(site elevation indicated in correlation diagram). Tree-line studies ( green triangles ): ( 1 ) Baker and 
Moseley ( 2007 ); ( 2 ) Liang et al. ( 2011b ); Shrub studies (hexagons): ( 1 ) Liang and Eckstein ( 2009 ); 
( 2 ) Liang et al. ( 2015 ); ( 3 ) Liang et al. ( 2012 )       

 

17 Dendroecological Perspectives on Climate Change on the Southern Tibetan Plateau



358

the general dependency of growth rates on available moisture is persistent, thus 
Qilian juniper has successfully been used to reconstruct regional precipitation varia-
tion over the last millennia (e.g., Zhang et al.  2003 ; Gou et al.  2010 ; Shao et al. 
 2010 ; Yang et al.  2014 ). In the less arid Anemaqin Mountains further southeast, 
mean annual precipitation is above 520 mm. The negative infl uence of summer tem-
perature and the positive infl uence of summer precipitation on tree growth still 
remain (Gou et al.  2010 ; Wischnewski et al.  2013 ), although the signal is restricted 
to a smaller seasonal window during the early growing season in May and June. 

 In the humid eastern and southern margins of the TP, altitudinal forest belts 
become more species-rich and complex, and hence temperature topography plays a 
more differentiating role in modifying growth-climate relationships (Bräuning 
 1994 ; Fan et al.  2009 ). Juniper ( Juniperus tibetica ) trees at site Qamdo growing at 
the upper tree line in 4,600 m altitude with about 540 mm mean annual precipitation 
show a higher temperature signal than trees growing at lower elevations. On the 
southern Tibetan plateau near Reting with a mean annual precipitation sum of 
around 400 mm, moisture availability during the pre-monsoon season from March 
to May has a positive impact on tree growth. At the lower study site, moisture avail-
ability throughout the year is of great importance (He et al.  2013b ). Besides, high 
summer temperatures are negatively correlated with ring width at the lower site, 
whereas close to the upper tree line; this adverse effect reverses to a positive infl u-
ence of temperature on tree growth, probably due to reduced evapotranspiration 
rates under cooler climatic conditions. Nevertheless, the major dependency of tree 
growth remains relatively weakly altered by altitudinal gradients (Liang et al.  2010 ; 
Li et al.  2012 ; He et al.  2013a ), and thus well-replicated tree-ring width chronolo-
gies are able to preserve a species-specifi c regional climatic signal useful for cli-
mate reconstruction.  

17.4.3     Tree Line Changes and Use of Dwarf Shrubs 
in Dendroclimatology 

 From the recessional trends of glaciers, ELAs as well as increasing trends of tem-
perature and decreasing moisture (Fig.  17.3 ), one might expect a positive response 
of temperature-limited vegetation boundaries and an upward shift of tree-line posi-
tion. On the Tibetan plateau, however, the position of the natural upper tree limit has 
been lowered considerably due to the impacts of fi re and millennia-long grazing of 
sheep, goats, and yak by Tibetan herdsmen (Baker and Moseley  2007 ; Miehe et al. 
 2014 ). Thus, it is diffi cult to fi nd upper tree limits with a natural transition between 
high-elevation forest and alpine vegetation. Hence, the number of tree-line dynam-
ics studies is rather limited. 

 A recent advance of the upper tree limit was observed by comparison with his-
torical photographs near Baima Xue Snow Mountain at the southeastern edge of the 
Tibetan plateau (Baker and Moseley  2007 ). However, it was diffi cult to ascertain 
whether the observed advancement of  Larix potaninii  var.  macrocarpa  trees into 
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alpine shrubland was primarily triggered by climate warming or regional land use 
change practices. In the humid southeastern TP, Liang et al. ( 2011b ) analyzed seed-
ling recruitment and dynamics of the local tree line formed by Smith fi r ( Abies 
georgei  var.  smithii ). Although tree recruitment strongly accelerated after 1950 par-
allel to an increase in winter temperature, the position of the uppermost trees 
remained almost constant during the past ca. 200 years. However, given the lag 
response of tree line to climatic changes, an uplift of the upper tree limit might be 
expected if the climate warming trend continues. 

 Recent studies have revealed the potential of alpine dwarf shrub species for den-
droclimatological analyses (for a recent summary, see Myer-Smith et al.  2015 ). In 
the humid southern Tibetan plateau, various species of  Rhododendron  form the 
understory of mountain forests, but numerous species are also found above the 
upper tree limit. Ring-width variations of the ca. 40–80 cm tall snowy rhododen-
dron ( R. nivale ) were positively correlated with temperatures in July of the growing 
season and November before the growth year (Fig.  17.5 ). Warmer temperatures, 
snow protection, and less cold conditions in autumn seem to be favorable for dwarf 
shrub growth (Liang and Eckstein  2009 ). Another dwarf shrub widely distributed 
on the TP and the Himalayas,  Cassiope fastigiata , shows distinct growth rings that 
can be synchronized among individuals in order to establish site temperature- 
sensitive ring-width chronologies, which are similar to neighboring ring-width 
chronologies from high-elevation sites (Liang et al.  2015 ; Fig.  17.5 ). More than 
300-year-old individuals of Wilson juniper ( Juniperus pingii  var.  wilsonii ) growing 
in almost 4,800 m a.s.l. elevation near lake Nam Co in a continental climate respond 
positively to May and June precipitation and negatively to temperature, indicating 
that the local moisture conditions during the early growing season are of great 
importance at radiation-rich and windy sites on the TP (Liang et al.  2012 ; Fig.  17.5 ).   

17.5     Conclusions 

 Tree rings offer widely distributed and precisely dated paleoclimate proxies across 
the Tibetan plateau and the surrounding high mountain regions, including the west 
Chinese mountain ranges along the eastern and southern margin of TP, the 
Himalayas, Karakoram, Hindu Kush, and Tian Shan. They provide centennial to 
multimillennial chronologies showing a species-specifi c response to climate that is 
determined by the climatic regime and the tree-ring parameter under consideration. 
Despite the long-lasting and intense human impact, the potential of dendrochronol-
ogy to reconstruct long-term environmental trends as well as frequency and distri-
bution of extreme climatic events is by far not exhausted. Trees are recorders of 
environmental change, providing unique opportunities to monitor climate changes 
and related ecosystem responses in vulnerable high mountain regions. Considering 
the high potential age of a so far still unknown number of dwarf shrub species, there 
seems to be good chance to extend existing dendroclimatological studies and 
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climate reconstructions into regions beyond the tree limit which characterize wide 
areas on the TP and the semiarid steppes of High Asia.     
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Chapter 18
Spatially Variable Vegetation Greenness 
Trends in Uttarakhand Himalayas in Response 
to Environmental Drivers

Niti B. Mishra and Gargi Chaudhuri

Abstract Over the last few decades, Western Himalayas experienced high popula-
tion growth and increase in exploitative land use practices. This trend coupled with 
influence of climatic variability has resulted in significant negative effects on veg-
etation cover and productivity. This study aims to understand the spatial patterns 
and severity of these impacts in Uttarakhand Himalayas. Specifically, the objectives 
of this study are twofold: first, to quantify interannual trends in vegetation green-
ness by conducting nonparametric Mann-Kendall trend analysis on MODIS-NDVI 
time series (2000–2014) and, second, to assess distribution of this trend with respect 
to land use land cover properties and elevation zones. The results show that out of 
the total vegetated area in Uttarakhand, 2,686.95 km2 (5.69 %) showed changes in 
the vegetation greenness and 73.64 % of this change was significant negative trend 
(browning). While areas with <800 m elevation showed dominant browning, those 
between 800 and 1600 m showed significant positive trend (greening), and majority 
of areas >1600 m were characterized by browning trend. Majority of intensively 
cultivated irrigated croplands in the Himalayan foothills and areas around growing 
urban centers showed widespread browning, whereas areas of rainfed cultivation 
showed dominant greening. Browning was also dominant in closed needle leaf for-
ests and alpine shrublands, except areas where human impacts has led to more 
mixed patterns. These results highlight previously unreported fine-scale spatial 
variations in vegetation productivity trend with respect to both elevation and LULC 
properties.
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18.1  Introduction

Mountain ecosystems in subtropical latitudes of Asia, such as the Himalayas, are 
important repository of biodiversity, water, and several other ecological resources 
(Singh and Singh 1987; Ives 2004). This region with its abundance of natural 
resource provides ecosystem services to millions of people living locally and in the 
Indo-Gangetic plains (Singh 2006). The Himalayan region is characterized by high 
relief, strongly structured climatic gradients and contains ecosystems that are under-
studied, ecologically sensitive, and vulnerable (Xu et al. 2009). Several recent cli-
mate studies in Himalayas have shown spatially variable but significant increase in 
temperature trend over the last three decades (Immerzeel et al. 2010; Shrestha et al. 
1999). Increasing population, particularly in the Western Himalayas (e.g., 
Uttarakhand), has led to unprecedented resource exploitation unhindered by lack of 
sustainable environmental policies (Tiwari 2008; Pandit and Grumbine 2012; 
Semwal et al. 2004). Like other subtropical mountain systems, environmental 
changes in the Himalayas are generally linked with vegetation-related changes such 
as declining forest cover and biodiversity (Pandit et al. 2007; Xu et al. 2009; Tiwari 
2008). Furthermore, in tropical mountain ecosystems, vegetation communities have 
been found to show higher sensitivity to climatic changes compared to their temper-
ate counterparts (Gottfried et al. 2012; Walther et al. 2005). Thus, characterization 
of long-term vegetation trends for the Himalayan region can provide important 
understanding of vegetation responses to both environmental and anthropogenic 
drivers of change (Shrestha et al. 2012; Mishra and Chaudhuri 2015).

Field-based assessments of vegetation productivity and dynamics in mountain 
ecosystems are generally limited in scope and scale mainly due to the inaccessibil-
ity and logistical issues (Gottfried et al. 2012). Remote sensing-based vegetation 
monitoring overcomes these challenges and cannot only complement field data but 
also provide large spatial coverage (Lillesand and Kiefer 1994). For remote sensing 
of vegetation dynamics, satellite-derived vegetation indices such as the Normalized 
Difference Vegetation Index (NDVI) have been widely used because of its correla-
tion with chlorophyll abundance and gross primary productivity (Goetz and Prince
1999; Myneni et al. 1995). Furthermore, several previous studies have utilized 
NDVI time series data such as from NOAA-AVHRR and MODIS in various eco-
systems to describe temporal trends in vegetation productivity at regional scale by 
quantifying interannual and seasonal vegetation dynamics (Barichivich et al. 2014; 
Myneni et al. 1997). These studies have confirmed that NDVI trends were influ-
enced by changes in climate and/or land cover properties (Mishra and Chaudhuri 
2015; Shrestha et al. 2012).

Changes in vegetation productivity and/or cover can be influenced by climatic 
fluctuation (e.g., rainfall, temperature), disturbance (e.g., fire regime), and anthro-
pogenic activities (e.g., urbanization, agricultural expansion). Characterization of 
long-term vegetation greenness trends is vital for detecting early warning signals of 
degradation or improvement in vegetation conditions, as well as its specific loca-
tions (Menzel 2002). This study focuses on the state of Uttarakhand in northern 
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India and aims to characterize the spatial distribution of interannual vegetation 
greenness trends using 14-year MODIS-NDVI time series data. Furthermore, the 
spatial association of detected trend is examined with elevation gradient and LULC 
properties. Finally, the causation behind the detected distribution of vegetation 
greenness trend has been examined using existing literature and ancillary 
information.

18.2  Study Area

Uttarakhand has a total area of 53,484 km2 and shows great variation in elevation, 
climate, and vegetation properties (Fig. 18.1). Majority of the study area is moun-
tainous (93 %) of which 65 % is covered by forests (Negi 2009). Uttarakhand 
receives a mean annual rainfall of 1546 mm, of which more than two-thirds is dur-
ing monsoon season (June–September). The spatial distribution of rainfall shows 
marked variation due to steep altitudinal gradient from south to north. The vegeta-
tion type changes with altitude, for example, the region above 4800 m is non- 
vegetated, the region between elevations of 3000 and 4800 m is occupied by 
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Fig. 18.1 (a) Location of Uttarakhand in India; (b) land use land cover map of Uttarakhand 
(Source: GlobCover 2009); and (c) elevation distribution in Uttarakhand derived from ASTER
DEM
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Western Himalayan alpine shrubs and meadows, and the region below tree line is 
dominated by the temperate Western Himalayan subalpine conifer forest. At 3000–
2600 m elevation, they transition to temperate Western Himalayan broadleaf forest 
which lie between 2600 and 1500 m. The Himalayan subtropical pine forests domi-
nate the region below 1500 m of elevation (Singh and Singh 1987). The lowland 
areas of Uttarakhand are dominated by the Upper Gangetic Plain moist forests and
Terai-Duar savannas, and majority of these vegetation types have been cleared for 
agriculture with few remaining patches (Tiwari 2000). The highly biodiverse for-
ested area in Uttarakhand is protected and conserved by the state and national gov-
ernment in forms of six national parks, six wildlife sanctuaries, and two conservation 
reserves. This state is also one of the major contributors of the tourism sector in 
India, attracting significant numbers of domestic and international tourists (Phukan 
et al. 2012).

18.3  Data and Methods

The study used MODIS MO13Q1 16-day composite 250 m NDVI product 
(Collection 5) acquired from NASA (www.reverb.echo.nasa.gov). The product is 
developed from atmospherically corrected bidirectional surface reflectance and has 
been masked for water, clouds, heavy aerosols, and cloud shadows (Huete et al. 
2002). Fourteen years of NDVI data is utilized from scenes of day 81, year 2000, to 
day 65, year 2014. The study area is located at the intersection of four MODIS tiles 
(h24v05, h24v06, h25v05, and h25v06) that are mosaicked and reprojected to UTM 
projection (Zone 44N), the pixel spatial resolution is resampled to 300 m, and the 
images are cropped along the political boundary of Uttarakhand. Elevation is
derived from ASTER GDEM2 elevation product that provides 30 m spatial resolu-
tion and includes substantial improvements from its predecessor GDEM1
(Tachikawa et al. 2011). Land use land cover information for Uttarakhand is derived 
from GlobCover 2009 product (Bontemps et al. 2011).

As a preprocessing step, the NDVI time series is de-noised using the Savitzky- 
Golay procedure to remove the impacts of contamination such as clouds. The
MOD13 pixel reliability layer is used to weight data in the temporal filtering. The 
de-noised NDVI time series is used to calculate mean annual NDVI for each pixel 
by averaging the 23 composite images for each year. This procedure resulted in 14 
mean annual NDVI images. For detecting interannual vegetation trends, Mann- 
Kendall trend analysis is utilized (Mann 1945; Kendall 1938) which has been 
increasingly employed for characterizing trends as it is especially suitable for small 
sample sizes and is less affected by outliers (Yue and Wang 2004). Mann-Kendall 
tau (τ) coefficient is a nonparametric hypothesis to test for statistical dependence of 
observations from two random variables X and Y. For a time series, assume that xi 
and xj are the observations at times i and j, respectively, and then any pair of obser-
vations ((i, xi) and (j, xj)) are said to be concordant if both i > j and xi > xj or if both 
i < j and xi < xj. They are said to be discordant if i < j and xi > xj or if i > j and xi < xj. 

N.B. Mishra and G. Chaudhuri

http://www.reverb.echo.nasa.gov/


369

If i≠j and xi = xj, the pair is neither concordant nor discordant, and then Mann- 
Kendall tau (τ) is then simply the relative frequency of concordant minus the rela-
tive frequency of discordances and can be calculated as
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where C2
n is the total number of pairwise combinations of n observations.

Ranging from −1 to 1, τ = 1 means consistently increasing trend and τ = −1 con-
sistently decreasing trend; τ coefficient is expected to be zero if no trend exists. The 
significance level of the trend can be evaluated by using p value (Kaspersen et al. 
2011). To understand the elevation and land use land cover-specific trends in veg-
etation productivity, the statistically significant Mann-Kendall trend values are fur-
ther spatially analyzed with respect to 6 altitudinal zones and 13 vegetated land use 
land cover classes (Fig. 18.1b) for Uttarakhand.

18.4  Result and Discussion

18.4.1  Distribution of Trend Considering Altitudinal Gradient

Spatial distribution of statistically significant trend (p values <0.01) in vegetation 
greenness over the 14-year study period is visualized in Fig. 18.2. Out of the total 
vegetated area in Uttarakhand (47,177.92 km2), 2,686.95 km2 (5.69 %) showed sta-
tistically significant trend. Out of this, the proportions of areas with negative and 
positive trend were 73.64 % and 26.36 %, respectively (Table 18.1). Figure 18.3 
shows distribution of these trends in overall greenness with respect to six altitudinal 
zones. More than 90 % of the area with observed significant trend is located below 
3200 m elevation, and a very small fraction of total area showed significant trend in 
greenness above 3200 m (Fig. 18.3). Table 18.1 shows proportion of positive and 
negative overall greenness within each altitudinal zones. Vegetation greenness 
trend shows spatially contrasting patterns among the six altitudinal zones. For 
example, the region below the elevation of 800 m has dominant negative trend, 
whereas the region between elevations of 800–1600 m shows dominant positive 
trend. The region above 1600 m shows dominant negative trend in interannual 
greenness. The overall results also suggest that with increasing elevation, high sta-
tistical significance decreases considerably (Fig. 18.3).

18 Spatially Variable Vegetation Greenness Trends in Uttarakhand Himalayas…



370

18.4.2  Distribution of Trend Considering LULC Properties

Results show high spatial variation in land use land cover class-specific vegetation 
greenness trend (Fig. 18.2). The areal distribution of land use land cover-specific 
interannual greenness trend (either positive or negative) for Uttarakhand Himalayas 
using the GlobCover 2009 product is shown in Table 18.1. Majority of large urban 
centers in Uttarakhand (e.g., Dehradun, Haldwani, Roorkee, Haridwar) are located 
in the plains and Himalayan foothills due to ease of transport and accessibility. The 
areas in and around these urban centers (examples shown in Fig. 18.2a, b) show 
dominant negative trend (i.e., browning) for the study period (Table 18.1). During 
the last few decades, Uttarakhand Himalayas has experienced rapid urbanization, 
especially since 2000 when Uttarakhand gained statehood, which triggered multiple 
lands clearing for civil construction and infrastructural development projects. The 
total population of the state increased by 15.83 % between 2001 and 2011, and 
urban population increased from 25.67 % in 2001 to 30.23 % in 2011 (India 2011). 
Recent estimates suggest that 5.85 % of the natural forested area was lost due to 
urban growth in the state between 1981 and 2011 (Tiwari and Joshi 2012). Therefore, 

Fig. 18.2 (a) Map of Uttarakhand illustrating Mann-Kendall trend of overall greenness from 2000 
to 2014 for pixels with high statistical significance. Inset maps highlight selected portions of the 
main map displaying different trends in overall greenness
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the browning trend can be directly attributed to conversion of forest or agricultural 
land to urban cover.

Outside the urban centers, agriculture is the most significant economic activity 
with rainfed agriculture being practiced in terraced fields (Mittal et al. 2008). 
Majority of these rainfed agricultural areas show positive greenness trend (Table 
18.1 and Fig. 18.2c). On the contrary, the plain and Terai areas of Uttarakhand 
(below 800 m elevation) are intensively irrigated (produce two crops per year) and 
show significant browning trend (Table 18.1). To understand the causation behind 
these greening and browning will require further analysis of spatiotemporal pattern 
of rainfall distribution and trend of agricultural production in the irrigated and rain-
fed cropped areas.

Over the last few decades, infrastructure development in the form of dam con-
struction has been an important driver of land use land cover change in Uttarakhand 

Table 18.1 Trend distribution considering different LULC classes in Uttarakhand

Land use land cover class
Total area 
(km2)

Areas with significant trend (km2)

Total Negative Positive

Post-flooding or irrigated croplands (or 
aquatic)

5,506.56 489.96 378.45 111.51

Rainfed croplands 8,161.20 396.99 131.22 265.77
Mosaic cropland (50–70 %)/vegetation 
(grassland/shrubland/forest) (20–50 %)

3,741.75 237.60 109.8 127.8

Mosaic vegetation (grassland/shrubland/
forest) (50–70 %)/cropland (20–50 %)

3,850.92 157.41 78.84 78.57

Closed to open (>15 %) broadleaved 
evergreen or semi-deciduous forest (>5 m)

1,950.48 117.72 114.84 2.88

Closed (>40 %) broadleaved deciduous 
forest (>5 m)

2,094.12 96.84 80.19 16.65

Closed (>40 %) needleleaved evergreen 
forest (>5 m)

7,327.08 631.17 595.44 35.73

Closed to open (>15 %) mixed broadleaved 
and needleleaved forest (>5 m)

2,881.17 161.46 137.25 24.21

Mosaic forest or shrubland (50–70 %)/
grassland (20–50 %)

311.85 14.94 11.34 3.6

Mosaic grassland (50–70 %)/forest or 
shrubland (20–50 %)

474.12 30.15 27.9 2.25

Closed to open (>15 %) (broadleaved or 
needleleaved, evergreen or deciduous) 
shrubland (<5 m)

5,584.77 257.49 232.47 25.02

Closed to open (>15 %) herbaceous 
vegetation (grassland, savannas, or lichens/
mosses)

5,097.24 27.90 16.56 11.34

Artificial surfaces and associated areas 
(urban areas >50 %)

197.01 67.32 64.62 2.7

Total 47,178.27 2,686.95 1,978.92 708.03
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Himalayas, and this trend is expected to continue as several major hydel power 
projects are to be constructed within next decade (Pandit and Grumbine 2012). 
Besides land use land cover change, the construction of dams in seismically active 
Himalayas has been much debated, though with some support due to the advantages 
of increased irrigation and hydel power generation (Rana et al. 2007). The result of 
this study reveals highly contrasting and spatially complex patterns in seasonal 
greening and browning trends in and around areas where dams are constructed. An 
example of spatially contrasting trend is shown in Fig. 18.2d which highlights the 
changing interannual vegetation greenness trend around the Tehri dam in the Tehri 
Garhwal district. A large low-lying part of the area shows negative trend due to the
submergence of pre-2005 agricultural and forested land due to the filling of the 
Tehri dam reservoir. Studies have reported that more than 50 km2 area was sub-
merged due to the reservoir filling. On the contrary, the area upslope of this sub-
merged zone depicted positive trend. This could be attributed to the indirect impact 
of the resulting reservoir that could have potential impacts on the microclimate 
(e.g., increased moisture availability) and vegetation productivity.

Among different forest types, majority of the area covered by closed needle-
leaved evergreen forest shows dominant negative trend (browning) for the study 
period (Fig. 18.4 and Table 18.1). Interestingly, majority of these brownings in 
closed needleleaved evergreen forest are located inside protected areas (Binsar 
Wildlife Sanctuary, Govind Pashu Vihar Wildlife Sanctuary) that are far from exist-
ing human settlements/roads. Thus, the negative trend can be attributed to the 
changing precipitation and/or temperature pattern in the region. Previous studies 
have reported increase in average temperature in subtropical mountain systems 
including the Himalayan system over the last few decades following the average 
global warming trend (Immerzeel et al. 2010; Rangwala and Miller 2012). Existing
literature on the relationship between climate and vegetation in mountain ecosys-
tems suggests that increasing temperature combined with no gain in precipitation 
has negative impact on vegetation productivity in subtropical mountains, a 
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 phenomenon widely known as temperature induced moisture stress (D’Arrigo et al. 
2004) which could be the cause behind observed vegetation browning in high alti-
tude environments, including the Uttarakhand Himalayas (Krishnaswamy et al. 
2014; Pounds et al. 1999; de Jong et al. 2013). Besides forested area, significant 
percent of area showing significant trend in greenness also falls under closed to 
open shrubland, and majority of it is browning trend (Table 18.1).

18.5  Conclusion and Future Perspectives

The present study utilized satellite-derived time series data on vegetation greenness 
to characterize seasonal trends in vegetation over the Uttarakhand Himalayas and 
examine trend distribution across the elevation gradients and LULC types. We 
detected very interesting elevation and LULC-specific spatiotemporal patterns in 
seasonal trend distribution, which is the manifestation of LULC changes and/or 
changing climatic drivers (e.g., precipitation/temperature regime). Large parts of 

Fig. 18.4 Map of Uttarakhand illustrating Mann-Kendall trend of overall greenness from 2000 to 
2014 for pixels with high statistical significance. Inset maps highlight selected portions of the main 
map displaying different trends in overall greenness dominantly the result of climatic factors
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Himalayan ecosystem remains understudied in terms of the impacts of ongoing cli-
matic variability and human activities on fragile vegetation communities. This 
study attempts to fill this knowledge gap by analyzing freely available earth obser-
vation data to characterize interannual trends in vegetation greenness and trend dis-
tribution with respect to different elevation gradients and land use land cover classes. 
Our results represent considerable improvements over the previous studies in the 
Himalayas that are based on coarser spatial resolution (e.g., NOAA-AVHRR) time 
series and are only able to detect very broad vegetation trends. MODIS-NDVI 
images with relatively high spatial resolution enabled us to stratify and relate green-
ness/brownness trends to various land use land cover classes and expand our under-
standing on how different vegetation types may respond differently to changing 
environmental drivers. The 250 m MODIS-NDVI time series product is the highest 
spatial resolution time series data currently available that also provides regional 
scale coverage. However, considering the spatial heterogeneity in land use patterns 
that is often observed in lower elevation area (i.e., Siwalik) in Western Himalayas, 
higher spatial resolution images (e.g., Landsat, SPOT) will provide more detailed 
vegetation trends which may be more accurate depending on the spatial heterogene-
ity of cover types. Results obtained using such higher spatial resolution products 
could also be used to validate trend magnitude and direction obtained from coarser 
resolution products. Furthermore, lack of environmental data at comparable spatio-
temporal scales hinders analysis on exact causation of the changing vegetation pro-
ductivity in a functionally diverse and spatially heterogeneous area such as 
Uttarakhand Himalayas. More recent availability of multi-temporal high spatial 
resolution imagery (<5 m) makes it possible to infer the drivers of changing vegeta-
tion trend in and around anthropogenically altered areas. It is however much more 
challenging to interpret drivers of detected trend in protected areas (e.g., national 
parks) due to either scarcity of in situ time series climate data (e.g., temperature, 
rainfall) or the very coarse spatial resolution (>5 km) of satellite-derived estimates. 
Due to rapidly increasing population, growing connectivity between urban growth 
centers, and implementation of various socioeconomic developmental projects 
(e.g., dam construction) in ecologically sensitive areas, the negative impacts of 
anthropogenic activities are expected to accelerate in the near future and could con-
tribute to increasing environmental vulnerability in Uttarakhand Himalayas. To 
address these challenges, in future more local scale case studies that integrate and 
relate in situ data on changes in vegetation structural/functional properties with rel-
evant satellite derived matrices at multiple scales would be required.
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    Chapter 19   
 Impact of Glacial Recession 
on the Vegetational Cover of Valley 
of Flowers National Park (a World 
Heritage Site), Central Himalaya, India                     

     M.  P.  S.     Bisht     ,     Virendra     Rana    , and     Suman     Singh   

    Abstract     With the growing threat of global warming, it has been projected that the 
Himalayan ecosystem will be severely affected. However, the nature and the mag-
nitude of this ecosystem response are still elusive. Although the entire Himalayan 
region is prone to climatic perturbation, the high-altitude terrain is considered to be 
most fragile because of the presence of the microclimatic domain sustained by gla-
ciers and snow line fl uctuation (both long term and short term). Our recent observa-
tions in one of the most sensitive valleys of the Himalaya, the Valley of Flowers 
National Park, have shown that during the past 46 years the main Tipra valley gla-
cier has receded 535 m. As a consequence, vegetation has appeared to occupy the 
vacated area. For the fi rst time, three montane warm-loving species,  Pinus wallichi-
ana  A.B. Jackson [at 3865 m above sea level (a.s.l.)],  Picea smithiana  (at 3700 m 
asl) (Wall.) Boiss., and  Populus ciliata  Wall. ex Royle (at 3712 m asl), have shown 
upward migration from the established altitudes of 2500 to 3800 m asl, from 2700 
to 3700 m asl, and from 3000 to 3700 m, respectively. These observations are the 
very fi rst suggesting that the alpine ecosystem has begun to respond to changes in 
temperature and precipitation during the past 50 years.  

  Keywords     Upward shift   •   Glacier recession   •   Climate   •   Central Himalaya  

19.1       Introduction 

 The rising temperatures and loss of ice and snow in the Himalayan region have 
cascading effects on water availability (amount, seasonality), biodiversity 
(endemic species distribution and habitats), ecosystem boundary shifts (tree line 
movements, high-elevation ecosystem changes), and global feedback (monsoonal 
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shifts, loss of soil carbon) (Xu et al.  2009 ). Recently, there has been increasing 
evidence of species range shifts resulting from changes in climate. Most of these 
shifts relate ground truth biogeographic data to a general warming trend at regional 
or global levels (Lenoir et al.  2008 ). The Indian Himalaya occupies a special place 
in the mountain ecosystems of the world. This young and active orogen is not only 
important from the climatic point of view and as a storehouse of freshwater 
(Mehta et al.  2011 ; Körner  1995 ) but also harbors a rich diversity of fl ora and 
fauna (Rawat  2003 ). 

 Alpine habitats in the Himalaya are relatively young, extremely heterogeneous, 
fragile, and dynamic. Summer and winter precipitation, topography, soil and soil 
composition, and food chain aspects as well as glacial recession strongly infl uence 
the distribution of species (Körner  2007 ; Bliss  1971 ; Sarkar  2007 ). The glaciofl u-
vial and fl uvial zones are areas that could show the upward shift of vegetation (Bisht 
 2012 ). In addition to its effects on the current functioning of ecosystems, species 
diversity infl uences the resilience and resistance of ecosystems to environmental 
changes (Chapin et al.  2000 ; Sarkar  2007 ). The diversity of life forms, plant com-
munity composition, adaptation to extreme climatic conditions and global warming, 
and microclimatic variation in the alpine region are attracting current investigation. 
With the background of these factors, the present investigation was undertaken in 
the Valley of Flowers National Park to understand the impact of glacial recession on 
the upward shift of plants in the vicinity of Tipra Glacier (Fig.  19.1 ).

  Fig. 19.1    Synoptic view of study area (Pushpawati Valley, the very famous Valley of Flowers) 
with Tipra Glacier and its tributary glaciers (Source: Author)       
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   Several studies predict that climate warming will cause signifi cant decline in 
biodiversity across a wide variety of alpine habitats (Lenoir et al.  2008 ). Plant com-
munities will likely increase in species cover but decrease in diversity and evenness 
in a nonlinear response to global warming (Mehta et al.  2011 ; Gaur  1999 ). The abil-
ity of species to respond to climate change depends on being able to “track” shifting 
climatic zones and colonize new territory or to adapt their physiology and seasonal 
behavior to changing conditions (Naithani  1985 ,  1986 ; Hajra and Balodi  1995 ). 
Existing species appear, however, to shift their geographic distribution as though 
tracking the changing climate, rather than remaining stationary and evolving new 
forms (Gaur  1999 ). Along elevational gradients, niches for shifting species may 
decrease in size (Rana  2007 ). In montane ecosystems, it has been projected that a 
1 °C increase in mean annual temperature will result in a shift in isotherms of about 
160 m in elevation or 150 km 2  in area. The alpine tree line ecotone is useful for 
monitoring climate change, although such studies are complicated by biogeogra-
phy, species ecology, site history, and anthropogenic infl uences (Gaur  1999 ). The 
climatic, orographic, and geologic barriers of the Himalaya may also prevent migra-
tion of species along latitudinal gradients.  

19.2     Shrinking of Glacial Mass 

 The Tipra Bank Glacier (identifi cation no. 5013206-092) (Kaul  1999 ) is one of the 
medium-size, north- to northwest-facing valley glaciers in the present study area 
that originates from the northern slope of Gauri Parbat (6601 m) and fl ows toward 
north to northwest for about 7 km, covering an area of 7.5 km 2  with an estimated ice 
volume of 13.11 (Mehta et al.  2011 ). The geomorphic setup of the proglacial area is 
evidenced by a typical U-shaped trough fi lled with glacial deposits, cirques, and 
hanging glaciers in addition to the outwash plain. Relicts of nine successive reces-
sional moraines well preserved in the valley, starting from 3560 to 3840 m above 
sea level (a.s.l.) in height (Figs.  19.2  and  19.3 ), are clear-cut evidence of glacier 
recession during the recent past. Considering the 1962 Survey of India (SOI) topo-
graphic maps with 2008 data (beginning of the present study), the total shift on 
snout position was measured as 763 m, which gives an average backward shift of 
snout position in the past 45 years of about 16.95 m/year. The vertical component, 
as evidenced by the vertical scarp face of lateral moraines exposed along the valley 
sides, varies from 50 to 110 m in height to the present glacier surface, which clearly 
indicates the high recession of the overall glacial mass in both the horizontal and 
vertical components during the past fi ve decades.

    Tipra Glacier is the largest ice mass (7.5 km in length and 0.5 km average 
width) of the 12 glacierized bodies referred to as V1 to V12 (Table  19.1 , Fig.  19.4 ) 
in the Pushpawati River catchment (Valley of Flowers: 30°42′ to 30°7′ N and 
79°33′29″ to 79°42′13″ E). It covers  approximately 19.37 % of the total 87.50 km 2  
catchment area. The study reveals that in the past 26 years, that is, from 1984 to 
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2010, approximately 2.5 km 2  of the 23 km 2  covered by the glacier has been vacated. 
During this period two comparatively smaller ice bodies (V 4  and V 10 ) have com-
pletely vanished, and two others (V 9  and V 11 ) are at the verge of complete melting: 
this gives an average recessional rate of 14.15 m/year during 1984–2010 (Bisht 
 2012 ) (Table  19.2 ).

  Fig. 19.2    Retreat of Tipra Glacier (1984–2010) and shrinking of ice mass to bed level ( inset ). 
Based on Survey of India topographic maps (1962 and 1984), Reports of Geological Survey of 
India (1984–1987), and regular monitoring by the present authors (2008–2011) (Source: Author)       

  Fig. 19.3    Relicts of recessional moraines in Tipra Glacier. Cross-sectional ( above ) and longitudi-
nal ( below ) views extrapolated by  dashed lines  (Source: Author)       

 

M.P.S. Bisht et al.



381

19.3          Geomorphic Units and Vegetational Succession 

 On the basis of landform characteristics and the geomorphic processes involved, 
plus vegetational succession, the valley fl oor has been divided into three basic broad 
geomorphic units (Table  19.3 ): (1) the glacial zone (above 3800 m asl), (2) the 

   Table 19.1    Glacierized area in the Valley of Flowers National Park   

 Glacier 
number 

 Area covered, 1984 
(km 2 ) a  

 Vacated area, 2010 
(km 2 ) c  

 Area covered, 2010 
(km 2 ) d  

 V1  0.7038  0.161  0.5428 
 V2  1.0282  0.2401  0.7881 
 V3  0.0894  0.024  0.0654 
 V4  0.2479  0.2479  0 
 V5  0.4538  0.1968  0.257 
 V6  0.6442  0.2008  0.4434 
 V7  7.7469  0.1237  7.6232 
 V8 b   8.8805  0.6191  8.2614 
 V9  0.368  0.1777  0.1903 
 V10  0.0474  0.0474  0 
 V11  0.2252  0.1225  0.1027 
 V12  2.5814  0.3471  2.2343 
 Total  23.0167  2.5081  20.5086 

   a Survey of India (SOI) 
  b Tipra Glacier 
  c DGPS Survey by author 
  d IRS P6 LISS III data  

  Fig. 19.4    Map showing glacierized zone in the Valley of Flowers National Park and total area 
vacated during 1984–2010 (Source: Author)       
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glaciofl uvial zone (3200–3800 m asl), and (3) the fl uvial zone (below 3200 m asl). 
The Tipra Glacier is fl anked by three levels of lateral moraines, indicating past 
extension of the glaciers. Tipra Glacier initially fl owed northward to a distance of 
about 4 km, then turned left toward the northwest, making a confl uence with its 
tributaries, the Ratavan and Saptshring glaciers downstream, and supplying their ice 
melt to the Pushpawati River (Fig.  19.1 ). The details of these geomorphic units and 
the landforms available are given in Table  19.3 , followed by detailed descriptions.

   In the upper zone, the predominance of glacial landforms such as cirque, bring-
schuld, icefall, crevasses, mullions, ogives, and ice tables are some of the features 
indicating a defi nite movement of ice bodies in this zone and hence are a sign of 
rapid melting of the ice mass. Wherever rocks or a thin veneer of soil is exposed 
in the valley slopes, pioneer species such as mosses, lichens, sedges, and grasses 
have grown up (Rana et al.  2010 ). It was also observed that the areas that were 
fully or partially covered with snow and ice during the fi rst fi eld visit in 2008 were 
completely vacated in 2011 and occupied by pioneer species such as  Arenaria  
(Rana et al.  2010 ). 

 The second geomorphic zone ranges between 3200 and 3800 m asl in the study 
area. It covers the peripheral zone of perpetual snow line, that is, the equilibrium 
line altitude (ELA), to the present snout of Tipra Glacier. This is a permafrost zone, 
and a zone of ablation, where glaciers start moving with some melting. The zone 
includes a huge amount of weathered rock material with varying thickness of till 
and tillites, commonly known as a supraglacier moraine. The moraines are loose 
unconsolidated rock material that sometimes provides a suitable place for plants to 
grow, but a series of successive deposits of these recessional moraines indicates 
there is a continuous shift in the position of the snout with the passage of time. This 
zone is signifi cant from the aspect of vegetational succession. It is observed that 
despite movement in the underlying ice mass along with supraglacial moraines 

  Table 19.2    Average rate of 
recession in Tipra Glacier as 
calculated by various authors 
for different periods  

 Authors  Period  Rate of recession 

 Vohra ( 1981 )  1960–1986  12.50 m/year 
 Mehta et al. ( 2011 )  1962–2002  13.00 m/year 
 Bisht ( 2012 )  1984–2010  14.15 m/year 

    Table 19.3    Geomorphic zoning of Valley of Flowers and the landforms   

 Geomorphic 
units 

 Topographic 
zone 

 Altitudinal 
range (m)  Landforms present 

 Glacial zone  Upper zone  >3800  Horn, arête, cirque, col, hanging valleys, 
U-shape valleys, ice table, ice cave, serac, 
supraglacial lake, crevasse, mullion, 
moraines, ogives, tills, tillites, etc. 

 Periglacial 
zone 

 Middle zone  3200–3800  Meadows, scree and talus cone, patterned 
ground, tors, pro-glacial lake, stair-wedge, 
soil creep, terracettes, etc. 

 Fluvial zone  Lower zone  <3200  Waterfall, cascades, gorges, alluvial fans, 
terraces, fl oodplain deposits, etc. 
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(approximately 50–75 m thick), the plants survive in minus temperatures for a suf-
fi cient time until the mass collapses or the plants are uprooted by expansion of cre-
vasses in the ice body. It was also observed during the study that in addition to 
common woody species such as  Rhododendron campanulatum ,  R. lepidotum , and 
 Juniper , some unusual compositions of plant species such as  Pinus wallichiana , 
 Picea smithiana ,  Rhododendron barbatum ,  Populus ciliata , and  Rosa macrophylla , 
comparatively low altitudinal woody plants, are gradually occupying this zone 
(Figs.  19.5  and  19.6 ). It was also observed that throughout the year these plants not 
only survived have well but have increased in number and spread over the entire 
zone of ablation. Some of the signifi cant geomorphic features such as supraglacial 
lakes, seracs, ice caves, mullions (Fig.  19.7 ), both extensional and longitudinal, as 
well as crisscross crevasses followed by the collapse of huge supraglacial materials 
and exposure of a long englacial channel, followed by upward shifting of snout 
location, are indications of rapid glacial recession in the valley (Fig.  19.8 ).

      The zone where the maximum fl uvial process is operative in the study area is 
categorized under the third category, the fl uvial zone (below 3200 m asl). This zone 
is marked by being fi lled with valley fi ll sediments such as large talus cones, relicts 
of moraines, terraces including fl oodplain deposits, huge areas covered with land-
slide debris, and wide meadows with green turf; these valley fi ll sediments are cov-
ered with all types of vegetation, that is, herbs, shrubs, and trees. Ice melting through 
valley side channels originating from hanging glaciers, ice walls, and even main 

  Fig. 19.5    Location of woody plants in the Tipra Glacier of the Valley of Flowers National Park: 
 Populus ciliata  (3712 m asl) ( a );  Pinus wallichiana  (3865 m asl) ( b );  Picea smithiana  (3700 m asl) 
( c ) (Source: Author)       
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  Fig. 19.6    Saplings of the woody plants recorded above the snout (3865 m asl) of the Tipra Glacier: 
 Pinus wallichiana  (3865 m asl) ( a );  Populus ciliata  (3712 m asl) ( b );  Picea smithiana  (3700 m asl) 
( c ) (Source: Author)       
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valley glaciers are the chief source of water for plant and animal life. Temperature 
fl uctuates between −10 and 25°°C annually. Because of the rich diversity of the 
fl ora in this zone, the valley was identifi ed as the “Valley of Flowers National Park,” 
one of the core zones of the Nanda Devi Biosphere Reserve, and later was declared 
a “World Heritage Site” in 2005 by the World Heritage Committee. With the 
enchanting beauty of the overall landscape and its fl oral diversity, this particular 
zone of the valley was declared an ecotourism zone, where thousands of tourist, 
researchers, nature lovers, and environmentalists visit each year. However, it has 
been observed during the course of this study that the fl oristic pattern and density 
have been gradually changed and reduced (as the common people say, “Phoolon Ki 
Ghati,” that is, the “valley of fl owers is becoming fl owerless”). The percentages of 

  Fig. 19.7    Ice cave ( above ) and mullion ( below ) are typical examples of poor glacial health of 
Tipra Glacier in the Valley of Flowers National Park: ice cave full of supraglacial overburden mass 
( a ) and mullion following a transverse crevasse in Tipra Glacier ( b ) (Source: Author)       
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herbaceous plants are decreasing with the increase of shrubs (e.g.,  Salix  and  Rosa  
sp.) and trees (e.g., birch trees,  Populus  sp.), which clearly indicates that the present 
temperature is not that preferred by the herbs reported in the preceding 30–35 years. 
Most of the year the valley side slopes seem barren, without snow cover, so the 
alpine herbs, grasses, and woody creepers such as  Rhododendron ,  Cotoneaster , and 
 Juniper  are rapidly occupying the vacated areas, including morainic dumps, large 
scree fans, and even exposed bedrock (Fig.  19.8 ). 

 The overall land use/land cover pattern shows that of a total 87.50 km 2  area of the 
catchment, nearly 19.37 % is covered with perpetual snow; forest cover occupies 

  Fig. 19.8    Shrinking of glacier vertically ( a ), evidenced by the exposure of 110 m of free face of 
left lateral moraine and collapse of huge ice mass in the center of Tipra Glacier; and horizontally 
( b ), by the separation of Ratavan, a tributary glacier from Tipra Glacier. The alpine herbs, grasses, 
and woody creepers, such as species of  Rhododendron ,  Cotoneaster , and  Juniper , are rapidly occu-
pying the vacated areas such as the valley side slopes and huge scree fans (Source: Author)       
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3.00 %, meadow/grassland 13.18 %, and barren/rocky terrain approximately 
38.73 %. The alpine meadows that appear constitute one of the most fascinating 
biomes in India. The lower boundary of the alpine zone is demarcated by a distinct 
tree line, which typically terminates at around 3300 ± 200 m in comparison to 
3800 ± 200 m in the Eastern Himalaya (Körner  2004 ). The area immediately above 
the tree line is occupied by  krummholz  (stunted forest) formation (Billings  1974 ; 
Bliss  1971 ), and above this zone the vegetation comprises closely woven and dwarf 
shrubs (Chapin et al.  2000 ; Walker et al.  2006 ).  

19.4     Methodology 

 The study was carried out by regular fi eld visits from 2008 to 2011 during the 
months of April to November. The three zones that were identifi ed were based on 
earth surface processes as well as vegetational succession, as already discussed. 
Regular monitoring of snout position as well as average percentage of the popula-
tions of plant species in each zone, and evaluation of the shifting behavior of the 
vegetation, were carried out by observation on a 10 × 10 m sample quadrant area 
marked in each zone. Finally, vacated area/change detection on the glacierized zone, 
using IRS P6 LISS III data of the past two decades supported by various fi eld sur-
veys, was calculated. The plant species have been identifi ed by consulting the 
Herbarium of Garhwal University, Srinagar, Garhwal (GUH), Botanical Survey of 
India, Dehradun (BSD), and Forest Research Institute, Dehradun (DD). Current 
available literature has been used for proper nomenclature, and specimens properly 
labeled with all the relevant information and necessary remarks have been submit-
ted to the Herbarium of HNB Garhwal University Srinagar, Garhwal (GUH).  

19.5     Results and Discussion 

 The Tipra Glacier is a medium-size valley glacier within a World Heritage Site, the 
Valley of Flowers National Park, and is marked on the Survey of India Toposheet 
No. 53 N/10. This glacier has been retreating rapidly in recent years; the present 
recession rate of the glacier is 14.15 m per year (Bisht  2012 ). It has three distinct 
levels of lateral moraines, and the relicts of nine terminal moraines well preserved 
in the valley indicate the glacier mass shrank very fast both horizontally and verti-
cally after LGM (Last Glacial Maxima) and the evacuated area was occupied by 
vegetational succession. Pioneer plant species such as  Arenaria  reached above the 
zone of accumulation near the ELA, that is, around 4500 m asl (Rana et al.  2010 ), 
and woody plants such as  Populus ciliata  (3712 m asl),  Picea smithiana  (at 3700 m 
asl), and  Pinus wallichiana  (3865 m asl) are some of the most alarming occurrences 
of high alpine vegetation. It is hoped that the present data would have some use in 
future references whenever any study is conducted to assess the present state of this 
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glacier. Glaciers and small ice caps in the temperate environment are sensitive indi-
cators and react to even the slightest change in temperature; thus, they provide reli-
able information on historical temperature changes. Mountain glaciers provide a 
valuable tool for the reconstruction of Holocene climatic changes. They give valu-
able information about different reactions of the glaciers to fl uctuations in the cli-
mate, as these can be expected during any future climate changes. 

 As has been observed, there is a gradual upward migration of the vegetation as 
well as changes in its diversity with the changes in some of the common natural 
processes, such as shrinking of the ice mass, increase in the summer period as com-
pared to the winter, and increase in the rainfall pattern. Further, we have found that 
the glaciofl uvial zone has rich diversity compared to the glacial zone: it provides a 
consistent supply of germplasm for acropetal succession and migration of vegeta-
tion in the glaciofl uvial zone. Alpine plants are well adapted for such changing 
environments (Rawat  2003 ; Körner  2007 ; Billings  1974 ). Ice melt supplies the 
required water for irrigation that is routed through Pushpawati River. Currently, the 
mass, volume, area, and length of glacier and water supply are decreased, and the 
ground is developing for migration of plants. Studies suggest that between 1962 and 
2002 about 535 m of recession occurred in the Tipra valley glacier, at an average 
rate of 13.4 m/year. During 2002–2006 and 2006–2008, the recession was 83 m and 
45 m, respectively. If we compute the recession rate for 1962 and 2010, it comes to 
14.15 m/year. Presently, because of the recession, the vacated area has debris, fi ne 
soil particles, rich soil moisture, and nutrition sources, which aid vegetation adapta-
tion, colonization, and possibly upward migration. One of the most interesting fi nd-
ings of the present study is the occurrence of  Populus ciliata  (3712 m asl) and  Picea 
smithiana  (at 3700 m asl), and the most alarming is the occurrence of  Pinus walli-
chiana  (3865 m asl) in the glaciofl uvial zone (Fig.  19.6 ). These species are growing 
in bushy form, a form that is common in the alpine habitat (Bliss  1971 ). The con-
ventional habitats of these species are 2600 to 3000 m asl, respectively. In the Valley 
of Flowers National Park, their actual habitat is generally in a lower altitude of the 
valley at elevation ranges of 3600 m, 2700 m, and 2600 m, respectively. Although 
few studies have been conducted in the valley (Table  19.4 ), there is no other earlier 
record of the presence of these species at this elevation (Dubey et al.  2003 ).

   Table 19.4    Synoptic view of conventional elevation and range of present saplings in study area   

 Tree saplings 
 Duthie 
( 1906 ) 

 Polunin 
and 
Stainton 
( 1984 ) 

 Naithani 
(1985) 

 Hajra and 
Balodi 
( 1995 ) 

 Gaur 
( 1999 ) 

 Bisht et al. 
( 2010 ) 

  Populus ciliata   6000–
11,000 ft 

 2100–
3600 m 

 2000–
3000 m 

 2200–
2600 m 

 2500 m  3600 m 

  Picea 
smithiana  

 6000–
11,000 ft 

 2100–
3600 m 

 2500 m  2200–
3000 m 

 2100 m  3700 m 

  Pinus 
wallichiana  

 6000–
10,000 ft 

 1800–
4300 m 

 2900–
3000 m 

 2000–
3500 m 

 2000–
3200 m 

 3800 m 
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   Although preliminary in nature, these observations based on the occurrence of 
warm-loving species in the alpine zone can be interpreted as an ecological response 
to global warming and microclimatic fl uctuation in the Valley of Flowers National 
Park. If the trend persists, it may lead to proliferation of hardy species over the eco-
logically sensitive shrubs and bushes that constituted the primordial vegetation of 
the Valley of Flowers.     
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    Chapter 20   
 Snow Cover Dynamics and Timberline 
Change Detection of Yamunotri Watershed 
Using Multi-temporal Satellite Imagery                     

     Manish     Kumar     and     Pankaj     Kumar    

    Abstract     This paper is an attempt to examine the impact of climate change over 
snow cover and timberline dynamics in the alpine zone of Yamunotri watershed in 
the Garhwal Himalaya. The study extracts dynamics of snowline and timberline 
using Landsat TM data of two different time periods, i.e. 1990 and 2010. Temporal 
images of study area were processed in the GIS environment using Normalized 
Difference Snow Index (NDSI) and Normalized Difference Vegetation Index 
(NDVI) algorithm on ERDAS Imagine and ArcGIS 9.3. To determine the height of 
the snow and timberline, Shuttle Radar Topographic Mission (SRTM) data was 
used. The result reveals that the snow cover in 1990 was estimated at 707 km 2  which 
decreased to 552 km 2  in 2010. The average height of timberline in Yamunotri water-
shed was 3580 m in the year 1990 and 3660 m in 2010, while the average height of 
snowline was 4480 m in 1990 and 4660 m in 2010. These data suggest that due to 
global warming the timberline in the alpine zone has been shifted towards higher 
elevation at an average rate of 4 m/year during the last 20 years (i.e. 1990–2010). 
The snowline has also shifted towards higher elevation at an average rate of 9 m/
year. During this period, about 68.58 km 2  non-timber areas of the alpine zone were 
converted into timber area at an average rate of 3.42 km 2 /year, while during the 
same period, about 155 km 2  snow cover areas were converted into non-snow cover 
area at an average rate of 7.75 km 2 /year.  
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20.1       Introduction 

 Geographically alpine areas are the areas situated between timberline and snowline. 
Most of the plant species have set their upper altitudinal limits by various climatic 
parameters and by limitation of resources, and alpine ecosystems are known for 
reacting sensitively to climate change. Several studies show that climate change has 
impact on vegetation line ingression at higher altitudes of alpines (Noble  1993 ). 
Comprehensive analyses on vegetation ingression in alpine regions of Europe are 
being carried out under the Global Observation Research Initiatives in Alpine 
Environments (GLORIA) project (Pauli et al.  2006 ). Panigrahy et al. ( 2010 ) have 
used the term “timberline” to denote the ecological identity of upper altitudinal 
limit of tree growth in mountain ecosystem. Satellite remote sensing data provides 
synoptic view and historical records for a wide area to study alpine treeline and 
changes in the recent past (Singh et al.  2012 ). In the last few decades, timberline has 
got more attention from ecologists due to its high sensitivity to changing climate 
than other ecosystems (Crawford  1997 ; Lloyd and Graumlich  1997 ; Peterson  1998 ; 
Cullen et al.  2001 ; Camarero and Gutiérrez  2004 ). Past studies from the timberline 
zones show that the vegetation has fl uctuated in the past in response to long-term 
climatic changes. Studies on the impact of ongoing warming under the background 
infl uence of greenhouse gases also show that during the past few decades plant spe-
cies have shifted to higher elevations and the shifting rate varies with species and 
largely depends on their sensitivity to climate. Strong evidence of climate-induced 
upward migration of alpine plants has been reported from the Alps in Europe 
(Grabherr et al.  1994 ). 

 Snow cover also plays an important role in the climate system by changing the 
energy and mass transfer between the atmosphere and the surface. In recent years, 
a great deal of attention has been paid to monitoring and mapping of snow cover and 
snowline especially in Himalayan region. The Himalayas has one of the largest 
concentrations of glaciers and permanent snowfi elds outside the polar region and 
accounts for about 70 % of the non-polar glaciers (Kaur et al.  2009 ). Satellite remote 
sensing offers the opportunity to monitor and evaluate various snow parameters and 
processes at regional and global scale (Hall and Martinec  1985 ; Hall et al.  2005 ), 
and the remote sensing technique has been used extensively for snow cover moni-
toring in the Himalayan region with the help of numerous satellite sensors (Kulkarni 
and Rathore  2003 ). Geographical information system (GIS) and remote sensing 
technology facilitate fast and effi cient ways to analyse, visualise and report the sea-
sonal snow cover changes. Investigation of snow cover and snowline variation in 
Baspa basin was carried out using remote sensing and GIS techniques. The major 
diffi culty in snow cover monitoring, using an automated technique in the Himalayan 
region, is the mountain shadow and confusing signature of snow and cloud in the 
visible and near infrared region. Normalized Difference Snow Index (NDSI) method 
effectively addresses this issue and has advantages when compared to the super-
vised and hybrid techniques, as it can detect snow even under mountain shadow and 
is not infl uenced by topographic conditions (Kulkarni et al.  2006 ). This is an 
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 effective index for mapping snow cover in rugged terrain (Hall et al.  1995 ). The 
fundamental objective of the present study is to apply NDSI and NDVI technique 
for understanding impact of climate change on snow cover and timberline dynamics 
in the alpine zone of Yamunotri watershed in the Garhwal Himalaya.  

20.2     Study Area 

 The study area, viz. the Yamunotri watershed (Fig.  20.1 ) which extends between 
30°28′27″N to 31°24′42″N latitude and 77°35′41″E to 78°34′42″E longitudes, 
encompasses an area of 5023.38 km 2 . Yamuna fl ows north-west to south-east fl ow-
ing river situated in the western part of the Uttarakhand state in the central Himalaya. 
The altitude of the watershed varies between 445 and 6307 m.

20.3        Materials and Methods 

20.3.1     Database 

 Data and software used in this study are: (i) Landsat Thematic Mapper (TM) multi-
spectral image of the year 1990 and 2010 of 30 m spatial resolution, (ii) Shuttle 
Radar Topography Mission (SRTM) digital elevation dataset for elevation data, (iii) 

  Fig. 20.1    Location map of the study area (Source: Author)       
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Survey of India topographic map at 1:50,000 scale and (iv) ArcGIS 9.3 (ESRI) and 
ERDAS Imagine 9.3 (Leica Geosystems, Atlanta, USA) software packages.  

20.3.2     Methodology 

 The base map of study area was prepared in the ArcGIS 9.3 software by using the 
survey of India toposheet at the scale of 1:50,000, and then watershed boundary was 
checked and corrected by superimposing the digital elevation model (DEM) data 
derived from the SRTM digital elevation dataset with 90 m spatial resolution and ± 
15 m vertical accuracy. A rectifi cation has been done in Landsat TM images using 
base map coordinates (i.e. UTM projection and 44 N zone) for the purpose to iden-
tify the study area. To interpret shadowed area in the hilly terrain, false colour 
composite image was created by using 2, 3 and 4 bands. The Landsat dataset pro-
vided by Global Land Cover Network were radiometrically and geometrically 
(ortho-rectifi ed with UTM/WGS 84 projection) corrected. To separate the snow 
cover from non-snow cover area and vegetative to non-vegetative area, NDSI and 
NDVI were estimated for both TM images of the year 1990 and 2010 using the fol-
lowing equation (Hall et al. 2002):

  
NDSI TM Band 2 TM Band 5 TM Band 2 TM Band 5          

where TM Band 2 and TM Band 5 are the refl ectance of the green and shortwave 
infrared bands, respectively.

  
NDVI TM Band 4 TM Band 3 TM Band 4 TM Band 3          

where TM Band 4 and TM Band 3 are the refl ectance of the near infrared and red 
bands, respectively. 

 The NDSI raster data of the years 1990 and 2010 were then reclassifi ed into two 
classes, i.e. snow cover and non-snow cover area. To segregate the snow-covered 
area from non-snow-covered area, Hall et al. (1998) suggested a NDSI threshold of 
>0.40 be used to map snow cover. 

 The upper limit of timberline was delineated using NDVI values ranging from 
>0.40 to be used to map timberline (  http://www.earthobservatory.nasa.gov    ). 

 After displaying the NDSI and NDVI imagery on the screen of Arc map, the 
snowline and timberline in the watershed area were digitised for both years (i.e. 
1990 and 2010). These lines were overlaid on the DEM data for estimating the aver-
age elevation, and then a point shape fi le has been created in Arc catalogue, keeping 
the snapping mode on; the digitization was done, over 1 year, i.e. 1990, and then the 
digitised points were masked by the mask function from DEM data, so that each 
point bear some heights, and then those points were exported into the Microsoft 
Excel sheet, and the average height has been estimated. The same process is being 
repeated for the year 2010.   
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20.4     Results and Discussion 

 The results obtained through the analysis of NDSI and NDVI imagery are diagram-
matically illustrated in Figs.  20.2 ,  20.3 ,  20.4  and  20.5 , and data are registered in 
Tables  20.1 ,  20.2 ,  20.3  and  20.4 . A brief account of these results is discussed in the 
following paragraphs.

20.4.1              Status and Dynamics of Snow Cover 

 From Fig.  20.3  which is based on NDSI values of Fig.  20.2 , area under snow cover 
during different years was worked out which is presented in Tables  20.1 ,  20.2 ,  20.3  
and  20.4 . The area under snow cover during the years 1990 and 2010 were worked 
out and presented in Table  20.1 . The result reveals that the snow cover in 1990 was 
estimated at 707 km 2 , while it was decreased to 552 km 2  in 2010 (Table  20.1 ). The 
snow cover area in the Yamunotri watershed has depleted considerably during the 
study period (1990–2010). For the period about 155 km 2  snow cover of the 
Yamunotri watershed has been converted into non-snow cover area at an average 
rate of 7.75 km 2 /year (Table  20.4 ). The average height of snowline in 1990 was 
4480 m, and in 2010 it was 4660 m (Table  20.2 ). These data reveal that the snowline 
has shifted towards higher elevation in the watershed about 180 m during the last 20 
years (i.e. 1990–2010) at the rate of 9 m/year (Table  20.3 ).  

  Fig. 20.2    Normalized Difference Snow Index (NDSI) of Yamunotri watershed during ( a ) 1990 
and ( b ) 2010 (Source: Author)       
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  Fig. 20.3    Distribution of snow cover area based on NDSI values (>0.4) in different years in the 
Yamunotri watershed: ( a ) 1990 and ( b ) 2010 (Source: Author)       

  Fig. 20.4    Distribution of snowline based on NDSI values (>0.4) in different years in the Yamunotri 
watershed: ( a ) 1990 and ( b ) 2010 (Source: Author)       
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20.4.2     Status and Dynamics of Timberline 

 Figure  20.4  depicts the geographical location of timberline of the Yamunotri water-
shed in 1990 which is based on the NDVI values, i.e. >0.4. The DEM overlay on 
this timberline suggests that the average height of timberline in the watershed was 
about 3580 m in 1990 and 3660 m in 2010. The result suggests that the timberline 
might have shifted towards higher elevations during the last 20 years (Table  20.4 ). 
The timberline does not coincide with a contour line because elevation is not the 
only factor by which the timberline is controlled. Other parameters such as aspect 
(Kank et al.  2005 ), slope steepness and rockiness also infl uence the timber growth 

  Fig. 20.5    Distribution of timberline based on NDVI values (>0.4) in different years in the 
Yamunotri watershed: ( a ) 1990 and ( b ) 2010 (Source: Author)       

     Table 20.1    Area under snow 
cover during 1990 and 
2010 in the Yamunotri 
watershed  

 Snow area (km 2 )  Change in snow area (km 2 ) 

 1990  2010  1990–2010 

 707  552  −155 

     Table 20.2    Average height of timber and snowline during 1990 and 2010 in the Yamunotri 
watershed   

 Year  Timberline average height (m)  Snowline average height (m) 

 1990  3580  4480 
 2010  3660  4660 
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and development. Due to timber shifting during 1990–2010, about 68.58 km 2  non-
timber area of the watershed in between 3580 and 3660 m elevation has been con-
verted into timber area at an average rate of 3.42 km 2 /year (Table  20.4 ).   

20.5     Conclusion 

 A temporal monitoring of snow cover and timberline through satellite remote sens-
ing of different years may play a pivotal role in ecological planning and watershed 
management. It is evident from this study that the snow cover is depleting steadily 
in the Yamunotri watershed. The present study carried out in a Garhwal Himalayan 
watershed, viz. the Yamunotri, reveals that during the last two decades (i.e. 1990–
2010) about 155 km 2  area of the Yamunotri watershed has been converted into non- 
snow cover area from snow cover area. With the help of these data, it is found that 
the snow cover area in Yamunotri watershed is depleting at the average rate of 
7.75 km 2 /year. The average height of snowline in 1990 was 4480 m, and it has 
shifted towards higher elevation in 2010 at 4660 m elevation. The result also reveals 
that the timberline has shifted towards higher elevation in the watershed. It is evi-
dent from this study that the snow cover area is depleting steadily in the Garhwal 
Himalaya. If the trend of snow cover depletion continues, the hydrological balance 
of the region will be disturbed which may result in severe environmental degrada-
tion, socio-economic disruption and ecological damages in the Garhwal Himalayan 
region.     

     Table 20.3    Amount and rate of timberline and snowline shift during 1990 and 2010 in the 
Yamunotri watershed, Garhwal Himalaya, India   

 Year  Period 

 Shift of snowline  Change from snow to non-snow area 

 Amount (m)  Amount (m/year) 
 Amount 
(km 2 )  Rate of change (km 2 /year) 

 1990–2010  20  180  9  155  7.75 

       Table 20.4    Amount and rate of change in timber during 1990 and 2010 in the Yamunotri 
watershed, Garhwal Himalaya, India   

 Year  Period 

 Shift of timberline  Change from non-timber to timber area 

 Amount (m) 
 Amount 
(m/year) 

 Amount 
(km 2 ) 

 Rate of change (km 2 /
year) 

 1990–2010  20  80  4  68.58  3.42 
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