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pattern. Except for a part of the Hindu-Kush area in west-
ern Himalayan region which shows drier condition, the 
CORDEX-SA experiments project in general wetter/drier 
conditions in near future for western/eastern Himalayan 
region, a scenario which gets further intensified in far 
future. Although, a gradually increasing precipitation trend 
is seen throughout the twenty-first century in carbon inten-
sive scenarios, the distribution of trend with elevation pre-
sents a very complex picture with lower elevations showing 
a greater trend in far-future under RCP8.5 when compared 
with higher elevations.

Keywords  Monsoonal · Precipitation · RCPs · Himalayan 
region · CORDEX-SA · Precipitation change · Projections · 
Climatology · Trend · Uncertainty

1  Introduction

The Himalayan region which is referred to as the ‘Water 
Tower of Asia’ (Viviroli et al. 2007; Immerzeel et al. 2010) 
and third pole of world owing to its vast glaciers feeds some 
of the major rivers in South Asia. More than 1.5  billion 
people depend on these rivers to meet the agricultural water 
demand. Himalayan region is identified as one of the most 
sensitive areas to global climate change (Xu et  al. 2009). 
Any abnormal change in climatic parameters would pose 
a serious threat to the sustainability of life in this part of 
the world. Understanding these climatic changes and other 
hydro climatic changes require accurate and high resolution 
precipitation data. Owing to the complex topography, inac-
cessible terrain and harsh climate the in-situ monitoring 
of weather has not reached up to the desired level so as to 
give such high quality data (Fowler and Archer 2006; Wini-
ger et  al. 2005; Rasmussen et  al. 2012). This underlines 
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the need of models which could be employed in properly 
understanding the climate variability over Himalayan 
region and its future response to global changes in climate. 
In this respect, global climate models (GCMs) are being 
used across the world to study the past and future climate 
and in impacts research, vulnerability assessments, etc. 
(Lobell et al. 2008; Mote et al. 2011). However, the GCMs 
have a coarse spatial resolution which limits its capability 
to capture the sub-grid scale processes-local climatic forc-
ing and feedbacks in a region like Himalayan region where 
complex topography gives rise to a wide variety of climate 
regimes within the region. The regional climate models 
(hereafter, RCMs) on the other hand due to better represen-
tation of topography and sub-grid scale processes in form 
of parameterization schemes is thought to better represent 
the regional climate (Giorgi and Mearns 1999).

Though from the studies done in past over the Himala-
yan region there is a clear picture of consistently increasing 
temperature over the region (Liu and Chen 2000; Shrestha 
et  al. 1999, 2000; Dimri and Dash 2012) but the precipi-
tation changes depict a complex and uncertain response 
with models showing substantial variation in the sign and 
magnitude of change across regions within the Himalayan 
region (Rajbhandari et al. 2015; Archer and Fowler 2004; 
Bhutiyani et al. 2010; Kulkarni et al. 2013; Bookhagen and 
Burbank 2006; Fowler and Archer 2006; Shrestha et  al. 
1999; Mathison et  al. 2013; Kumar et  al. 2013; Mishra 
2015). For e.g. based on observations the monsoonal pre-
cipitation is found to be increasing in Jammu and Kashmir 
but decreasing in the western Indian Himalayan region 
(Gautam et  al. 2013). In another study, increasing and 
decreasing trends in Eastern Himalayan region (Sharma 
et al. 2000), absence of a consistent trend in Central Hima-
layan region (Shrestha et  al. 2000) and decreasing trends 
in western Himalayan region (Kumar and Jain 2010) are 
found. A particular trend in western Himalayan region 
could be indicative of aninteraction of mid-latitude troughs 
and Eurasian waves (through teleconnections) with south-
westerly monsoonal flow which could result in weakening 
or strengthening of the monsoonal circulation (Raman and 
Rao 1981; Krishnan et al. 2009; Yadav 2009, 2016). Stud-
ies in the past have also reported teleconnections of pre-
cipitation over north-west India (which includes western 
Himalayan region) with sea-surface temperature (hereafter, 
SST) anomalies in Atlantic Ocean (Kucharski et al. 2009; 
Yadav 2016). The strength of monsoon could be further 
attenuated by the fact that due to warming of the climate, 
when oceans would be heated, it will reduce the land-sea 
temperature contrast owing to reduced pressure gradient 
and subsequently less moisture influx from the ocean to 
the land. However, a study by Dobler and Ahrens (2011) 
using the regional climate model COSMO-CLM suggests 
that though there will be increased intensity of rainfall on 

a rainy day with increasing greenhouse gases emissions 
and perceptible water in the atmosphere, but there will be 
reduction in the frequency of rainy days in the Himalayan 
region from the period 1971–2000 to 2071–2100. The same 
study also shows a considerable increase in the summer 
time precipitation in upper Indus basin region but decreases 
in the central and western Tibetan Plateau. Though there 
are some conclusive studies also like Ali et  al. (2015) 
using CCAM regional model found the future projections 
of precipitation in Indus basin to be showing a consistent 
increase with however the change being slow in far future 
when compared to near future. Similarly, Rupa Kumar 
et al. (2006) and Syed et al. (2014) using regional climate 
model PRECIS reported an increase in monsoon precipita-
tion across entire Himalayan region by 5–50% by the end of 
twenty-first century. In the work done by Dash et al. (2015) 
using regional model RegCM4 it is found that precipitation 
in the Himalayan region is set to increase in future across 
all RCP scenarios. Revadekar et  al. (2011), Sengupta and 
Rajeevan (2013) and Palazzi et  al. (2015) found the Cou-
pled Model Inter-comparison Project Phase 5 (hereafter, 
CMIP5) models to be projecting wetter conditions in gen-
eral, in future over Himalayan region. A similar study of 
precipitation projections carried out by Pandey et al. (2014) 
using CMIP5 models indicates an increased mean precipi-
tation in future with also a significant increasing trend over 
eastern Himalayan region for 1901–2099 period. Palazzi 
et  al. (2013) using an ensemble of eight members of the 
EC-Earth model found an increasing trend of summer mon-
soon precipitation over the Himalayan region under the 
most extreme RCP8.5 scenario. Pervez and Henebry (2014) 
after statistically downscaled projections of a GCM found 
decreased precipitation in Ganga and Brahmaputra river 
basin of the study area. Oh et  al. (2014) based on analy-
sis of CORDEX-East Asia regional climate models found 
an increased precipitation by up to 5% across Himalayan 
region in near future for both RCP4.5 and RCP8.5 scenar-
ios. Nevertheless, due to warming of the atmosphere the 
precipitation pattern in high altitude regions will possibly 
change significantly over the coming 100  years as higher 
temperature could lead to enhanced conversion of snow to 
rainfall as found by Beniston (2003).

The precipitation distribution in a mountainous area like 
Himalayan region is a complex subject as the precipitation 
changes with elevation. In general, precipitation increases 
with elevation in a mountainous region but sometimes 
there may be an opposite pattern (Sen and Habib 2000) like 
Ghimire et  al. (2015) found that summer monsoon mean 
precipitation decreases with elevation over Himalayan 
region. To understand the effect of elevation on precipi-
tation a number of studies are carried out (Clayton 1982; 
Loukas and Quick 1994; Marquinez et  al. 2003). In the 
Himalayan region, detailed studies to assess the change in 
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precipitation patterns with elevation is still lacking. Singh 
et  al. (1995) and Singh and Kumar (1997) studied the 
impact of elevation on precipitation distribution in different 
basins of Himalayan region. Dhar et al. (2000) studied the 
precipitation studies carried out for high altitude places in 
the Himalayan region. Depending upon the topography of a 
mountain, there may be a continuously increasing precipi-
tation with elevation, and it may begin to decrease above a 
particular elevation (Singh et  al. 1995; Singh and Kumar 
1997; Arora et  al. 2006). Thus, orography plays very 
important role in precipitation distribution, which varies 
significantly at spatial and temporal scales not only within 
a particular range of elevation, but also from one mountain 
chain to another.

In this paper, the assessment of CORDEX-SA experi-
ments by Ghimire et  al. (2015) for present climate is 
extended for studying the future projections of precipitation 
over Himalayan region. It is always useful to make projec-
tions using ensemble of models as it presents an opportu-
nity to reduce the uncertainty or the study of its source. 
No such study of future climate projections is carried out 
so far using these many regional climate simulations over 
Himalayan region. Therefore, this study is very important 
as a contribution to the larger goal of CORDEX project and 
regional level impact studies.

The paper is organized as follows. Section 2 describes 
the data and methodology used in the analysis. Sec-
tion 3 reports the results of the analyses in terms of rela-
tive change in precipitation climatology, the distribution 
of change with elevation, the change in variability, the 

distribution of trend with elevation and long-term trend 
analysis. The results are further discussed in Sect.  4. 
Finally, Sect. 5 concludes the paper and identifies further 
research areas.

2 � Data and methodology

2.1 � Study area

The study area includes the great Himalayan Range along 
with the Hindu-Kush and the Karakoram, Fig.  1a. Not 
much detail is known about the climatology of the region 
(Immerzeel et al. 2009; Shrestha et al. 2000). Bookhagen 
and Burbank (2010) have shown the major factor of the 
precipitation in this region to be monsoon, which con-
tributes more than 80% of the annual precipitation in the 
central and the eastern Himalaya, including the Tibetan 
plateau. However, the contribution for the western Him-
alayan region is comparatively less. The study area is 
depicted in the Fig. 1. Figure 1a shows the location of the 
study area, extending from 23° − 39°N and 68° − 103°E. 
In this figure, the study area is distinguished from the 
surrounding areas by different colors based on varying 
elevations. The region consists of parts of eight coun-
tries from Tajikistan to Myanmar, including Afghani-
stan, Pakistan, India, Nepal, Bhutan and southern parts of 
China (Palazzi et al. 2013). In Fig. 1b the the topographic 
variation within the study region is depicted.

Fig. 1   Topography (metres) over a Himalayan and Tibetan region (grey shaded) and b over study area (color shaded) (Ghimire et al. 2015)
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2.2 � CORDEX‑SA and data

Coordinated regional climate downscaling experiment 
(CORDEX) project under World Climate Research Pro-
gram (WCRP) aims to develop an international coordinated 
framework for producing an improved set of regional cli-
mate change projections for different domains across the 
globe (Giorgi et al. 2009). South-Asia (SA) which includes 
Himalayan region is one of such domains. The present 
study involves a total of ten CORDEX-SA experiments i.e. 
ten different RCM-GCM combinations arising from five 
RCMs forced with eight GCMs which comes from CMIP5 
(see Table 1 for details). The daily precipitation data for the 
CORDEX-SA was originally obtained from Center for Cli-
mate Change Research (CCCR), Indian Institute of Tropi-
cal Meteorology, Pune, India which maintains the database 
and is also the coordinating institution of CORDEX-SA. 
The CORDEX-SA data we have used is available at a spa-
tial resolution of 0.44° (approximately 50 km) at daily tem-
poral resolution.

The JJAS mean precipitation from simulations of 
130 years (1970–2099) of CORDEX-SA RCMs is analyzed 
in the study. The 36 year period of 1970–2005 within the 
longer 130 year period is considered as present climate in 
this study. This period is referenced here to analyze the 
relative changes in future climate from the present climate. 
The reason for choosing this period as present climate is 
to maintain consistency and extend the previous work 
done by Ghimire et  al. (2015) and Nengker et  al. (2017) 
who used this period for the evaluation of a similar set of 
CORDEX-SA experiments as considered in this study for 
precipitation and temperature respectively. The simula-
tions up to 2005 are based on historical emissions as rep-
resented in CMIP5 GCMs (Taylor et  al. 2012) which are 
used as forcings for CORDEX-SA RCMs. Post 2005, the 
forcing data is generated by GCM simulations based on the 
representative concentration pathway (RCP) mitigation sce-
narios (Moss et al. 2010). In the present paper, results for 
only three RCPs—the RCP2.6 (Van Vuuren et  al. 2011a, 
b), RCP4.5 (Thomson et  al. 2011) and RCP8.5 (Riahi 
et al. 2011) are presented, where the number indicates the 
anthropogenic radiative forcing in 2100 relative to pre-
industrial level (1750). The RCPs experiments are based 
on multiple gas emission assumptions in the future follow-
ing various socio-economic pathways (Fujino et  al. 2006; 
Smith and Wigley 2006; Clarke et  al. 2007; Riahi et  al. 
2007; Van-Vuuren et al. 2011a; Hijioka et al. 2008; Thom-
son et al. 2011). A brief summary of RCPs is given by Van-
Vuuren et al. (2011a, b). Future time period is divided into 
two time slices: near future (2020–2049) and far future 
(2070–2099) to take into account the near- and long-term 
changes in the precipitation patterns. The findings with 
respect to climatic changes for respective time slices would 

also serve as a basis for appropriate decision making and 
designing accordingly immediate or long-term plans, poli-
cies or adaptation strategies to deal with future changes. In 
altogether, ten different experiments coming from combi-
nation of five different RCMs forced with eight different 
GCMs are studied here. The data for all the three RCPs 
and two time slices considered here are not available for all 
the ten experiments (see Table 2 for more details). Regard-
ing the data availability for different RCPs it is important 
to mention here that for RCP2.6 the data from only two 
experiments: ICHEC-EC-EARTH-SMHI-RCA4 and MPI-
ESM-LR_REMO2009 were available and so in this case 
results are presented for these two experiments only. Also 
for RCP4.5 the data for LMDZ-IITM-RegCM4 was avail-
able only up to 2060, for GFDL-CM3-CSIRO-CCAM up to 
2070 and for CCSM4-CSIRO-CCAM the near-future data 
was corrupted in its calendar structure so only near-future 
projections are analyzed for the first two and far-future for 
the last one.

2.3 � Methodology

First, a brief overview of the monsoonal precipitation dis-
tribution existing over the study region is discussed on the 
basis of present climatology (1970–2005) as obtained from 
Asian Precipitation—Highly-Resolved Observational Data 
Integration Towards Evaluation (APHRODITE) (Yatagai 
et al. 2009). To assess the future changes in summer time 
precipitation distribution for each CORDEX-SA experi-
ment and their ensemble, percentage change in near future 
(2020–2049) and far future (2070–2099) precipitation cli-
matology from corresponding present climate (1970–2005) 
are presented.

The variability existing over each of the future time 
slices is compared with the present climate variability to 
determine the extent of fluctuations in inter annual seasonal 
mean precipitation in future. The variability for each time 
slice is calculated as the standard deviation of 30  years 
monsoonal mean precipitation values (36 years for present).

The long-term (1970–2099) temporal distribution of 
seasonal mean precipitation averaged over Himalayan 
region starting from present and extending up to the end 
of twenty-first century (2099) is analysed to detect any 
overall trend as well as uncertainty among the experi-
ments in simulating the precipitation over this period. 
For the determination of slope of trend non-parametric 
Theil-Sen (Sen 1968) slope estimator and for determina-
tion of significance of the trend Mann–Kendall (Kendall 
1938) non-parametric test is used. These two methods of 
trend estimation are used in several other previous studies 
on long-term precipitation data (Zhang et  al. 2000; Yue 
and Hashino 2003; Shadmani et al. 2012; Basistha et al. 
2009; Mondal et  al. 2012; Gocic and Trajkovic 2013; 
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Wan et al. 2013; Pranuthi et al. 2014; Venable et al. 2015; 
Wu et al. 2016; Masson and Frei 2015). In the Theil-Sen 
slope (hereafter, s.s.) a positive value of s.s. indicates 
increasing precipitation pattern and a negative value of 
s.s. indicates decreasing precipitation pattern. The value 
of Man-Kendall test statistic ‘z’ indicates likewise. The 
variation of these changes with elevation in future is also 
discussed as several other authors have found topographi-
cal effect on precipitation distribution in this region and 
other mountainous regions around the world (Singh and 
Kumar 1997; Singh et al. 1995; Arora et al. 2006; Hewitt 
et al. 2005; Arakawa and Kitoh 2012; Clayton 1982; Bar-
ros and Lettenmaier 1993; Giorgi et  al. 1997). In this 
respect, difference in trend of future precipitation from 
present climate existing over each of the time slice is also 
studied with respect to its distribution with elevation over 
the Himalayan region.

Supplementary analysis: For the purpose of assessing 
the range of values in the spatial distribution of mon-
soonal mean precipitation over the Himalayan region, 
probability density function (PDF) is studied as a supple-
mentary addition. The precipitation distribution follows 
gamma distribution (Wilks 2011; Fan et al. 2014) as,

 where k and θ are shape and scale parameter of gamma 
distribution respectively. The PDF of precipitation can give 
several useful information. The width of PDF indicates the 
spatial variability and extreme values in precipitation. A 
positive change in width of PDF curve in future would sug-
gest an increase in precipitation variability.

f (x|k, �) =
1

�k�(k)
xk−1e

−
x

� ,

3 � Results

First of all, the observed climatology of summer monsoon 
precipitation (mm/day) as it exists over the study region 
(Fig.  2a) is presented for the period 1970–2005 and the 
altitudinal distribution of its long-term variation (Fig.  2b) 
is also shown. This is discussed to give a brief idea of mon-
soon precipitation characteristics over Himalayan region. 
As the topography and terrain plays an important role in 
the occurrence, releasing and enhancing of the convection 
processes, the sharp rise of the Himalayan region from the 
Ganges and Indus plains cause the maximum precipitation 
to occur in this region (Medina et al. 2010). The transport 
of the moisture-laden monsoon clouds from the eastern to 
the western Himalayan region with its gradual weaken-
ing in extent and moisture content along the way causes 
more precipitation in the eastern Himalayan region com-
pared to the western. APHRODITE shows a clear band of 
higher precipitation along the southern rim of the Himala-
yan region extending up to north-east India and the general 
smaller precipitation towards the west. The vertical inter-
polation technique used to prepare this dataset is impor-
tant for the study of precipitation in Himalayas which has 
a complex topography (Yatagai et  al. 2012). Andermann 
et al. (2011) have compared APHRODITE dataset with rain 
gauge and five other gridded datasets including TRMM 
precipitation data for Nepal Himalaya and concluded that 
APHRODITE provides a good temporal variability on a 
monthly to annual scale and even in some cases the daily 
variations. Dimri et al. (2013), Mathison et al. (2013) and 
Ghimire et  al. (2015) have also used this dataset in their 
studies on model evaluation over Himalayan region. The 
distribution of long-term trend (1970–2005) of monsoonal 

Table 2   Data availability for CORDEX-SA experiments under different RCPs and time slices—near future (2020–2049) and far future (2070–
2099)

S. No. Experiment name Availability (√- available; ☓- not available)

RCP2.6 RCP4.5 RCP8.5

Near future Far future Near future Far future Near future Far future

1 LMDZ-IITM-RegCM4 ☓ ☓ √ ☓ ☓ ☓
2 ICHEC-EC-EARTH-SMHI-RCA4 √ √ √ √ √ √
3 NorESM1-M-CSIRO-CCAM ☓ ☓ √ √ √ √
4 MPI-ESM-LR-CSIRO-CCAM ☓ ☓ √ √ √ √
5 GFDL-CM3-CSIRO-CCAM ☓ ☓ √ ☓ √ √
6 CNRM-CM5-CSIRO-CCAM ☓ ☓ √ √ √ √
7 CCSM4-CSIRO-CCAM ☓ ☓ ☓ √ √ √
8 ACCESS-CSIRO-CCAM ☓ ☓ √ √ √ √
9 COSMO-CLM ☓ ☓ √ √ ☓ ☓
10 MPI-ESM-LR-REMO2009 √ √ √ √ √ √
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mean precipitation with elevation over Himalayan region 
(Fig. 2b) indicates that in general, in the recent past places 
at lower elevation (less than 2000  m) have experienced 
decreasing precipitation trend of about 0.025 mm/day/year 
on an average. Contrarily, in the higher altitudes, opposite 
scenario can be seen at many of the grid points with no 
trend to slight positive trend suggesting an increased pre-
cipitation over the past as we go up. Also, we see that the 
places at higher altitudes even though they may be at differ-
ent locations have underwent similar rate of change in sea-
sonal mean precipitation which is evident from the smaller 
and reducing spatial variability (in trend) towards higher 
altitudes. As we go higher up in the Himalayan region, the 
monsoonal mean precipitation received climatologically 
tends to get reduced as reported by Ghimire et  al. (2015) 
using the same dataset for the same period i.e. 1970–2005. 
Most of the orographically lifted moisture tends to precip-
itate at the lower elevations and in valleys. The places at 
higher altitudes however, are subject to a colder and drier 
climate and due to subdued influence of moisture-temper-
ature interplay tend to produce similar responses and cli-
matic signals to atmospheric forcings and feedbacks over 
varied topography.

Figure 3a–c provides the percentage change in precipi-
tation in near future (2020–2049) from present climate 
(1970–2005) in case of different RCPs for different COR-
DEX-SA experiments. For RCP2.6 where data from only 
two experiments are available—(aa) ICHEC-EC-EARTH-
SMHI-RCA4 and (ab) MPI-ESM-LR_REMO2009—
they show an almost contrarious spatial distribution of 
changes. ICHEC-EC-EARTH-SMHI-RCA4 projects a 
decrease in precipitation in western Himalayan region and 

increase in eastern Himalayan region while MPI-ESM-
LR_REMO2009 projects vice-versa. The ensemble shows 
impression of ICHEC-EC-EARTH-SMHI-RCA4 due to 
the higher magnitude of change in that experiment. In fact, 
these two experiments show similar disagreement in case 
of other RCPs also. Furthermore, such large differences 
among model simulations could be due to difference in 
each RCM’s configuration, parameterization physics or dif-
ferent parent GCMs used to drive these RCMs. Similarly, 
in case of RCP4.5 and RCP8.5 as suggested by ensemble 
most of the experiments except for ICHEC-EC-EARTH-
SMHI-RCA4 show increase in precipitation in western 
Himalayan region and decrease in eastern Himalayan 
region (of up to 20% in both the cases). There is not much 
difference in the distribution of change between the RCPs 
though the change may get intensive with an intensive RCP 
scenario. It is interesting to note that there exists an inter-
face in central Himalayan region where a very sharp tran-
sition in the sign of change of precipitation is seen. Like-
wise, in Fig.  4a–c the percentage change in precipitation 
for far future (2070–2099) is presented. The most remark-
able observation is that though there is no much shift in 
the spatial distribution of the change but there is definitely 
an intensification of the change in both signs- the dry gets 
drier and wet gets wetter. For RCP2.6 this change may not 
be very evident due to the least carbon intensive scenario 
that this RCP projects. For RCP8.5 as can be seen in Fig. 5 
also there is a drying in far future over a better part of the 
study region but the east–west contrast still exists.

Figures  6 and 7 presents the change in variability of 
precipitation in near and far future respectively as per-
centage change in standard deviation of yearly seasonal 

Fig. 2   a Observed JJAS precipitation (mm/day) climatology from 
APHRODITE during 1970–2005 over the Himalayan region as 
shown in Fig. 1. b Distribution of trend (mm/day/year) with altitude 
for the same where error bars show the spatial variability within 

every 100 m altitude class. The rectangular bars with numbers rep-
resent the number of grid points falling within each 1000 m altitude 
range
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mean precipitation values. It is found that unlike the per-
centage change in precipitation, the percentage change in 
variability does not give a conclusive or distinct picture of 
regional contrast. Simultaneously, it can also be said that 
the variability or the changes in variability of precipitation 
over Himalayan region has a very high order of region spe-
cific response. Though one thing is evident that variability 

increases as one moves under least emission scenario 
towards most carbon intensive scenario and from near to 
far future (an increase of about 10–20% in both the cases). 
The eastern Himalayan region may experience a decreased 
variability but it is difficult to say so for central and west-
ern Himalayan region as they show mixed pattern. In 
tropical mountains the summer time precipitation is found 

Fig. 3   Percentage change from present climate (1970–2005) in JJAS mean precipitation over Himalayan region in different CORDEX-SA 
experiments and their ensemble for near future (2020–2049) for a RCP2.6, b RCP4.5 and c RCP8.5
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to be sensitively associated with the phase of the Indian-
ocean dipole and El-Nino southern oscillation phenom-
ena. (Shrestha et  al. 2000; Vuille et  al. 2005; Chan et  al. 
2008). So such natural climate variations superimposed on 
the regional climate of the higher elevation areas could be 
responsible for any detectable trend in the variation of pre-
cipitation or for that matter any other climatic parameter.

The positioning and features of different mountainous 
reliefs in the Himalayan region are chief drivers of climate; 
the merging of different ranges of mountains within this 
region creates such a complex topography of the area that 
possible dependence of precipitation patterns on topogra-
phy still remains poorly defined. The altitudinal variation 
of difference in seasonal mean trend of future precipitation 
(mm/day/year) from that of present could give an idea of 
how rapidly or slowly precipitation would be varying in 
future at different elevations. From Fig.  8a looking at the 
red ensemble line for most of the experiments it is found 
that in the near future under all the three RCP scenarios 
the lower elevation points as well as high elevation points 
of up to 4000  m will see an enhanced variability in pre-
cipitation indicated by the increased positive trend with 

respect to the present conditions. The increase in trend 
magnitude is as high as 0.04 mm/day/year (approximately) 
in case of RCP8.5 for near-future. High elevation points 
above 4000  m does not experience much change in the 
yearly progression of precipitation as indicated by smaller 
values of change in trend in the near future. In far-future 
(Fig. 8b) there is a different pattern, as we found that the 
difference in trend seems to be smaller across the entire 
elevation profile especially for RCP4.5 where this differ-
ence is almost zero. This implies that near-future is going 
to see a more rapid increase in seasonal mean precipita-
tion by about 0.02  mm/day/year (average) compared with 
that towards the end of century. This conclusion is based 
only on the ensemble. There is a large uncertainty in the 
trend difference which can be inferred from the black error 
bar. The uncertainty is as high as 0.1 mm/day/year at some 
elevations. Interestingly, there also seems to be a relation-
ship of uncertainty with the elevation as the inter-model 
spread gradually reduces while going up. It is important 
to mention here that the ensemble for RCP2.6 includes 
only two experiments (see Table 2 for their names) there-
fore its ensemble cannot be studied in comparison with 

Fig. 3   (continued)
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other RCPs. Nonetheless, the ensemble seems to be more 
confident in the trend projections in the higher reaches of 
Himalayan region where the changes in trend value is also 
reducing. The physics of different CORDEX-SA RCMs in 
high altitude (colder and drier) environmental conditions 
does not differ much in their process representation in giv-
ing such a pattern of confidence. The spatial variability in 
precipitation distribution for the ensemble also seems to 
reduce at higher elevations as shown by red error bars. A 

dependency of precipitation change in future with elevation 
was also reported by Arakawa and Kitoh (2012). A general 
pattern of increasing precipitation in the western Hima-
layan region and decreasing precipitation in the eastern 
Himalayan region which was also evident in the climatol-
ogy (see Figs. 3, 4) can also be seen in the long-term trend 
(1970–2099) analysis (Fig. 9) of the monsoon mean precip-
itation. Intensification of precipitation flux in western Him-
alayan region could imply in general, an increased influence 

Fig. 4   Same as Fig. 3 but for far future (2070–2099)
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of mid-latitude disturbances (as described for Fig. 3b–c) on 
monsoonal flows in future. On the other hand, weakening 
of monsoonal flow in the eastern Himalayan region could 

be ascribed to the fact that under a warming scenario, when 
oceans would be heated, it will reduce the land-sea temper-
ature contrast owing to reduced pressure gradient and less 
moisture influx from the ocean to the land. A dipolar dis-
tribution of such changes may also indicate that there could 
a spatial redistribution of precipitation over Himalayan 
region in future with no significant change in total precipi-
tation amount (though this does not mean that the intensity 
will also not change). This is supported by comparison 
between spatial distribution of precipitation in present and 
future in form of probability distribution function (see Fig. 
S1). Here we does not see a significant change in distribu-
tion of mean precipitation in future. Further, the dipolar 
distribution of trends means that there could be a region 
specific response to changes in climate over the region 
owing to the complex topography and resulting localized 
climate patterns. There is an intensification of trend from 
RCP4.5 to the most intensive emission scenario—RCP8.5. 
Increasing precipitation in western Himalayan region could 
be due to lowering of lifting condensation level caused by 
continuance of anomalous cooling in western Himalayan 

Fig. 4   (continued)
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region as reported by others (Archer and Fowler 2004). 
Other reason could be the enhancing trend in the soil mois-
ture evaporation from the surface at lower elevation in 
response to greenhouse gas forcing.

Figure 10a–c presents the trend and uncertainty in future 
projections of JJAS mean precipitation over 130  years 
(1970–2099) averaged over Himalayan region for RCP2.6, 
4.5 and 8.5, respectively. The result from APHRODITE for 

the period (1970–2005) is also shown to indicate the model 
biases in present climate. Though it is important to mention 
here that differences between observations and the model 
outputs cannot be necessarily due to the bias of the mod-
els. Many observational gridded datasets in this region are 
affected by uncertainties indeed, and in general all kinds 
of observations tend to underestimate total precipitation 
(because they neglect the snow component of precipitation 

Fig. 6   Change in variability (as percentage change in standard deviation) from present climate (1970–2005) of yearly JJAS mean precipitation 
in different CORDEX-SA experiments and their ensemble for near future (2020–2049) for a RCP2.6, b RCP4.5 and c RCP8.5
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as discussed earlier). Nonetheless there exist significant wet 
bias in the CORDEX-SA set of experiments over Himala-
yan region as far as APHRODITE observations are taken 
as reference which was found by Ghimire et al. (2015) and 
also by Mishra et al. (2015). In Fig. 10 for RCP2.6 which 
is the least intensive emission scenario, the ensemble pro-
jects an increasing trend but it is non-significant and the 
slope value is very small. In RCP4.5 scenario, most of the 
experiments show a significant increasing trend of pre-
cipitation as indicated by their ensemble which indicates 
a strongly significant trend with a positive slope value of 
0.004 mm/day/year. Also, it can be seen that in future for 
some years the seasonal mean precipitation is going above 
the base line variability value which suggests an increase 
in variability in future. The uncertainty (shown as shaded) 
seems to be large between the experiments which is up to 
6  mm/day. One more important thing to be pointed out 
here is that the models are seen to be significantly overes-
timating the precipitation in the present climate compared 
with APHRODITE (Fig. S1). Based on a single observa-
tional dataset, it might be possible that the models are 
overestimating the precipitation magnitude in future. It is 

important to determine from these ensemble projections 
that whether the models are in general, in agreement with 
the sign of the change (positive slope) so it could be pos-
sible that on an area average, the direction of precipitation 
change in future is being truly represented. For RCP8.5 
also, the ensemble gives similar projection with a strongly 
significant trend and a slope value of 0.004 mm/day/year as 
in RCP4.5. These increasing precipitation trend is in agree-
ment with other model studies by Palazzi et al. (2015) who 
also found an increasing precipitation trend in future over 
this region. Again as discussed previously, the increases 
in precipitation could be due to enhanced moisture source 
from increased local scale surface evaporation or increased 
influence of mid-latitude disturbances and teleconnections 
on south-west monsoonal flow.

4 � Discussion

Studies carried out in the past project in general, an increas-
ing trend of precipitation across entire Himalayan region 
(Rupa Kumar et  al. 2006; Revadekar et  al. 2011; Dobler 

Fig. 6   (continued)
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and Ahrens 2011; Sengupta and Rajeevan 2013; Syed et al. 
2014; Pandey et  al. 2014; Oh et  al. 2014). However, the 
CORDEX-SA RCMs considered in the present study pro-
ject in general, an increasing (decreasing) long-term trend 
of precipitation in western (eastern) Himalayan region and 
provide similar results on the change in precipitation on 
near and far future time scales under various warming sce-
narios. An increase in precipitation in western Himalayan 
region in future could be linked with the reinforcing influ-
ence of mid-latitude disturbances like westerly troughs and 

Eurasian waves on monsoonal flow as found in the studies 
by Ramaswamy (1962), Raman and Rao (1981), Krishnan 
et al. (2009) and Yadav (2009) but for past or recent past 
climate. Further, a stronger monsoon climatology over 
north-west India (which includes western Himalayan 
region) could be teleconnected with a negative SST anom-
aly over east equatorial Atlantic Ocean through propaga-
tion of a Eurasian (Rossby) wave train from north-west of 
Europe to north-west of India via Black sea (Yadav 2017). 
The other teleconnections have also been reported in the 

Fig. 7   Same as Fig. 6 but for far future (2070–2099)
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recent past like an increase in surface temperature over Iran 
(due to mid-latitude wave train that travels from Atlantic to 
Iran via Europe) could intensify the northerlies and wester-
lies over Arabian sea which could result in convergence of 
winds over north-west India, thus favoring deep convection 
and strengthening of monsoon in the region (Yadav 2016). 
This moisture or circulation could further get limited spa-
tially within a sub-region of Himalayan region due to domi-
nating role of local topography, thereby giving rise to con-
trasting wetness to that sub-region and dryness to the other. 
On the other hand, weakening of monsoonal flow over the 
eastern Himalayan region (where there is less influence of 
western disturbance and predominance of south-west mon-
soon) could be ascribed to the fact that under a warming 
scenario, when oceans would be heated, it will reduce the 
land-sea temperature contrast owing to reduced pressure 
gradient and less (monsoonal) moisture influx from the 
ocean to the land.

The present results may indicate that under the COR-
DEX framework where GCM-RCM based approach of 

using RCM to downscale the global scale features from 
GCM is applied, may provide a way to capture these tel-
econnections in the regional climate signals. To explain 
further, the far-off present atmospheric anomalies which 
is represented in the GCM simulations are provided to the 
RCM simulations in the form of lateral and boundary con-
dition forcings. The RCMs through their dynamical down-
scaling ability are then able to further connect these far-off 
atmospheric features with the regional climate.

Climate models tend to show significant disagree-
ments in their ability to reproduce the Indian summer 
monsoon in the present day as well as future projections 
(Annamalai et al. 2007; Lucas-Picher et al. 2011; Kumar 
et  al. 2013; Shashikanth 2014; Jayasankar 2015). The 
uncertainty could arise due to lack of skill in model to 
simulate realistically the Indian monsoon as well as dif-
ferences in the physics of individual models. The uncer-
tainty in monsoon precipitation in response to global 
warming is related with two key opposing processes in 
response to large-scale warming: thermodynamic forcing 

Fig. 7   (continued)
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due to increase in atmospheric temperature which causes 
enhanced moisture and secondly, weakening circulation 
of the monsoon. (Ueda et  al. 2006). The precipitation 
climatology in mountainous region can vary on inter-
annual time scales in response to such changes in large 
scale circulation caused by the major modes of variation 
in atmosphere–ocean interactions.

An increased variability in future in Indian sum-
mer monsoon could be due to warmer Pacific Ocean in 
a warming scenario. This corresponds to an enhanced 
evaporation variability that can be communicated via 
Walker circulation to the South-west monsoon flow 
(Meehl and Arblaster 2003). The RCMs forced by an 
increased sea surface temperature and GCM runs under 
enhanced greenhouse gases scenario provides the neces-
sary boundary conditions to make the simulated environ-
ment respond to warming. On the other hand, a decreased 
variability of precipitation in future could be due to 
region specific responses of near surface atmosphere to 
large scale external forcing which damps out the effect 

of warming. Such region specific responses could be an 
anomalous increase in snow cover, or mountain waves, 
valley scale circulations, etc.

A reduced rate of increase in future precipitation in 
high altitude regions could be due to long-term reduction 
in local evaporation from the underlying surface thus pro-
viding a weakened source of moisture and limited cloud 
formation in the model environment. The decrease in local 
scale surface evaporation could be related to changes in 
surface conditions and/or surface coverage (presence or 
absence of snow i.e. positive snow-ice albedo feedback), 
as well as increase in surface-air temperature under global 
warming effect (Arakawa and Kitoh 2012).

5 � Conclusions

Climate projections are more uncertain for mountain 
regions compared to plains mainly due to complex oro-
graphic dependent climatic regime. In addition, important 

Fig. 8   (aa–ac) Near future (2020–2049) change in trend of JJAS 
mean precipitation (mm/day/year) from present climate (1970–2005) 
at every grid point over Himalayan region plotted against altitude. 
The scatter plot of different CORDEX-SA experiments including 
their ensemble (in red) plotted in the background (dots) with colors as 
shown in legend; the curves in same color as their corresponding dots 
represent the mean in 100 m classes of altitude smoothed by LOW-

ESS method. (Cleveland 1979). The black error bar shows the model 
uncertainty as standard deviation between experiments within each 
100 m class of altitude and red error bar shows the same but for spa-
tial variability of the ensemble. The rectangular bars with numbers 
indicate the number of grid points falling within each 1000 m altitude 
range. (ba–bc) Same as (aa–ac) but for far future (2070–2099)
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climatic variables such as precipitation are inadequately 
reproduced by experiments than others parameters such 
as temperature (Palazzi et  al. 2015). Simultaneously, it is 
important to keep analyzing the upcoming simulations 
for their pattern of changes in climate that they project in 
future and look for the underlying uncertainties between 
them. Keeping in view this idea, precipitation changes in 
future scenarios is studied over Himalayan region from dif-
ferent CORDEX-SA experiments.

The changes in precipitation over the study region pre-
sents a complex and uncertain response to climate change 
with the models exhibiting a regional variation in both 
the magnitude and sign of the change. Although, there 
exists a substantial inter-model differences in simulating 
the amount of future changes in precipitation in space 
and time, most of the experiments over Himalayan region 
except for a part of Hindu-Kush region in western Hima-
layan region shows drier condition. There is in general, a 

Fig. 9   Spatial distribution of trend of JJAS mean precipitation (mm/day/year) over Himalayan region in different CORDEX-SA experiments and 
their ensemble over the period 1970–2099 for a RCP2.6, b RCP4.5 and c RCP8.5
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projection of wetter/drier future conditions for western/
eastern Himalayan region with an intensification in both 
signs in far future when compared to near future. Though, 
averaged over the study region there is a gradual increas-
ing precipitation trend seen throughout the twenty-first 
century in carbon intensive scenarios.

There is an overall agreement in increasing trend of 
precipitation for the period 1970–2099 when averaged 
over the whole region as shown by ensemble. However, 
when the spatial distribution of trend is analyzed, a gen-
eral pattern of increasing precipitation in the western 
Himalayan region and decreasing precipitation in the 
east of the Himalayan region which was evident in the 
climatology also can be seen here in the long-term trend 
(1970–2099) analysis of the monsoon mean precipita-
tion. Further, there also seems to be a relationship of pre-
cipitation trend change in future and the related uncer-
tainty with elevation, with both getting reduced at higher 
elevation.

It should be mentioned that there are a number of 
important reservations to the results presented here. 

Modelling of climate of a complex terrain such as Hima-
layan region is a difficult task owing to a very high order 
of spatial variation in orography and orography-induced 
varying climate regimes. In particular, the ability of 
RCMs to capture snow/rain fractionation can be poor. 
Moreover, studies in the recent past show that RCMs 
under CORDEX-SA exhibit large wet bias over the Hima-
layan region (Ghimire et  al. 2015; Mishra 2015) which 
could mean an overestimation of precipitation in future 
projections. Therefore, there is a requirement of bias cor-
rection of these RCM outputs using a high quality obser-
vational dataset before using the data for hydrological or 
impact studies. Also, there exists uncertainty in the cli-
mate projections arising out of various sources- in this 
case due to different forcings or GCMs or even different 
inherent RCM physics—which further needs to be quan-
tified to make climate projections with a certain degree 
of reliability. A multi-model ensemble projection should 
be considered with extreme caution (Tebaldi and Knutti 
2007).

Fig. 9   (continued)
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