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    Chapter 2   
 Western Disturbances – Dynamics 
and Thermodynamics                     

    Abstract     To further expand our knowledge of the weather systems called western 
disturbances (WDs), in this chapter we present the dynamical basis of WDs. The 
mechanism of WD formation with details on the evolution of such storms are dis-
cussed, and a detailed explanation of the energetics and thermodynamics of the 
winter storms provided. The various studies on WDs using various tools such as 
satellite information or numerical modelling techniques are reviewed and summa-
rized. Last but not the least, the infl uence of surface variability in terms of orogra-
phy and land use – land cover impacts on WDs are in this chapter.  

         The previous chapter dealt with WDs in an introduction that detailed providing the 
typical structure and origin of these extra-tropical systems. To further expand our 
knowledge of these systems, this chapter develops the dynamical understanding of 
the WDs. The various studies on WDs using various tools such as satellite informa-
tion or  numerical modelling techniques   are have been reviewed and summarized. 
And fi nally the infl uence of surface variability in terms of orography and changes in 
land use and land cover changes on WDs are discussed in this chapter. 

 Before proceeding with the working sections of the chapter detailing information 
about the WDs we briefl y review the Himalayas. As will be discussed later, the 
Himalayas have a major impact on WDs and in further chapters we will note that 
there is a reciprocal impact from WDs on the Himalayas also. Hence, an introduc-
tion to the Himalayan mountain range is prudent. The Himalayas have been illus-
trated clearly in the Fig.   1.1     in the previous chapter. A detailed idea of the Himalayan 
extent and topography has been illustrated in Fig.  2.1 . The Himalayas extend 
2500 km which stretches from 34 to 36°N, 27° E and 27–28°N, 90° E with a width 
of 250–400 km (Barry  2008 ). West to east this mountain range is divided into 
regions called as the north-western Himalayas, central Himalayas and eastern 
Himalayas. Bordering on the northern edge of the Himalayas is the Tibetan Plateau. 
Moreover, the western part of the Himalayas is bordered by the Hindu-Kush range. 
According to Barry ( 2008 ), the Himalayas from north to south can be divided into 
three major ranges. The Greater Himalayas in the north have the highest mountains, 
with an average height of 6000 m. South of this range, in the middle, is the Lesser 
Himalayas with average peak height of 2000–3300 m. And down south the range is 
called the outer Himalayas or the Siwaliks which are shorter with peak height 
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 averaging 900–1200 m. The Himalayas have a natural variability in  land-cover   
 patterns. Thus, the  land-use   and land-cover variability and topographic heterogenity 
are the characteristic features of the Himalayas (Dimri  2012 ). The climatic condi-
tions for the temperature parameter show variability over the Himalayan region due 
to the variation in the orography (Dimri  2004 ) and the land use (Dimri  2009 ), as also 
reported in the study Dash et al. ( 2007 ). Temperature predictably decreases with 
altitude, and the mountain range also shows a normal latitudinal gradient over the 
lower Himalayas. Precipitation patterns over the Himalayas also have a large varia-
tion due to the heterogeneous topography and variation in the surface cover (Dimri 
 2012 ). From an ecological stand point, the Himalayas have an outer monsoon for-
est, a zone of inner  coniferous   forest, and a border zone in the north of arid  steppe  . 
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  Fig. 2.1    ( a ) Schematic representation of cascading Himalayan mountain ranges (Pir Panjal- Great 
Himalaya-Zanskar-Ladhak-Karakoram) and western-central–eastern Himalayan region ( b ) 
Topographic (×10 3  m) overview of the Himalayas       
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With increased human intervention, there has been clear changes in the  land-use   and 
 land-cover   variability of the region especially because of more unplanned urbaniza-
tion, agriculture and industrialization (Kala  2014 ).

   The Himalayas, due to their unique geographical position, provide a physical 
barrier that plays an important role in global weather patterns (Fig.  2.1 ), acting as a 
heat source during the summer and a heat sink during the winter. Topographic het-
erogeneity, land-use variability, and varying snow-cover extent are important cli-
mate actors affecting the  Indian summer monsoon (ISM)   (Boos and Kuang  2010 ). 
During winter, the Himalayan region is prone to severe weather and the large 
amounts of snowfall produced by WDs (Schiemann et al.  2009 ). Regional spring 
snowmelt runoff contributes 15–44 % of the discharge to the tributaries of the Indus, 
and 6–20 % of the Ganges discharge (Ramasastri  1999 ). Spring runoff becomes 
especially important in the case of a delayed monsoon onset (Bamzai and Shukla 
 1999 ; Liu and Yanai  2002 ), and is a factor in pre-monsoon fl ooding and  landslides   
(Agrawal  1999 ; Thayyen et al.  2012 ). 

2.1     Dynamics of Western Disturbances 

 In this section we examine the dynamics, energetics and thermodynamics of WDs. 
WDs are  synoptic   systems with associated large-scale circulation patterns. Various 
process studies into the energy and water budgets for large-scale synoptic systems 
are required to determine the dynamics of the systems. After reviewing many 
papers, Gupta and Mandal ( 1987 ) as well as Raju et al. ( 2011 ) noted the importance 
of large-scale synoptic systems in the generation, transfer and transformation of 
 kinetic energy   in the middle latitudes and their various patterns in the lower lati-
tudes. The available  potential energy   for the extra-tropical cyclonic weather systems 
is drawn from the latitudinal/meridional temperature gradient (between different 
latitudes) (Dimri et al.  2004 ). The difference in the temperatures between the tropics 
and mid-latitudes or even the polar region play a signifi cant role in generating the 
extra-tropical cyclones. The literature review also suggested that the WD  kinetic- 
energy   budget will be a more interesting topic to study since WDs are systems that 
move in the borderline zone of tropics and extra-tropics (Raju et al.  2011 ). Although 
WDs are considered similar to extra-tropical systems, they differ from such systems 
because their frontal structures dissipate due to the friction of the surface as they 
migrate long distances. Also, their movement across Himalayan orography causes 
energy changes that are different than those seen in the usual mid-latitude systems. 
A synthesis of the various studies on WD kinetic-energy budget is provided here for 
a deeper understanding of the WDs. 

 A study by Ananthakrishnan and Keshavmurty ( 1973 ) analysed the generation of 
 kinetic energy   over India during the winter season by diagnosing the  meridional 
wind   and the  zonal wind   fl ow. The study reported that the adiabatic kinetic energy 
within WDs is consumed by zonal wind fl ow along its track due to enhanced meridi-
onal wind fl ow and vice versa. Gupta and Mandal ( 1987 ) explained the behavior of 

2.1 Dynamics of Western Disturbances



30

the  kinetic-energy   generation function during a WD. Their study revealed that the 
increase (decrease) in the kinetic energy content of the system could not be related 
directly to the positive (negative) contribution of the kinetic-energy generation 
function. Further, the zonal component of the kinetic energy generation function 
acted as a source, while the meridional component behaved as a strong sink in the 
upper levels throughout the life cycle of the system. Analysis of meteorological 
global reanalysis datasets enables researchers to examine the unique characteristics 
of specifi c  synoptic   events. Many of these reanalyses depict the large-scale circula-
tion characteristics of WDs reasonably well despite weak constraints due to data 
paucity in the Himalayas (Mohanty et al.  1998 ,  1999 ). As an example, Roy and 
Bhowmik ( 2005 ) successfully used gridded datasets of the Indian Meteorological 
Department global- model output to thermodynamically analyse the WDs over the 
Delhi region. The study revealed that there is external  advection   of water vapor over 
a region as a consequence of the passage of WDs. The atmosphere during the winter 
season over the region is relatively dry and cannot result in precipitation due to 
 convection   at the local level. Hence, the external source of moisture incursion is a 
necessity for the WD related winter precipitation. In association with the moisture 
infl ux, convective activity is observed as the energy realized when the  conditional 
instability   is released, the latter termed the  convective available potential energy 
(CAPE)  . The CAPE values increase during a WD passage, providing the required 
energy for the storm to form. According to Agnihotri and Singh ( 1987 ), during 
winters the shortwave solar radiation is absorbed mostly in the lower levels of the 
atmosphere due to the presence of the moisture. During WD occurrences due to low 
level moisture incursion, there is enhanced absorption of the incident solar radiation 
in the lower levels, which is another source of energy for the storm. Mohanty et al. 
( 1999 ) performed a comparative analysis of the dynamical and thermodynamical 
characteristics between weak and active WD using observational analysis. The 
study reports higher amounts of precipitable water and higher  convergence   of hori-
zontal heat fl ux during an active WD than in a weak WD. The role of the Himalayan 
orography in blocking and guiding the integrated moisture fl uxes within the model 
reanalysis for an active WD over northern India is shown by Raju et al. ( 2011 ), 
confi rming the early diagnosis of Ananthakrishnan and Keshavmurty ( 1973 ). It 
reported that zonal and meridional formation of  kinetic energy   was in opposition to 
generation. The study also showed a strong rise in the  convergence   of the fl ux of 
kinetic energy and weak  adiabatic   production of  kinetic energy   during the passage 
of an intense WD. Towards the centre of the low pressure area of the WD, destruc-
tion of kinetic energy took place, whereas generation of the energy occurred west of 
the centre of an intense WD. 

 Access to satellite imagery changed tools and methodologies in weather fore-
casting and have proven to be essential elements of improved effectiveness 
(Houghton  1987 ). Studies related to the WDs using satellite data have provided 
detailed information on the topic. The fi rst  synoptic   charts for India, with input from 
satellite imagery showing jets and cloud systems, were produced in 1970 (Srinivasan 
 1971 ). This study reported the formation of the clouds associated with troughs in 
the  SWJ   which is indicative of the precipitation associated with the WDs. Satellite 
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imagery and charts available were used to analyse the cloud bands associated with 
WDs, classifying cloud patterns in terms of the relationship between geometry and 
cloud area (Rao and Moray  1971 ). Such structure-based cloud imagery helped in 
assessing the evolution of WDs over time and provided an analysis of the life cycle 
of an evolving WD. Based on 10 years of satellite information, three broad catego-
ries were suggested by Agnihotri and Singh ( 1982 ). A signifi cant fi nding of this 
study was that there are important secondary extra-tropical depressions traveling 
with large-scale westerlies and approaching northwest India. Detailed analysis of 
the cloud formation associated with the WDs are described in the previous chapter. 

 Other than using satellite imagery to study cloud systems associated with the 
WDs, this imagery has been used to analyse other details about these systems. Using 
NOAA-6 satellite products, Sharma and Subramaniam ( 1983 ) pointed out the link-
ages of WDs with the low-level easterly troughs responsible for intensifi cation of 
the WD. They provided further support that this linkage caused expanded associ-
ated precipitation far to the south. A relationship between cloud-top temperatures 
and WD rainfall in the relatively drier month of November was proposed by 
Veeraraghavan and Nath ( 1989 ). They used  Arkin’s methodology   to estimate the 
precipitation caused by WDs using the cloud-top temperatures. But this methodol-
ogy did not provide accurate rainfall estimates when compared with the actual aver-
age rainfall based on the data provided by the gauge stations because the methodology 
was not used on a region of variable orography like Himalayas. Puranik and Karekar 
( 2009 ) used satellite observations from multiple platforms to delineate the cold-air 
intrusion and the moisture pathways. Their objective was to demonstrate the capa-
bility of  Advanced Microwave Sounding Unit -B (AMSU-B)  , fl ying onboard the 
NOAA satellite, to monitor WDs in fi ve different microwave frequencies. Now data 
assimilation of satellite data into modelling techniques are providing yet greater 
accuracy for the model simulated outputs when compared with the observational 
analysis. Rakesh et al. ( 2009 ) is one of the studies including satellite data into 
 numerical weather prediction  . 

 Satellite information has been an important tool in studying the interaction of the 
mid-latitude systems with tropical systems. An important aspect of the interaction 
between the tropics and mid-latitudes is the emergence of  cloud surges  , which are 
due to the interaction of tropical and mid-latitude fl ows, and are clearly visible in 
satellite imagery. When the existence of large amplitude troughs in subtropical 
westerlies impinge on low-latitude  synoptic   disturbances, this fi rst ‘interaction’ 
shows signs of cloud deformation north-eastward from the lower latitudes Kalsi and 
Halder  1992 ). Such interactions during summer monsoon months add to increased 
monsoonal fl ow. A similar case of tropical and extra-tropical interaction led to the 
massive disaster over the Kedarnath region in June 2013. Interaction between WD 
and MT caused the formation of dense clouding and resulting in the heavy precipi-
tation observed over northern India (IMD  2013 ), as also seen by satellite imagery. 
This cloud system was termed a transient cloud system (Pandey and Pandey  2014 ; 
 Chevuturi and Dimri in review ). Detailed analysis of interaction of tropical and 
mid-latitude systems are described in the next chapter.  
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2.2     Modelling Studies Related to Western Disturbances 

 A survey of modelling attempts of WD events is described here. Table  2.1  presents 
the framework associated with various modelling studies and major fi ndings of the 
studies. The main focus is on signifi cant milestones in WDs’ modelling studies that 
enhanced process understanding and model improvement. While greater under-
standing of the WDs needs no justifi cation, model improvement is important for the 
improvement in forecasting and prediction of the WDs. The fi rst mathematical 
description of cyclonic waves in the  baroclinic   westerlies was introduced by 
Charney ( 1947 ), which provided a theoretical basis for  numerical weather predic-
tion   (Charney  1948 ; Charney et al.  1950 ). Here, we mainly rely on existing dynami-
cal numerical models of WDs. Rao and Rao ( 1971 ) considered that the observed 
 zonal wind   profi le is unstable with respect to the small superimposed disturbance, 
most notably for a perturbation wavelength of around 7000 km at 28°N. Such  baro-
clinic instability   is a possible mechanism for energy release and the development of 
a WD. They also analysed the periodicity and wavelength of the WD in the form of 
wave disturbances. They found out that WDs have a periodicity of about 9 days and 
a wavelength of about 6.0 × 10 6  m in early stages and 8.5 × 10 6  m in the later stages 
of development. Ramanathan and Saha ( 1972 ) applied a primitive equation in a 
barotropic model at 500 hPa to predict the evolution of WDs and investigated the 
role of  initial   and  boundary conditions   on forecast accuracy. The study used two 
cases of WDs to analyse the forecast ability of the model using east-west cyclic 
boundary conditions. They developed encouraging and important applications of 
dynamical models to predict WD movement. Chitlangia ( 1976 ) employed a moving 
coordinate system to study the mean structure of a WD. The study used data from 
six WD cases in the model. Hoskins and Karoly ( 1982 ), using a steady-state- 
linearized- fi ve-layer  baroclinic   model, established the role of subtropical forcing to 
produce appreciable response in mid- and high latitudes. In low latitudes, it estab-
lishes that longer wavelengths propagate poleward and eastward, whereas shorter 
wavelengths are trapped in the equatorward side of the jet. This trapped jet enhances 
the evolution of embedded WDs. A comprehensive analysis of a WD simulated 
within a global  spectral model   reported by Dash and Chakrapani ( 1989 ) showed 
improvement in forecast skill with respect to  geopotential heights   and wind magni-
tude associated with a WD, and thus associated precipitation. deSilva and Lindzen 
( 1993 ) investigated stationary waves in the northern hemisphere winter using sta-
tionary and time-dependent, linear primitive equation models. In tandem with 
Nigam and Lindzen ( 1989 ), they found that small displacements of the  SWJ   causes 
signifi cant changes in stationary wave response right in the troposphere and in the 
lower troposphere. This behavior could be used for long-range forecasting of the 
associated  synoptic   weathers such as WDs. Predictability of precipitation associ-
ated with WDs increased with the introduction of  boundary-layer   and  convection   
schemes in numerical models (Azadi et al.  2001 ; Das et al.  2003 ; Das  2005 ; Hatwar 
et al.  2005 ; Dimri and Chevuturi  2014 ; Chevuturi et al.  2014 ).
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   Benchmark studies for understanding the model of the physics and dynamics 
associated with WDs are reviewed next. From Azadi et al. ( 2001 ), Fig.  2.2a  depicts 
the sea-level pressure chart during the 18–19 January 1997 WD event as seen in the 
observations reanalysis. In this fi gure, a clear surface low associated with the WD is 
observed. The corresponding MM5V3 (Mesoscale Model 5 Version 3) simulations 
for eight experiments with different combinations of planetary  boundary layers   and 
cumulus  parameterization schemes   are shown in Fig.  2.2b  corresponding to the 
observation, Fig.  2.2a . This study provides guidance about the best combination of 
parameterization of physical processes from the various available options to confi g-
ure the model to capture the dynamical structures of WDs. In this study, the analysis 
and prediction of fi eld variables like sea level pressure,  geopotential height  , tem-
perature, wind and precipitation are used as indicators of the best modelling output. 
Further, Dimri ( 2004 ), investigated the impact of topography and model resolution 
on the simulation of the WD on 23 January 1999 using MM5V3 and showed clearly 
that the evolution of the of WD in terms of its low pressure at 500 hPa is stronger 
when realistic topography is present (Fig.  2.3d, e, and f ) than in a corresponding no 
topography experiment (Fig.  2.3a, b, and c ). Similarly, more organized precipitation 
fi elds along the upwind slopes of the Himalayan complex are seen when realistic 
topography is present (Fig.  2.4d, e, and f ) than in the corresponding no topography 
experiment (Fig.  2.4a, b, and c ). Further, Dimri et al. ( 2004 ) study analysed the 
simulation of an intense WD using a mesoscale model (MM5) run at high resolu-
tion. According to the study, the model simulation at high resolution could capture the 
intensity and movement of the WD with accuracy. But the study of Azadi et al. ( 2005 ) 

  Fig. 2.2    Reanalysis of sea level pressure at 0000 UTC on ( a ) 19 Jan 1997 and ( b ) corresponding 
24 h forecast of sea level pressure in 08 difference model experiments (Source: Met Appli. Azadi 
et al.  2001 ). Figure   1.3    b is given on the next page         
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Fig. 2.2 (continued)
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showed that the same model could not accurately capture the  advection   during a 
WD and thus failed to simulate the observed speed of the system.

     The associated intensifi cation and modulation of the WD is further illustrated in 
Fig.  2.5a  using results of WRF model simulations for the WD on 7 Feb 2002 and 
compared with the corresponding reanalyses results. Figure  2.5a  depicts model- 
simulated 500 hPa wind,  geopotential height  , and wind speed which show similar 
cyclonic structure as in the corresponding with two reanalyses results presented in 
Fig.  2.5b and c  respectively. The two reanalyses datasets are - Modern Era 

  Fig. 2.3    500 hPa Geopotential height (m) after 48 h model forecast valid at 0000 UTC on 23 Jan 
1999 over fl at ( a ,  b  and  c ) and normal topography ( d ,  e  and  f ) with different model horizontal 
resolutions       
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Retrospective Analysis for Research and Applications ( MERRA  ) and National 
Center for Environmental Prediction – National Center for Atmospheric Research 
Reanalysis Project ( NCEP-NNRPII  ). The wind speed shown in the shaded grey 
region depicts the fl ow intensifying along the cyclonic circulation. The overall wind 
pattern indicates that the model could simulate anomalous cyclonic circulation as 

  Fig. 2.4    Precipitation (cm/24 h) after 48 h model forecast valid at 0000 UTC on 23 Jan 1999 over 
fl at ( a ,  b  and  c ) and normal topography ( d ,  e  and  f ) with different model horizontal resolutions       
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seen in the corresponding verifi cation analysis with higher magnitude. The corre-
sponding geopotential fi eld corroborates with the mid-tropospheric trough over the 
Indo-Pak region. The fi gure depicting model-simulated  geopotential height   is simi-
lar to the corresponding observational reanalysis. The trough/depression is depicted 
over Pakistan and north-west India which forms the cyclonic circulation. 
Correspondingly, the model also shows the high wind speeds due to the stronger 
storm simulation. The well-marked low developed over the region, and movement 
of the said low pressure system is depicted well in the model simulation. The model 
simulates a more intense storm, thus, over predicting all associated fi elds leading to 
stronger cyclonic circulation and stronger wind speed in comparison with the obser-
vation data. Corresponding thermodynamical factors, maximum convective avail-
able potential  energy   (CAPE) and  convective instability   (CINE) are presented in 
Fig.  2.6a and b  respectively. It depicts the spatial distribution of CAPE and CINE on 
7 February 2002 elongated along the Himalayan topography. These fi gures show 
that during passage, the WD interacts with topography generating enough energy 
for intensifi cation of the winter storm, thus enhancing associated precipitation over 
northern India. Such interplay of the WD with topography provides an explanatory 
inference for the propensity of increased weather activity (Dimri and Niyogi  2012 ). 
Increase in CAPE is the release of energy from the instability in the atmosphere that 
s associated with the orographic lifting of unstable moist air. The  kinetic energy   
generated through conversion of CAPE maintains the convective system during the 
WD occurrence. During the peak of the WD, CAPE provides support for 
 intensifi cation, which over time reduces signifi cantly the dissipation of the energy 
and thus weakens the WD. Similarly there is also an increase in the CINE as seen in 
the fi gure across the region of WD occurrence. Though this parameter acts as an 
inhibiting agent for  convection  , the higher values of CAPE promote the WD. The 
high values of CINE in a region of  high   CAPE values indicates the development 
of the  synoptic   system in the vicinity. Overall there clearly is an increase in the 
values of CAPE and CINE in correspondence to the occurrence of precipitation. 
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  Fig. 2.5    500 hPa wind (m/s;  arrow ); geopotential height (m;  red contour ) and wind speed above 
22 m/s ( grey shed ) in ( a ) model, ( b ) MERRA and ( c ) NCEP-NNRPII on 07 Feb 2002 0000 UTC       
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Roy and Bhowmik ( 2005 ) observed similar high values of CAPE and CINE 
associated with the days of occurrence of precipitation during WDs.

    Another study by Chevuturi et al. ( 2014 ) was intended to analyse winter  hail-
storms   over India using  numerical weather prediction  . This is still under the  purview 
of our book as the study reported that the winter hailstorm was caused by the pres-
ence of a WD. Hailstorms are highly convective events and are uncommon during 
the cold and dry winter months. But this study describes how winter  hailstorms   are 
caused by the WD and in turn also provides a detailed description of the  baroclinic   
conditions developed during a WD. We have mentioned the  baroclinicity   associated 
with the WDs before as described by Singh and Agnihotri ( 1977 ), but in this section 
we will describe the condition in much greater detail as per the study of Chevuturi 
et al. ( 2014 ). In the study, the vertical cross section of the fi eld variable along the 
axis of core precipitation zone of the storm is shown in Fig.  2.7 . The area- averaged 
values over the 1° × 1° grid around the region of peak precipitation is shown in 
Fig.  2.8 . The region over and around 77.2° E and 28.6°N would be considered the 
NCR (national capital region/New Delhi) or the region of study/interest. Over NCR 
the  geopotential height    anomaly   shows an increase around 400–200 hPa (Fig.  2.7 ). 
This increase is associated with the dipping in the perturbation geopotential height 
contour lines. These changes are due to the  tropopause fold   penetrating the tropo-
sphere. The dip in the tropopause height values is also observed in the station data 
over New Delhi. This tropopause lowering is associated with  baroclinic instability   
occurring over the region (Bush and Peltier  1994 ). The increased storm intensity 
over the region is caused by the baroclinic instability due to the passing WD and the 
development of cyclonic circulation. The mid-latitude migratory WD attains higher 
intensities in the form of a baroclinically unstable disturbance specifi cally over the 
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  Fig. 2.6    Spatial distribution of model simulated maximum ( a ) CAPE (J/kg) and ( b ) CIN (J/kg) on 
07 Feb 2002 0000 UTC       
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Indian region (Rao and Rao  1971 ; Singh and Agnihotri  1977 ). This instability in the 
mid- to upper-tropospheric levels generates the turbulent  convective energy   required 
for the development of updrafts during storm occurrence. With the availability of 
moisture in the atmospheric column, the instability leads to heavy precipitation. 
This is the usual baroclinic condition associated with a WD. While not all WDs over 
northern India lead to  hail   formation during winter, some of the intense WDs may 
lead to the hail formation. Heymsfi eld et al. ( 2005 ) describes how strong convective 
updrafts (with vertical wind speed greater than 5–10 m/s) suppress homogenous 
nucleation to form the ice particles which grow to form  hail  . However, lower wind 
speeds would not contain enough energy to develop a strong  hailstorm  . In cases of 
WDs occurrences where such updrafts are, the  hail   formation may be possible over 
northern India. The instability developed in the mid- tropospheric levels due to the 
WD increases the propensity for  baroclinic   atmosphere in the upper half of the tro-
posphere. When the temporal variation of temperature profi le of the region is 
 analysed, a dip is observed in the −60 °C isotherm around 1600–1700 UTC 
(Fig.  2.8 ). This lowering corresponds to the tropospheric fold discussed before. 

  Fig. 2.7    Longitude-pressure cross section (at the line across preak precipitation spatial distribu-
tion of the storm) at 1700 UTC 17 Jan 2013 for geopotential height anomaly ( shaded ) and pertur-
bation geopotential height (m;  contour )       
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The lowering in the tropopause causes the incursion of colder stratospheric layers 
into the warmer troposphere. This in turn causes development of a steep tempera-
ture gradient as seen in the fi gure, which enhances upper-level instability. Still the 
reasons for instability in the lower layers are yet not clearly addressed. To under-
stand the lower layer instability, temporal variation in area- averaged   CAPE and 
 specifi c humidity   are represented in the black and blue contours of Fig.  2.7  respec-
tively. In this fi gure, an increase of moisture over NCR in the lower levels of the 
atmospheric column is observed along with development  of   CAPE from around 
1300 UTC. The source of this low-level moisture incursion is primarily from the 
Arabian Sea and, to a lesser extent from the Bay of Bengal. The moisture  conver-
gence   develops buoyancy which enhances the propensity of increase of CAPE in the 
atmospheric column. There is reduction in CAPE values in subsequent time periods 
after 1300 UTC. The increase of CAPE defi nes the  potential energy   that is available 
to drive a storm and release of CAPE in the form of  kinetic energy   promotes storm 
development. Along with this, the low-level moisture incursion provides the buoy-
ancy required for the air parcel to rise. Thus, upper-level  baroclinic instability   is due 
to the presence of the WD embedded within  the   SWJ.

  Fig. 2.8    Time-pressure cross section (area averaged over the grid around NCR) for CAPE (J/kg; 
 shaded ), temperature (°C;  black contours ) and specifi c humidity (g/kg;  blue contours )       
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    Various other studies examined the  sensitivity   to model the physics, spatial 
horizontal- model resolution, topography, domain, etc. towards the representation of 
WDs, and exhibited a systematic bias with the error in WD simulation increasing 
with integration time (Dimri and Mohanty  2009 ). These model biases can be 
reduced through the assimilation of satellite-derived atmospheric temperature pro-
fi les (Rakesh et al.  2009 ), surface observations (Dasgupta et al.  2012 ), and improved 
 boundary conditions   such as  land-use   maps (Thomas et al.  2013 ). This combination 
has provided signifi cant improvement in the simulated precipitation intensity and 
dynamics associated with WD dynamical evolution from the forecasters’ point of 
view and also the control factor of complex Himalayan topography within the model 
physics (Semwal and Dimri  2012 ). Accurate real-time prediction of WDs, which 
result in heavy snowfall and gale speed winds, allows for timely warnings of  ava-
lanches   and  landslides   (Srinivasan et al.  2005 ). Dimri and Ganju ( 2007 ) and Dimri 
( 2009 ) analysed the impact of orography and land-use interaction during  mesoscale   
simulations using a  regional climate model   for WD simulation. Das et al. ( 2003 ) and 
Das ( 2005 ) were studies specifi cally directed tomesoscale modelling for forecasting 
of WDs over mountainous regions. These two studies identifi ed model details for 
improved accuracy of mountain weather forecasting over the Indian region. 
Performance of the operational  global circulation model   called T80, used at National 
Centre for Medium Range Weather Forecasting (NCMRWF) for forecasting WDs, 
has also been studied (Gupta et al.  1999 ). They analysed four WD cases in detail to 
study the performance of the model for various qualitative and quantitative vari-
ables. The study showed an overall fair performance of the model, but still there was 
under prediction of the heavy precipitation event. 

 Even with some short-comings, there has been a marked improvement in the 
understanding of model simulation strategies in recent decades. This has enabled 
assessment of WD structure and dynamics with a level of detail that was very elu-
sive earlier. These enhancements and improvements over time have been tabulated 
in the Table  2.1 . These studies in the future will help forecasters in assessing these 
factors in advance through modelling efforts. Though there have been improve-
ments, most studies still demonstrate defi ciency in WD forecasting. Improvements 
have been suggested in the form of improved  parameterization schemes   specifi c for 
the mountainous regime of the Himalayas where the WDs occur. Improvements in 
developing a better observational network over this region, which has paucity of 
data, can improve the understanding of the weather systems impacting the region.  

2.3       Interplay With Himalayan Orography 
and Land-use – Land-Cover Interactions 

 From the discussions in the previous  and   the  current   chapter, we can say that surface 
interactions have a signifi cant impact on the extra-tropical systems, the WDs. Two 
types of surface interactions of WDs will be discussed in this section. The fi rst is the 
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interaction with the orography or the height variability of the surface. Orography 
acts as a barrier to the circulation patterns and weather systems and so has a signifi -
cation impact on their dynamics. The second is the interaction with variability in the 
land-use and land-cover patterns over the region impacted by the WDs. Land- 
surface interactions have more of a thermodynamical impact on the atmosphere 
above them. Overall these two interactions have a signifi cant impact on not only the 
origin and structure but also the movement and intensity of the WDs. 

 The fi rst infl uence of orography is during the origin and migration of the WDs. 
After the formation of the depressions in the eastern Mediterranean, as these 
approach the highlands of Iran these systems break into two (Mull and Desai  1947 ). 
Their fi rst portion moves north-eastwards towards northern Iran and is termed pri-
mary. Whereas the second portion moves over the Persian Gulf and southern Iran 
and is termed the secondary. This part of the depression is what ultimately forms the 
WDs that impact India. Though, this term secondary should not be confused with 
the secondaries of the induced WDs which have been discussed previously. The 
tendency of the parent depression to break up into the two depression due to the Iran 
Highlands is specifi c during winters since the  SWJ   lies over the region during this 
season. Further, during the migration of the depressions eastward, there is the pos-
sibility of orography infl uencing the structure of the WDs. Pisharoty and Desai 
( 1956 ) reported that the weather systems that start out as frontal systems arrive over 
India in an occluded state without the frontal structure in the lower levels but the 
structure maintained in the higher levels of atmosphere. The rough orography of 
Iran, Afghanistan and Western Pakistan remove the frontal structure from the lower 
levels of this system due to friction. The distribution of orography within the path of 
the WD system tends to develop the secondaries as discussed before (Malurkar 
 1947 ). According to Mull and Desai ( 1947 ), as the depression center crosses near a 
mountain range, the cold front gets cut off from the warm front and the development 
of secondaries is possible. But for the orography to impact the WD depression, it is 
required that the system is suffi ciently close to the mountain. A head-on interaction 
of the orography with the migrating depression may cause the depression to com-
pletely collapse if the depression height is lower than that of the mountain. Whereas 
if the height is higher, the lower portion of the depression is eroded (Mull and Desai 
 1947 ; Pisharoty and Desai  1956 ). This causes the reduction in the  kinetic energy   of 
the system which revives with the infl ux of fresh warm and moist air in the lower 
levels. This forms the occluded structure of the WD, with the frontal depression in 
the upper levels and low level buoyancy due to the moist-air incursion. 

 The fi nal impact of orography on the WDs is the impact the Himalayas have on 
the WDs when the weather systems fi nally arrive over India and interact with the 
mountain range. The interplay of WDs with the topography of the Western 
Himalayas determines spatial and vertical distribution of precipitation. According 
to Dash et al. ( 2009 ), the rest of the Indian region receives most rainfall during 
monsoons but northwestern India receives up to 15 % of its annual precipitation 
during the winters and this is related to the interaction of WDs with the orography 
(Yadav et al.  2012 ). The annual precipitation pattern derived from Tropical Rainfall 
Measuring Mission (TRMM) satellite radar data shows gradients across the range, 
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from east to west, and fi vefold differences between major valleys and their adjacent 
ridges (Barros et al.  2000 ; Lang and Barros  2002 ; Anders et al.  2006 ). Dimri and 
Chevuturi ( 2014 ) reported that the precipitation patterns associated with the WDs 
showed an axis along the Himalayan orography. The interannual variability of pre-
cipitation in the Nepal region of the Himalayas is dependent on the timing of the 
summer monsoon onset along the Himalayan range and is linked to the trajectories 
and strengths of the monsoon depressions forming over the Bay of Bengal (Lang 
and Barros  2002 ; Barros et al.  2006 ). Lang and Barros ( 2004 ) defi ned the WDs as 
“ westerly waves trapped and intensifi ed by the unique large-scale topographic fea-
tures, most notably the notch formed by the Himalayas and Hindu Kush mountains ”. 
The interannual variability of these systems is high and is dependent on the intensity 
of the circumpolar westerly jet and the location of the incoming disturbance with 
respect to the Tibetan Plateau. They also reported that orographic forcing is the 
dominant factor maintaining the precipitation due to WDs over the Himalayas. 
Evolution of the large-scale fl ow into an accurate geometric formation with respect 
to the orography causes signifi cant precipitation over the region. Similarly, the ori-
entation of major  drainage   basins and  catchment   areas can also lead to local differ-
ences in the distribution of precipitation (Barry  2008 ). The upper-level fl ow may 
interact with topography in variable ways to affect the low-level cloud motion in the 
valley. The precipitation to cloudiness scaling suggests a strong stationary behavior 
of orographic land-atmosphere interactions based on elevation class and ridge- 
valley scales (Barros et al.  2004 ). This is to be expected as topography plays a cru-
cial role in modifying these WD weather systems (Dimri  2004 ). This study analysed 
the  sensitivity   of model simulation of WDs with horizontal model resolution. The 
reports suggested that fi ner resolutions simulate precipitation better as, at fi ner reso-
lutions, the orographic effect and corresponding sub-grid  mesoscale   forcing are 
 better represented within the model. Similar studies of Mohanty and Dimri ( 2004 ), 
Dimri ( 2009 ); Dimri and Mohanty ( 2009 ) described topographic interaction of WD 
cyclonic circulation and Himalayan orography. According to the studies, in the 
Himalayan mountainous region, the precipitation is location specifi c and dependent 
on the orography. Raju et al. ( 2011 ) studied the role of the Himalayan orography in 
blocking and guiding the integrated moisture fl uxes during an active WD occur-
rence, as previously discussed. Though the Himalayas block the winter storms and 
cause precipitation on the windward side, exceptionally violent rainstorms can 
overcome orographic barriers and penetrate far into otherwise arid regions in the 
northwestern Himalayas at elevations above 3000 m (Bookhagen et al.  2005 ). 
Otherwise, in general, blocking effects prevail and penetration occurs along river 
valleys or mountain passes (Barros et al.  2006 ). Winter depressions are either 
strongly blocked or defl ected by the Himalayan topography. 

 Orographic forcing of the Himalayas on the WDs has also been studied by Dimri 
and Chevuturi ( 2014 ) using a numerical simulation method. Figure  2.9  shows the 
vertical cross-sectional distribution of  vorticity   and precipitation along with topog-
raphy across 33°N for a WD during January 2002. Here increased positive vorticity 
is observed over and along upslope orography particularly at 76.5° E from 14 
January 2002 to 16 January 2002. Intensifi cation of cyclonic circulation is associ-
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  Fig. 2.9    Vertical cross 
section of vorticity (×10 5  
s− 1 ,  shaded ), model 
precipitation (cm/day; 
 green line ) and observed 
precipitation (cm/day; 
 purple line ) along 33°N for 
the WD case studied       
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ated with increased positive vorticity, which in turn will intensify the WD and hence 
increase associated precipitation. It is also clearly seen that positive vorticity is 
closely associated with the maxima of precipitation. The distribution of vorticity 
along the rising topography of the Western Himalayan region causes the orographic 
forcing producing the precipitation by the WDs. It is seen that upslope increased 
cyclonic vorticity corresponds to increased precipitation which could be seen in 
increased precipitation in model fi elds and observation fi elds as well. Though quan-
titatively precipitation fi elds differ, their distribution along the topographic upslope 
and/or downslope is similar. This fi gure illustrates the precipitation forming mecha-
nism along the upslope topography. There is also formation of an associated posi-
tive vertical wind fl ow along the topography which causes the rising air parcel. The 
increased vertical-velocity associated increase convective activity is noted along the 
region which further forms clouds and causes precipitation. Similar positive  vortic-
ity   along the orography of the Himalayas during a WD occurrence was reported by 
Hara et al. ( 2004 ).

   WD model simulations show that the implementation of a sub-grid land-use 
scheme leads to a more realistic simulation of precipitation and surface air tempera-
ture (Dimri  2009 ). The sub-grid scheme provides a more accurate representation of 
resolvable sub-grid-scale processes and atmospheric/surface circulations that result 
in a better representation of the storm. With a set of modelling experiments, Dimri 
and Niyogi ( 2012 ) provided insight into the interplay of topographic and WD circu-
lation during the 21–23 January 1999 case. Figure  2.10a, b and c  presents a longi-
tude and vertical cross sectional distribution of  meridional wind   and air  specifi c 
humidity   at 34°N latitude at 0000 UTC on 21, 22 and 23 January 1999 respectively. 
This cross section was chosen because the highest topographic variability is seen 
across this latitude. Higher vertical  wind shear   in the lower troposphere and stronger 
meridional wind from the surface to 500 hPa along the Kashmir valley (~73° E) is 
discernible during the WD event. Also, contrast in meridional winds from the sur-
face to 200 hPa is seen around ~67° E. Along the valley topographic boundaries, the 
wind is weaker, while in the middle of the valley, the wind is stronger. Also, an 
increase in air-specifi c humidity up to the mid-troposphere over the valley is clearly 
visible, which is lower along the valley topographic slopes/boundaries.

   To investigate the precipitation mechanisms associated with WDs, a case during 
20–22 December 2006 was investigated by Dimri et al. ( 2013 ). They documented 
the distribution of moisture variables and  vorticity   modulation due to topography in 
the intensifi cation of WD. The Asian Precipitation -- Highly Resolved Observational 
Data Integration Towards Evaluation of the Water Resources ( APHRODITE  ; 
Yatagai et al.  2012 ) (for the 24-h cumulative at 0000 UTC on 22 December 2006) 
shows a large daily precipitation event (see Fig.  2.11a ). Note that the western 
Himalayan region has a limited observational network and most of the available 
reanalyses are based on the assimilation of satellite measurements, upper-air obser-
vations, and limited ground observations. Furthermore, the number of stations per 
grid cell is available for  APHRODITE  . This information was used to determine to 
what extent the gridded precipitation was determined from station data or derived 
using an interpolation between the stations. The climate over the western Himalayas 
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  Fig. 2.10    Lon-pressure 
cross section vertical 
distribution at 34°N 
latitude of model simulated 
meridional wind (ms −1 ) 
(continuous  black contour ) 
and air specifi c humidity 
(×1e-3) (broken  red 
contour ) at 0000 UTC 
during active WD ( a ) 21 
Jan 1999 ( b ) 22 Jan 1999 
( c ) 23 Jan 1999 ( Left hand 
side  vertical axis 
corresponds to the pressure 
distribution and  right hand 
side  vertical axis 
corresponds to the 
topography ×10 2  m)       
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  Fig. 2.11    Twenty-four hour cumulative precipitation on 22 December 2006 in ( a ) observational 
data (APHRODITE) and ( b ) the corresponding REMO simulated fi eld, and geopotential height 
(m;  shade ) and vector wind (m/s;  arrow ) in the REMO simulation at ( c ) 850 hPa on 20 December 
2006, ( d ) 500 hPa on 20 December 2006, and ( e ) 500 hPa on 20 December 2006       
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is colder and drier than that of other Himalayan regions, and therefore the daily time 
resolution of APHRODITE is more reliable than the monthly time resolution of 
other datasets and is, to date, the fi ner precipitation reanalysis available (25 km reso-
lution). Also representation of vertical and horizontal discretization of topography 
in the analytical methodology makes this dataset comparably better than other 
observational reanalysis as it inputs the role of topography while preparing the 
reanalysis. The simulated precipitation from the  Regional Climate Model (RCM)  –
REMO (Jacob et al.  2007 ) for this event is shown in Fig.  2.11b . The model simula-
tion uses global ERA-Interim reanalysis data (Dee et al.  2011 ) to supply large-scale 
boundary conditions (LBCs). REMO uses the GTOPO30 topography data of the US 
Geological Survey (USGS). The domains were chosen to cover the whole area of 
India including the Himalayas. REMO RCM simulated the regional climate with a 
spatial resolution of 0.23° (~25 km). Such model resolution was chosen to match 
APHRODTIE resolution. In the model and the corresponding observation, the peak 
precipitation appears across the Himalayan range, with the model showing the wet 
bias. The RCM  geopotential height   fi eld at 850 hPa (Fig.  2.11c ) shows a well- 
defi ned surface low associated with cyclonic circulation over 33°N, 65° E in the 
northwest of the western Himalaya two days earlier. The system develops on 20 and 
21 December 2006 as it moves over the western Himalaya (Fig.  2.11d and e ), indi-
cating that such systems can be adequately depicted from the RCM’s simulation. 
Figure  2.12  illustrates the vertical distribution of geopotential  anomaly   and  specifi c 
humidity   during that period. The clear infl uence of the topographic valley fl oor, 
upslopes, and downslopes are discernible in defi ning the spatial organization of 
precipitation.

    The  vorticity   and  relative humidity   distribution over this period are presented in 
Fig.  2.13 . The vertical defl ection of fl ow induced by the topography results in  adia-
batic   cooling, and, if suffi cient moisture is available from clouds, will eventually 
lead to precipitation.  Convergence   on the upslope/windward side due to decreased 
velocity through orographic retardation will deform or slow down the fl ow, generat-
ing a mid-troposphere positive vorticity at the peak of the storm (Fig.  2.13a and b ). 
Higher relative humidity is seen in the regions of positive vorticity (Fig.  2.13b and c ). 
A weaker negative vorticity occurs along the topographic surface toward the 
windward side with positive vorticity over the leeward side and over the valley 
fl oors. The effects of stronger valley fl ows are twofold: fi rst, these stronger valley 
fl ows reduce upslope moisture fl ow by channeling it, and second, the lateral circula-
tions constrained by the valley boundaries provide conditions for precipitation 
formation. This suggests the models’ robustness for mountainous regions at the 
event scale.

   Important mountainous physical processes that need an explicit driving mecha-
nism in the model physics are discussed and deliberated in Barros and Lettenmaier 
( 1994 ), Leung and Ghan ( 1995 ) and Bindlish and Barros ( 2000 ). Barros and 
Lettenmaier ( 1994 ) had shown earlier efforts of modelling and certain type of 
precipitation over mountains and associated runoff. Lin et al. ( 2001 ) has shown 
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  Fig. 2.12    Lon-pressure 
cross section vertical 
distribution at 34°N 
latitude of model simulated 
geopotential height (m; 
 continuous black contour ) 
and air specifi c humidity 
(×1e-3;  shaded ) at 0000 
UTC during active WD ( a ) 
20 Dec 2006 ( b ) 21 Dec 
2006 ( c ) 22 Dec 2006 ( Left 
hand side  vertical axis 
corresponds to the pressure 
distribution and right hand 
side vertical axis 
corresponds to the 
topography ×10 2  m)       
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  Fig. 2.13    Lon–pressure distribution of vorticity (×1e-5/s;  shade ), relative humidity (%,  broken 
contour ), and topography (×10 3  m;  shaded bar ) on ( a ) 19 December 2006, ( b ) 20 December 2006, 
( c ) 21 December 2006, ( d ) 22 December 2006, ( e ) 23 December 2006, and ( f ) 24 December 2006 
at 35°N Lat in the REMO simulation       
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environmental controls favoring heavy precipitation events over the mountainous 
regions. A theoretical framework of infl uence of stable moist airfl ow on precipita-
tion over the mountains and its formulation in the idealized model condition is 
reviewed and proposed by Smith ( 2006 ). Roe ( 2005 , p. 665) provided holistic 
review of the precipitation mechanism over mountains: ‘orographic precipitation is 
intrinsically a transient phenomenon, It tends to occur during the passage of a pre-
existing weather disturbance, and precipitation rates can vary substantially during 
the course of a single storm as a  synoptic   conditions change…’. This review gave an 
insight about the orographic interaction and precipitation mechanism over the 
mountains. The most recent review by Houze Jr ( 2012 , p. 42) has provided the latest 
insight into the orographic precipitation mechanism. ‘It provided variety of oro-
graphic effects that profoundly modify the structure of major precipitating cloud 
systems through combinations of dynamical response, terrain shape and size, and 
alteration of microphysical timescales…’. 

 The infl uence of various sections of the Tibetan Plateau and orography (referred 
as ‘regional mountain uplift’) is proposed by Chakraborty et al. ( 2002 ). He sug-
gested that the presence of the western Tibetan Plateau is more instrumental to the 
formation  of   ISM than the eastern Tibetan Plateau. Boos and Kuang ( 2010 ) illus-
trated that the presence of the Himalayan orography and adjacent mountains sustain 
the present day strength of ISM. There is an important fi nding that the orographic 
insulation of low- entropy    extra-tropical air masses by the narrow mountain chains  
(i.e. ‘ thermal insulation  ’) rather than the  diabatic   heating of the entire elevated pla-
teau maintains the ISM (Tang et al.  2013 ). 

 The above discussion is focused on the impact on the WDs themselves of the 
interactions between WDs and surface. These interactions might also have an impact 
on the orography and land surface. These impacts will be separately elucidated in 
the last chapter of this book  .     
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