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Abstract Cyclonic storms associated with the midlatitude Subtropical Westerly Jet (SWJ), referred to as
Western Disturbances (WDs), play a critical role in the meteorology of the Indian subcontinent. WDs embedded
in the southward propagating SWJ produce extreme precipitation over northern India and are further enhanced
over the Himalayas due to orographic land-atmosphere interactions. During December, January, and February,
WD snowfall is the dominant precipitation input to establish and sustain regional snowpack, replenishing
regional water resources. Spring melt is the major source of runoff to northern Indian rivers and can be linked to
important hydrologic processes from aquifer recharge to flashfloods. Understanding the dynamical structure,
evolution-decay, and interaction of WDs with the Himalayas is therefore necessary to improve knowledge
which has wide ranging socioeconomic implications beyond short-term disaster response including cold
season agricultural activities, management of water resources, and development of vulnerability-adaptive
measures. In addition, WD wintertime precipitation provides critical mass input to existing glaciers and
modulates the albedo characteristics of the Himalayas and Tibetan Plateau, affecting large-scale circulation
and the onset of the succeeding Indian Summer Monsoon. Assessing the impacts of climate variability and
change on the Indian subcontinent requires fundamental understanding of the dynamics of WDs. In particular,
projected changes in the structure of the SWJ will influence evolution-decay processes of the WDs and impact
Himalayan regional water availability. This review synthesizes past research on WDs with a perspective to
provide a comprehensive assessment of the state of knowledge to assist both researchers and policymakers,
and context for future research.

1. Introduction

The Himalayas, due to their unique geographical position, provide a physical barrier that plays an important
role in global weather patterns (Figure 1) by acting as a heat source during the summer and a heat sink during
the winter. Topographic heterogeneity, land use variability, and varying snow cover extent are important
climate controls of the Indian Summer Monsoon (ISM) [Boos and Kuang, 2010]. During winter, the
Himalayan region is prone to severe weather due to large amounts of snowfall produced by Western
Disturbances (WDs). Snowfall in the central Himalayas occurs during southward excursions of the
Subtropical Westerly Jet (SWJ) [Schiemann et al., 2009] associated with terrain-locked, low pressure systems
(WDs) at the notch formed by the Himalayas and the Hindu Kush Mountains [Lang and Barros, 2004].
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 delayed monsoon onset [Bamzai and Shukla, 1999; Liu and Yanai, 2002] and is a factor in premonsoon
flooding and landslides [Agrawal, 1999; Thayyen et al., 2012].

The intune relationship between Eurasian snow cover and the associated albedo and the strength of the
following ISM is well documented in the literature [Vernekar et al., 1995; Dash et al., 2004, 2005; Mamgain
et al,, 2010]. Bhattacharya et al. [2011] reported a decreasing trend in the mean and the variability of surface
albedo over India between 1981 and 2000. In particular, interannual albedo variability due to changes in the
Himalayan snow cover exhibits a prominent decline. This trend was attributed to increasingly earlier
beginning of the snow melting season and increase of snowmelt source areas. A recent weakening of the
El Nifo-Southern Oscillation (ENSO)-ISM relationship [Kucharski et al., 2007] suggests an increased role of the
regional, interannual variability of the ISM that has not yet been detected in the context of wintertime
Himalayan snow cover [Krishna Kumar et al., 1999, 2006; Saha et al, 2011]. The mass balance of glaciers in
the northwestern Himalayas is intimately dependent upon winter precipitation [Bolch et al., 2012], and
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«s hatural hazards including landslides,
¢ avalanches, and floods can be directly

traced to these winter storms and
+s  associated precipitation [Rangachary
and Bandyopadhyay, 1987; Ganju and
s Dimri, 2004; Das et al., 2006; Srinivasan
* et al, 2005; Thayyen et al.,, 2012]. Further,
.« in the context of precipitation forming
' mechanisms and in conjunction with

Latitude
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known until Smith’s [1979] classic
Figure 1. Schematic representation of cascading Himalayan mountain  review, which has been recently

ranges (marked in black colors as 1-1: Pir Panjal, 2-2: Great Himalaya,
updated by Houze [2012].
3-3: Zanskar, 4-4: Ladhak, and 5-5: Karakoram) over Western Himalayas P y [ ]
(WH), Central Himalayas (CH), and Eastern Himalayas (EH) (elongated A fundamental understanding of the
circles with corresponding marking, respectively) with topographic dynamics of WDs is therefore essential

height (in km, shaded) in an overview of the Himalayas. not only to shortterm and seasonal

hydrometeorological forecasting but
also to the assessment of regional climate change and its impacts. The objective of this manuscript is to
provide a synthesized overview of the state of knowledge on WDs in the context of prior and
current research.

2, WDs: Synoptic Scale

The first long-term weather forecasts, using the link between the nature of snowfall and accumulation
patterns in the Himalayas and rainfall in the rest of India, were conducted after the establishment of the
India Meteorological Department in 1875 [Blanford, 1884]. The problem of Long Range Forecasting of ISM
rainfall has been one of the major tasks of Indian meteorologists for more than a century [Blanford, 1884;
Walker, 1924; Montgomery, 1940].

Flohn [1968] was the first to uncover the significance of the high Tibetan region in defining the role of wind
using a limited set of available in situ observations. Over the western mountains and valleys, the largest
portion of rainfall is produced by propagating disturbances of the westerlies (mainly upper level troughs)
during winter. This is a unique climatic feature that has been inadequately treated in textbooks related to
regional climatology. To study this winter weather phenomena, Venkiteshwaran [1939] relied on a simple
sounding balloon at Agra (near New Delhi, India) to discuss a synoptic weather system during the winter
of 1931, referring to it as a “Winter Disturbance.” An analysis of the relative positions of the tropical and
extratropical depressions provided the first systematic analysis to predict wet and dry disturbances and
introduced the terminology “Western Disturbance” for the first time in published literature [Malurkar, 19471.

The origin and structure of western depressions over northwest India were initially described and classified as
“weak” extratropical disturbances, traveling with the narrow but intense jet stream that flows around the
southern rim of the Indian Himalayas [Mull and Desai, 1947; Riehl, 1962]. The moisture in these storms
usually originates over the Mediterranean Sea and the Atlantic Ocean. Extratropical storms are a global
rather than a localized phenomenon with moisture usually carried in the upper atmosphere and localized
behavior such as frontal systems. Primarily, interaction of air masses with different characteristics leads to
formation of discontinuity surfaces called frontal systems. Winter WDs are thus similar to the Bjerknes
cyclones of the Pacific and Atlantic because of the asymmetric upper air trough having closer packing of
isobars at the rear of the formation (Figure 2) [Pisharoty and Desai, 1956] than at the leading edge. In the
following section, the northwesterly shift of the packing associated with WDs from the surface to the
upper atmosphere is demonstrated with the help of results from recent modeling studies.

Pisharoty and Desai [1956] explained that heavy rainfall over the eastern Himalayan region was a result of the
interaction of WDs with a break in the summer monsoon trough. Examining a decade-long (1945-1955)
precipitation record over the Indian subcontinent, Mooley [1957] systematically classified synoptic situations
across the Himalayan region. In contrast to Pisharoty and Desai [1956], Mooley suggested that WDs differ
from extratropical depressions in that they generally do not always have well-marked cold or warm fronts
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either at the surface or upper levels and
concluded that orographic convergence
plays a leading role in the production of
localized heavy rain [Dimri and Niyogi,
2012]. This explanation added clarification
to the presence of extratropical cyclones in
the midlatitude westerlies.

In showing that WDs are preceded by
warm and moist air from southern
latitudes and succeeded by cold and dry
air from northern latitudes, Mooley [1957]

Figure 2. A schematic representation of asymmetric upper air (200 hPa) . : o
trough and wind (knots) with closer packing in the rear; h corresponds provided the first evidence linking the
to geopotential heights. Source: Pisharoty and Desai [1956]. occasional presence of WDs during

summertime with intensification of the
ISM. Interlocking/merging of WD lows with the Intertropical Convergence Zone associated with the ISM
invigorates the monsoon flow. Although Mooley’s study examined various facets of the WD structure, its
interactions with Himalayan topography and the ISM among other interactions, it did not provide a full
description of the underlying dynamics. This was achieved by Singh [1963] with an in-depth study of a WD
that was observed on 28-31 December 1960. The Singh study examined WD vertical structure, evolution
and decay, and associated jet stream movement. The analysis revealed that the vertical structure of WDs is
determined by two synoptic components, an upper level trough and a lower level cyclonic circulation:
extratropical cyclones march eastward with the upper level trough in the SWJ and move over and
subsequently become linked to existing stationary low-level cyclonic circulations forming a WD [Dimri and
Chevuturi, 2013].

Ramaswamy [1966] analyzed WDs based on the principle of conservation of vorticity and related dynamics,
which changed the ongoing and established practice of forecasters relying on delineation of frontal systems
at the synoptic scale. Further characterization of WDs by Datta and Gupta [1967] indicated that they move at
a speed of 8 to 10° longitude per day (e.g., 10-12ms ™) except during the formation and dissipation stages
when the movement is comparatively slow with a life-cycle duration of 3-4 days.

Chakravarti [1968a, 1968b] advanced two important insights related to synoptic characteristics of the WDs.
First, he stipulated the governing role of the Indian Himalayas in WD dynamics, and second, he noted that
WDs that lead to precipitation are initially generated and travel in upper atmospheric flow patterns. As an
increasing number of ground and upper air observations became available, the India Meteorological
Department (IMD) published its first manual to guide forecast analysis at the synoptic scale [Rao and
Srinivasan, 19691. Singh and Kumar [1977] established that a well-organized upper tropospheric frontal
layer in the westerlies over a preexisting surface low is essential for WD development. The upper level
front propagates eastward in association with an upper air trough, and the growth of the upstream ridge
is one of the key mechanisms that creates a deep trough downstream [Singh et al., 1981]. As a result, on a
climatological basis, about four to six intense WDs occur during the winter months from November to
March [Mohanty et al., 1998]. The annual frequency of snowstorms is consistent with WD frequency [Lang
and Barros, 2004], and heavy precipitation is persistent through the average 2-3 day WD life cycle over the
western Himalayas.

3. WDs: Linkage With the Jet Stream

The upper level flow over the Tibetan Plateau responds to the Asian continent’s mechanical and
thermodynamical forcing and feedbacks [Academica Sinica, 1957; Webster et al., 1998; Yanai et al., 1992; Wu
and Liu, 2003; Duan and Wu, 2005]. In turn, the position of the jet stream over central Asia affects WD
evolution in multiple and nonlinear ways that continue to be both interesting and challenging to study.
However, the role of the jets in controlling winter weather was poorly understood until radiosonde
observations revealed the presence of a quasi-permanent SWJ over the Indian subcontinent from October
to May [Koteswaram et al., 1953; Koteswaram and Parathasarathy, 1954]. A surge in studies of jet stream
dynamics was enabled by increased availability of upper air soundings from the 1950s to the 1970s
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[Chaudhury, 1950; Murray, 1953; Mohri, 1953, 1958; Riehl et al., 1954; Bannon, 1954; Endlich and McLean, 1957;
Defant and Taba, 1957, 1958; Newton and Persson, 1962; Serebreny et al., 1962].

In the context of Indian weather, the role of the SWJ in premonsoon large-scale convection was elucidated by
Ramaswamy [1956], which led to significant advances in thunderstorm predictability. In a subsequent study,
Ramaswamy [1962] demonstrated the interaction of the tropical easterly jet (TEJ) and the SWJ to define gaps
and active conditions during the ISM. Knowledge of the day-to-day positioning of the TEJ and SWJ proved
invaluable for prognostic evaluation of Indian weather [Koteswaram, 1957a, 1957b]. In winter, the polar
front jet, located at 43°N, can merge with the SWJ [Singh, 1971]. This confluence forces the SWJ to move
northward, allowing the southward migration of cold and dry polar air from the north. The temperature
gradient intensifies and builds to a quasi-SWJ with an elongated wind structure that can extend
throughout the troposphere. An analysis of temperature at three tropospheric pressure levels revealed two
dynamic zones over western and central India at 25°N and at 33°N, respectively [Singh, 1980]. The
southern zone is formed by the meeting of a tropical air mass with a midlatitude air mass, coinciding with
the axes of WDs [Dimri and Chevuturi, 2013]. Furthermore, the evolution of an upper tropospheric
temperature structure over the Middle East and synoptic predictability of the behavior of the jet stream
helps in defining its southern zone over India. Thus, seasonal meridional translation/progression of the
SWJ could be a good index for the determination of the WDs and associated seasonal patterns [Bugayev
et al.,, 1957; Academica Sinica, 1957; Chanysheva et al., 1995].

Schiemann et al. [2009] characterized the SWJ over the Tibetan Plateau region highlighting a pronounced
seasonal cycle. During peak winter months (December-April), WDs have a significant presence over
northern India and the SWJ is positioned over the southern edge of the Tibetan Plateau. Also, monthly
mean horizontal wind speed intensity is strongest in winter and decreases in spring. A modest variation in
the latitudinal positioning of the SWJ over the Himalayas can modulate the incoming stationary wave flux
from middle and high latitudes [Nigam and Lindzen, 1989] and therefore remotely impact atmospheric
dynamics. There are studies using contemporary reanalysis data that further establish a relationship
between the SWJ intensity and baroclinic wave activity over the northern Atlantic Ocean [Nakamura, 1992]
as well as a relationship between the seasonal cycle of the SWJ with a meridional temperature gradient in
the upper troposphere [Kuang and Zhang, 2005].

4. WDs: Satellite-Based Analysis

Access to satellite imagery changed the tools and methodologies of weather forecasting and further
elucidated the multiscale features associated with WDs [Houghton, 1987]. The first synoptic charts with
input from satellite imagery showing jets and cloud systems for India were produced in 1970 [Srinivasan,
1971]. Satellite imagery was also used to analyze 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 imageries helped in assessing the evolution and categorization of WDs [Agnihotri
and Singh, 1982]. Analysis of satellite imagery identified the presence of secondary extratropical
depressions traveling with large-scale westerlies and approaching northwest India. These secondary
depressions, being shallow systems that do not extend above 700hPa, could not be tracked in the
synoptic charts and had posed a challenge for forecasters. Sharma and Subramaniam [1983] linked these
systems to the intensification of the WD and the extension of associated precipitation far into the
southern part of India.

A satellite-based relationship between cloud top temperatures and WD rainfall in the relatively drier month
of November was proposed by Veeraraghavan and Nath [1989]. Another important aspect of the interaction
between the tropics and midlatitudes that has become clearer is the emergence of cloud surges caused
by the interaction of tropical and midlatitude baroclinic flows over the region. When the existence of
large-amplitude troughs in the subtropical westerlies impinge upon low-latitude synoptic disturbances,
signatures of cloud deformation extending northeastward from the lower latitudes can be observed in the
satellite data [Kalsi and Halder, 1992]. Such interactions during the summer monsoon months further
enhance monsoonal flow. Presently, satellite observations from multiple platforms are routinely used to
delineate cold air intrusion and atmospheric moisture patterns and thus monitor the life cycle of WDs [e.g.,
Puranik and Karekar, 2009].
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Table 1. The Progression of Modeling Efforts on Western Disturbances With Significant Findings®

Parameterization Schemes

WD Case Horizontal
Reference Discussed Model Used Model Resolution Convective PBL Significant Findings
Rao and Rao 11-17 Dec 1963 Observational The WD development shows
[1971] data used similar characteristics to
a baroclinically unstable
disturbance.
Ramanathan 22-25 Dec 1968; Primitive equation 2.5° Forecasts of WD with the
and Saha 11-14 Jan 1969 limited-area limited area model could
[1972] barotropic model generally predict the
movement of the WD but
need to improve
resolution and reduce
forecast error.
Chitlangia 4-5Jan 1959;  Moving coordinate 1° During a WD, the vertical
[1976] 3-4 Feb 1959; system (empirical structure of atmosphere
20-21 Jan 1962; model) shows more complex
25-26 Jan 1962; characteristics than an
23-24 Feb 1962; extratropical depression
19-20 Jan 1965 with a simple two-layer model.
Dash and 27 Feb to Global spectral The forecast fields of 24 h
Chakrapani 3 Mar 1982 model (Indian accumulated precipitation
[1989] Institute of and wind circulation patterns
Technology Delhi) show agreement with the
respective analysis.
Gupta et al. 27-30 Dec 1994; NCEP T80, 18-layer 160 km The model is able to forecast
[1999] 8-10Jan 1995; global spectral model intensity and extent of winter
15-17 Jan 1996; (National Centre for systems 72 h in advance but
19-21 Jan 1997 Medium Range not able to provide
Weather Forecasting) point specific predictions.
Azadi et al. 18-21 Jan 1997 MM5 (V2.12) 60 km Kuo, Grell, Blackadar and Hong-Pan PBL scheme and
[2001] Kain-Fritsch, Hong-Pan Betts-Miller cumulus scheme
Betts-Miller give better results compared
to the other parameterization
schemes.
Das [2002] 14-16 Sep 2001 MM5 90 km, 30 km, Grell Hong-Pan Results show that model forecasts
and 10 km of WD and associated wind and
precipitation compare well with
observations over the region.
Das et al. 14-16 Sep 2001 MM5 90 km, 30 km, Grell Hong-Pan Model forecasts and WD
[2003] and 10 km features are well depicted
72 h in advance of the system.
Dimri 21-25 Jan 1999 MM5 (V2.12) 90 km, 60 km, Betts-Miller Hong-Pan Better representation of
[2004] and 30 km topographical features in the
finer domain leads to improved
simulation of the WD and
associated precipitation.
Dimri et al. 21-25 Jan 1999 MM5 (V2.12) 60 km Betts-Miller Hong-Pan Model simulation captured
[2004] the movement and intensity
of the WD along with
representing some fine
structure not observed in
the verification analysis.
Dimri et al. 18-21 Jan 1997; MM5 (V2.12) 90 km, 60 km, Kuo, Grell, Blackadar and Sensitivity analysis suggests
[2006] 20-25 Jan 1999 and 30 km Kain-Fritsch, Hong-Pan that WD simulation is better

and Betts-Miller

represented with a combination
of the Hong-Pan PBL scheme
and Betts-Miller convective
scheme and finer horizontal
model resolution.
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Table 1. (continued)

Parameterization Schemes

WD Case Horizontal
Reference Discussed Model Used Model Resolution Convective PBL Significant Findings
Hatwar et al. 13-17 Jan 2002; IMD limited 1° Model description in  Precipitation patterns

[2005]

Azadi et al.
[2005]

Das et al.
[2006]

Srinivasan et al.

[2005]

Semwal and
Giri [2007]

Dimri and
Mohanty
[2009]

Hara et al.
[2004]

Semwal and
Dimri [2012]

Rakesh et al.
[2009]

Dasgupta et al.
[2012]

Dimri and
Niyogi [2012]

5-8 Feb 2002

24 Mar 1993;
14 Feb 1995;
15 Jan 1996;
12 Mar 1998

14-16 Jan 2002

13-15 Mar 2001;
13-17 Jan 2002;
16-20 Feb 2003

30 Dec 2004
to 04 Jan 2005;
3-7 Feb 2007

17-20 Jan 1997;
1-4 Feb 1997;

8-11 Feb 1997;

23-26 Feb 1997

27-31 Dec 1990

1-4 Jan 2006;
31 Dec 2004 to
03 Jan 2005;
3-6 Feb 2005

8-11 Feb 2007

23 Apr 2004

1980-2001

area analysis
forecast system

MM5 (V2.12)

MM5

MMS5 model

(integrated with
snow cover model

and statistical
model)

ARPS (V5.1.5)

MMS5 (V2.12)

RAMS

ARPS (V5.1.5)

MM5 using 3DVar
assimilation (with

MODIS-derived
data)

MM5 (V3.4) using
3DVar assimilation

RegCM3

90 km, 60 km,
and 30 km

90 km, 30 km,

and 10 km

30 km

30 km

60 km

100 km

30km and 10 km

90 km, 30 km,
and 10 km

60 km and 10 km

detail in Krishnamurti

et al. [1990]

Betts-Miller
Grell
Kain-Fritsch
Betts-Miller
Kain-Fritsch
Grell
Grell

in the forecast
compare well with
the verification
analysis, but the
intensity of rainfall
is underpredicted in
the model output.

Hong-Pan

Hong-Pan

Hong-Pan

Nonlocal closure
scheme

Holtslag

Model-simulated synoptic
system and associated features
compare well with the analysis

but shows a slight bias
which slows the system.

Forecasts up to 72 h show
good capability of the model
to predict rainfall over the
mountainous regions.

Improved avalanche prediction
was observed on application
of model-predicted
meteorological parameters.

Model simulates spatial
distribution of the precipitation
well and shows heterogeneous

precipitation distribution
on comparison with observation

analysis in cases of merging WDs.

Model simulations of active
WDs represent the associated
mesoscale features well.

A simulation of a quasi-
stationary cyclone over the
southern slope of the
Himalayas is depicted as
a topographic Rossby wave.

Complex topography and
local meteorological effects
impact the prediction of
heterogeneous precipitation
distribution.

Forecast initialization with
3DVar approach shows
improved results over the
simulation without incorporation
of MODIS satellite data sets.

Improvement of precipitation
forecasts is observed in
simulation with 3DVar
assimilation.

Model dynamical downscaling
captures the topography
and precipitation interaction
well with finer resolution
showing better results over WH.
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Table 1. (continued)

Parameterization Schemes

WD Case Horizontal
Reference Discussed Model Used Model Resolution Convective PBL Significant Findings
Dimri et al. 1990-2007 HadRM3 and REMO  0.23° (~25km)  Mass flux of Gregory Regional climate models
[2013] and Rowntree [1990] captured features of dynamic

Thomas et al. 17-18 Feb 2003;

[2013] 21-22 Jan 2003;
10-11 Feb 2007;

27-28 Feb 2007;

11-12 Mar 2007

Dimri and 13-17 Jan 2002;

Chevuturi [2013] 5-8 Feb 2002;
11-13 Feb 2002

and mass flux of
Tiedtke [1989]

and orographic forcing along
with the associated precipitation
mechanisms of WDs.

WRF (ARW) 45 km and 15 km Grell Devenyi ensemble  Yonsei University For WDs simulations with
(YSU) ARW, RUC land surface
parameterization is best suited.
WRF (ARW) 81 km, 27 km, Kain-Fritsch Yonsei University Eta grid-scale cloud and
and 9 km (YSU) precipitation microphysics

scheme, Yonsei University

scheme, and Kain-Fritsch
scheme are found to be the

best suite for WD studies
over the Himalayan region.

2pBL, planetary boundary layer; NCEP, National Centers for Environmental Prediction; MM5, Mesoscale Model 5; ARPS, Advanced Regional Prediction System;
RAMS, Regional Atmospheric Modeling System; 3DVar, three-dimensional variational; MODIS, Moderate Resolution Imaging Spectroradiometer; RegCM3,
Regional Climate Model version 3; HadRM3 and REMO, Hadley Center Regional Climate Model version 3 and Max Planck Institute of Meteorology Regional
Climate Model; WRF, Weather Research and Forecasting; ARW, Advanced Research Workshop; RUC, Rapid Update Cycle.

5. WDs: Diagnostics

To determine the energy and water budgets of large-scale synoptic systems, a variety of diagnostic process
studies are required. The kinetic energy budget is diagnosed from meridional and zonal flow. In WDs, the
adiabatic kinetic energy generation due to enhanced meridional flow is consumed by zonal flow along its
track [Ananthakrishnan and Keshavmurty, 1973]. Gupta and Mandal [1987] explained the behavior of the
kinetic energy generation function during a WD. Their study revealed that the increase or decrease in the
kinetic energy content of the system could not be related directly to the positive or the 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. Despite data paucity in the Himalayas, reanalysis
products depict the characteristics of the large-scale circulation of WDs reasonably well [Mohanty et al., 1998,
1999]. For example, Roy and Bhowmik [2005] were successful in revealing the advection of water vapor over
Delhi as a consequence of the passage of WDs by using models and reanalysis. The role of the Himalayan
orography acts in blocking and guiding the integrated moisture fluxes approaching from the western
Mediterranean region and/or the Arabian Sea. In reanalysis fields, strong moisture flux convergence and
adiabatic production of kinetic energy is seen over northern India during the passage of a WD [Raju et al.,
2011], who confirmed the earlier findings of Ananthakrishnan and Keshavmurty [1973]. These diagnostic
studies have provided insight on energy distribution during the course of WD evolution and decay.

6. WDs: Modeling Efforts

A survey of modeling efforts of WD events with a focus on significant milestones is described in this section.
Table 1 presents the dynamical framework typically associated with the different modeling studies.

The first mathematical description of cyclonic waves in the baroclinic westerlies was introduced by Charney
[1947] and provided a theoretical basis for numerical weather prediction [Charney, 1948; Charney et al., 1950].
Here we mainly rely on the existing dynamical numerical models of WDs. Rao and Rao [1971] considered that
the observed zonal wind profile is unstable with respect to a small superimposed disturbance, most notably
for a perturbation wavelength of around 7000 km at 28°N. Such baroclinic instability is a possible mechanism
for energy release and WD development. Ramanathan and Saha [1972] applied a primitive equation
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[a] Flat terrain with 30 km resolution [d] Terrain with 30 km resolution
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[b] Flat terrain with 60 km resolution [e] Terrain with 60 km resolution
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[c] Flat terrain with 90 km resolution

40!

= = =

20N

b
40N
5340

35

=

5400

3

=1
=

=

5
i 5760
45E  50E 55E G0E 65E 70E 7S5E BOE 65E QOE4SE S0E 55E 6OE B5E 7OE  75E BOE  B5E QO

Figure 3. On 23 January 1999, 500 hPa geopotential height (m) after 48 h model forecast valid at 0000 UTC over flat
topography with (a) 30 km, (b) 60 km, and (c) 90 km horizontal model resolution. (d-f) Same as Figures 3a-3c but with
normal model topography. Source: Dimri [2004].

barotropic model at 500 hPa to predict WD evolution, investigated the role of initial and boundary conditions
on forecast skill, and reported 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
and provided an estimate of its future state based on purely empirical methods. Hoskins and Karoly [1982]
used a steady state-linearized, five-layer baroclinic model to establish how subtropical forcings could
produce an appreciable response in middle and high latitudes. In low latitudes, the Hoskins-Karoly model
establishes that longer wavelengths propagate poleward and eastward, whereas shorter wavelengths are
trapped near the equator side of the jet. This trapped jet enhances the evolution of embedded WDs.
Nigam and Lindzen [1989] and DeSilva and Lindzen [1993] investigated stationary waves in the Northern
Hemisphere winter using stationary and time-dependent linear primitive equation models. These studies
found that small displacements in the SWJ yielded significant changes in the stationary wave's response in
the troposphere and the lower troposphere. This behavior has potential for long-range forecasting of
synoptic weather systems associated with the SWJ, such as WDs.

Dash and Chakrapani [1989] reported improvements in the forecast skill of geopotential heights, wind
magnitude, and precipitation using a global spectral model to simulate a WD event for the first time. As
numerical weather prediction (NWP) models continued to evolve over the last three decades, further
improvements in the predictability of precipitation associated with WDs have been associated with the
introduction and testing of parameterizations of boundary layer and convective processes in NWP models.
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Figure 4. Precipitation (mm/d) after 48 h model forecast valid at 0000 UTC on 23 January 1999 over flat topography with
(@) 30 km, (b) 60 km, and (c) 90 km horizontal model resolution. (d-f) Same as Figures 4a—4c but with normal model
topography. Source: Dimri [2004].

An investigation of multiple combinations of parameterization of physical processes for capturing the
dynamical structure of WDS was conducted first by Azadi et al. [2001] using the MM5V3 (Mesoscale Model 5
Version 3) to simulate the 18-19 January 1997 WD event. Simulations for different combinations of planetary
boundary layer and cumulus parameterization schemes are shown in with modeling experiment. In this
experiment, evolution of the WD is seen with eight different combinations of four cumulus parameterization
schemes (Kuo, Grell, Kain-Fritsch, and Betts-Miller) and two planetary boundary layer schemes (Blackadar
and Hong-Pan). The results show that combination of Betts-Miller and Hong-Pan schemes yields the best
model evolution of WD. Model configuration guidance from such studies is necessarily bound to the
specific model, model version, and parameterizations available at the time the study was conducted.
Because new models become available, and model formulation and implementation as well as physical
parameterizations continuously evolve to incorporate scientific and technological advances, benchmark
studies for understanding the model physics and dynamics associated with WD simulation should be
repeated regularly [Das et al., 2003; Das, 2005; Hatwar et al., 2005; Dimri and Chevuturi, 2013].

Dimri [2004] investigated the impact of topography and model resolution on an MM5V3 simulation of a WD
event on 23 January 1999 and showed that the WD evolution, in terms of its low pressure at 500 hPa, is
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Figure 5. (a) Latitude-pressure distribution of geopotential anomaly (x 100 m) calculated from the average at same pressure level over longitude 65-85°E and (b) longitude-
pressure distribution of geopotential anomaly (x 100 m) calculated from the average at same pressure level over latitude 25-40°N on 7 February 2002 0000 UTC.

stronger when realistic topography is present (Figures 3d-3f) than if no topography is introduced
(Figures 3a-3c). Unsurprisingly, more organized precipitation fields along the upwind slopes of the
Himalayan complex are simulated when the representation of the topography is realistic (Figures 4d-4f)
compared to when it is not the case (Figures 4a-4c). Dimri and Chevuturi [2013] applied the Weather
Research and Forecasting (WRF) modeling framework and analyzed the vertical dynamic structure of the
WD during the 5-8 February 2002 event. Figure 5 shows the vertical distribution of a model-simulated
geopotential anomaly that occurred on 7 February 2002. The vertical axis of the WD that links the surface low
to the upper air depression is notably tilted northwestward from the surface to the upper atmosphere. In the
course of the evolution-propagation-demise of the WD, the surface low remains stationary, but the upper air
depression moves eastward with the upper level westerlies. Subsequently, the northwestward tilted axis
straightens and farther tilts eastward with time. The associated intensification and modulation of the WD are
further illustrated in Figure 6a, where results of WRF model simulations for the WD event on 7 February 2002
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Figure 6. 500 hPa wind (m/s; arrow); geopotential height (x 100 m; red contour) and wind speed above 22 m/s (grey shading)
in (@) WRF model (source: Dimri and Chevuturi [2013]), (b) Modern Era Retrospective Analysis for Research and Applications
(MERRA) [Rienecker et al., 2011], and (c) National Center for Environmental Prediction-National Center for Atmospheric
Research Reanalysis Il Project (NCEP-NCARII) reanalysis products [Kanamitsu et al., 2002] on 7 February 2002 0000 UTC.
Figure 6a corresponds with Figure 5.
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Figure 7. Spatial distribution of WRF model simulated maximum (a) CAPE (J/kg) and (b) CIN (J/kg) on 7 February 2002 0000 UTC.
Source: Dimri and Chevuturi [2013].

were compared against reanalysis products. Figure 6a shows model-simulated 500 hPa wind, geopotential
height, and wind speed, with a similar cyclonic structure as in the corresponding Modern Era Retrospective
Analysis for Research and Applications (MERRA) [Rienecker et al., 2011] and National Center for Environmental
Prediction-National Center for Atmospheric Research Reanalysis Il Project (NCEP-NCARII) reanalysis products
[Kanamitsu et al.,, 2002] shown in Figures 6b and 6¢. The spatial distributions of thermodynamic indices, such
as maximum convective available potential energy (CAPE) and convective instability (CIN), are presented in
Figures 7a and 7b. Note the close alignment of CAPE and CIN with the Himalayan topography. These studies
consistently highlight the intensification of winter storms and associated precipitation enhancement due to
orographic forcing. Such interplay of the WD with topography provides an explanation for the propensity of
increased weather activity over northern India [Dimri and Niyogi, 2012].

Since Azadi’s first study, the sensitivity of simulated WD events to model physics, spatial horizontal model
resolution, topography, and domain size has been extensively examined by many, recently by putting emphasis
on the characterization of model errors such as systematic bias that increases with integration time [Dimri and
Mohanty, 2009]. The model biases tend to be reduced to a certain extent through the assimilation of satellite-
derived atmospheric temperature profiles [Rakesh et al., 2009], surface observations [Dasgupta et al., 2012], and
improved boundary conditions such as land use maps [Thomas et al,, 2013]. The combination of updated model
physics and data assimilation has provided an opportunity for improving the simulated precipitation intensity
and dynamics associated with a WD's dynamical evolution for operational forecasting. Improved understanding
of modeling strategies has in recent decades enabled the simulation and prediction of WD structure and
dynamics with a level of detail and accuracy that was previously elusive to forecasters [Srinivasan et al., 2005].

7. WDs: Orography and Land-Atmosphere Interactions

The interplay of WDs with the topography of the western Himalayas determines the spatial and vertical
distribution of precipitation. The annual precipitation pattern derived from the Tropical Rainfall Measuring
Mission satellite data shows gradients across the Himalayan range, from east to west, and fivefold
differences between major valleys and their adjacent ridges [Barros et al., 2000; Lang and Barros, 2002;
Anders et al.,, 2006]. The interannual variability of precipitation 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
trajectory and strength of the monsoon depressions forming over the Bay of Bengal [Lang and Barros,
2002; Barros et al., 2006]. 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 crucial role in modifying storm systems, including WDs
[Dimri, 2004]. Exceptionally violent rainstorms can overcome orographic barriers and penetrate far into
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otherwise arid regions in the northwestern Himalayas at elevations above 3000 m [Bookhagen et al., 2005].
Otherwise, general blocking effects prevail and penetration occurs along river valleys or mountain passes
[Barros et al., 2006]. Winter monsoon depressions are either strongly blocked or deflected by topography.
Exploratory model simulations show that the implementation of better representation of land-atmosphere
interactions at subgrid scales lead to more realistic simulations of precipitation and surface air temperatures
[Dimri, 2009]. A more accurate representation of resolvable subgrid-scale processes leads to a better
simulation of surface latent heat fluxes entering the lower troposphere, which has a strong impact on storm
energetics (low-level entropy and convective instability) as well as upslope moisture convergence as
demonstrated by Sun and Barros [2014]. Using a set of modeling experiments, Dimri and Niyogi [2012]
provided insight on the interplay of topographic and WD circulations during the 21-23 January 1999 case. In
this study longitudinal and vertical cross-sectional distribution of meridional wind and specific humidity at
34°N latitude at 0000 UTC on 21-23 January, respectively, is shown and discussed. This cross section was
selected because it contains the highest topographic variability at 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 surface to 200 hPa is
seen around ~67°E. Along the valley walls, the wind is weaker than in the middle of the valley. A
corresponding increase in specific humidity up to the midtroposphere over the valley is clearly visible, which
is lower along the valley’s 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], who documented the distribution of moisture variables and orographic
vorticity modulation in the intensification of the WD as it interacts with the topography. The Asian
Precipitation—-Highly Resolved Observational Data Integration Towards Evaluation of the Water Resources
(APHRODITE) [Yatagai et al., 2012] daily precipitation (24 h cumulative at 0000 UTC on 22 December 2006)
indicates that a large event took place (see Figure 8a). 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 observations, and limited ground observations. The number of stations per grid
cell (25 km resolution) is available for APHRODITE, and 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 is colder and drier than that of other
Himalayan regions, and therefore, the daily temporal resolution of APHRODITE allows detection of
precipitation events that are missed at the monthly time resolution of other data sets.

The simulated precipitation from the Regional Climate Model (RCM)-REMO [Jacob et al.,, 2007] with a
spatial resolution of 0.23° (~25km) to match the APHRODITE resolution is shown in Figure 8b for the
20-22 December 2006 WD event. The model simulation used global ERA-Interim reanalysis data [Dee
et al., 2011] to supply large-scale boundary conditions. REMO uses the GTOPO30 topography data from
the U.S. Geological Survey. The domains were chosen to cover all of India, including the Himalayas. In
the model-simulated and corresponding APHRODITE fields, the peak precipitation appears across the
Himalayan range, with the output showing the wet bias. The RCM geopotential height field at 850 hPa
(Figure 8c) shows a well-defined surface low associated with cyclonic circulation over 33°N, 65°E in the
northwest of the western Himalayas 2 days earlier. The system develops on 20 and 21 December 2006
as it moves over the western Himalayas (Figures 8d and 8e), indicating that such systems can be
adequately depicted by the RCM. Vertical distribution of anomalous geopotential and specific humidity
gets clear influence by the topographic organization, viz., valley floor, upslopes, and downslopes, and is
clearly discernible in defining the spatial organization of precipitation. Vertical deflection of flow by the
topography results in adiabatic cooling, and if sufficient moisture is available, clouds form and grow
eventually leading to precipitation. Convergence on the upslope/windward side, due to decreased
velocity through orographic retardation, will deform or slow down the flow, generating
midtroposphere positive vorticity at the peak of the storm [Dimri et al., 2013]. Higher relative humidity
is seen in the regions of positive vorticity. Weaker negative vorticity occurs along the topographic
surface toward the windward side, with positive vorticity over the leeward side and over the valley
floors. Thus, the effects of stronger valley flows are twofold: first, these stronger valley flows reduce
upslope moisture flow by channeling it, and second, the lateral circulations constrained by the valley
boundaries provide conditions for developing clouds and precipitation.
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Figure 8. On 22 December 2006, 24 h cumulative precipitation (mm/d) in (a) observational data using the Asian
Precipitation-Highly Resolved Observational Data Integration Towards Evaluation of the Water Resources (APHRODITE)
[Yatagai et al., 2012] and (b) the corresponding Regional Climate Model (RCM)-REMO [Jacob et al., 2007] simulated field,
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 21 December 2006.

At the mountain range scale, Smith [2006] proposed a theoretical framework describing the influence of
stable moist airflow on precipitation over mountainous regions. Roe [2005] reviewed orographic
precipitation processes, in general, emphasizing the notion of storm modification by terrain as a transient
phenomenon during the passage of a preexisting weather disturbance over the mountain range, while
also being submitted to changes in synoptic conditions, which contrasts with the notion of orographic
enhancement from linear theory. A synthesis of current understanding and a comprehensive review of
orographic modification of fronts and precipitating weather systems generally including dynamical and
microphysical processes were published by Houze [2012]. From a modeling perspective, reviews of key
orographic precipitation processes including dynamics and microphysics required for skilled simulations
were conducted by Barros and Lettenmaier [1994], Leung and Ghan [1995], Bindlish and Barros [2000], and
Lin et al. [2001] among others. Recent scaling studies suggest unambiguous relationships between the
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spatial and temporal organization of clouds, precipitation, and convective activity in complex topography
that should be useful for the representation of subgrid-scale processes in NWP and climate models
[Nogueira et al., 2013; Nogueira and Barros, 2014]. Despite increasing success in the simulation of individual
storms, operational predictability remains a major challenge with severe shortcomings for hazard response
and preparedness in mountainous regions [e.g., Tao and Barros, 2013].

8. WDs: Links to Large-Scale Forcing

8.1. Indian Summer Monsoon

The influence of different sections of the Tibetan Plateau (TP) and its orography, referred to as regional
mountain uplift, was proposed by Chakraborty et al. [2002]. The study suggested that the topography of
the western TP is more instrumental to the formation of ISM than the eastern TP. Boos and Kuang [2010]
illustrated that the presence of the Himalayan orography and its adjacent mountains sustain the present-
day strength of ISM. Furthermore, it is the orographic insulation of low entropy, an extratropical air mass
by the narrow mountain chains (i.e., thermal insulation), rather than the diabatic heating of the entire
elevated plateau that maintains the ISM [Tang et al., 2013].

Anomalous heavy snow in the Himalayas during winter or spring has long been regarded as a possible
precursor of deficient Indian monsoon rainfall during the subsequent summer [Godbole, 1973; Hahn and
Manabe, 1975; Das and Bedi, 1978; Yanai et al., 1992]. However, the teleconnection mechanisms by which
snow anomalies in the Tibetan Plateau affect the summer monsoon and its dependence on the spatial
variability of the snowpack remain largely unknown. The Himalayan snow cover during winter is a key
factor in long-range forecasting of ISM rainfall [Vernekar et al., 1995; Dash et al., 2004, 2005; Mamgain et al.,
2010]. Migration of midlatitude WDs into the tropics leads to weakening of the ISM. Wave kinetic energy
associated with these WDs has a significant negative correlation with weekly averaged all India summer
rainfall [Bawiskar et al., 2005]. Bamzai and Shukla [1999] discussed the connection between Eurasian snow
cover and its influences on the upcoming ISM. The relationship between snow cover and the ISM may
change in the future as dust and black carbon from anthropogenic sources deposit on the snow and reduce
its albedo [Gautam et al, 2013]. A model study by Turner and Slingo [2011] highlighted a mechanism
involving reduced surface sensible heat and longwave fluxes, reduced heating of the troposphere over the
Tibetan Plateau, and a consequently reduced meridional tropospheric temperature gradient that weakens
the monsoon during early summer [Blanford, 1884; Fasullo, 2004]. This is consistent with the work of Blanford
[1884] who, a century earlier, suggested that winter snow cover over the Himalayas may be an important
predictor of subsequent summer precipitation over India. It suggests that dry winds from the mountains
would evaporate recent rainfall at lower elevations, so reducing the local moisture for downstream
precipitation. In addition, he concluded that a large-scale high-pressure pattern over India could not be
attributed to the influence of the Himalayas alone [Robock et al., 2003] This remains an open question. It is
referred to here as a counterpoint to the role of Himalayan snow cover. Snow albedo is the key mechanism
explaining around 50% of the perturbation in sensible heating over the Tibetan Plateau accounting for the
majority of cooling through the troposphere. Various model experiments conducted to understand ISM
forecasting on seasonal-to-interannual scales [Cane, 1991] produce weak trade winds that result in a heavy
winter snowfall regime and a subsequent weak summer monsoon [Barnett et al., 1989].

8.2. Indian Winter Monsoon

Many studies pertaining to the ISM are available whereas very little is known regarding the Indian winter
monsoon (IWM). Rasmusson and Carpenter [1982] recognized the role of the El Nifio phases with the IWM.
Meehl [1994] connected the evolution of winter and summer upper airflow to Indian subcontinent heating.
Yanai and Li [1994] investigated the phase relationship between the monsoon index, mean SST of various
parts of the equatorial oceans, and Eurasian snow cover and found that snow cover relates to both SST
and monsoon index in a quasi-biennial frequency, which is more complicated and suggestive of a two-
way interaction. Kawamura [1998] explained that due to suppressed convection over the Indonesian
region and the symmetric Rossby response due to the attenuated Walker circulation associated with
El Nifio events, conditions are more conducive for cyclonic circulations over the western Himalayas during
wet years (i.e., El Nifo years). Yang et al. [2002] noted a possible link between the Asian-Pacific-American
climate and the East Asian jet stream during boreal winter. During years of high IWM precipitation, a
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higher magnitude (nearly on the order of magnitude 10) of kinetic energy flux convergence and stronger
vorticity generation prevail in comparison to dry years. The resultant surface and upper air fields yield
lower sea level pressure and stronger westerly winds over the Saudi Arabian region. The WDs are
embedded in the westerlies, and due to the strengthening of these westerlies, strengthening of WDs also
occurs [Dimri, 2013a]. During years of higher precipitation, middle to upper troposphere shows significant
anomalous fields which favor higher frequency and possible intensification of WDs.

Roy [2006] surveyed linkages of IWM with the different phases of ENSO, Pacific Decadal Oscillation (PDO), and
local sea surface temperature. The intensification of WDs can be due to a low-pressure trough, which is a
dominant feature during positive North Atlantic Oscillation and warm ENSO conditions [Syed et al., 2006].
Examination of anomalous kinetic energy balance, vorticity, angular momentum, and the heat and
moisture budgets reveals that turbulent exchanges in the middle troposphere result in latent heat release
during the IWM; therefore, significant meridional moisture transport from the Arabian Sea to the western
Himalayas takes place as a result of the mean motion in the upper troposphere [Dimri, 2007].

A positive precipitation anomaly over northwest India is typically found in correspondence to subdued
convection over the warm pool region. One proposed mechanism [Yadav et al., 2009] is that in abnormally
wet years over northwest India, midtropospheric cooling over the warm pool region due to suppressed
convection generates an upper level convergence (cyclonic circulation) anomaly over southern Asia that
intensifies the westerly jet stream over the Indian region. The Rossby-gyre dynamics with strong vertical
and westward meridional tilts in the tropical baroclinic atmosphere form cyclonic circulation anomalies in
the upper troposphere due to a weak Madden-Julian Oscillation (MJO) [Madden and Julian, 1972] that
intensifies the westerly jet stream over the Indian region [Dimri, 2013b]. The jet stream guides the WDs,
and hence, precipitation increases over northwest India.

9. WDs: In a Changing Climate

The global hydrological cycle is expected to amplify in response to global climate change and variability
[Zahn and Allan, 2013]. Regions where precipitation is strongly dependent on ocean moisture uptake will
experience stronger precipitation events [Gimeno et al., 2013]. The variability of midlatitude winter weather
is strongly governed by extratropical cyclones, although there is very little evidence that the frequency or
wind speed of these cyclones will increase. However, more intense precipitation from the cyclones that
carry WDs will have socioeconomic impacts over the western Himalayas, which remains an issue for
further investigation in light of existing scientific knowledge and understanding.

Observation-based studies concerning the changing nature of WDs are scarce. Cannon et al. [2014] investigated
variations and changes in winter WD (WWD) activity from 1970 to 2010 for heavy precipitation events and found
significant differences between the western Himalayas and central Himalayan (CH) regions. Specifically, they
report an enhancement in the strength and frequency of WWDs with heavy precipitation in the western
Himalayas, weakening of the influence of WDs, and decrease in precipitation in the central Himalayas (CH).
Based on the Coupled Model Intercomparison Project Phase 3 (CMIP3) experiments, Meehl et al. [2007]
revealed possible increased future storm activity, while the more recent CMIP5 simulations show a decline in
Northern Hemisphere storm activity [Chang et al., 2012]. Therefore, what actually matters is the spread in
storm trends across the models in both model intercomparisons. If the spread is the same, then the
uncertainty has not changed. The depiction of orographically induced snowfall is key to the representation of
WD in climate models. Obtaining the correct phase of precipitation requires an adequate representation of
the tropospheric profiles of temperature and humidity. Another source of uncertainty is the representation
of the regional topography in the coarse-resolution global CMIP series of models. Since polar amplification
means that the higher latitudes will warm faster than the Northern Hemisphere as a whole, the latitudinal
temperature gradient will decrease [Hall, 2004], which should have an impact on total winter snowfall from WDs.

Using consistent but different observational data sets supported by numerical model simulations, Yadav et al.
[2010] proposed a physical mechanism explaining a potential intensification of WDs in a changing climate.
This mechanism suggests a baroclinic response due to the Sverdrup balance related to a large-scale
sinking motion over the western Pacific during the warm phase of ENSO. Such a response causes an upper
level cyclonic circulation anomaly north of India and a low-level anticyclonic anomaly over southern and
central India (as shown by Dimri and Chevuturi [2013]). The cyclonic circulation anomaly intensifies the WDs

DIMRI ET AL.

WESTERN DISTURBANCE: A REVIEW 239



@AG U Reviews of Geophysics

10.1002/2014RG000460

[a] Prec (mm/d)
doy-8 1 v ; .
RN ™ [b]
doy-61 ST\ ‘
doy-4 Trokks s\ @)D e ) =
N WAL \ - 14 3 hrocgh!
o o o S & - R e B 1%y
S R s 5 A2
D o0 Ya) 0 ae— R
E \ B "
= w2 ) W) O e °
doy+4 . '»6 7% et v.v- N <
s R —Ly
oPrec . s
—©7-25 doy Prec LongltUdC

Figure 9. (a) Time-longitude cross-sectional distribution at 35°N latitude of composites for 7-25 days filtered outgoing
longwave radiation (W/mz; color), 500 hPa geopotential height (m; black contour), 500 hPa wind (m/s; arrow), and precipita-
tion (mm/d; red curve; upper x axis) anomalies from day —8 to day +8 based on western Himalayan daily precipitation. Day 0
corresponds to the active peak of 7-25 days western Himalayan daily precipitation variation. The orange curve corresponds to
anomalous precipitation (mm/d; orange curve; upper x axis) from day —8 to day +8 based on western Himalayas daily
precipitation and [Dimri, 2013b]. Twenty-eight winters (December 1979, January 1980, and February 1980 to December 2006,
January 2007, and February 2007) data of height and wind are taken from National Centers for Environmental Prediction/
National Center for Atmospheric Research reanalysis data sets [Kanamitsu et al., 2002]; long-term satellite observations of
outgoing longwave radiation (OLR) is taken from the U.S. National Oceanic and Atmospheric Administration (NOAA)
[Liebmann and Smith, 1996]; precipitation data are used from the Asian Precipitation-Highly Resolved Observational Data
Integration Towards Evaluation of the Water Resources (APHRODITE) [Yatagai et al., 2012] to study the I1SOs associated with the
Indian winter monsoon over the western Himalayas. (b) Schematic representation of physical mechanism associated with
enhanced Indian winter monsoon during El Nifio phases [Dimri, 2013a].

passing over northwest India. With specific reference to the frequency of WDs, Ridley et al. [2013] provided
a comprehensive overview on the projected increased frequency of WDs up to the year 2100. Due to
circulation changes within regional climate model simulations (HadRM3), increased WD occurrences
result in an overall 37% increase in winter snowfall [Ridley et al. 2013]. This model environment
produces higher circulations corresponding to WD evolution and higher precipitation. Madhura et al.
[2014] also report an increase in WD frequency due to midtropospheric warming trends observed in
recent decades over west-central Asia. Such warming will increase the baroclinic instability of the mean
westerly wind and could favor increased variability of the WDs and increased precipitation. Another
important justification for such an increase is based on the elevation dependency of the climatic
signals over the Tibetan Plateau and Himalayan region, which introduces zonally asymmetric changes
in the winter circulation through middle and upper tropospheric temperature changes over the
Eurasian region. However, using past climate behavior from tree ring analysis, Yadav [2011] suggest that
in the monsoon shadow zone in the central Himalayas, WD frequency should decrease during spring
(March, April, May, and June) in possible response to global-scale teleconnections. These findings
question whether the intensification of WD activity will be limited only to winter seasons or if it could
spill over to spring and summertime as well.

Future changes of ISM and IWM intensities will have an important effect on Himalayan glaciers [Moors et al.,
2011]. Winter WD precipitation provides critical mass input to glaciers and snowpack [Moors and Stoffel,
2013]. In the spring, snowpack melt provides essential runoff to the regional river networks and to
replenish groundwater storage at low elevations. While it seems that increasing air temperatures in the
future will push the beginning of the melt season to earlier in the year, and glaciers in headwater basins of
the Ganges appear to be on a continued decline, it is not clear whether snowmelt runoff will continue to
increase in the future since this depends on the snow accumulation regime of WDs [Bolch et al.,, 2012],
which independent of WD intensification may change due to complex changes in the regional energy
budget [Wiltshire, 2014]. For example, intermittent snowpack melting due to surface warming in the winter
may result from increased cloudiness [Shekhar et al., 2010].
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Figure 10. A conceptual framework that shows how WDs relate to other large-scale global, regional, and local processes,
along with impacting socioeconomic influences that fit into the climate policy framework.

10. Summary and Synthesis

WDs are important synoptic weather systems that are responsible for almost one third of the annual
precipitation over the northern Indian region and most of the cold season precipitation. Understanding
these systems is of great socioeconomic importance as they impact glacier mass balance, winter
agriculture, water resources, and river hydrology in the northern Indian and Pakistan regions. This
manuscript chronologically reviews the evolution of scientific understanding of WDs and related climate
and hydrometeorological processes leading to the current state of the knowledge.

Primarily, WDs move periodically as a “family” of evolving, intensifying, and decaying disturbances—a wave
train of alternating anomalous anticyclonic and cyclonic circulations. Figure 9a shows time travel composites
based on 28 years of data (1980-2008) for active WD peak phases including outgoing longwave radiation,
500 hPa geopotential height, wind, and precipitation anomalies using a 7-25 day pass filter. The traveling
wave of outgoing longwave radiation anomalies corresponds to convection, which starts building up
approximately 6 days prior to peaking for each WD (day 0). The corresponding wave of anomalous 500 hPa
heights depicts the same temporal pattern of WD intensification starting 6-4 days before reaching the
maximum. Note the symmetrical phase movement associated with each WD in the 500 hPa wind field.
Each WD peaked in the same phase of the 500 hPa wind. Associated precipitation is highest on day 0, and
the temporal distribution follows the pattern of WD evolution and decay. This baroclinic structure is a
dominant mechanism for storm intensification [Dimri, 2013b].

During El Nifio events, the warming over the equatorial central/eastern Pacific and Indian Ocean creates
conditions that favor the attenuation of the Walker circulation, which in turn facilitates the southward
displacement of the SWJ to move southward [Kawamura, 1998; Dimri, 2013a]. Additionally, consistent with
the Rossby-type response in the atmosphere, significant cooling over the eastern Pacific Ocean drives a
north-south gradient [Webster et al., 1998] that supports the intensification of the IWM over the western
Himalayas (Figure 9b) and results in anomalous WD evolution in the western Himalayas. Finally, increased
convection over the tropical Indian Ocean and anomalous WDs over the western Himalayas cooperate to
strengthen the Hadley circulation. In such conditions, large-scale meridional transport due to ascending
atmospheric motion over the tropical Indian Ocean and descending motion over the western Himalayas
region is established. This coupling provides a moisture intake pathway from the southern latitudes that
injects substantial moisture to the anomalous WDs, thus increasing precipitation. The vertical baroclinic
response over the Himalayan region provides a more suitable condition for genesis/intensification of
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cyclonic storms (Figure 9a) during wet conditions [Kawamura, 1998]. That is, the baroclinic response supports
the intensification of WDs and hence the increase of the associated precipitation during wet years. This
physical mechanism also promotes the southward shifting of the SWJ over southern Asia associated with
the deepening of northwesterly flow in areas immediately west of northern India. Such situations are
conducive for enhanced cold surges. As discussed earlier, the attenuated Walker circulation associated
with El Nifio conditions along with the strengthened Hadley circulation due to asymmetric meridional
upper tropospheric flow from the Southern to the Northern Hemisphere work in tandem to push the SWJ
southward and provide moisture to present WDs. Such stationary wave phase formation in the
midtroposphere provides suitable conditions for genesis/intensification of WDs/troughs. The vertical
structure from the lower to upper troposphere strengthens the formation of such synoptic weather,
resulting in higher precipitation over the western Himalayas. Nevertheless, further research is needed of
the leading/lagging relationship between the Walker and Hadley circulations and IWM, between the IWM
and Tibetan Plateau cooling and heating, and of extratropical influences on WD dynamics which may be
strongly affected by climate change.

An integrated framework for examining the role of WDs in the context of regional climate and socioeconomic
impacts is summarized in Figure 10. A conceptual framework associated with the role of WDs with its plausible
interlinks leading to policy framework is provided in Figure 10. It illustrates the role of WDs linking global
processes translated to regional and local impacts that in turn motivate policy. High-resolution model
assessments investigating WD interactions with topography and land-surface heterogeneities will continue
to be important in understanding the different mechanisms that contribute to the temporal evolution of the
families of WD storms at regional scale and to understand the complex spatial and temporal variability of
precipitation and associated weather at scales relevant for hazard mitigation and decision making.
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