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ABSTRACT 
 

 

Influence of Large-Scale Circulation on the Dynamics of Extratropical Cyclones and 

Orographic Precipitation in High Mountain Asia 

 

By 

 

Forest Glen Cannon 

 
 

 Westerly disturbances are the primary climatic influence within High Mountain Asia 

during winter, producing over half of annual precipitation in 4-6 events per winter season and 

supplying essential water resources for large populations across Asia. This research examines 

High Mountain Asia’s hydroclimate, focusing on the relationship between westerly 

disturbance dynamics, the mechanisms that drive orographic precipitation, and their 

variability on intraseasonal and interannual scales. The first chapter establishes that extreme 

winter precipitation events in High Mountain Asia are primarily attributable to combined 

contributions from dynamical forcing and moisture availability during westerly disturbance 

interaction with regional topography. A novel wave-tracking algorithm was developed to 

provide an inventory of location, timing, intensity, and duration of westerly disturbance 

events, allowing for a comprehensive study of the mechanisms that drive orographic 

precipitation, on an individual event basis and in the aggregate. In the second chapter, 

westerly disturbances are investigated using extreme event composites to identify significant 

influence of global atmospheric variability over westerly disturbance dynamics and moisture 

availability, focusing on tropical forcing by the Madden Julian Oscillation on intraseasonal 
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timescales and the El Nino Southern Oscillation on interannual scales. This work 

demonstrates that El Nino simultaneously enhances the strength of the storm track and 

moisture availability to westerly disturbances. Contrastingly, during Madden Julian 

Oscillation propagation there is a transition in the balance of contributions from moisture 

availability and dynamical forcing to orographic precipitation. The third chapter of this 

dissertation employs a mesoscale model to perform a set of modified topography experiments 

in which extreme precipitation events in High Mountain Asia that were related to westerly 

disturbances are simulated at 6km resolution with native model topography and with 

smoothed topography taken from a global circulation model. These experiments illustrate 

that topographic smoothing fundamentally alters the dynamic and thermodynamic 

mechanisms that produce orographic precipitation during westerly disturbances, and 

identifies important deficiencies in the ability of models with coarse topographic resolution 

to simulate High Mountain Asia weather and climate. Collectively, the three chapters of this 

dissertation give novel insight into the dynamics of westerly disturbances, how these systems 

generate extreme precipitation events in High Mountain Asia, and their relationships with 

global atmospheric variability. These findings advance the scientific community’s 

understanding of weather and climate in High Mountain Asia and improve the potential for 

evaluating the current state and future fate of regional water resources. 
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Introduction 

 High Mountain Asia, defined as the region of elevated topography in central Asia 

encompassing the Tibetan Plateau and surrounding mountain ranges, is the source of Asia’s 

largest and most depended upon rivers, including the Indus, Ganges, and Brahmaputra, which 

provide water for power generation and agriculture throughout central Asia (Bookhagen and 

Burbank, 2010). Snowfall accumulation within these watersheds has constructed the world’s 

largest and densest network of alpine glaciers, which melt seasonally to sustain the region’s 

hydrology through the dry months. Increasingly, but not uniformly, rising temperatures 

associated with climate change are contributing to decreases in the mass-balance of these 

high-elevation reservoirs and raising concern over the future of Asia’s water resources 

(Bolch et al. 2012; Kaab et al. 2012). 

 Glacier records in the majority of High Mountain Asia, including the Himalaya, yield 

some of the world’s most rapid retreat rates (Scherler et al. 2011). However, contrary to the 

Intergovernmental Panel on Climate Change’s Fourth Assessment, there are in fact a number 

of steady state or positive mass-balance glaciers in the Karakoram and western Himalaya 

regions, often referred to as the “Karakoram Anomaly” (Bookhagen and Burbank, 2010; 

Kaab et al. 2012; Bolch et al. 2012). Furthermore, dominant controls on the region’s glaciers’ 

mass balance are not well understood. The future state of high-elevation freshwater 

reservoirs in the Himalaya is of critical importance to the security of water for consumption, 

agriculture, and power generation throughout densely populated regions of south, east, and 

central Asia (Archer and Fowler, 2004; Tahir et al. 2011; Kaab et al 2012; Sharif et al. 2013).  

 Evidence of positive trends in glacier mass-balance in the western Himalaya and 

Karakoram has motivated recent studies on climate variation and change in this region 
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(Archer and Fowler 2004; Bhutiyani et al. 2010; Dimri and Dash 2012; Palazzi et al. 2013). 

Dimri and Dash (2012) investigated trends in temperature and precipitation using historical 

wintertime measurements (1975-2007). Their results indicated that most of the western 

Himalaya and Karakoram show significant increasing trends in the lower and higher 

percentile of the daily maximum, minimum and average temperatures, and more warm events 

compared to fewer cold events. Their study also observed a general decreasing trend in 

precipitation at most stations, but these trends were not spatially coherent. Preceding station 

data analysis in the upper Indus Basin (Archer and Fowler 2004) indicated similar 

temperature trends, but significant increases in winter precipitation from 1961-99. 

Furthermore, Palazzi et al. (2013) illustrated numerous complexities in discerning 

precipitation trends within the Hindu-Kush Karakoram in recent decades using satellite 

rainfall estimates, reanalyses, and gridded in situ rain gauge data as well as in future climate 

scenarios using a global climate model. Because temperature and precipitation exhibit a high 

degree of spatial heterogeneity within the region’s complex topography, there remain 

substantial questions regarding the region’s climate and its relationship with the global 

atmosphere. In the context of a changing climate, it is prudent to define the large-scale 

mechanisms that characterize the region’s climate and to investigate the relationship between 

precipitation in the mountains and the global atmosphere (Provenzale and Palazzi, 2015). 

Without identifying climatic influences, the observation, understanding, and prediction of 

terrestrial water fluxes in this region are not possible. This dissertation seeks to characterize 

wintertime climatic variability over High Mountain Asia in terms of local precipitation, 

regional circulation and atmospheric teleconnections using observational and modeling 

methods. 
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Overview of Western High Mountain Asia Climate 

 The focus of this dissertation is on the climate of the western extent of High 

Mountain Asia, where the Hindu Kush, Karakoram and Himalaya converge (Fig. 1a). This is 

the region that has registered anomalous positive glacier mass balance in recent decades, and 

we seek to understand atmospheric influences that may have contributed to the observed 

trends in the cryosphere. Two large-scale mechanisms, the Indian Summer Monsoon, and 

Winter Westerly Disturbances (WD) dominate regional climate (Fig. 1a) (Cannon et al. 

2014). In the boreal summer the Indian Monsoon, driven by differential heating between the 

Indian subcontinent and adjacent Indian Ocean, generates some of the highest precipitation 

totals on Earth (Gadgil, 2003). At High Mountain Asia’s orographic barrier, moisture-laden 

air is forced upwards, triggering intense convection along the windward side of topography. 

Moisture advection during the monsoon rarely experiences sufficient mechanical forcing to 

reach the orogen’s interior (Barros et al. 2004; Wulf et al. 2010), where the Karakoram and 

its vast glaciers are situated. Consequently, despite the considerable influence of the 

monsoon across much of the Himalaya, within the Karakoram the majority of precipitation is 

associated with wintertime extratropical cyclones, which are colloquially termed “Westerly 

Disturbances” (Lang and Barros, 2004).  



	 4	

 

Figure 1 – Primary climatic influences on the Karakoram and Western Himalaya (colored 
region) are identified in the left panel. Total annual precipitation is shown in the top right, 
and the percentage of annual precipitation falling during summer (monsoon) months is 
shown in the bottom right.  
 
 
Background on Westerly Disturbances  

 Extratropical cyclones, including WD, are fundamental features of the atmosphere 

that redistribute energy, momentum, and moisture at global scales while intimately linking 

large-scale circulation to regional-scale meteorology (Carlson, 1998; Neu et al. 2013). In the 

western Himalaya and Karakoram and to a lesser degree the central Himalaya, WD are the 

primary climatic influence during non-monsoon months (Singh et al. 1995; Lang and Barros, 

2004; Barlow et al. 2005), as identified in fig. 1. The link between the atmosphere and glacial 

trends has motivated numerous studies on wintertime climate variability (Archer and Fowler 

2004; Bhutiyani et al. 2010; Dimri and Dash 2012; Palazzi et al. 2013). In the western 

Himalaya and Karakoram, in excess of 50% of the total annual precipitation is delivered by 
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only a few WD between the months of November and April (Fig. 1b,c) (Archer and Fowler, 

2004; Palazzi et al. 2013).  

 WD are characteristically eastward propagating extra-tropical cyclones (Lang and 

Barros, 2004; Barlow et al. 2005). Lag-composite analysis of WD events producing heavy 

precipitation in the KH display a deep upper-level trough, propagating along a Rossby wave 

guide (Hoskins and Ambrizzi, 1993), stationed several degrees to the west of the KH during 

the maximum in precipitation (Fig. 2) (Cannon et al. 2014). Their associated frontal systems 

interact with High Mountain Asia topography and warm tropical air masses over the Indian 

subcontinent to produce heavy orographic precipitation in the western Himalaya and 

Karakoram during winter and spring (Ridley et al. 2013; Cannon et al. 2014; Cannon et al. 

2015). These systems derive their moisture from the Mediterranean, Red, Persian and 

Arabian Seas (Singh et al. 1995; Barlow et al. 2005, Filippi et al. 2014), though during the 

event moisture advection is typically observed from the Arabian Sea toward the western 

Himalaya and Karakoram, along the frontal boundary. Within the stable wintertime 

environment, precipitation is primarily mechanically forced by moist air impinging on terrain 

(Roe, 2005). The environmental lapse rate ensures that the majority of precipitation within 

the western Himalaya and Karakoram’s high topography falls as snow (Immerzeel et al. 

2009; Tahir et al. 2011), which contributes to glacial mass-balance (Hewitt, 2005; Bolch et 

al. 2012).  

DAY -2 DAY 0 DAY +2 

Figure 2 – Lag composites of 200hPa geopotential height (contour, m) and 95% significant vertically integrated meridional moisture transport 
anomalies. Indexed 2 days prior extreme precipitation in Karakoram through 2 days after.!

Meridional Moisture Flux (g kg-1 m-3) 
-40 40 -80 0 80 
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Figure 2 – Lag composites of 200-hPa geopotential height (contour; m) and 95th percentile 
significant vertically integrated meridional moisture flux anomalies during extreme 
precipitation events in the Karakoram and western Himalaya. 
 
  
Orographic Influence on Westerly Disturbances 

 Orographic effects are the dominant influence on climatology within mountain 

environments (Roe, 2005). High Mountain Asia’s extreme elevation and topographic 

complexity produce precipitation gradients that are stronger here than perhaps anywhere else 

on Earth (Anders et al. 2006; Bookhagen and Burbank, 2010). The remarkable south-north 

precipitation gradient (Fig. 1) across the Himalaya is attributable to enhancement over 

southern/windward slopes, where moisture-laden flows from the south encounter High 

Mountain Asia’s steep topography. Both the summer monsoon and winter westerly 

disturbances interact with topography, though the ultimate precipitation distribution from any 

given event is influenced by more than just the underlying topography. The vertical profiles 

of temperature and moisture and the velocity of the incoming flow, which is variable 

between systems, modify how the atmosphere interacts with mountains (Houze, 1993; Roe, 

2005).  

 Precipitation in High Mountain Asia is attributable to either convective clouds or 

frontal systems, both of which are fundamentally unrelated to the underlying topography but 

strongly modified by it. Effectively, orographic precipitation is the reorganization of one of 

these systems as it encounters topography (Houze, 2012). Its effects are shaped by a myriad 

of non-linear processes, of which the most fundamental are relatively well understood (Roe, 

2005). Orographic influences principally occur as a result of rising and descending motions 

of air forced by topography. These forcings can be mechanical, thermal or a combination of 

the two. Germane to High Mountain Asia, they are principally mechanical as southerly flow 



	 7	

along WD fronts impinges on topography to force vertical motion (Lang and Barros, 2004), 

while, thermodynamic processes play a secondary (but important) role in modifying 

orographic ascent (Cannon et al. 2016).  

 Smith (1979) presented an idealized and physically based model, which predicts 

precipitation based on the moisture content and speed of a flow and the obstructing 

topography. This model characterizes the spatial distribution of precipitation according to 

elevation as a simple relationship between the adiabatic cooling of a rising air-parcel as 

forced by topography and the rate of condensation. As the parcel elevation increases, 

adiabatic cooling occurs and saturation vapor pressure decreases, eventually leading to 

condensation. Though this model oversimplifies relevant physical processes by assuming that 

condensation and precipitation fallout are instantaneous, it demonstrates the underlying 

principal of precipitation as a function of moisture flux and topography.  

 Beyond the simplicity of the upslope model, atmospheric density and temperature 

stratification play an influential role in modifying flow. As topography forces a moisture-

laden air parcel upwards, the ambient air temperature, as defined by the environmental lapse 

rate, may be greater than that of the air-parcel, causing the flow to become negatively 

buoyant or stable. This relationship can be explained by the Brunt-Vaisala buoyancy 

frequency equation in which, the temperature, observed lapse rate of the air parcel, and dry 

adiabatic lapse rate are considered. The buoyancy restoring force causes airflow over 

mountains to take the form of waves, which in the case of the Himalaya modify large-scale 

climate. On a local scale, oscillations according to the buoyancy frequency can limit or 

enhance precipitation depending on the strength of incoming flow and stratification relative 

to mountain width (Roe, 2005). If the incoming flow is weak, or the mountains are high, the 
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effects of stratification can block the flow and the parcel will oscillate between negative and 

positive buoyancy. Differences in the atmospheric stability between WD events can modify 

the velocity of orographic updrafts and consequently influence precipitation rates and drying 

of the moist flow. Alternatively, less significant topography or a stronger flow will overcome 

topographic blocking. In such cases buoyantly unstable flow triggers convection as the air 

parcel passes over topography. Seasonal changes in the importance of dynamic and 

thermodynamic contributions to precipitation are investigated in the first chapter of this 

dissertation, while the second chapter investigates how global atmospheric variability 

modifies these factors at intraseasonal and interannual scales. The third chapter focuses 

specifically on the simulation of dynamic and thermodynamic contributions to orographic 

precipitation during WD events affecting High Mountain Asia, and how model topography 

influences their representation.  

 

Previous Research on Multiannual Variations in Westerly Disturbance Activity 

 Studies of long-term changes in the frequency and intensity of WD have typically 

analyzed upper-level variability of geopotential height over several decades on account of the 

deep synoptic trough associated with the cyclone (Lang and Barros, 2004; Hatwar et al. 

2005; Syed et al. 2006; Fillipi et al. 2014), which is strongly related to the generation of 

moist cross-barrier winds and consequent orographic precipitation. Lang and Barros (2004) 

identified a significant relationship between mid-troposphere geopotential height and heavy 

precipitation events in the central Himalaya, and used this relationship to evaluate WD 

activity over several decades of reanalysis. Increased variability of 500-hPa height indicated 

more frequent troughs and was positively correlated to increased precipitation at seasonal 
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scales. Accordingly, modes of global atmospheric variability, including the Arctic 

Oscillation, Siberian High, Polar/Eurasian Pattern and the El Niño-Southern Oscillation, play 

an important role in the interannual climatic variability of the western Himalaya and 

Karakoram by modulating the strength or position of geopotential height anomalies at 

seasonal to interannual scales (Barlow et al. 2005; Syed et al. 2006; Yadav et al. 2010). Much 

interest has been garnered by the use of teleconnective indices to explain western Himalaya 

and Karakoram precipitation variability, however, feedbacks between modes and associated 

lags create additional difficulties in attributing a climate signal in High Mountain Asia to any 

one mode (Palazzi et al. 2013, Dimri et al. 2015).  

 Ridley et al. (2013) examined regional modeling projections of synoptic pressure 

variability and concluded that WD activity will increase through the 21st century, producing 

increased winter precipitation for the western Himalaya and Karakoram and buffering glacial 

loss to global warming. However, studies regarding the prognosis of WD activity and High 

Mountain Asia winter precipitation using global and regional climate models must accurately 

represent the known modes of atmospheric variability to effectively project the future status 

of WD (Syed et al. 2010). Previous work by Cannon et al. (2014) and research presented in 

this dissertation focus on investigating the mechanisms that drive WD and their relationship 

with orographic precipitation in High Mountain Asia, defining the influence of large-scale 

atmospheric variability on their relationship, and identifying trends in their frequency and 

intensity.  

 Cannon et al. (2014) used satellite precipitation estimates, rain-gauge data, and 

reanalysis to examine variations and changes in synoptic activity affecting High Mountain 

Asia in recent decades (1979-2010). The focus of their analysis was on extreme precipitation 
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events associated with the propagation of synoptic systems from midlatitudes toward the 

Himalaya. That study primarily investigated the differences between WD affecting the 

western Himalaya and the central Himalaya, long term trends in their behavior, and their 

respective multiannual variations.  

 Wavelet power spectrum analysis of 200-hPa geopotential height anomalies in 

Cannon et al. (2014) indicated differing trends in synoptic scale variability across High 

Mountain Asia (Fig. 3). The zonal track of WD to the west of the Himalaya experienced an 

increase in the magnitude of individual events since 1979. Specifically, the synoptic power 

spectrum for the region corresponding to the center of the WD trough affecting the western 

Himalaya and Karakoram during day-0 of lag composite analysis (see Fig. 2) experienced an 

intensification of activity for the period 1979-2010 with the strongest increase elicited by 

several high-magnitude events occurring between 2003 and 2010. In contrast, the region 

corresponding to central Himalaya WD activity observed a significant negative trend since 

1979. The dipole in WD activity across the Himalaya (Fig. 3) was likely attributable to 

changes in large-scale circulation, with potential impacts on regional precipitation. 

 In addition to changes in synoptic variability of geopotential height, Cannon et al. 

(2014) observed the wintertime subtropical jet to have intensified in the late 80s, 90s and 

early 00s, and to have shifted northward. The intensification of the jet appears to have 

increased WD activity in the Karakoram, while the northward shift has altered the geometry 

of these systems to be more prone to orographic blocking by western Himalaya and 

Karakoram mountain ranges. The central Himalaya appears to have been increasingly 

shadowed from enhanced WD activity in recent decades.  
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Figure 3 – Linear trend coefficients of DJFM seasonal averages (1979-2010) of total daily 
200-hPa geopotential height synoptic power (5-15 day). Contours show statistically 
significant trends ant the 90th percentile confidence interval.  
 

 Cannon et al. (2014) further examined linkages between synoptic power of the upper-

level geopotential height field, precipitation, and large-scale circulation as modified by the 

main modes of climate variability affecting Asia on interannual timescales, including the 

Arctic Oscillation, the Siberian High, the Polar/Eurasia Pattern and the El Nino Southern 

Oscillation. Although the relationships between these modes and WD propagation are 

complex, their signatures in the upper-level jet and regional precipitation clearly evidence the 

importance of their multiannual variability for the observed trends in western Himalaya and 

Karakoram and central Himalaya synoptic power. One notable finding was that composites 

of precipitation during El Niño events indicated increased precipitation and the delayed 

northward migration of the jet during the index’s warm-phase. This association was not 

readily apparent through a comparison between WD synoptic power based on geopotential 

height variability and the ENSO index, which indicated the importance of continued 

investigation of how ENSO cascades into higher frequency variations as well as the spatially 

differing responses during ENSO events and their influence amongst different atmospheric 
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variables. This dissertation expands the work of Cannon et al. (2014). Chapter 1 investigates 

the relationship between WD and orographic precipitation generation, and Chapter 2 

specifically addresses how global modes of variability manifest their influence at the 

synoptic scale, thereby influencing individual WD and High Mountain Asia precipitation.  

 

Dissertation Objectives 

 This research seeks to advance the scientific community’s understanding of weather 

and climate in High Mountain Asia and improve the potential for evaluating the current state 

and future fate of regional water resources. The objectives of this dissertation are:   

1)  Investigate the dynamics of westerly disturbances (WD) and define how these systems 

generate extreme precipitation events in High Mountain Asia (Chapter 1). 

2) Establish the relationships between WD and global atmospheric variability, 

emphasizing the role of tropical forcing in event-to-event variability (Chapter 2). 

3)  Use a mesoscale model to evaluate the importance of resolving High Mountain Asia’s 

topography in simulating the relationships between orographic precipitation, WD and 

global circulation (Chapter 3).  

 

 The first paper of this dissertation focuses on intraseasonal variability of WD and the 

respective contributions of mechanical instability and moisture content in the atmosphere to 

orographic precipitation in the KH (Cannon et al. 2015). A novel wave-tracking algorithm 

was developed to provide an inventory of location, timing, intensity, and duration of WD 

events, allowing for a comprehensive study of the mechanisms within WD that drive 

orographic precipitation, on an individual event basis and in the aggregate. This work 
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identified the relationship between the strength of disturbances, the state of the background 

environment during their propagation, and precipitation totals in western High Mountain 

Asia, throughout individual months of the winter season.  

  The second chapter builds on earlier work that had identified teleconnections with 

High Asia (Cannon et al. 2014) by focusing on the role of tropical forcing in modifying the 

background state of the atmosphere through which WD propagate (Cannon et al. 2016). This 

work found both the El Nino Southern Oscillation and the Madden Julian Oscillation to 

strongly modulate the dynamic and thermodynamic mechanisms that drive orographic 

precipitation during WD interaction with High Mountain Asia. This research is unique 

relative to previous studies because of its focus on extreme events, rather than monthly or 

seasonal averages (e.g. Barlow et al. 2005; Hoell et al. 2012). The study’s findings give 

insight into the dynamics and predictability of extreme precipitation events in the KH 

through their relationship with global atmospheric variability, and are an important 

consideration in evaluating Asia’s water resources. 

 The dissertation also builds upon two coauthored publications with the Climate 

Variations and Change group at UCSB, which performed dynamical downscaling of 

reanalysis to produce 35 years of publically available, high-resolution meteorological data 

over High Mountain Asia (Norris et al. 2015; 2016). In those studies, the Weather Research 

and Forecasting model was tuned to simulate mesoscale precipitation patterns in High 

Mountain Asia by evaluating the model against available in-situ observations and remotely 

sensed data. Weather Research and Forecasting model simulation enabled investigations of 

High Mountain Asia climate that were not possible based on observations or coarse 

resolution reanalyses. In the third chapter of this dissertation, the optimal model 
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configuration from Norris et al. (2015; 2016) is utilized to perform a set of modified 

topography experiments in which extreme precipitation events in High Mountain Asia that 

are related to WD are simulated at 6km resolution with native model topography and with 

smoothed topography taken from a global circulation model. These experiments illustrated 

that topographic smoothing fundamentally alters the simulation of the dynamic and 

thermodynamic mechanisms that drive orographic precipitation during westerly disturbance 

events. This work identified important biases and deficiencies in the ability of models with 

coarse topographic resolution to adequately simulate High Mountain Asia’s climate. These 

biases have not previously been identified and are an important consideration for the 

application of global circulation models toward projecting regional hydroclimate in the 21st 

century.  
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I. Chapter 1: Winter Westerly Disturbance Dynamics and Precipitation in the 
Western Himalaya and Karakoram: A Wave Tracking Approach 
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1.1 Abstract 

Extra-tropical cyclones, including Winter Westerly Disturbances (WD) over central 

Asia, are fundamental features of the atmosphere that maintain energy, momentum, and 

moisture at global scales while intimately linking large-scale circulation to regional-scale 

meteorology. Within High Mountain Asia, WD are the primary contributor to regional 

precipitation during winter. In this work, we present a novel WD tracking methodology, 

which provides an inventory of location, timing, intensity and duration of events, allowing 

for a comprehensive study of the factors that relate WD to orographic precipitation, on an 

individual event basis and in the aggregate. We identify the relationship between the strength 

of disturbances, the state of the background environment during their propagation, and 

precipitation totals in the Karakoram/western Himalaya. We observe significant differences 

in convective and mechanical instability contributions to orographic precipitation as a 

function of the relationship between the intensity of WD and the background temperature and 

moisture fields, which exhibit strong intraseasonal variability. Precipitation is primarily 

orographically forced during intense WD with strong cross-barrier winds, while weaker WD 

with similar precipitation totals are observed to benefit from enhanced instability due to high 

moisture content and temperature at low-levels, occurring primarily in the late winter/pre-
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monsoon. The contribution of these factors is observed to fluctuate on a per-case basis, 

indicating important influences of intraseasonal oscillations and tropical-extratropical 

interactions on regional precipitation. 

 

1.2 Introduction 

 Water resources in High Mountain Asia (HMA) are important for hundreds of 

millions of people throughout southern and central Asia (Kaab et al. 2012). Recently, 

numerous studies have been undertaken to evaluate changes in glaciers across the region, as 

they are important storage reservoirs, which provide water for agriculture, power generation, 

and human consumption during low-precipitation months (Gardelle et al. 2005; Bookhagen 

and Burbank 2010; Bolch et al. 2012). In the western Himalaya and Karakoram (KH) and to 

a lesser degree the central Himalaya, winter westerly disturbances are the primary climatic 

influence during non-monsoon months (Singh et al. 1995; Lang and Barros, 2004; Barlow et 

al. 2005). The link between the atmosphere and glacial trends has also motivated studies on 

wintertime climate variability (Archer and Fowler 2004; Bhutiyani et al. 2010; Dimri and 

Dash 2012; Palazzi et al. 2013). In the KH, an excess of 50% of the total annual precipitation 

is delivered by only a few westerly disturbances occurring between the months of December 

and March (Barros et al. 2006). Winter Westerly Disturbances (WD) are characteristically 

eastward propagating extra-tropical cyclones (Lang and Barros, 2004; Barlow et al. 2005). 

Their associated frontal systems interact with HMA topography and warm tropical air masses 

over the Indian subcontinent to produce heavy precipitation in the KH during winter and 

spring (Ridley et al. 2013).  
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Precipitation produced by WD is supplied by advected moisture from the 

Mediterranean, Red, Persian and Arabian Seas (Singh et al. 1995; Barlow et al. 2005, Filippi 

et al. 2014). Within the convectively stable wintertime environment, precipitation is 

mechanically forced by air impinging on terrain (Roe, 2005). KH orography induces a 

significant blocking effect thereby modifying regional and large-scale circulation and the 

distribution of orographic precipitation. The environmental lapse rate ensures that the 

majority of precipitation within the KH’s high topography falls as snow (Immerzeel et al. 

2009; Tahir et al. 2011). Snowfall is a primary determinant of glacial mass-balance in HMA 

(Hewitt, 2005; Bolch et al. 2012). 

WD are well associated with a baroclinic wave approaching HMA and exhibiting 

prototypical cold-frontal behavior (e.g. Holton, 2004). Lag-composite analysis of WD events 

producing heavy precipitation in the KH display a deep upper-level trough, propagating 

along a Rossby wave guide (Hoskins and Ambrizzi, 1993), stationed several degrees to the 

west of the KH during the maximum in precipitation and exhibiting vertical tilting (e.g. 

Cannon et al. 2014, their Fig. 3). Moisture is advected northward along the cold front and 

into a notch in the KH, which captures and orographically lifts the flow to produce 

precipitation. Long-term studies in the frequency and intensity of WD typically analyze 

upper-level variability of geopotential height over several decades because the deep synoptic 

trough associated with the cyclone exhibits a distinctive signature. Lang and Barros (2004) 

identified a significant relationship between 500-hPa geopotential height and heavy 

precipitation events in the central Himalaya, and used this relationship to evaluate WD 

activity over several decades of reanalysis. Increased variability of 500-hPa height indicated 

more frequent troughs and was positively correlated to increased precipitation. Similarly, 
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Cannon et al. (2014) used wavelet-derived synoptic variability of upper-level geopotential 

height to estimate WD activity between 1979 and 2010. Their work indicated increasing 

variability in 200-hPa geopotential height at synoptic scales and gave evidence of increased 

WD activity contributing to trends in glacier mass-balance across HMA. 

Numerous studies found WD to be significantly influenced by the Madden-Julian 

Oscillation (Barlow et al. 2005; Hoell et al. 2012), the El Niño Southern Oscillation (Syed et 

al. 2006; Yadav et al. 2010), the Arctic Oscillation/North Atlantic Oscillation (Gong et al. 

2001; Wu and Wang, 2002, Yadav et al. 2009; Syed et al. 2010; Filippi et al. 2014) and the 

Polar Eurasia Pattern (Lang and Barros, 2004). However, linkages between global modes of 

variability and upper-level geopotential height are complicated by competing influences 

between modes (Hoell and Funk, 2013; Cannon et al 2014) as well as documented feedbacks 

(Cohen et al. 2007). Additionally, there is not a linear relationship between the dynamics 

associated with the intensity of a disturbance and the amount of precipitation received in 

HMA (Lang and Barros, 2004). Factors including the location of the WD track, the depth of 

the trough, the duration of the disturbance, and moisture sources are all of necessary 

consideration.   

 Extratropical cyclones, including WD, are fundamental features of the atmosphere 

that redistribute energy, momentum, and moisture at global scales while intimately linking 

large-scale circulation to regional-scale processes (Carlson, 1998; Neu et al. 2013). Within 

HMA, there is no mechanism that is more important in contributing to water supply during 

winter, and therefore it is important that we create a baseline climatology of WD and further 

explore variability over time. Eulerian methods of investigating variance of fields related to 

WD at synoptic scales are typically employed as a general measure of storm track activity 
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(Lang and Barros, 2004; Barlow et al. 2005; Syed et al. 2006; Yadav et al. 2010; Cannon et 

al. 2014). However, Eulerian statistics cannot convey important information regarding the 

specifics of individual systems, nor can the attributes of a cyclone be taken directly (Hoskins 

and Hodges, 2002). Thus, a Lagrangian method of automatically tracking WD, which can 

provide complementary information about individual systems and allows us to investigate 

track activity, is desired (Syed et al. 2010).  

 Over recent decades, many diagnostic methods of objectively identifying extra-

tropical cyclones have been developed (Murray and Simmonds 1991; Hodges 1995; Serreze 

1995; Blender et al. 1997; Sinclair 1997; Simmonds et al. 1999; Lionello et al. 2002; 

Benestad and Chen 2006; Trigo 2006; Wernli and Schwierz 2006; Akperov et al. 2007; 

Rudeva and Gulev 2007; Inatsu 2009; Kew et al. 2010; Hewson and Titley 2010; Hanley and 

Caballero 2012). Depending on the definition of a cyclone, these automated algorithms 

utilize differing variables and tracking techniques (Hoskins and Hodges, 2002). Syed et al. 

(2010) first employed the tracking algorithm of Murray and Simmonds (1991), further 

refined by Simmonds and Keay (2000), to investigate WD behavior in relation to 

teleconnections. This study heralded the benefits of Lagrangian tracking in HMA, and here, 

we demonstrate a simplified, easily reproducible methodology to track WD, which often 

propagate along relatively low latitudes, encounter highly variable topography, exhibit strong 

tropical influences, and are highly asymmetric. Chen and Bromwich (1999) noted the 

difficulties of synoptic analysis in mountainous regions, the most complex of which is HMA 

on account of its vertical and horizontal extent, thus greatly reducing the number of 

observable pressure levels over a large area. Here, we propose a new tracking procedure for 

synoptic-scale disturbances based on the signature of WD in 500-hPa geopotential height. 
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500-hPa geopotential height is often employed to investigate the behavior of Rossby waves 

in subtropical and extratropical latitudes (Carlson, 1998), and is thus a commonly used 

variable in HMA wintertime climate studies (Subbaramayya and Raju, 1982; Lang and 

Barros, 2004; Hatwar et al. 2005; Syed et al. 2010).  

The primary objective of this work is to investigate changes in WD behavior with 

respect to HMA precipitation during winter seasons from 1979-2013. In this study, we utilize 

negative 500-hPa geopotential height anomalies to identify individual WD responsible for 

KH precipitation and track their progression. Our novel WD tracking methodology, explicitly 

created to improve identification over high topography relative to other mid-latitude 

disturbance tracking procedures, provides an inventory of location, timing, intensity and 

duration of events, which are explored in depth with an emphasis on seasonal variability. 

This provides a valuable link between the large-scale climate, transient disturbances, and 

hydrologic processes within the KH, and allows us to evaluate WD on a per-case basis while 

considering all factors that relate these systems to precipitation in the mountains. These 

factors include the intensity of systems as defined by the depth of 500-hPa anomalies at their 

center, wind speed intersecting topography, and precipitable water throughout the winter 

season. Furthermore, how WD characteristics evolve over the course of a season in response 

to changes in the background climate is investigated, with the goal of understanding dynamic 

and thermodynamic influences on the relationship between these events and KH 

precipitation. Strong orographic forcing is known to reduce the efficiency of topography in 

converting advected moisture to precipitation, whereas convective events do not typically 

propagate as far into the orogenic interior (Bookhagen and Burbank, 2010; Wulf et al. 2010) 
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The manuscript is organized as follows. Section 1.3 introduces the data. Section 1.4 

explains the tracking methodology and is followed by section 1.5, which validates the 

method’s performance. Section 1.6 discusses the frequency of disturbances. Section 1.7 

compares two sources of precipitation data during identified WD events and section 1.8 

investigates the dynamics of these events. Section 1.9 concludes our manuscript. 

 

1.3 Data  

 Meteorological data within topographically heterogeneous HMA is limited. In HMA, 

the observation network thins considerably due to increased elevation and remoteness. 

Furthermore, extant data is generally of poor quality due to sampling errors or biases. This 

research utilizes remotely sensed satellite precipitation estimates and reanalyses as the best 

available options for gridded meteorological data over recent decades.  

Precipitation from the Tropical Rainfall Measurement Mission 3B42V7 (TRMM) 

(Huffman et al. 2007) and Climate Forecast System Reanalysis (CFSR), from the National 

Centers for Environmental Prediction (Saha et al. 2010), are used to identify heavy 

precipitation events in HMA. TRMM provides 3-hourly precipitation estimates at near-global 

0.25° horizontal-resolution for the period 1998-2013. The product combines TRMM 2B31, 

TRMM 2A12, Special Sensor Microwave Imager, Advanced Microwave Scanning 

Radiometer, Advanced Microwave Sounding Unit and Climate Prediction Center infrared 

observations to estimate precipitation over low/mid-latitudes and is calibrated by station data. 

TRMM has documented deficiencies in capturing snowfall (TRMM Working Group 

Summaries, 2003), which are especially problematic in HMA during winter (Lang and 

Barros, 2004; Barros et al. 2006, Maussion et al. 2014). Because accurately quantifying total 
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precipitation accumulation is difficult, our focus is on the timing and the relative 

precipitation contribution of WD events, compared to all other dates. Under the assumption 

that low-elevation rainfall within the mountains is typically concomitant with high-elevation 

solid-state precipitation during WD events, we can identify the dates of heavy-precipitation 

events relative to all other dates by examining TRMM data. Similar procedure was 

performed in Cannon et al. (2014). We note that it is unlikely that the magnitude of 

precipitation in TRMM is accurate and that the proportion of high-elevation solid-state 

precipitation to low-elevation rainfall is not constant (Lang and Barros, 2004).  

 Daily CFSR precipitation is also used to identify the timing of heavy precipitation 

events with an extended temporal record. CFSR is available at 0.5° horizontal-resolution for 

the period 1979-2013. CFSR was chosen on account of its model coupling, spatial resolution, 

and modern assimilation system (Saha et al. 2010). For both TRMM and CFSR, we have 

aggregated to daily precipitation totals. Within the manuscript we compare TRMM and 

CFSR during WD events as independent indications of precipitation. Daily CFSR is also 

used to investigate the dynamics of WD. Analysis of geopotential height, wind, moisture, and 

temperature are performed at near-surface and 500-hPa levels. Both the total fields and 

anomalies are considered, with the anomalies being derived by removing the mean seasonal 

cycle 1979-2013.  

 

1.4 Tracking Method  

 Extratropical cyclones, including WD, have a characteristic depression in the 500-hPa 

geopotential height field, which differentiates these systems from the background flow and 

facilitates detection. The approach of our WD tracking methodology is to apply the spatial 
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correlation of standardized 500-hPa geopotential-height-anomaly features to track synoptic-

trough trajectories associated with extra-tropical cyclones. Similar methods have been used 

to track mesoscale convective systems based on cloud-top temperatures (Carvalho and Jones, 

2001) and large-scale convective features based on outgoing long-wave radiation (Carvalho 

et al. 2002; Jones et al. 2004). Standardization of the 500-hPa geopotential height input field 

by monthly mean-variance accounts for increased variability in geopotential height with 

increasing latitude and allows for the identification of events based on the relative departure 

from normal. Standardized geopotential height has previously been used to investigate trough 

depth relative to typical conditions (Grumm and Hart, 2001). Our procedure facilitates the 

detection of WD in subtropical latitudes and in regions of high topography. Figure 1 

exemplifies the tracking procedure and is used in the following paragraph as a visual aid to 

understanding the general principles on which our methodology is built. This is followed by 

a detailed discussion of the steps that comprise our algorithm.  
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Figure 1 – Example of 500-hPa wave tracking methodology for two Westerly Disturbances. 
Black contour indicates 500-hPa geopotential height anomaly (m). White dashed contour 
indicates standardized 500-hPa geopotential height anomaly (interval is -1 standard 
deviations). Red line indicates disturbance trajectory. Red dots indicate location of center of 
disturbance on previous days. Large red dot indicates location of disturbance on current day. 
Sea level pressure (gray) and precipitation (color) shading apply only to current day.   
 

Figure 1a and b show the relationship between 500-hPa geopotential height anomalies 

(black contours) and standardized geopotential-height anomalies (white dashed contours) for 

two WD events affecting HMA. Figure 1a shows a characteristic mid-winter WD occurring 

on February 18, 2003 and exhibiting a well-defined trough in 500-hPa anomalies, while the 

late-season March 2006 event in Figure 1b exhibits a comparatively shallow 500-hPa 
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anomaly. The use of standardized anomalies augments the signal of the features relative to 

the background flow and has enabled the tracking of both troughs, each of which represents a 

significant deviation from local average conditions. These WD produced 95th percentile 

precipitation (based on independent events in CFSR climatology) in the Karakoram (Fig. 1a) 

and central Himalaya (Fig. 1b). The large red dot indicates the position of the track center for 

the current day and smaller red dots, connected by a red line, indicate the position of the 

disturbance’s center on preceding days, beginning with the first day of identification. The 

synoptic conditions that produced the events observed in Fig. 1, with respect to the benefits 

of our tracking method in identifying them, are discussed in Section 1.5. Our tracking 

methodology is detailed as follows. 

1) Input data is CFSR 500-hPa geopotential height, aggregated to 1° horizontal resolution 

over the Northern Hemisphere. We consider daily maps of standardized 500-hPa 

geopotential height anomalies for the time period 1979-2013. For each daily map, we 

apply a series of standard deviation thresholds to retain only data exceeding the given 

threshold of standardized geopotential height anomaly. Our threshold procedure begins at -

5 standard deviations and is incrementally relaxed by 0.25 per step toward -1 standard 

deviation. For each applied threshold, all data points not satisfying the threshold are set to 

null-value to create a background mask. The more restrictive the threshold, the smaller the 

area of geopotential height anomalies retained. Using maps of decreasing restrictiveness 

allows us to identify multiple centers within a single, large region of negative anomalies. 

For example, imagine a perturbation (wavenumber one or two) covering the majority of 

continental Asia, which propagates eastward very slowly relative to two or three embedded 

shortwaves that propagate eastward at a faster rate. In this scenario, incrementally relaxing 
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our thresholds allows for the identification of the centers of each individual disturbance, 

whereas using only a single threshold would likely have resulted in a single track, 

exhibiting unrealistic behavior as it skipped between shortwaves embedded within the 

longwave.  

2) After we have identified disturbances in geopotential height for a given threshold, we filter 

out apparent small features by removing identified regions comprised of fewer than 5 

pixels across  (5 pixels, or 5° is roughly 450km at 35°N; the approximate latitude of the 

Karakoram). These features are common in the tropics where slight perturbations appear 

significant. This filtering, henceforth termed “the area threshold”, ensures the presence of a 

spatially coherent mid-latitude disturbance. Also, it is worth noting that global CFSR 500-

hPa data at 1° resolution intersects topography in only one gridpoint. Though this gridpoint 

is in our study area (containing K2 and the Gasherbrum Massif) and below the surface for 

roughly 17% of the year, it does not disrupt the general circulation and we do not address 

this minor issue in our application of the dataset. 

3) At this point, we retain two datasets; daily maps of the location and spatial extent of 

anomalies surpassing the first standard deviation threshold, in which the identified area 

also exceeded the area threshold (to be referred to as “the max map”), and daily maps of 

the location and spatial extent of anomalies surpassing the least restrictive (-1) standard 

deviation threshold, in which the area threshold was also exceeded. We locate the center of 

disturbances by first selecting all non-null-value regions in the max map and then 

identifying the spatially-weighted center of the actual geopotential height anomalies within 

the active regions.  
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4) To track disturbances over time, we begin by calculating the spatial correlation of 

identified regions in the -1 standard deviation map between consecutive days. If the spatial 

correlation between two regions exceeds 0.3, we determine the disturbance at time t+1 to 

be a continuation of the disturbance at time t. The spatial correlation threshold of 0.3 was 

reached empirically in initial development of the algorithm. We use the -1 standard 

deviation map rather than the max map to determine spatiotemporal correlation because the 

deepest regions of anomalies are typically disjointed at high standard deviation levels.  

5) Once the algorithm has identified regions of negative gopotential height anomalies that are 

connected in time, the trajectory of the trough is created by linking corresponding centers 

between consecutive days. If, within an identified region in the -1 standard deviation map 

of time t, which is spatially correlated with a region on the subsequent day, there exists 

only one identified center, the track will begin at time t at that location. If the spatially 

correlated region on the subsequent day also contains only one identified center, the 

disturbance’s track will be created by linking corresponding centers at times t and t+1. If 

multiple centers exist within a region, multiple tracks will be created. Given multiple 

centers in either time t or t+1, tracks are created by linking centers that are in closer spatial 

proximity. If the number of centers within a region passing the -1 standard deviation 

threshold changes between time t and time t+1, a merging or splitting of tracks has 

occurred. For splitting, an independent track is created at t+1 for the center furthest from 

the original track. For merges, the track with the longest duration to date is retained. This 

procedure is performed for each consecutive day of the data set, while retaining all track 

information from the previous day. If an identified center is not related to a pre-existing 
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track, a new one is created. Similarly, if an existing track cannot be linked to a spatially 

correlated region on the subsequent day, the track ceases. 

6) Daily temporal resolution allows for centers of synoptic systems to propagate large 

distances between images. To create continuous tracks, track centers for consecutive days 

were linked using shortest straight-line distance interpolation to connect adjacent grid-

points between centers. The final product of our tracking procedure is daily-resolution 500-

hPa trough tracks over the northern hemisphere for the time period 1979-2013. 

 

1.5 Tracking Verification 

 In the previous section we detailed the methods by which we identify and track 500-

hPa troughs. Here, we examine two troughs that produced large precipitation totals in the 

Himalaya to elucidate how the tracking method works in practice. The February 2003 event, 

shown in Fig. 1a, is characterized by a deep upper-level trough, exhibiting negative 500-hPa 

geopotential height anomalies in excess of 200m at the center. With respect to the 

climatology of WD this represents a strong, but archetypical event. This event developed two 

days prior, from an existing trough over the Caspian Sea. The March 2006 event (Fig. 1b) 

was caused by the interaction of a WD, exhibiting a shallow upper level trough (between -50 

and -100 m on March 11th), with a moist tropical air mass over the Indian subcontinent. The 

track, observed over the Arabian Sea and India, originated on the 6th of March as a shortwave 

at approximately 50°E, 25°N and propagated zonally toward the central Himalaya. By the 

11th (Fig. 1) the trough was positioned over central India and the resultant southerly moisture 

transport driven against the Himalaya was sufficient to produce an extreme precipitation 

event (Norris et al. 2015).  
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Neither event displayed changes in sea-level pressure that were remarkable or 

exclusive to extra-tropical cyclones, precluding their identification in many of the tracking 

algorithms discussed by Neu et al. (2013), which rely on well-structured features at lower 

levels. The general dissociation between pre-monsoon storms in this region and lower-

tropospheric circulation was first observed by Ramaswamy (1956), in which the usefulness 

of upper-tropospheric charts for forecasting these events was also discussed. Furthermore, 

any methodology employing data below the 500-hPa-level would be significantly affected by 

high topography over much of central Asia and yield dubious results. It is also worth 

mentioning that a number of tracking algorithms, including that of Murray and Simmonds 

(1991) and Hodges (1995), which were originally designed to identify surface systems, can 

be modified to incorporate middle tropospheric variables, such as done by Keable et al. 

(2002), Hoskins and Hodges (2002), and Syed et al. (2010).  

 For both events, the standardized negative 500-hPa geopotential height anomalies 

were 3 to 4 standard deviations below normal, thus facilitating the tracking of WD using our 

methodology. This example of events occurring in different locations, during different times 

of the year, with varying trough depth was specifically chosen to demonstrate that the 

tracking methodology performs well irrespective of track latitude, intensity or timing. 

However, we note that not all systems are as well behaved, and there are rare instances where 

the methodology has difficulties. Notably, when stationary waves covering expanses of 

central Asia linger for many days with periodic extensions of their troughs toward HMA, or 

when multiple tracks are recorded in close proximity over several days. Uncommon cases 

such as these are observed to produce unrealistic tracks. 
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Figure 2 shows a global 500-hPa wave track density map for the Northern 

Hemisphere winter (November–April) for the time period 1979-2013. Density is defined as 

the total number of tracks recorded in a given grid-point through time, with minimum-

distance interpolation performed between consecutive day’s centers. Over southwest and 

central Asia, the region of WD activity, an appreciable maximum in track activity exists. 

This region of increased activity is co-located with the subtropical jet, which may act as a 

baroclinic-wave-guide (Krishnamurti, 1961; Hoskins and Ambrizzi, 1993; Ridley et al. 

2013). Enhanced activity is also identifiable in the North Pacific, across the United States, 

and over the North Atlantic, co-located with the mean position of the maximum zonal wind 

in the mid-troposphere during winter. We note that as a result of using standardized 500-hPa 

anomalies, the regions of maximum track density appear to be shifted equatorwards 

compared to results from many other tracking methods, which employ low-troposphere 

variables. This work focuses on the propagation of troughs as identified by perturbations in 

500-hPa geopotential height, which shows a characteristic response to WD, and not on 

replicating storm tracks as identified by other methods as reviewed by Neu et al. (2013). 

However, our maps of track density strongly resemble those of Hoskins and Hodges (2002), 

in which several variables at upper levels were used to investigate winter storm tracks. 

Notably, both our method and the established Hoskins and Hodges method as well as the 

analysis performed by Syed et al. (2010) identified a maximum in track density in the 

vicinity of the mid-latitude jet, where WD develop.  
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Figure 2 – Global 500-hPa wave track density map indicating trajectories of centers of 
disturbances recorded during winter seasons (Nov. to Apr.) 1979-2013. 3000m elevation 
contour of Tibetan Plateau is indicated as black line.  

 

To demonstrate the relationship between disturbances identified by our method and 

precipitation, an index of extreme precipitation events was created for the western Himalaya/ 

Karakoram (74-78°E, 34-37°N) (KH) by spatially averaging CFSR daily precipitation 

estimates for the region and retaining the 95th percentile of independent (3 days between 

events) non-zero precipitation dates during winter (NDJFMA). Figure 3 displays the density 

of all tracks that recorded a segment concomitant with an extreme precipitation event. The 

500-hPa geopotential height anomaly is also composited onto the index of extreme 

precipitation. A depression is observed centered several degrees to the west of the KH as 

demonstrated in Cannon et al. (2014). Track density in this figure indicates that extreme 

precipitation in the KH is associated with the propagation of WD across southwest/central 

Asia between 25°N and 35°N 
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Figure 3 –500-hPa wave track density map indicating trajectories of centers of disturbances 
recorded during 95th percentile precipitation dates in the Karakoram (Nov. to Apr.) 1979-
2013. Black Contours indicate negative 500-hPa geopotential height anomalies (m). Pink 
shade over Karakoram indicates precipitation intensity. 3000m elevation contour of Tibetan 
Plateau is also shown as a black line.   
 

 

Our WD tracking method is proven to accurately identify the primary atmospheric 

circulation pattern that produces KH precipitation events. Heavy precipitation events are 

particularly well represented, as these are characteristically associated with the systems we 

are tracking. We note that many of the lighter precipitation events are not related to 

characteristic WD circulation and are not captured. Therefore, the average seasonal 

precipitation may not be accurately represented. Additionally, WD in our region of interest 

do not always produce precipitation. These issues are further discussed in the subsequent 

sections along with the statistics of trough depth, cross-barrier wind speed and precipitable 

water content of individual events. 

 

1.6 Westerly Disturbance Properties 

The average properties of WD, including their intensity, size, duration and associated 

precipitation, vary according to their location. The variability in latitude between 
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disturbances alters their interaction with High Mountain Asia by changing the angle of 

incidence between topography and circulation, thus it is necessary to investigate WD 

according to several sub-regions. We subdivided the greater region of WD activity into three 

sub-regions of varying latitude to explore the effect of storm track location on system 

dynamics and resulting KH precipitation. Figure 4 shows the regions in which we 

investigated WD events: the outer domain (50-80°E, 15-50°N), Region One (60-75°E, 25-

40N), Region Two (60-75°E, 15-25°N) and Region Three (60-75°E, 40-50°N). Figure 5 

indicates the number of track center trajectories intersecting each of the designated regions of 

WD propagation (Fig. 4) per winter season. The outer domain is the general region in which 

troughs propagating through will have a high probability of influencing weather in the KH. 

Region One indicates the region of maximum activity within the outer domain. Troughs 

entering this region are most frequent (5-6 per year, Fig. 5b), and affect the KH most directly. 

This region is also co-located with the mean position of the subtropical jet over southwest 

Asia during winter (Cannon et al. 2014, their Fig. 11a). Regions Two and Three represent 

areas that also experience WD, though their influence in the KH is less direct than Region 

One and generally less frequent, exhibiting an average of approximately 2 per year per region 

(Fig. 5c,d).  
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Figure 4 – Schematic map indicating regions used to index Westerly Disturbances. Thin 
black line indicates 3000m elevation contour.   
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Figure 5 – Number of wave track center trajectories intersecting each of the regions 
displayed in Figure 4 per winter season. Black line indicates average number of disturbances 
in the given region per winter (Nov. to Apr), 1979-2013. Note that the Y-axis is not constant 
between panels. 

 

The total number of recorded WD as well as the number of Region One WD shows 

interannual variability for the period 1979-2013, but a statistically significant trend in the 

number of these events per-season cannot be determined based on the short record. This is 

interesting because it indicates that the frequency of WD in the region of maximum activity 
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has not changed. With respect to the findings of Cannon et al. (2014), which indicated an 

increase in the synoptic variability in the upper-level geopotential height field for this region, 

this may signify an increase in the intensity rather than frequency of WD. It is also important 

to note that global modes of atmospheric variability, such as ENSO, likely play a role in the 

distribution of events per region. Previous studies have indicated a significant barotropic 

Rossby wave response of upper-level geopotential height over southwest-central Asia to 

ENSO, resulting in intensified westerly jet activity and a deepened trough during El Niño 

(Syed et al. 2006; Yadav et al. 2010; Hoell et al. 2013; Cannon et al. 2014). Using our 

tracking methodology, we also observed a drastic increase in the number of WD during El 

Niño events (not shown), as well as global influences of ENSO on geopotential height 

variability. The focus of this manuscript is on understanding the dynamics of WD and their 

variability through time. For the remainder of this work we concentrate on WD tracks 

recorded in Region One (60-75°E, 25-40°N), the region with the most events and strongest 

relationship with KH precipitation.  

 

1.7 TRMM and CFSR Comparison of WD Precipitation in the Karakoram and 

Western Himalaya  

Given the difficulties associated with estimating precipitation in mountainous regions 

using satellites (Barros et al. 2000; Anders et al. 2006; Bookhagen and Burbank 2006) and 

models, it is necessary to briefly compare the two precipitation products used in this study. In 

Section 1.3 we introduced some of the issues associated with CFSR and TRMM 

precipitation; here, we show the relationship between the two products during the maximum 

precipitation day of WD in Region One as indexed from CFSR data (Fig. 6). For this 
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analysis, TRMM is interpolated to the 0.5° CFSR grid. Figure 6a indicates the Pearson 

product-moment correlation between CFSR and TRMM for the maximum precipitation day 

of each event affecting Region One (2000-2013, 84 events). Correlation in the Karakoram 

and western Himalaya is between 0.5 and 0.8. Figure 6b is a regression of area-averaged 

TRMM and CFSR precipitation estimates for the Karakoram (74-77°E, 34-37°N) during 

those WD. The red dots indicate events where CFSR was more than three times greater than 

the TRMM estimate. This was observed most frequently in low-precipitation events. On an 

accumulated monthly precipitation basis, CFSR generally exceeds TRMM precipitation 

estimates during winter months in High Mountain Asia (not shown). We do not evaluate how 

much of this difference is attributable to TRMM’s difficulty in estimating light and solid-

state precipitation and how much is based on CFSR overestimation, though previous work by 

Maussion et al. (2014), which evaluated TRMM, station gauge, reanalysis, and dynamically 

downscaled precipitation products to find that differences between products vary on account 

of season, location and precipitation type, also identified issues in the ability of TRMM to 

properly represent high-elevation solid-state precipitation in regions of strong winter westerly 

disturbance influence.   
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Figure 6 – Correlation between TRMM and CFSR precipitation delivered to Karakoram by 
Region One Westerly Disturbances 2000-2013 (a). The faded regions indicate that observed 
precipitation was less than 1mm. Panel (b) shows regression of 1-day precipitation totals 
delivered to Karakoram by Region One Westerly Disturbances. Red dot indicates event 
where CFSR precipitation recorded was more than three times greater than TRMM 
precipitation. Blue indicates the opposite and black is in between. Panel (c) is a composite of 
precipitation differences between CFSR and TRMM and geopotential height anomalies for 
red-dot events. Black-dot events are composited in Panel (d). Colorbars for Panels c and d 
apply to both figures. 

 

A comparison of composites of 500-hPa geopotential height anomalies for WD where 

CFSR precipitation estimates in the KH were more than three times greater than TRMM 

(Fig. 6c), compared to all other events (Fig. 6d), indicated that deeper troughs are associated 
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with more similar precipitation estimates. Analysis of the centers of tracks for dates when 

CFSR was three times greater than TRMM (49 events) and dates when CFSR was less than 

three times greater than TRMM (35 events) indicated the mean depth of 500-hPa anomalies 

to be -96m for events when CFSR greatly exceeded TRMM and -117.6m for events when 

CFSR did not exceed TRMM by a factor of three. A t test determined the difference in WD 

depth to be significant at the 5% confidence level. This is likely attributable to deep troughs 

producing comparatively heavy precipitation, which should be more accurately represented 

by both products as the signal is stronger and covers a greater area.  

 Figure 7 shows the mean TRMM and CFSR precipitation amount for the single 

maximum precipitation day of 84 events (2000-2013; indexed using CFSR) for the 

Karakoram region. In both products, the maximum in precipitation is found on the southern 

(windward) slope of the western Himalaya, which protrudes abruptly from the Gangetic 

Plain. Additionally, there is consistency in indicating a secondary maximum in the 

Karakoram Mountains, which are further downwind, in the interior of the ranges. Though the 

spatial distribution is similar between CFSR and TRMM, it is again observed that CFSR has 

a higher mean value on both the primary and secondary peaks. For this work, we have 

confidence that the spatial and temporal distribution of precipitation during individual events 

is accurate, given the consistency between data sets. However, without dependable in-situ 

measurements, we are doubtful that the magnitude of precipitation is reliable. We employ 

CFSR precipitation for the majority of this manuscript on account of its extended temporal 

record, though additional research (not shown here) has indicated similar results using 

TRMM (1998-2013).  
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Figure 7 – Average Karakoram precipitation recorded during Westerly Disturbances in 
winter seasons when TRMM and CFSR data were available (1998-2013). Topography is 
shown in three dimensions. CFSR outer domain (a), inner domain (c) and TRMM outer 
domain (b) and inner domain (d). 1. Location of Kashmir Valley. 2. Nanga Parbat. 3. K2. 
White box in b indicates domain for c and d.     
 

 

1.8 Seasonal Variability of WD and Precipitation Contribution 

 Tracking individual westerly disturbances and investigating their collective statistics 

illuminates the manner in which the mechanisms that drive orographic precipitation during 

these events change throughout the winter season. WD are primarily active November 

through April and exhibit strong seasonal variability (Lang and Barros, 2004). Additionally, 

general changes to the atmosphere due to the seasonal cycle create significant differences 

between individual disturbances according to when they occur in the winter season. Figures 

8, 9 and 10 illustrate changes in WD over the winter season as identified through our tracking 

approach. Figure 8 indicates the number of Region One WD recorded in each month for each 

year of CFSR (1979-2013). We observe a large interannual variability in the number of WD 
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with some years exhibiting three or more events per month and others no event. The March 

timeseries in Fig. 8 is the best illustration of the year-to-year differences in the number of 

disturbances. Moreover, the environmental conditions in which WD develop vary throughout 

the winter season. To illustrate these differences, Fig. 9 shows composites of 500-hPa 

geopotential height anomalies, vertically integrated moisture transport, and precipitation, for 

WD events, as indexed by wave tracking, in each month of the winter season. In December, 

January and February the average geopotential height anomaly is up to 70m deeper than in 

March, April or November. December through February, the meridional temperature gradient 

across the northern hemisphere is at a maximum and thus, mid-latitude storm intensity peaks 

during this time (Ramaswamy, 1956). WD occurring during these months are dynamically 

more intense, with deeper troughs and stronger wind speeds than those occurring in March 

and April. However, through the Clausius-Clapeyron relationship, elevated temperatures in 

spring increase moisture content, as evidenced by the high precipitable water values observed 

over continental areas in March and April (Fig. 10). This produces a less thermodynamically 

stable atmosphere, in which reduced dynamical forcing may still trigger orographic 

precipitation in the KH. Figure 10 shows increased precipitable water along the Himalayan 

Arc in spring months relative to mid-winter months as well as weaker 500-hPa meridional 

wind speed for late season WD. March is the most variable month as WD transition from 

primarily orographic to orographic and convective forcing. After April and before the onset 

of the monsoon, large-scale convection is unlikely as the subtropical jet has migrated to the 

north of the Tibetan Plateau and upper-level divergence associated with waves in the jet is 

absent (Ramaswamy, 1956). 
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Figure 8 – Number of wave track center trajectories intersecting Region One per month. 
Black line indicates average number of disturbances in the given region per month, 1979-
2013. Number in upper right indicates total number of disturbances. 
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Figure 9 – Composites of Westerly Disturbance events as identified by the maximum 
Karakoram precipitation (CFSR) day of track trajectories intersecting Region One. Vectors 
indicate vertically integrated moisture flux.  
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Figure 10 – Composites of Westerly Disturbance events as identified by the maximum 
Karakoram precipitation day (CFSR) of track trajectories intersecting Region One. White 
contour indicates the southerly 500-hPa wind speed (m s-1).  
 

Heavy precipitation events associated with WD can occur in any month during the 

winter season, but are driven by different processes according to their timing. As noted, the 

upper-level trough is, on average, deeper December through February and associated 

meridional wind velocities are stronger than in March and April, thus impinging on the KH 

with more intense orographic forcing. Figure 9 indicates little change in vertically integrated 

moisture flux (vectors) between these months, though the dominant term appears to change 
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from wind speed to precipitable water. Curio et al. (2015) discuss the mechanisms by which 

moisture is transported to the Tibetan Plateau and demonstrate that, in winter months 

westerly disturbances are the dominant source of moisture, while in warmer months the 

western Tibetan Plateau receives monsoon moisture in addition to advection from westerlies, 

while also benefiting from enhanced local evaporation, leading to moisture recycling.  

In March and April, atmospheric moisture content is seen to increase due to rising 

temperatures, which increase saturation vapor pressure. Amplified moisture and temperature 

at low levels are a primary condition for convective instability, as measured by moist static 

energy change with height (not shown), during these events. In this pre-monsoon 

environment, the interaction of an extratropical cyclone with a relatively warm, moisture-

laden, tropical air mass provides strong moisture transport towards the mountains. Figure 10 

shows average precipitable water during April WD events to be 25% higher over the 

Gangetic Plain than during January events, while 500-hPa southerly winds are generally 2ms-

1 slower. Heavy precipitation in the Himalaya via orographic lifting experiences stronger 

contribution from thermodynamic instability, as the atmosphere is less stable than in the 

middle of winter (Norris et al. 2015). It is worth noting that Simmons et al. (2010) show that 

surface temperature and humidity trends from two reanalysis products are in excellent 

agreement with estimates from climatological land data, and the work of Lu et al. (2014) and 

Curio et al. (2015) further support the ability of reanalyses to represent in situ moisture 

conditions at coarse spatiotemporal resolution over the Tibetan Plateau. At finer spatial and 

temporal scales, reanalyses may be less representative of moisture conditions given their 

inability to resolve individual mountain valleys (Curio et al. 2015), which serve as moisture 

conduits (Bookhagen and Burbank, 2010), but this is of minor importance with respect to our 
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study given the magnitude of differences between seasons relative to the magnitude of 

differences in moisture advection resulting from the smoothing of local valley systems.  

 To further investigate the dynamics of WD as well as the mechanisms that drive 

precipitation in the KH, and to substantiate the argument proposed to explain Figure 9, we 

performed a series of regressions between 500-hPa geopotential height anomalies at track 

centers, 500-hPa meridional wind in the KH (74-77°E, 34-37°N), total precipitable water in 

the KH, and precipitation in the KH (Fig. 11). Because the Karakoram is east-west oriented, 

meridional wind is perpendicular to the mountains and is the more important horizontal 

component of wind for orographic precipitation. These four variables have a complex 

relationship that defines winter weather in HMA. Additionally, moving away from composite 

analysis enables the identification of changes in the relative contribution of each variable to 

precipitation on a case-by-case basis. Though these figures delineate statistically significant 

patterns, they also demonstrate that the average values shown in the monthly WD composites 

(Figs. 9 & 10) are derived from strongly varying individual events.  



	 49	

 

Figure 11 – Regression of variables during all Region One Westerly Disturbances. 500-hPa 
geopotential height anomalies at the trough center and 500-hPa meridional wind in the 
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Karakoram (a); 500-hPa meridional wind and Precipitation in the Karakoram (b); 
Precipitable water and precipitation in the Karakoram (c). Dot color indicates month (see 
legend). Black line indicates slope of regression. Number on graph indicates Pearson 
correlation coefficient. Star next to number indicates significance at 5% confidence interval. 
 

Correlation between WD depth and 500-hPa meridional wind speed in the KH is 0.46 

for 209 independent Region One events occurring November through April 1979-2013 (Fig. 

11a). Figure 11a also demonstrates differences in trough depth according to month as 

previously illustrated in Fig. 9. In December, January and February, WD are at maximum 

intensity as the mid-latitude jet is at its peak; the average depth of geopotential height 

anomalies is -115m compared to -94m for March and April events. Consequently, wind 

speeds in the KH (maximum value two days before precipitation maximum through two days 

after, for the region 74-78°E, 34-37°N) also peak during events falling in these months. 

Figure 11b shows a regression between 500-hPa meridional wind in the KH and 

precipitation. The correlation is 0.59, which is statistically significant at the 5% level (p value 

for two-sided t test less than 0.05), indicating a positive relationship between the strength of 

the wind encountering topography and the amount of precipitation received, with high wind 

speeds enhancing precipitation over topography (Roe, 2005). Coincident with increasing 

trough depth, wind speeds are highest in December, January, and February, leading to the 

conclusion that the orographic forcing of precipitation associated with WD is at a maximum 

during these months. Interestingly though, precipitation accumulation is not necessarily 

highest at the same time, due largely to changes in available moisture.  

 Heavy precipitation events occurring in March and April have characteristically 

slower meridional wind speeds at upper levels (The average for 66 March and April events is 

9.4m s-1 compared to 10.5m s-1 for 110 events occurring December through February), 



	 51	

though the decrease in orographic forcing is compensated for by enhanced precipitable water, 

as noted earlier (5kg m-2 compared to 3kg m-2 for December through February events). Figure 

11c indicates highest precipitable water in the KH to have occurred primarily during March 

and April WD. Increased convective instability, slower storm propagation, and increased 

moisture all contribute to heavy precipitation despite reduced wind speed compared to 

middle-of-winter events. 

 Figure 12 delineates the relationship between precipitable water, 500-hPa meridional 

wind and precipitation during region one WD for December through February (Fig. 12a; 110 

events) compared to March and April (Fig. 12b; 66 events). November is omitted in this 

analysis, as precipitation during this month is minimal. The intensification of negative 

geopotential-height anomalies is associated with a strengthening of the pressure gradient, 

which yields southerly wind along the eastern edge of the disturbance and draws moisture 

from the Arabian Sea toward HMA. This can be observed in Fig. 12a by the significant 

positive correlation (0.35) between 500-hPa meridional wind and Precipitable water. 

Additionally, the largest precipitation totals (greater than 24mm/day) are recorded during 

strong wind and high precipitable water events. The well-balanced relationship deteriorates 

in March and April, when precipitable water is enhanced irrespective of the disturbance (Fig. 

12b; r = -0.01). This is further illustrated by multiple regression analysis using precipitable 

water and 500-hPa wind as estimators of precipitation during past events, which yields an R2 

value of 0.56 for the December through February events, but only 0.31 for March and April. 
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Figure 12 – Regression of 500-hPa meridional wind and precipitable water in the Karakoram 
region for Westerly Disturbances in the months of DJF (left) and MA (right), 1979-2013. 
Color indicates the amount of precipitation received in the Karakoram on the maximum 
precipitation day during each event.   
 
 

 Table 1 is introduced to summarize the results shown in Figs. 11 and 12, and to 

characterize the combined relationships amongst the investigated variables, which are not 

entirely independent. This table lists correlation values between all variables for December 

through February and March through April events. In agreement with Fig. 12, both 500-hPa 

meridional wind and precipitable water are better correlated to precipitation in mid-winter 

than early spring, and they are not independent at this time (r = 0.35). The considerable 

weakening of the relationship between precipitable water and precipitation, from r = 0.57 in 

mid-winter to 0.28 in spring, and precipitable water and meridional wind, from r = 0.35 to 

0.02, apparently results from a reduction in the dependency on WD to provide sufficient 

moisture for precipitation, on account of the higher moisture content in the atmosphere 

irrespective of WD occurrence. The relatively minor reduction in the correlation between 

500-hPa wind and precipitation indicates that orographic forcing remains the primary 

precipitation mechanism, while the consistent relationship between the depth of the trough 

and meridional wind indicates that the relationship between orographic forcing and WD is 
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unchanged, despite their reduced intensities in spring. Furthermore, a similar correlation 

matrix using TRMM precipitation for 50 WD events in the December through February 

period and 29 in March and April, 1998-2013, (not shown) displays an even larger reduction 

in the correlation between precipitable water and precipitation from mid-winter to spring, but 

no reduction in the correlation between 500-hPa meridional wind and precipitation.  

 
 
Table 1 – Correlation matrix of westerly disturbance 500-hPa geopotential height anomaly at 
the trough center, and Karakoram/western Himalaya precipitation, 500-hPa meridional wind, 
and precipitable water during 110 independent events occurring December through February 
(black) and 66 events occurring in March and April (red) 1979-2010. Bold values indicate 
significance.   

 

 These analyses give additional evidence that orographic precipitation during WD 

events occurring December through February are strongly dependent on moisture that is 

advected by cyclonic winds associated with the disturbance, while March and April events 

are characterized by a strong dependence on cross-barrier wind, but a weakened relationship 

with moisture anomalies. By tracking individual WD events we are able to illustrate that 

dynamical forcing alone does not determine precipitation quantity. The fact that there is 

significant correlation between precipitable water and precipitation, even in spring when the 

relationship is considerably weaker, indicates that moisture advection toward the KH, both 

related to and independent of these events, is an important component of regional 

precipitation. Moving forward, analysis of variability in WD generated KH precipitation 
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should account for large-scale processes including tropical/extra-tropical interactions, which 

affect the amount of precipitable water over the Indian sub-continent, and undergo significant 

modification by global modes of atmospheric variability. 

 

1.9 Conclusions  

 The objective of this research was to investigate Winter Westerly Disturbances (WD) 

within a framework that facilitated both the observation of individual events and the creation 

of a large database with information specific to each recorded event. Using Climate Forecast 

System Reanalysis (CFSR), we created a WD tracking method based on the presence of 

upper-level troughs, which are characteristic features of these events. This enabled both the 

recording of attributes of the disturbances as they moved and evolved, and the simultaneous 

recording of variables related to precipitation in the western Himalaya/Karakoram (KH). The 

benefit of our wave-tracking methodology over existing cyclone-tracking techniques is 

specific to regions of high topography and, in our analysis of WD, gave a unique perspective 

of the relationship between transient systems and precipitation within our region of interest. 

Though we do not perform a comprehensive comparative analysis between our methodology 

and existing extratropical cyclone tracking techniques, such as those described in Neu et al. 

(2013), our Northern Hemisphere track densities compare well to the established work of 

Hoskins and Hodges (2002), which also identified mid-latitude disturbances at the 500-hPa 

level, and Syed et al. (2010) with a specific focus on High Mountain Asia.  

 Between 1979 and 2013, we observed more than 600 WD events, 209 of which 

occurred proximal to the KH (60-75°E, 25-40°N), in a region identified by Cannon et al. 

(2014) as intimately linked to KH precipitation. The relationship between the dynamics of 
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the identified systems and KH precipitation was investigated with the original goal of 

identifying multi-annual changes in WD that are indicative of long-term regional climatic 

variability with significant consequences for KH hydrology, There is much interest in 

relating variability in the region’s hydrometeorology to seasonal snowpack changes (Tahir et 

al. 2011) and even regional glacier behavior (Kapnick et al. 2014), and better understanding 

the KH’s primary climatic influence is one of many important components in this area of 

research. Though trends in WD activity were not discernable, we illustrate the complex 

relationships between WD, the mechanisms that drive orographic precipitation in the KH, 

and how these relationships transform over the course of the winter season.  

 A significant change from 1979 to 2013 in the number of WD events affecting the 

KH was indeterminable from CFSR. We observed there to be an average of 5-6 WD events 

in this region per year, with large interannual variability that is likely attributable to 

teleconnections with global modes of atmospheric variability (Barros et al 2004; Syed et al 

2006; Yadav et al. 2010; Cannon et al. 2014). In this work, we observed large variability in 

dynamics and precipitation between individual WD according to a variety factors. The 

unique benefit of our tracking method over Eulerian statistics is to facilitate the investigation 

of precipitation exclusively associated with WD events and to specifically observe the 

intensity of these events as identified by upper-level trough depth. This approach allowed for 

the direct relation of WD intensity to the mechanisms that drive orographic precipitation in 

High Mountain Asia as well as to each event’s respective precipitation total.  

500-hPa geopotential height anomalies at the WD center, precipitable water in the 

KH, 500-hPa meridional wind in the KH, and precipitation in the KH were analyzed for 209 

WD in our region of interest for winter seasons 1979-2013. Unsurprisingly, the depth of the 
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500-hPa anomaly at the center of the trough and the 500-hPa meridional wind were 

significantly correlated. Deeper WD manifested an intensified pressure gradient, thus 

enhancing the geostrophic wind. The 500-hPa meridional wind during these events was also 

significantly correlated to precipitation, as orographic lifting is the primary determinant of 

KH precipitation. On the east side of the disturbance, cyclonic winds produce southerly flow, 

which advects moisture from the tropics and drives it against KH topography. This 

relationship between the depth of WD, the strength of the wind and the amount of 

precipitation was observed to change over the course of the winter season. In December, 

January and February (DJF), when the temperature gradient across the northern Hemisphere 

is strongest, the subtropical jet is at a maximum and is positioned at the same latitude as the 

Himalaya (Krishnamurti, 1961; Holton, 2004). Consequently, WD occurring during DJF 

were observed to have deeper geopotential height anomalies and higher wind speeds. Upper-

level divergence aids large-scale convection, and mechanical forcing of precipitation due to 

orographic lifting is strongest during these events. Contrastingly, during March and April 

(MA) the jet has shifted north of the Tibetan Plateau and geopotential-height anomalies are 

shallower, implying weaker winds. However, the Indian subcontinent is considerably warmer 

than during DJF, and atmospheric moisture content has increased due to increased saturation 

vapor pressure (Holton, 2004). Though WD in MA are not as dynamically intense, weaker 

orographic forcing is compensated by the warmer, moister and less stable conditions, in 

which orographic precipitation occurs more readily. This illustrated that dynamically weak 

WD can thereby produce heavy precipitation events through the enhancement of available 

moisture, which can be associated with, or independent of, the WD event, and further 

exemplifies the complex relationship between WD and precipitation in the KH.  
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 In addition to seasonal changes in the relationship between WD and KH precipitation, 

teleconnections have a strong effect on differences in precipitation produced by WD 

occurring at the same time of the year. It is likely that WD associated precipitation is highly 

dependent on a number of factors that are often regulated by global modes of atmospheric 

variability, including tropical-extratropical interactions and consequent changes in available 

moisture. Differences between individual WD precipitation events in the High Mountain 

Asia are therefore modulated by the Madden Julian Oscillation (Barlow et al. 2005; Hoell et 

al. 2013), El Niño Southern Oscillation (Syed et al. 2006; Yadav et al. 2010) and the North 

Atlantic Oscillation/Arctic Oscillation (Gong et al. 2001; Wu and Wang, 2002; Yadav et al. 

2009; Syed et al. 2010; Filippi et al. 2014). WD are affected by complex non-linear 

relationships throughout the global atmosphere, which significantly alter the dynamics that 

drive precipitation. Consequently, precipitation totals are dependent on much more than just 

the strength of the disturbance and should be analyzed accordingly, as was done in this work.  

By investigating an inclusive perspective of WD, which accounts for the dynamics of 

the systems, how they change across seasons, and how they interact with the background 

atmosphere, we have improved our understanding of the factors that influence KH 

precipitation. Moving forward, this creates a basis by which we may better comprehend how 

a changing climate will affect WD and, consequently, winter precipitation in High Mountain 

Asia’s Mountains. This undoubtedly augments our understanding of recent climatic 

conditions in the region and will improve our ability to project into future decades while 

minimizing uncertainty with respect to Asia’s water resources.  
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2.1 Abstract 

 Within the Karakoram and western Himalaya (KH), snowfall from Winter Westerly 

Disturbances (WD) maintains the region’s snowpack and glaciers, which melt seasonally to 

sustain water resources for downstream populations. WD activity and subsequent 

precipitation are influenced by global atmospheric variability and tropical-extratropical 

interactions. On interannual time-scales, El Niño related changes in tropical diabatic heating 

induce a Rossby wave response over southwest Asia that is linked with enhanced dynamical 

forcing of WD and available moisture. Consequently, extreme orographic precipitation 

events are more frequent during El Niño than La Niña or neutral conditions. A similar spatial 

pattern of tropical diabatic heating is produced by the MJO at intraseasonal scales. In 

comparison to El Niño, the Rossby wave response to MJO activity is less spatially uniform 

over southwest Asia and varies on shorter time-scales. This study finds that the MJO’s 
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relationship with WD and KH precipitation is more complex than that of ENSO. Phases of 

the MJO propagation cycle that favor the dynamical enhancement of WD simultaneously 

suppress available moisture over southwest Asia, and vice versa. As a result, extreme 

precipitation events in the KH occur with similar frequency in most phases of the MJO, 

however, there is a transition in the relative importance of dynamical forcing and moisture in 

WD to orographic precipitation in the KH as the MJO evolves. These findings give insight 

into the dynamics and predictability of extreme precipitation events in the KH through their 

relationship with global atmospheric variability, and are an important consideration in 

evaluating Asia’s water resources. 

 

2.2 Introduction 

Extratropical cyclones that affect southwest Asia from November through April are 

the primary climatic influence in the Karakoram and western Himalaya (KH) during non-

monsoon months (Singh et al. 1995; Lang and Barros, 2004; Barlow et al. 2005; Dimri et al. 

2015). In excess of 50% of the total annual precipitation in the KH is delivered by fewer than 

ten of these “ winter westerly disturbance” (WD) events each winter season (Lang and 

Barros, 2004; Barlow et al. 2005; Barros et al. 2006; Bookhagen and Burbank, 2010; Cannon 

et al. 2014). Their associated frontal systems interact with topography to produce heavy 

orographic precipitation, while the lapse-rate ensures that precipitation falls as snow over the 

KH’s high mountains. Snowfall generated by WD maintains regional snowpack and glaciers 

(Anders et al. 2006; Tahir et al. 2011; Bolch et al. 2012; Ridley et al. 2013; Cannon et al. 

2015), and is essential to water resources for downstream populations (Immerzeel et al. 2009; 

Bolch et al. 2012; Hewitt, 2014).  
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Significant relationships exist between WD activity over southwest Asia (25-40°N; 

40-80°E) and global modes of climate variability, including; the Madden-Julian Oscillation 

(MJO) (Barlow et al. 2005; Hoell et al. 2012), the El Niño Southern Oscillation (ENSO) 

(Syed et al. 2006; Yadav et al. 2010; Hoell et al. 2013), the Arctic Oscillation/North Atlantic 

Oscillation (NAO) (Gong et al. 2001; Wu and Wang, 2002, Yadav et al. 2009; Syed et al. 

2010; Filippi et al. 2014) and the Polar Eurasia Pattern (Lang and Barros, 2004). During the 

boreal winter, southwest Asia, and specifically the Karakoram, are within the subtropical belt 

of upper-level westerlies (Krishnamurti, 1961), which serve as a baroclinic wave-guide 

(Wallace et al. 1988). Variability in the upper-level jet over southwest Asia, and subsequent 

variability in shear, maximum wind speed, and deformation, has a complex relationship with 

WD activity (Barlow et al. 2005). Large-scale changes in atmospheric circulation that modify 

the jet, such as ENSO (Rasmussen and Carpenter, 1982; 1983), the NAO (Barnston and 

Livezey, 1987) and the MJO (Madden and Julian, 1972; 1994), significantly modify the 

frequency and intensity of WD, thereby altering seasonal precipitation totals in High Asia 

(Yadav et al. 2009; Dimri et al. 2012; Fillippi et al. 2014). Furthermore, these modes 

influence low-level circulation and moisture conditions, resulting in important differences in 

the background atmosphere with which individual WD interact. It appears that the influence 

of global modes of variability on KH precipitation is more complex than previously 

appreciated, as both upper-level dynamics and thermodynamic conditions over southwest 

Asia can be modified uniquely, thus altering the development of WD and orographic 

precipitation in a manner that is not well-documented in the literature addressing this 

region’s climate to date (Cannon et al. 2015). 
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Previous studies have typically explored how precipitation in the KH is related to 

global modes of climate variability at monthly or seasonal scales (e.g. Archer and Fowler, 

2004; Lang and Barros, 2004; Dimri, 2012; Fillippi et al. 2014; Cannon et al. 2014). WD 

exist at synoptic-scales, between 2 and 7 days, therefore it is important to investigate these 

relationships using daily data with a specific focus on extreme events, which numerous 

studies attempting to quantify regional precipitation have found to contribute the vast 

majority of seasonal precipitation (Hewitt, 2005; Fillippi et al. 2014; Cannon et al. 2014, 

2015). Cannon et al. (2015) investigated individual WD events and demonstrated significant 

event-to-event differences in the contribution of upper-level circulation and low-level 

moisture to extreme precipitation in the KH over the period 1979-2013. This work found that 

seasonal changes in the atmosphere regulated the relative importance of dynamic and 

thermodynamic components of WD systems to orographic precipitation generation, 

suggesting that intraseasonal and interannual variability, which also produce large-scale 

changes in circulation and moisture availability, may be an additionally important 

consideration for understanding regional precipitation. In the current manuscript we explore 

the role of ENSO and the MJO in modifying WD and subsequent KH precipitation through 

tropical forcing.  

Heat, moisture and momentum exchanges relate intraseasonal and interannual 

variability in the atmosphere to severe weather and extreme precipitation in the extratropics, 

and are fundamental to understanding how the MJO and ENSO influence storm tracks (Lee 

and Lim, 2012; Takahashi and Shirooka, 2014), including WD. The basis of the linkage 

between the tropics and southwest Asia is in a forced Rossby wave response of the upper 

troposphere to stationary diabatic heating anomalies in the tropics (Barlow et al. 2005), 
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which resembles a Gill-Matsuno-like response (Matsuno 1966; Gill 1980). During enhanced 

convection over the eastern Indian Ocean, local upper-level divergence intensifies and forces 

anomalous subsidence over southwest Asia. Both ENSO and the MJO produce similar spatial 

patterns of anomalous diabatic heating in the tropics, but the considerable differences in 

time-scales and Rossby wave responses over southwest Asia produce differing relationships 

with the region’s climate.  

On interannual time-scales, the Rossby wave response to El Niño increases southwest 

Asia precipitation by weakening climatological subsidence over the region (Hoell et al. 

2013). A Rossby wave response is also generated by the MJO on intraseasonal scales, and is 

responsible for increased precipitation over southwest Asia as a result of anomalous regional 

ascent (Barlow et al. 2005). However, in comparison to El Niño, the Rossby wave response 

to MJO activity is less spatially uniform over southwest Asia and exists on a much shorter 

time-scale. Consequently, this mode’s relationship with WD and KH precipitation is more 

complex. Although the KH is within the larger southwest Asia domain and similarly relies on 

WD to deliver precipitation, we will illustrate that the response to tropical forcing at 

intraseasonal scales is unique relative to previous results that investigated southwest Asia as 

a whole (e.g. Barlow et al. 2005; Hoell et al. 2012), largely on account of the KH’s extreme 

topography and location. Here, we perform a comprehensive study of the role of tropical 

forcing on winter storms in the KH.  

 This manuscript discusses the frequency of extreme precipitation events in the KH 

during different phases of ENSO and the MJO, and individual mechanisms within WD 

events that relate large-scale tropical forcing by the MJO and ENSO to extreme orographic 

precipitation in the KH. Understanding the dynamics behind the independent and combined 
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influences of the MJO and ENSO on WD variability and extreme precipitation in the KH is 

essential to understanding the region’s hydrology. These weather-climate relationships will 

lead to better forecasting of winter storms (Schubert et al. 2002; Barlow et al. 2005) and 

long-term predictability of water resources over southwest Asia and the KH (Immerzeel et al. 

2009; Ridley et al. 2013).  

 

2.3 Data  

a. Precipitation Datasets 

 Meteorological data from the sparse network of stations within topographically 

complex High Asia is limited. Furthermore, extant data can be of marginal quality due to 

sampling errors or biases (Anders et al. 2006; Bookhagen and Burbank, 2010; Maussion et 

al. 2014). In this research, the influence of ENSO and the MJO on large-scale winter 

(November to April) precipitation over High Asia and surrounding regions is investigated 

using satellite observations from the Tropical Rainfall Measurement Mission 3B42V7 

(TRMM), interpolated station data from the Asian Precipitation Highly Resolved 

Observational Data Integration Towards Evaluation (APHRODITE) dataset, and reanalysis 

precipitation from Climate Forecast System Reanalysis (CFSR). Precipitation in the KH is 

additionally investigated using a set of meteorological stations maintained by the Pakistani 

Meteorological Department and the Water and Power Development Authority of Pakistan. 

 TRMM 3B42V7 is a multi-satellite data set that provides near-global 0.25° resolution 

precipitation estimates at three-hour intervals for the period 1998-2015 (Huffman 2007). 

TRMM has well known deficiencies in estimating light precipitation as well as solid-state 

precipitation (Barros et al. 2000, 2006; TRMM Working Group Summaries). APHRODITE 
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(Yatagai et al. 2009) is produced using distance-weighted interpolation between station 

observations, and is available at daily 0.25° resolution over Asia for the period 1951-2007. 

This product is included as an additional measure of robustness, but performs less than 

ideally over High Asia, where observations are sparse and topography is complex (Anders et 

al. 2006; Bookhagen and Burbank, 2006). CFSR precipitation, at 0.5° horizontal resolution, 

is too coarse to resolve the complexities of orographic precipitation in the KH, but along with 

TRMM and APHRODITE is used to evaluate the timing of extreme events. Cannon et al. 

(2014, 2015) have utilized these precipitation datasets for similar studies and further 

documented their efficacy in the study region. Additionally, Norris et al. (2015a,b) have 

evaluated TRMM precipitation in comparison to dynamically downscaled precipitation using 

the Weather Research and Forecasting model (Skamarock et al. 2008) over the study region 

and found their general distributions to be correlated significantly, though as Norris et al. 

(2015a) exhibit, there is less consistency amongst precipitation products at high elevations.  

 Data from 12 in-situ stations spread over northern Pakistan at altitudes between 1,260 

and 4,440m are also employed in this study (similar to Palazzi et al. 2015). The principal 

characteristics of the stations—altitude, coordinates, temporal resolution and managing 

agency—are detailed in Table 1, and their locations, along with a reference map of the study 

region, are shown in Fig. 1. Here, we consider daily-accumulated precipitation from seven 

PMD stations for the period 1960-2012. Additionally, we utilize 15 years (1995-2009) of 

daily-accumulated precipitation from five meteorological stations in the ablation zone of the 

Upper Indus Basin that are maintained by the Water and Power Development Authority of 

Pakistan (WAPDA). WAPDA stations are used for validation of the longer PMD record 

during overlapping periods, and indicate good agreement amongst the timing of extreme 
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events (not shown here). Here, we assume that extant biases in the magnitude of station-

measured precipitation in the KH (Hewitt et al. 2014) are constant in time and thus do not 

affect the selection of extreme events relative to all other dates in the record. 

 

Figure 1 – Locations of meteorological stations in the western Himalaya and Karakoram 
from which precipitation data was acquired. Grayshade shows topography. A number of 
major geographical features and country names and borders are also included. The inset map 
shows the location of the study region (black box) over color-shaded topography. 

 



	 71	

 

 Table 1 – Index of station names, latitude, longitude, elevation, collecting agency and date 
range for the 12 meteorological stations shown in Fig. 1.   

 

b. Meteorological Data from Reanalyses 

 CFSR data, from the National Centers for Environmental Prediction (Saha et al. 

2010), are used to investigate large-scale climate and the dynamics of WD. CFSR is available 

at 0.5° horizontal-resolution for the period 1979-2013. CFSR was chosen on account of its 

spatial resolution, modern data assimilation system, and coupling of atmosphere, ocean, land 

and ice models in the generation of 6-hourly guess fields, from which the reanalysis is 

initialized (Saha et al. 2010). These advancements are unique relative to most previous 

reanalyses. Multi-reanalysis comparisons with observations (stations and radiosondes) over 

High Asia found CFSR to be among the best performing products (Bao and Zhang 2012; 

Wang and Zeng, 2012). Analysis of geopotential height, omega, wind, moisture, and 

temperature are performed at near-surface, 850, 500 and 200-hPa levels with daily temporal 
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resolution. Anomaly fields were derived by removing the mean seasonal cycle over the 

duration of the timeseries.  

 

c. Outgoing Longwave Radiation 

 This study uses National Oceanic and Atmospheric Administration – Daily Climate 

Data Record PSD Interpolated Version outgoing longwave radiation (OLR) data (1° 

resolution), consisting of satellite observed mean OLR at the top of the atmosphere (Lee, 

2014).  

 

d. Intraseasonal and Interannual Indices 

 MJO events are identified using the methodology of Jones (2009), in which combined 

empirical orthogonal function (EOF) analysis of equatorially averaged (15°S-15°N) 20-200 

day bandpass-filtered anomalies of outgoing longwave radiation, 200-hPa zonal wind and 

850-hPa zonal wind yields first and second EOFs that are in good agreement with those of 

Wheeler and Hendon (2004). The phase diagram of the first two normalized principal 

components approximately follows the eight-phase convention of the real-time multivariate 

MJO index of Wheeler and Hendon (2004). The primary difference between this approach 

and that of Wheeler and Hendon (2004) is the use of bandpass filtered anomalies, which 

more accurately represent the temporal evolution of MJO events. In this study, an MJO event 

was defined when 1) the phase angle between the first two principal components 

systematically rotated anticlockwise, indicating eastward propagation at least to phase 5; 2) 

the amplitude was always larger than 0.35; 3) the mean amplitude during the event was larger 

than 0.9; and 4) the entire duration of the event lasted between 30 and 90 days. Based on 
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these conditions, all MJO events identified in this study started in phases 1–4, propagated 

eastward, and ended in phases 4–8 (i.e., isolated events) or restarted from previous MJO 

occurrences (i.e., successive events; phase continues from 8 to 1). Further details can be 

found in Jones (2009).  

 It is important to consider that the use of different MJO indices may lead to disparate 

conclusions concerning MJO timing and strength (Kiladis et al. 2014). Thus, the analyses 

presented in this study were additionally performed using the real-time multivariate MJO 

index of Wheeler and Hendon (2004), which is also circulation based, as well as an OLR-

only version of the Jones (2009) index and the OLR MJO Index (OMI, Kiladis et al. 2014). 

Although the general features of circulation and OLR for MJO composites (discussed in 

section 2.5) are similar regardless of index, diversity in the amplitude and phase of individual 

MJO events according to the index used does produce moderately dissimilar distributions of 

extreme KH precipitation events across the eight phases of the MJO (section 2.4). Despite the 

sensitivity of event distributions to the choice of MJO index on account of the relatively 

small number of total extreme events (< 10 per phase of the MJO in ENSO neutral 

conditions), the composites of circulation and moisture during these events (section 2.6) are 

extremely similar across indices, as the majority of dates considered for the composites do 

not change. Furthermore, dates that do not correspond between indices still exhibit similar 

OLR anomalies in the tropics (the temporal evolution of the various MJO indices are 

similar), and their effect on large-scale circulation remains consistent. Consequently, the 

discussion of the mechanisms that link KH precipitation to MJO variability presented here is 

not especially sensitive to the choice of MJO index. The Jones (2009) index was ultimately 

selected for this study based on the advantage of filtering out day-to-day variability that is 
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included in the real-time multivariate MJO index, as well as the inclusion of large-scale 

circulation, which is not considered in OLR-only indices. 

    ENSO variability was defined based on the Oceanic Niño index, which is calculated 

by averaging sea surface temperature for the Niño 3.4 region and applying a 3-month running 

mean (Trenberth, 1997). Data were retrieved from the National Oceanic and Atmospheric 

Administration’s Climate Prediction Center website. ENSO conditions were classified based 

on monthly ONI values greater than 0.5 (El Niño), less than -0.5 (La Niña), and between -0.5 

and 0.5 (neutral).  

 

2.4 Extreme Precipitation Events 

a. Extreme Precipitation Event Definition 

 Throughout this manuscript, analyses of individual events are performed based on the 

identification of extreme precipitation using a combination of CFSR and PMD station data. 

Principal component analysis of the PMD station data for Nov.-Apr. was performed using a 

covariance matrix to reduce the number of variables by identifying a leading orthogonal 

pattern of variability that represents heavy precipitation dates at all seven stations from 1960 

to 2012 (Wilks, 2006). The first principal component explained 53% of the variability 

amongst stations, and high values were observed to correspond to high-magnitude 

precipitation at multiple PMD stations, with heavy precipitation that was widely distributed 

over the KH in CFSR. Independent 90th percentile dates (only the highest magnitude day of 

all consecutive 90th percentile days is retained) from the station-based first principal 

component timeseries and independent 90th percentile dates from aggregated CFSR 

precipitation in the KH (73-78°E, 34-37°N) produced a collection of extreme precipitation 
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events that overlapped or occurred within a 1-day lag period in 205 cases, or approximately 

67% of the time, (PMD had 295 independent events and CFSR had 308) during Nov.-Apr., 

1979-2012. These 205 overlapping extreme events are used throughout the manuscript to 

investigate how tropical forcing relates to WD and KH precipitation during the few days that 

account for the majority of regional precipitation. The approximately 33% of events that did 

not correspond between datasets were generally associated with precipitation totals slightly 

below the extreme event threshold in both datasets or above the threshold for only one of the 

datasets. These events were discarded from further evaluation. However, analyses that did 

include these events were not inconsistent with the results presented here.  

 

b. Contribution of Extreme Events to Seasonal and Annual Precipitation 

 Table 2 shows the distribution of precipitation at individual stations, their relationship 

with the first principal component that represents the combined variance of all stations, and 

the percent contribution of the 205 identified extreme events to total precipitation. Total 

precipitation for 3-day periods centered on the 205 events, which accounts for less than 10% 

of all winter days, comprised 67% of total PMD averaged precipitation for Nov.-Apr., 1979-

2012 and 36% of precipitation for all dates from 1979-2012. The 205 winter events 

contributed between 52 and 76% of total winter precipitation and between 30 and 43% of 

total annual precipitation at individual PMD stations over the 34-year study period. The 

considerable contributions to annual precipitation exhibited here are likely too low, as the 

magnitude of precipitation in winter is severely underestimated on account of difficulties in 

measuring snowfall in the KH (Palazzi et al. 2015; Norris et al. 2015b). Additionally, each 

individual station’s precipitation correlates significantly (greater than 0.7) to the first 
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principal component that represents their combined variability, and alpha values below 1.0 

indicate gamma distributions that are skewed to the right (Wilks, 2006) and are 

representative of infrequent moderate-heavy precipitation, which accounts for a 

comparatively large amount of the seasonal total (Jones et al. 2004). With respect to average 

annual precipitation reported in Table 2, it is important to note that these stations are located 

in valleys, which receive three to five times less precipitation than is observed on 

surrounding mountains during winter storms (Hewitt, 2005; 2014). The precipitation 

statistics reported here illustrate the importance of the extreme events investigated 

throughout this manuscript to KH climate and regional water resources.  

 

Table 2 – Statistics of station precipitation include: Correlation between station precipitation 
and the all-station first principal component for winter months, alpha values (shape) of the 
gamma distribution for winter precipitation, the average annual precipitation, the percent of 
the annual precipitation that falls in winter (Nov. – Apr.), the percent of winter precipitation 
that is attributed to the extreme events investigated here, and the percent of the total annual 
precipitation that is attributed to extreme events.  

 

c. Intraseasonal and Interannual Variability in the Distribution of Events 

 The differences in the number of events according to MJO and ENSO conditions are 

presented here as motivation to better understand the relationships between tropical forcing, 
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WD and KH precipitation. The number of extreme precipitation events in the KH per winter 

season is shown in Fig. 2, which additionally identifies seasons with predominantly El Niño, 

Neutral or La Niña conditions. A significant long-term trend in the number of events per 

season is not readily identified, though the most noticeable feature in the timeseries is the 

near decade-long period of below average values immediately following the 1997-98 El 

Niño. This period included three weak El Niño seasons and four La Niña seasons. Though 

ENSO is not the only influence on extreme events, the Niño 3.4 index is significantly 

correlated (p < 0.05 via a Monte Carlo Simulation) to the number of extreme events per 

season, with a Pearson moment correlation of 0.41 (removing the 1997/98 El Nino reduces 

this correlation to 0.31, which is still significant, but highlights that a few strongly correlated 

seasons contribute considerably to the relationship). The average number of extreme events 

per season during El Niño conditions (9 seasons) is 6.8, while during La Niña conditions (9 

seasons), this value drops significantly (t-test; p<0.05) to 5.4. The number of events in 

Neutral conditions (15 seasons) averages to 5.9. Additionally, the maximum number of 

events observed in a single year (10) was recorded during the 1997-98 El Niño, while the 

minimum number (2) was recorded during the 2000-01 La Niña.  

Figure 2 – Number of extreme precipitation events per winter season (Nov. – Apr.) and 
categorization based on ENSO conditions. Red line indicates mean number of events during 
9 El Niño seasons. Blue line indicates mean for 9 La Niña seasons. Gray line indicates mean 
for 15 ENSO neutral seasons. Black line identifies a 7-year running mean.  
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 Figure 3 displays the percentage of days within each phase of MJO activity that 

recorded an extreme precipitation event in the KH during winter seasons, 1979-2012. These 

statistics are additionally categorized according to ENSO conditions. We note that the 

distribution of events across phases is somewhat sensitive to the choice of MJO index, but 

that the overall conclusions presented here are consistent across the four indices tested (see 

Section 2.3). According to the Jones (2009) MJO index, phases 6, 7 and 8, experience 

proportionally more events than non-active MJO conditions, indicated here as phase 0. The 

frequency of events in MJO phases 1-4 are close to the proportions of non-active MJO, while 

the only phase that produces appreciably fewer extreme events is phase 5. The differences 

between the number of events per phase are not statistically significant. The relatively 

consistent distribution of extreme precipitation events in the KH across phases is interesting 

given that previous research has defined significant relationships between phases of the MJO 

and stormtracks (Lee and Lim, 2012; Penny et al. 2012) and has also found precipitation over 

southwest Asia as a whole to vary according to MJO phase (Barlow et al. 2005; Hoell et al. 

2014). Spatial differences in total winter precipitation across southwest Asia, including the 

KH, according to ENSO and MJO conditions are discussed in the following section. 

Differences in KH precipitation between El Niño and La Niña, and similarities between 

phases of the MJO are in agreement with the extreme precipitation event distributions 

observed here (Figs. 2 & 3).  

Figure 3 – Percentage of extreme precipitation events in each phase of MJO activity with 
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specified ENSO conditions (Nov-Apr, 1979-2012). The percentage is calculated by dividing 
the number of events in each phase by the total number of days. 

 

 Previous research has linked significant reductions in winter precipitation over 

southwest Asia to phases of the MJO that enhance convection in the eastern Indian Ocean 

and maritime continent (Barlow et al. 2005; Hoell et al. 2012). Contrastingly, phases that 

diminish convection in that tropical region enhance precipitation over southwest Asia. Based 

on those findings, this research originally investigated MJO influence on KH precipitation 

with the hypothesis that phases 3 and 4 would reduce precipitation in the KH, and that phases 

7 and 8 would enhance it. While composites of precipitation conditioned on each phase of the 

MJO did display a large-scale precipitation signal over much of southwest Asia, precipitation 

differences in the KH were generally weak and spatially inhomogeneous. Furthermore, it was 

apparent that the MJO did not have a discernible effect on the number of extreme 

precipitation events in the KH in any phase (Shown in Fig. 3). Interestingly, insignificant 

differences in KH precipitation between phases is not due to a lack of influence of the MJO, 

but rather appears to be attributable to competing signals between the MJO’s influence on 

moisture availability and dynamical forcing during WD (discussed in sections 2.5 and 2.6). 

MJO analyses presented in the following sections focus on combined phases 3 and 4, and 

combined phases 7 and 8, which represent the opposite ends of this relationship.  

 Additionally, the added influence of ENSO during MJO activity has an interesting 

effect on extreme precipitation event frequency. Inactive MJO periods experience 

proportionally more extreme precipitation events in the KH than all active phases during El 

Niño, with the exception of phases 1 and 7. In contrast, all MJO active phases experience 

more events than non-active periods during La Niña. Given the fact the MJO was generally 
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less active during La Niña (68% of winter days during El Nino conditions had an active 

MJO, compared to 60% in La Nina), it is especially interesting that a higher proportion of La 

Nina condition extreme events occurred when the MJO was also active (64% of La Nina 

extreme precipitation events occurred during MJO active periods compared to 58% of events 

during El Nino conditions). The observed event frequencies under the independent and 

combined influences of ENSO and the MJO motivate our discussion of the influence of 

tropical forcing on large-scale dynamics and moisture availability, and its importance to KH 

precipitation.  

  

2.5 MJO and ENSO Influences 

 The relationship between WD and extreme precipitation events in the KH depends on 

a number of factors that are influenced by both tropical and extratropical forcing. WD are 

infrequent, synoptic occurrences throughout the winter season that are fundamentally related 

to KH precipitation by orographic processes; however, the magnitude of orographic 

precipitation varies as a function of the moisture content of the flow, atmospheric stability, 

and cross-barrier wind speed (Roe et al. 2005). Both the WD, and the state of the background 

atmosphere are important in determining moisture flux, and their combined influence 

determines the spatial distribution and intensity of precipitation in the mountains. Cannon et 

al. (2015) showed that extreme precipitation in the KH can be generated by either strong 

cross-barrier winds, related to the position or intensity of a trough, abundant moisture, which 

may be related to a warm, moist airmass ahead of the front, seasonal changes in temperature, 

or a combination of influences. Although these mechanisms are not entirely independent, 

each WD in this analysis exhibited varying balances of influence between these components 
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according to the prevailing large-scale circulation. This section discusses the influence of 

tropical forcing at intraseasonal and interannual scales on southwest Asia climate using 

composites of variables related to orographic precipitation during different phases of ENSO 

and the MJO. The influence of these modes on individual WD at the event-scale is discussed 

in Section 2.6.  

 

a. Vertical Structure of Geopotential Height Anomalies 

 Figure 4 shows the vertical structure of geopotential height anomalies related to 

ENSO and MJO activity using CFSR data for the months of November through April, 1979-

2013. In this analysis we investigate MJO by combining phases 3 and 4, as well as a 

combination of phases 7 and 8. These phases were selected as the concomitant dynamical-

forcing and moisture-availability responses over southwest Asia are at opposite extremes 

between them, while phases 1, 2, 5 and 6 are transition phases. Only significant anomalies 

(above the 95th confidence interval, as determined by a z-test) are displayed. Significant OLR 

anomalies are also displayed to identify anomalous tropical convection. The composites in 

Fig. 4, and for all further analysis, include only dates for the respective phase during which 

the other mode was neutral (e.g. La Niña conditions with no MJO activity). There were 491 

El Niño dates with neutral MJO, 980 La Niña dates with neutral MJO, 399 dates in MJO 

phases 7 and 8 with neutral ENSO, and 414 dates in MJO phases 3 and 4 with neutral ENSO. 

The discrepancy between non-MJO dates during El Niño and La Niña reflects both 

comparatively more La Niña dates in the record, and decreased MJO activity during La Niña 

in the period investigated.  
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Figure 4 – Composites of geopotential height anomalies at 200, 500 and 850-hPa (bottom 
row) for El Nino, La Nina, MJO phases 7 and 8 and MJO phases 3 and 4. Composites 
include all dates of a given index in its respective phase during which the other index was not 
active. The top row for ENSO and MJO panels include 200-hPa wind anomaly vectors, and 
the green line indicates the mean position of the core of the subtropical jet (> 40m/s) during 
Nov to Apr. The 3000m elevation contour of the Tibetan Plateau is illustrated by a thick 
black line in all panels. OLR anomalies (contours; negative values are dashed) are included 
in the 500-hPa panels to indicate the approximate location of enhanced tropical convection 
related to ENSO and MJO. Only significant values are displayed (z-test p<0.05). The green 
box in 850-hPa panels indicates southwest Asia and the pink box indicates the Karakoram. 

 

 During El Niño (La Niña) OLR anomalies over the Maritime Continent (Fig. 4; 

overlaid on the 500-hPa panels) are associated with diabatic cooling (heating) and a 

tropically forced Rossby wave response in geopotential height anomalies over continental 

Asia, including southwest Asia (25-40°N; 40-80°E) (Fig. 4; 850-hPa panels). Barotropic 

geopotential height anomalies greater than 30gpm over southwest Asia indicate a stationary 

anticyclone during La Niña conditions, and the weakening of the subtropical jet (Fig. 4; 200-

hPa panels), while also enhancing regional stability. Both mechanisms are unfavorable for 

the development or intensification of WD and extreme precipitation. Contrastingly, El Niño 

conditions exhibit negative geopotential height anomalies below -30gpm with barotropic 

structure over nearly all of continental Asia. This favors large-scale ascent and also 

intensifies the subtropical jet, while shifting it slightly southward. In positive ENSO 

conditions, large-scale circulation favors precipitation across southwest Asia and the KH, and 

is consistent with previously documented relationships between El Niño and ample 

southwest Asia precipitation (Yadav et al. 2010, Hoell et al. 2012). Interestingly, MJO 

activity does not have a comparable relationship with total precipitation in the KH (Fig. 

10),due to differences in mid-to-upper tropospheric circulation responses to spatially similar 
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OLR anomalies across the Indian Ocean and Maritime Continent (implying similar diabatic 

heating changes) at intraseasonal scales. 

 In MJO phases 3 and 4 during ENSO neutral conditions, significant OLR anomalies 

below -20W m-2 indicate enhanced convection and diabatic heating in the eastern Indian 

Ocean (Fig. 4). Positive 200-hPa and negative 500-hPa geopotential height anomalies over 

southwest Asia indicate that the Rossby wave response to anomalous tropical forcing exhibits 

a baroclinic structure over the region of interest (Fig. 4). It can also be seen that the 200-hPa 

Rossby wave generated anticyclone is found only over southern southwest Asia, while 

significant barotropic negative anomalies are observed to the north. Opposing signs of 

geopotential height anomalies straddling the climatological position of the subtropical jet 

serve to intensify the storm track in MJO phases 3 and 4. Atmospheric conditions over 

southwest Asia favor increased stability in the region of 200-hPa subsidence; however, the 

intensified jet on the northern boundary of this region, at the approximate latitude of the KH 

(Fig. 4; top row), actually favors more precipitation on account of stronger dynamical forcing 

aloft and at the mountain front. These conditions, which are reversed in MJO phases 7 and 8, 

are explored in more detail using 500-hPa omega, wave tracks, moisture availability and 

precipitation distributions. 

  

b. Vertical Velocity 

 Figure 5 displays 500-hPa omega for the different phases of ENSO and MJO 

considered previously. The figure is illustrative of the differences between vertical velocity 

responses over southwest Asia to MJO and ENSO tropical forcing. During MJO influence, 

the 200-hPa dipole in geopotential height anomalies that straddles the subtropical jet (Fig. 4) 
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produces opposing signs of 500-hPa omega between southwest Asia and the KH (Fig. 5). 

Significant omega below -2.5 x 10-3 Pa s-1 is observed over southwest Asia, where the 

Rossby wave response induces ascent, in MJO phase 7/8 (Fig. 5; top left). Simultaneously, 

the weakened jet to the north of the anticyclone generates anomalous descent at the KH 

orographic barrier, where dynamical forcing is reduced. While large-scale ascent augments 

precipitation over southwest Asia, the concomitant weakening of orographic forcing in the 

KH is unfavorable for precipitation in the mountains. The relationship is reversed during 

MJO phase 3/4, which inhibits precipitation over southwest Asia through increased 

subsidence, but favors dynamically forced ascent and precipitation at the KH orographic 

barrier (Fig. 5; top right). The vertical velocity signal is more uniform between regions under 

ENSO conditions, with broad-scale ascent during El Niño and subsidence during La Niña 

(Fig. 5; bottom left and right, respectively). These differences have important ramifications 

with respect to WD activity and thermodynamic balance in the region.  

 

Figure 5 – Composites of significant (z-test; p < 0.05)  500-hPa omega anomalies during El 
Niño (bottom left), La Niña (bottom right), MJO phases 7 and 8 (top left) and MJO phases 3 
and 4 (top right). Composites include all dates of a given index in its respective phase during 
which the other index was not active (Nov. – Apr. 1979-2013). The 3000m-elevation contour 
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of the Tibetan Plateau is illustrated by a thick black line. OLR anomalies (purple contours; 
negative values are dashed) indicate the approximate location of enhanced tropical 
convection related to ENSO and MJO. Only significant values are displayed.   

 

c. Wave Tracks 

 Lagrangian approaches to investigating the effect of the MJO on winter storm tracks 

over the Northern Hemisphere (e.g. Penny et al. 2012) have been performed previously, but 

an analysis specific to southwest Asia has not yet been undertaken. The frequency of 500-

hPa wave tracks in each phase of ENSO and the MJO, which indicates the propagation of 

WD over southwest Asia (Cannon et al. 2015), is shown in Figs. 6 and 7, respectively. The 

tracking technique employed here is that of Cannon et al. (2015), which uses the 500-hPa 

signature of WD in standardized geopotential height anomalies to differentiate individual 

disturbances (troughs) from the background flow, and to track their propagation in the 

Northern Hemisphere using the day-to-day spatial correlation of cyclonic features. The 

advantage of this particular technique is specific to WD, which propagate along relatively 

low latitudes, encounter highly variable topography, exhibit strong tropical influences and 

are spatially complex. This method is proven to accurately identify the primary atmospheric 

circulation pattern that produces KH precipitation events and has been used for additional 

analysis of regional climate (see Cannon et al. 2015 for additional details).  
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Figure 6 – 500-hPa wave track density (number of tracks recorded divided by the number of 
days in the given ENSO phase when MJO was inactive) map indicating trajectories of centers 
of disturbances recorded during Neutral (top), El Niño (middle) and La Niña (bottom) ENSO 
conditions, Nov. to Apr. 1979-2013. The 3000m-elevation contour of the Tibetan Plateau is 
identified by a thick black line.  
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Figure 7 – 500-hPa wave track density (number of tracks recorded divided by the number of 
days in the given MJO phase when ENSO was neutral) map indicating trajectories of centers 
of disturbances recorded during MJO phases 1-8, Nov. to Apr. 1979-2013. The 3000m-
elevation contour of the Tibetan Plateau is identified by a thick black line. 

 

 Figure 6 illustrates increased WD track activity over southwest Asia during ENSO 

warm phases relative to neutral and cool phases, when the MJO was inactive. This 

corresponds with an increase in the strength of the subtropical jet (Cannon et al. 2014) and 

barotropic negative geopotential height anomalies over the region (Fig. 4). Contrastingly, 

track frequency during MJO phases without ENSO influence (Fig. 7) is increased during 
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phases in which tropical forcing favors subsidence over southwest Asia (Phases 2-4). The 

discussion above indicated important differences in the vertical structure of Rossby wave 

responses to tropical forcing from either ENSO or the MJO (Fig. 4). The baroclinic response 

observed during MJO activity in the eastern Indian Ocean (phases 2-4) results in enhanced 

track activity, likely related to the intensification of the subtropical jet to the north of the 

anomalous region of subsidence, while the barotropic response during the cool phase of 

ENSO reduces WD activity. Takashi and Shirooka (2014) similarly show increased vertically 

integrated eddy kinetic energy over southwest Asia during El Niño and the negative phase of 

the MJO, confirming the positive influence on the region’s storm track observed here using a 

Lagrangian approach.  

 

d. Moisture Availability 

 In addition to dynamical forcing by WD impinging on topography, moisture 

availability is essential to orographic precipitation generation (Roe et al. 2005). Despite 

dissimilarities in mid-level circulation and WD activity, similar reductions in precipitation 

over southwest Asia between MJO phases 3/4 and La Niña (Hoell et al. 2012) may be 

attributable to decreased moisture flux toward the region in both cases. Figure 8 shows 

precipitable water and vertically integrated moisture flux anomalies for MJO phases 3/4 and 

7/8, and ENSO in positive and negative phases. The reduction in available moisture during 

MJO phases 3/4, as indicated by significant precipitable water anomalies below -2kg m-2 over 

all of southwest Asia, greatly reduces the efficiency of orographic precipitation and cloud 

generation for mountainous regions of southwest Asia, despite abundant track activity (Fig. 

7). Interestingly though, these generalizations for southwest Asia do not hold true for the 
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Karakoram, where extreme topography adjacent to the climatologically moist Gangetic Plain 

complicates the relationship between tropical forcing by the MJO and WD precipitation. It is 

also important to note that the spatial distribution of vertically integrated moisture flux 

anomalies is nearly identical between MJO 3/4 and La Niña, as well as between MJO 7/8 and 

El Niño. Strong anomalous flow from southwest Asia toward the region of enhanced 

convection over the eastern Indian Ocean is observed in the MJO 3/4 and La Niña, and 

opposite flow in the MJO 7/8 and El Niño.  

.  
 
Figure 8 – Significant precipitable water and vertically integrated moisture flux anomalies  
for ENSO and MJO activity, as indexed in Fig. 3. 
 
 
 Despite the similarities in moisture conditions amongst phases of the MJO and 

ENSO, the observed temperature anomalies are not consistent (Fig. 9). El Niño, which 

produces anomalous moisture exceeding 2kg m-2 over the Indian Subcontinent, exhibits 

significantly negative temperature anomalies over all of southwest Asia. The more than 2°C 

drop in average temperature during El Niño conditions is attributable to cold air protruding 

further south than climatologically expected on account of the significant barotropic negative 
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geopotential height anomalies over southwest Asia. Similar moisture conditions are observed 

during MJO 7/8, but temperature anomalies are of the opposite sign, as significant warming 

is generated by warm-air advection that balances anomalous regional ascent within the 

baroclinic environment (Fig. 5; top left). It is also worth emphasizing that the two modes 

exist on very different time scales. Interannual dry or wet periods related to ENSO likely 

produce significant changes in temperature and moisture via land-atmosphere feedbacks over 

southwest Asia that are not as well established over the relatively short duration of an MJO 

event. 

 

Figure 9 – Significant 2m temperature and vertically integrated moisture flux anomalies  for 
ENSO and MJO activity, as indexed in Fig. 3.  

 

e. Contributions of Dynamical Forcing and Moisture Availability to Precipitation 

 During El Niño periods without MJO activity, increased available moisture and 

dynamical forcing (Figs. 6 & 8) greatly enhance precipitation across southwest Asia and in 

the KH relative to La Niña conditions, which simultaneously limit these contributions to 

WD-driven precipitation (Fig. 10). Similar precipitation teleconnections are documented in 
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previous studies (e.g. Mariotti, 2007; Yadav et al. 2010; Cannon et al. 2014). However, 

tropical forcing related to the MJO has a more complex relationship with the KH as 

dynamical forcing and moisture influences that enhance precipitation are not observed in the 

same phases across all of southwest Asia. For example, in MJO phases 3/4 during ENSO 

neutral conditions, the spatial patterns of moisture flux and precipitable water anomalies are 

similar to La Niña; however, large-scale descent is observed over southwest Asia (Fig. 5), 

which remains dry, while an intensified subtropical jet to the north, at the approximate 

latitude of the KH, dynamically enhances ascent at the orographic barrier (Fig. 4). In the KH, 

orographic forcing is thus intensified and reduced available moisture does not translate to 

reduced precipitation relative to phases 7/8 (Fig. 10; bottom). Compared to the rest of 

southwest Asia, which demonstrates significant precipitation differences amongst MJO 

phases (Barlow et al. 2005), orographic precipitation in the KH benefits from more moisture, 

which is garnered from the Arabian Sea and recycled from the Gangetic Plain (Curio et al. 

2015), and higher topography, which increases the effectiveness of dynamical forcing in 

generating precipitation.  
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Figure 10 – Differences in CFSR precipitation between El Niño and La Niña (top) and MJO 
phases 7, 8 and 3, 4 (bottom). Values that exceed the 95th percentile confidence interval 
(based on a t-test) are stippled. Blue shading indicates comparatively higher precipitation 
accumulations in El Niño (top) and MJO 7,8 (bottom), while green shading indicates higher 
accumulations in La Niña (top) and MJO 3,4 (bottom). The red box indicates the location of 
the KH region. 

 

f. Spatial and Temporal Patterns of Precipitation 

 Given the difficulties associated with modeling or measuring precipitation within the 

study area’s heterogeneous topography (Lang and Barros, 2004; Bookhagen and Burbank, 

2010; Norris et al. 2015a,b), this section evaluates the consistency of precipitation patterns 

related to the MJO and ENSO across data sets. Figure 11 demonstrates differences in 

precipitation between MJO phases 3/4 and 7/8 during ENSO neutral, and between El Niño 
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and La Niña without MJO activity, for CFSR, APHRODITE (land only) and TRMM. Large-

scale precipitation patterns associated with ENSO and the MJO are consistent amongst all 

three data sets. Precipitation over the eastern Indian Ocean is significantly enhanced in MJO 

3/4 and La Niña, on account of the location of related tropical convection in the eastern 

Indian Ocean and Maritime Continent (note that Aphrodite does not cover oceanic areas). 

Additionally, all three datasets are consistent in indicating increased precipitation over 

southwest Asia in MJO 7/8 and El Niño. These similarities lend confidence to the robustness 

of the large-scale pattern of precipitation associated with the observed changes in dynamics 

and moisture related to tropical forcing (Fig. 10).  



	 95	

 

Figure 11 – Differences in CFSR (top), APHRODITE (middle) and TRMM (bottom) 
precipitation between MJO phases 7, 8 and 3, 4 (left column) and between El Niño and La 
Niña (right column) Nov-Apr, 1998-2007. Values that exceed the 95th percentile confidence 
interval (based on a t-test) are stippled. Blue shading indicates comparatively higher 
precipitation accumulations in MJO 7, 8 or La Niña, while green shading indicates higher 
accumulations in MJO 3, 4 or El Niño. The red square identifies the KH.  

 

 On a regional scale, orographic precipitation is less consistent amongst datasets. 

Though TRMM, APHRO and CFSR record significantly more precipitation throughout the 

majority, if not all, of the KH during El Niño than La Niña, large discrepancies exist between 

MJO phases. APHRODITE estimates significantly more precipitation in the KH during MJO 
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3/4, while CFSR and TRMM do not indicate a significant difference between phases. This 

discrepancy accentuates that the magnitude and distribution of precipitation in the KH is not 

consistent amongst datasets due to persistent biases in each product. The better-established 

differences at interannual scales (ENSO) mask this issue, while intraseasonal differences 

(MJO) are less defined and more prone to discrepancies. Comparisons between these 

precipitation dataset’s climatologies have been performed previously (Palazzi et al. 2013; 

Cannon et al. 2014, 2015). TRMM particularly struggles with estimating solid-state 

precipitation at high elevations of the KH (Barros et al. 2000, 2006), and one reason for the 

strong bias toward increased precipitation in MJO phase 7/8 may be that increased 

temperatures in this phase produce proportionally more liquid precipitation at low elevations 

of the KH, which is better detected relative to heavy precipitation in phase 3/4. 

Unfortunately, APHRODITE has considerable issues in estimating precipitation in the KH 

that are related to the dearth of stations and their interpolation, while CFSR is too coarse to 

adequately resolve orographic precipitation processes and is also subject to deficiencies in 

model physics and parameterizations of meteorological processes. Thus, it is not possible to 

definitively state that any single data source is better than the others. 

 In order to avoid difficulties related to precipitation estimates across datasets, the 

emphasis of this research is on extreme precipitation events, the timing of which are more 

consistent amongst datasets given that the largest magnitude events are typically the most 

widespread and well-recorded across all platforms (Cannon et al. 2014; 2015). Thus, the 

relationship between tropical forcing and WD events is consistent and robust, irrespective of 

the precipitation dataset used, because the days for which meteorological variables are 

investigated are consistent. Throughout the remainder of the manuscript only mechanisms 
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that control orographic precipitation are considered, while the magnitude and spatial 

distribution of precipitation is not further investigated. 

 

2.6 Individual Event Dynamics 

 Typically, 4-6 WD contribute more than half of the total seasonal precipitation (Table 

2), though the exact number varies annually (Cannon et al. 2015). Beyond the few days 

during which these events affect the region, the relationships between global modes of 

atmospheric variability and KH climate are of minor consequence for observed precipitation 

(though temperature and cloud cover changes, which are not discussed here, may remain 

important for overall hydrology). Therefore, this section is dedicated to investigating 

differences in dynamical forcing and moisture availability within the region’s atmosphere, on 

account of tropical forcing, on the day of WD-related extreme precipitation. Composites of 

individual extreme events in each phase of MJO and ENSO activity are used to identify key 

differences in WD attributes that alter their relationship with orographic precipitation in the 

KH. As in Section 2.5, ENSO influences are considered for dates when the MJO was inactive 

and MJO activity is investigated only during ENSO neutral conditions. We observe WD to 

account for extreme precipitation events across all phases of MJO and ENSO (Fig. 3), though 

extreme precipitation is achieved by unique contributions of dynamical forcing, moisture 

availability, and stability to orographic forcing.  

 Figure 12 shows composites of 500-hPa geopotential height and precipitable water 

anomalies for 21 extreme precipitation events in the KH occurring in El Niño conditions 

without MJO activity (top left), 24 events in La Niña conditions without MJO activity (top 

right), 13 events in the positive phase of MJO (phase 7/8) during ENSO neutral (bottom left) 
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and 11 events in the negative phase of MJO (phase 3/4) during ENSO neutral (bottom right) 

in winter seasons (Nov–Apr, 1979-2012).  

 

Figure 12 – Composites of precipitable water anomalies (color) and significant 500-hPa 
geopotential height anomalies (contour; negative values are dashed) during extreme 
precipitation events in the Karakoram in El Niño (top left), and La Niña (top right), as well as 
MJO phases 7 and 8 (bottom left) and 3 and 4 (bottom right). Only events occurring when 
only one mode is active are shown. The red box marks the approximate location of the 
Karakoram. Stippling indicates significance of precipitable water anomalies above the 95th 
percentile confidence interval (z-test).      

 

a. ENSO 

 The signature of WD in mid-troposphere geopotential height is observed during 

extreme precipitation in both phases of ENSO, with deep depressions to the west of the KH. 

The observed trough generates cyclonic flow that is perpendicular to topography in the KH 

(Lang and Barros, 2004; Cannon et al. 2014). Differences in the geopotential height and 

precipitable water fields can be understood by superimposing average WD conditions onto 

the background conditions associated with positive or negative ENSO phases (Section 2.5). 
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El Niño conditions, associated with barotropic negative geopotential height anomalies over 

central Asia (Fig. 4) and an intensification of the sub-tropical jet (Yadav et al. 2010; Cannon 

et al. 2014), favor deeper negative anomalies that expand over a larger area during WD 

events. Contrastingly, an extratropical cyclone propagating across positive anomalies 

generated by La Niña conditions (Fig. 4) exhibits less zonal structure and more of a 

shortwave pattern. Shallow anomalies (-82gpm minimum compared to -95gpm minimum in 

El Niño) in this case are indicative of weakened cyclonic flow and diminished dynamical 

forcing of precipitation over topography. Precipitation differences elicited by circulation are 

exacerbated by additional differences in moisture availability.  

 ENSO related changes in surface pressure over the Maritime Continent and eastern 

Indian Ocean drive anomalous wind and moisture flux. Reduced convection over the 

Maritime Continent during El Niño relaxes equatorial Indian Ocean westerlies and reduces 

offshore winds from southwest Asia (Fig. 8). Precipitable water anomalies in the western 

Indian Ocean are significantly positive and extend northward over southwest Asia due to the 

weakening of the mean northeasterly moisture flux over the Arabian Sea, which curves 

eastward near the equator. The combination of enhanced dynamical forcing and ample 

moisture over southwest Asia in El Niño conditions favors high-magnitude KH precipitation 

during extratropical cyclones. Moisture along the cyclone’s warm front is supported by the 

entrainment of anomalously large quantities of precipitable water over the Arabian Sea, 

while stronger dynamical forcing aloft enhances the intensity of orographic forcing of the 

moist flow. Both dynamical forcing and moisture conditions support an enhancement of 

orographic precipitation during WD in El Niño conditions compared to La Niña. This is 

presumably the reason for the observed precipitation differences at seasonal scales over 
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southwest Asia as well as the KH (Fig. 10) (Syed et al. 2006; Yadav et al. 2010; Dimri et al. 

2012; Cannon et al. 2014). Though the 1997/98 El Nino does account for 7 of 21 events in 

the El Nino analysis, a composite of the remaining 14 events from El Nino conditions in 

other years is not appreciably different from the results shown in Fig. 12. Both the magnitude 

and spatial distribution of anomalies are nearly identical to that of the full set of El Nino 

condition events (not shown).  

 

b. MJO 

 In contrast to the conditions observed during ENSO activity, phases of the MJO 

propagation cycle that favor the dynamical enhancement of WD simultaneously suppress 

available moisture over southwest Asia, and vice versa. The bottom panel of Fig. 12 shows 

composites of significant 500-hPa geopotential height and precipitable water anomalies 

during extreme precipitation events in the KH, categorized by MJO phase when ENSO was 

neutral. It is also important to note that each composite is comprised of only 11 and 13 

events, so any single event carries considerable weight. Incipient WD in MJO 3/4 propagate 

in conditions that favor an intensified westerly jet upstream of the KH. Negative geopotential 

height anomalies at 500-hPa and below (Fig. 4) favor deeper WD troughs over southwest 

Asia, while available moisture is at a comparative minimum. Extreme precipitation is 

achieved through strong dynamical forcing at the mountain front, which efficiently extracts 

moisture at the orographic barrier. The average geopotential height anomaly at the WD 

center is lower than -100gpm during negative MJO compared to -40gpm in MJO phases 7/8, 

and maximum precipitable water in the KH is halved from phases 7/8 to phases 3/4. During 

MJO 7/8, extreme precipitation events are more strongly related to abundant moisture over 
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the western Indian Ocean, southwest Asia, and India, which is advected to the KH by 

comparatively weak cyclonic flow. Negative precipitable water anomalies over southwest 

Asia are found only in the trough, where cold air advection exists for the duration of the 

event. The high temperature and moisture content of the flow impinging on topography 

enables heavy precipitation (Krishbaum and Smith, 2008), both at the first orographic barrier 

as well as at subsequent peaks in the interior of the range, in the absence of strong cross-

barrier winds (e.g. Norris et al. 2015a). Extreme precipitation is generated by enormous 

amounts of available moisture (significant anomalies in excess of 6kg m-2 upstream of the 

KH) and reduced stability, which compensate for diminished dynamical forcing in positive 

phases of the MJO.   

  

2.7 Conclusions 

 Climate in the Karakoram and western Himalaya (KH) is influenced by global modes 

of variability at interannual and intraseasonal scales. In this work we focus on investigating 

how Westerly Disturbances (WD), which are the primary source of KH precipitation, are 

influenced by the El Niño Southern Oscillation (ENSO) and the Madden Julian Oscillation 

(MJO). These modes are known to modify circulation over southwest Asia by a forced 

Rossby wave response to changes in convection and diabatic heating over the eastern Indian 

Ocean/Maritime Continent. Though it is understood that no single extreme precipitation 

event’s occurrence can be attributed to MJO activity or ENSO conditions, it is apparent that 

ENSO variability at interannual scales and MJO variability at intraseasonal scales have 

important influences on both dynamical forcing and moisture availability within westerly 

disturbances (WD) and thus modify the distribution of orographic precipitation in the KH. 
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Both ENSO and the MJO produce spatially similar patterns of OLR anomalies (a proxy for 

diabatic heating changes) over the Maritime Continent and eastern Indian Ocean, though 

tropical forcing associated with each mode uniquely influences WD activity and KH 

precipitation. Individual extreme precipitation events in the KH were investigated to 

highlight each mode’s relationship with regional hydrology through the systems that 

dominate winter climate, which is essential to understanding the current state and future fate 

of High Asia’s water resources. 

 During El Niño, atmospheric conditions that support increased precipitation over 

southwest Asia and the KH, including the intensification and southward displacement of the 

subtropical jet and abundant available moisture over southwest Asia, combine to drastically 

increase the frequency of observed extreme precipitation events relative to La Niña or neutral 

conditions. In La Niña conditions WD have minimal available moisture and exist in an 

environment that opposes dynamical enhancement, and thus extreme precipitation events in 

the KH are proportionally less frequent. The period of reduced extreme event frequency at 

the start of the 21st century that is defined by a strong and persistent La Niña is consistent 

with a well-documented catastrophic drought over southwest Asia (Argawala et al. 2001). 

However, it is important to note that even in the La Niña years, when large-scale dynamics 

inhibit the development of strong WD with abundant moisture, extreme precipitation events 

still occur with only one-to-two fewer events observed per season relative to the climatology. 

This is attributable to the influence of tropical forcing associated with the MJO, as discussed 

in this manuscript, and to extratropical influences on the strength and moisture content of 

WD, which are not discussed here. 
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 Based on the Jones (2009) MJO index, the distribution of extreme events across 

phases of the MJO is relatively uniform, with the exception of phase 5, in which dynamic and 

thermodynamic conditions that are unfavorable for the development of orographic 

precipitation persist over southwest Asia. This is the transition period between moisture 

limited WD in phases 3/4 of the MJO and dynamical forcing limited WD in phases 7/8. A 

reduction of available moisture over southwest Asia similar to La Niña conditions is 

observed in MJO phases 3/4, but dynamical forcing of WD is intensified, as reflected by 

deeper troughs in event composites, likely related to intensification of the subtropical jet 

north of the upper-level anticyclone. The occurrence of extreme precipitation in such 

conditions is contingent on dynamically intense WD as prevailing moisture and stability 

conditions oppose extreme precipitation. In phases of MJO variability that favor enhanced 

available moisture over southwest Asia (phases 7/8), the intensity of WD and related cross-

barrier winds in the KH are reduced. Extreme precipitation events in the mountains in phases 

7/8 are largely driven by warm, moist unstable flow in absence of strong dynamical forcing. 

Competing contributions from dynamical and thermodynamic mechanisms exist across all 

phases of the MJO, and have a significant influence on the processes that produce regional 

extreme precipitation.  

 It is apparent that the MJO does not favor extreme precipitation in any one phase, but 

rather that the influence of dynamic and thermodynamic mechanisms that drive extreme 

precipitation during WD evolves as the MJO propagates. This is extremely important in 

understanding the influence of competing modes of variability on the relationship between 

WD and KH precipitation. Given the fact the MJO was generally less active during La Niña 

compared to El Niño, it is especially interesting that a higher proportion of this ENSO 
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phase’s extreme events occurred when the MJO was also active.. Extreme events occurring 

during La Niña are comparatively more dependent on the influence of the MJO to generate 

the necessary dynamic and thermodynamic conditions to achieve heavy orographic 

precipitation in the KH. This is due to the persistence of unfavorable large-scale conditions 

for the development and enhancement of extreme-precipitation WD in La Niña conditions. It 

is also noteworthy that, of 205 extreme events in the KH, 34 occurred in ENSO neutral 

seasons when the MJO was inactive, which emphasizes that there are influences on WD and 

KH precipitation beyond those related to tropical forcing. Teleconnections other than the 

MJO and ENSO, and extratropical forcing, are outside the scope of this paper, but remain 

relevant to understanding KH hydrology. 

 The unique relationships between global variability and KH precipitation discussed 

here are a consequence of the region’s unique geographical setting and climate, which 

juxtaposes a warm ocean with the world’s highest mountains, in the path of the subtropical 

jet. Similar relationships would not be expected in many other regions around the globe. This 

research has demonstrated that extreme precipitation events in the KH are related to different 

contributions of dynamical forcing and moisture availability within WD, according to 

tropical forcing at intraseasonal and interannual scales. Independent and joint variability in 

tropical forcing by ENSO and MJO-driven diabatic heating must become major 

considerations of long-term evaluations of KH hydrology. Deconstructing the relationship 

between regional precipitation and global modes of variability allows for the evaluation of 

the individual components, which may not behave consistently under future climate 

conditions. For example, it is essential to understand the role of moisture, independent of 

circulation, because in a warming climate moisture availability will change exponentially 
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with temperature (Held and Soden, 2006; Hartmann et al. 2013). Additionally, extratropical 

circulation, including the position and intensity of midlatitude jets, will undergo significant 

changes (Fu and Lin, 2011) as 21st century warming manifests changes in global temperature 

gradients (Lemke et al. 2007; Hartmann et al. 2013), which the IPCC has only begun to 

address (Christensen et al. 2013).  Consequently, hypotheses of WD behavior under ENSO or 

MJO influence that do not account for individual contributing components will be drastically 

different between current and future climate conditions. These weather-climate relationships 

will lead to improved forecasting of WD precipitation (Schubert et al. 2002; Barlow et al. 

2005), and long-term predictability of water resources over southwest Asia and the KH 

(Immerzeel et al. 2009; Palazzi et al. 2013; Ridley et al. 2013; Kapnick et al. 2014). 

 Continued research should additionally utilize regional climate models to investigate 

how changes in temperature, humidity, and wind at the orographic barrier, which are related 

to global modes of variability, modify mesoscale spatial and temporal distributions of 

snowfall in the KH during WD events. The influence of dynamic and thermodynamic 

contributions to orographic precipitation are likely increasingly complex at these scales, and 

will be necessary to understand in order to evaluate regional hydrology in future climate 

scenarios. Continued progress toward identifying the effect of global climate on Karakoram 

and western Himalaya hydrology will ultimately benefit hundreds of millions of people that 

are dependent on the region’s water resources. 
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III. Chapter 3: Preface 

 Dynamical downscaling of reanalysis for extreme precipitation event case studies 

benefits the investigation of High Mountain Asia hydroclimate by more realistically 

representing regional orographic precipitation processes and meteorological forcing than is 

possible with coarse grid-scale reanalyses, which do not resolve the region’s topographic 

complexity (Maussion et al. 2014; Norris et al. 2015). Well-tuned Weather Research and 

Forecasting (WRF) model configurations at high spatiotemporal resolution have proven 

capable of simulating WD dynamics and precipitation in mountainous regions of Asia 

(Maussion et al. 2014; Norris et al. 2015). Norris et al. (2015; 2016) built upon work by 

Maussion et al. (2011; 2014) to develop a WRF configuration that was tuned to simulate 

mesoscale precipitation patterns in High Asia by evaluating WRF against available in-situ 

observations and remotely sensed data. Results from mesoscale modeling studies have 

enabled investigations of High Asia climate and regional hydrology that would not have 

otherwise been possible (e.g. Collier et al. 2013; Norris et al. 2015; Curio and Scherer, 2016). 

In the third chapter of this dissertation, the optimal model configuration from Norris et al. 

(2015; 2016) is utilized to perform a set of modified topography experiments to test the effect 

of smoothed topography, such as that resolved by a global circulation model, on extreme 

precipitation event simulation over High Mountain Asia.   
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3.1 Abstract 

Efficient water-resource management in High Mountain Asia is essential to sustain 

populations across a large portion of Asia. Numerous studies have projected future changes 

in the region’s hydrology based on temperature and precipitation from global circulation 

models (GCM) under future climate scenarios. Although the potential benefit of such studies 

is immense, coarse grid-scale GCMs are unable to resolve High Mountain Asia’s complex 

topography and thus have a biased representation of regional weather and climate. We 

investigate biases in the simulation of physical mechanisms that generate snowfall and 

contribute to snowpack in High Mountain Asia in coarse topography experiments using the 

Weather Research and Forecasting model. Regional snowpack is event driven, thus 33 

extreme winter orographic precipitation events are simulated at fine atmospheric resolution 

with 6.67km-resolution topography and smoothed 1.85°x1.25°-GCM topography. As with 

many modified topography experiments performed in other regions, the distribution of 
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precipitation is highly dependent on first-order orographic effects, which dominate regional 

meteorology. However, we demonstrate that topographic smoothing enhances circulation in 

simulated extratropical cyclones, with significant impacts on orographic precipitation. 

Despite precipitation reductions of 28% over the highest ranges, due to reduced ascent on 

windward slopes, total precipitation over the study domain increased by an average of 9% in 

smoothed topography experiments on account of intensified extratropical cyclone dynamics 

and cross-barrier moisture flux. These findings identify an important source of bias in coarse-

resolution simulated precipitation in High Mountain Asia, with important implications for the 

application of GCMs toward projecting future hydroclimate in the region. 
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3.2 Introduction 
 
 Developing future water management and planning strategies requires the estimation 

of current and future precipitation magnitudes and variability (Wehner, 2013). In recent 

years, a large number of studies have employed global circulation models (GCM) to estimate 

future precipitation in High Mountain Asia (e.g. Lutz et al. 2013; Kapnick et al. 2014; 

Palazzi et al. 2013, 2014; Shea et al. 2015). The work of Palazzi et al. (2014) analyzed the 

properties of precipitation in western High Mountain Asia as simulated by 32 state-of-the-art 

GCMs participating in the Coupled Model Intercomparison Project phase 5 (CMIP5; World 

Climate Research Program, 2011). They found that the multi-model ensemble mean, and 

most individual models, exhibit a wet bias with respect to observations in western High 

Mountain Asia for all seasons, and that the models differ considerably in their representation 

of seasonal climatologies. In general, no single model (or group of models) consistently 

outperformed all others for all the statistics considered, and the large spread in the behavior 

of individual models warrants caution in evaluating multi-model ensemble means over high 

topography (Palazzi et al. 2014). Despite model uncertainty, a number of studies have 

utilized ensemble mean precipitation and temperature from GCMs to drive hydrologic 

models under future climate conditions and project changes in High Mountain Asia’s water 

resources (e.g. Lutz et al. 2013; Shea et al. 2015; Soncini et al. 2015; Su et al. 2016). Miller 

et al. (2012) provides a synthesis of previous studies projecting hydroclimate changes in 

High Mountain Asia. Though uncertainty in GCM-simulated precipitation is not well 

understood, a pertinent concern for High Mountain Asia, which our study addresses, is the 

effect of topographic resolution on the simulation of orographic forcing in the region’s 

complex topography.  
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 GCMs typically have resolutions on the order of hundreds of kilometers and, 

consequently, have coarse topography and an unrealistic representation of topographic 

forcing of weather and climate (Yorgun and Rood, 2014). The current study investigates how 

topographic smoothing affects the simulation of the primary drivers of precipitation in 

western High Mountain Asia. Extratropical cyclones are the primary climatic influence in 

High Mountain Asia during non-monsoon months (Singh et al. 1995; Lang and Barros, 2004; 

Barlow et al. 2005; Dimri et al. 2015), delivering in excess of 50% of the total annual 

precipitation (Lang and Barros, 2004; Barlow et al. 2005; Barros et al. 2006; Bookhagen and 

Burbank, 2010; Cannon et al. 2014; Wulf et al. 2016). These events, termed “Westerly 

Disturbances” (WD), generate heavy orographic precipitation when moisture flux along the 

cyclone’s front encounters High Mountain Asia topography. The majority of WD-generated 

precipitation falls as snow over the Karakoram and western Himalaya’s high mountains, thus 

augmenting the region’s snowpack and glaciers (Anders et al. 2006; Tahir et al. 2011; Ridley 

et al. 2013; Cannon et al. 2015).  

 Amongst extreme events, there is considerable variability in the dynamic and 

thermodynamic influences on precipitation, as available moisture, atmospheric stability and 

the strength and orientation of cross-barrier winds that drive orographic uplift, all vary on an 

event-by-event basis (Cannon et al. 2015, 2016). This manuscript details the effects of 

topographic smoothing on simulated relationships between dynamical forcing, moisture 

availability and orographic precipitation in High Mountain Asia, and quantifies bias in the 

representation of precipitation in coarse-topography simulation. In reference to previous 

studies that have identified significant influences of topographic resolution over 

meteorological simulation (e.g. Mass et al. 2002; Colle et al. 2008; Gutmann et al. 2012), the 
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modified experiments presented here are unique in their focus on real WD events and their 

control of horizontal resolution.  

 Here, The Weather Research and Forecasting model is used to investigate the 

influence of topographic smoothing on model bias by simulating 33 WD events using both 

6.67km-resolution topography and smoothed 1.85°x1.25°-GCM topography. Differences in 

the generation of orographic precipitation are quantified across experiment types by 

evaluating the absolute magnitude and percentage change of dynamic and thermodynamic 

mechanisms. Identifying bias improves understanding of uncertainty in GCM representation 

of regional climate, and is essential for the prudent application of GCM output toward 

projecting water resources availability in High Mountain Asia, as well as other mountainous 

regions. 

 

3.3 Data 

a. In-Situ Data 

 Data from 7 in-situ stations located at low elevations of the Karakoram aid in the 

selection of extreme precipitation events for WRF simulation. A reference map of the study 

region and station locations is shown in Fig. 1. Here, we consider daily-accumulated 

precipitation from 7 Pakistani Meteorological Department (PMD) stations for the period 

1960-2012. We assume that extant biases in the magnitude of station-measured precipitation 

in the Karakoram and western Himalaya (Hewitt et al. 2014) are constant in time and thus do 

not affect the selection of extreme events relative to all other dates in the record (Cannon et 

al. 2016). 



	 118	

 

Figure 1 – Topography map of the study area and station data locations (red circles). 
International borders are outlined in black. Blue shading indicates glacier coverage. The inset 
map shows the location of the study region (black box) over color-shaded topography. 

 

b. Meteorological Data from Reanalyses 

 Climate Forecast System Reanalysis (CFSR) data, from the National Centers for 

Environmental Prediction (Saha et al. 2010), are used to investigate large-scale climate and 

the dynamics of WD, as well as to initialize WRF simulations. CFSR is available at 0.5° 

horizontal-resolution for the period 1979-2013. CFSR was chosen on account of its spatial 

resolution and modern data assimilation system (Saha et al. 2010).  

c. Extreme Precipitation Event Definition 

 Analyses of individual events are performed based on the identification of extreme 

precipitation using a combination of CFSR and PMD station data (Cannon et al. 2016). First, 

principal component analysis of the data from PMD stations for Nov.-Apr. was performed 
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using a covariance matrix to reduce the number of variables by identifying a leading 

orthogonal pattern of precipitation variability across all 7 stations from 1979 to 2012 (Wilks, 

2006). The first principal component explained 53% of the variability amongst stations, and 

high values were observed to correspond to high-magnitude precipitation at multiple PMD 

stations. CFSR, which was not included in the PCA analysis, also exhibited heavy 

precipitation over the western Himalaya and Karakoram during peaks in the first principal 

component. Independent 90th percentile dates (only the highest magnitude day of all 

consecutive 90th percentile days is retained) from the station-based first principal component 

timeseries and independent 90th percentile dates from aggregated CFSR precipitation in the 

western Himalaya and Karakoram (73-77°E, 34-37°N) produced a collection of extreme 

precipitation events that overlapped in 205 cases, or approximately 67% of the time, (PMD 

had 295 independent events and CFSR had 308) during Nov.-Apr., 1979-2012. For this work 

we dynamically downscale only 33 of the 205 extreme events on account of limited 

computing resources. Details on the event selection process are given in Section 3.5.  

 

3.4 Model Configuration 

 Each one-day extreme precipitation event was simulated using version 3.7 of the 

Advanced Research Weather and Forecasting (ARW-WRF, hereafter WRF) model 

(Skamarock et al. 2008). For each selected date, 36-hour simulations were initialized at 

12UTC the day preceding the event, with the first 12 hours of simulation being discarded as 

“spin-up” (Maussion et al. 2014). Simulations were performed with two domains using one-

way interaction, with an outer domain horizontal resolution of 20km and an inner domain 

resolution of 6.67km (3:1 ratio) on a Mercator projection (similar to Norris et al. 2015a,b). 
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An adaptive time step with an upper limit of 120s for the outer domain and 45s for the inner 

domain was used. Initial and lateral boundary conditions were garnered from CFSR. The 

parameterization schemes employed are listed in Table 1. Norris et al. (2015) performed 

thorough testing of this particular configuration. They concluded that although no single 

configuration is ideal across all conditions, this particular set-up demonstrated the most 

realistic results for WD simulations in High Mountain Asia. WRF uses a terrain following 

vertical coordinate (50 levels in these simulations), but output has been interpolated to 

pressure levels for this discussion. 

Microphysics Thompson (Thompson et al. 2008) 
Lon(°E) 
Agency 
Date Range 

Surface Layer MM5 Monin-Obukhov (Monin and Obukhov, 1955) 

Land Surface Noah (Niu et al. 2011) 

Longwave Radiation Rapid Radiative Transfer Model (RRTM, Mlawer et al. 1997) 

Shortwave Radiation Dudhia (Dudhia, 1989) 

Boundary Layer Yonsei University (Hong et al. 2006) 

Cumulus Kain – Fritsch (Kain, 2004) - outer domain only 

Table 1 – Parameterizations employed in WRF experiments. 

 

 We additionally performed simulations of the 33 extreme events using coarse 

resolution topography to test how regional meteorology and orographic precipitation are 

modified when simulated over GCM-type topography, which is considerably smoother. 

Modified topography experiments were performed using topography from the Hadley Center 

global circulation model (HadGEM2-ES; Martin et al. 2011) (1.875°x1.25° horizontal 

resolution) that was resized to 6.67km resolution, smoothed using cubic convolution 
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interpolation to remove steep transitions across grid cells (Park and Schowengerdt, 1983), 

and then resampled onto WRF’s grid. The mean elevations of the two topography 

experiments’ domains are within 10m. A 90m DEM from the Shuttle Radar Topography 

Mission (Farr et al. 2007), the original 6.67km topography and modified topography for the 

High Mountain Asia study region are shown in Fig. 2. The spatial extent of the topography 

figures corresponds to the spatial extent of WRF’s inner domain for this study. The WRF 

configuration for original and modified topography experiments is identical except for 

changes to the input topography characteristics in the geographic information (geogrid) file. 

Land surface variables that may be related to elevation, such as land use and land cover, were 

not altered because the 36-hour simulation of winter events was found to be insensitive to 

these in previous testing (not shown). Simulations of 48-hours (24-hour spin-up) and 72 

hours (48-hour spin-up) were tested for several events without significant differences from 

the 36-hour simulations with 12 hours of spin-up presented here. The computation time 

required for each simulation restricted sensitivity tests of different topographic smoothing 

techniques and horizontal resolutions. However, while the smoothing technique applied may 

alter the magnitude of the statistics presented, the processes that underlie the key findings of 

this research are robust. This research emphasizes the physical effect of smooth topography 

on the simulation of precipitation mechanisms, rather than focusing on statistical differences 

alone.  
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Figure 2 – Shuttle Radar Topographic Mission 90m resolution topography (top), WRF 
original topography (6.67x6.67km; middle), and WRF smoothed topography (~175x140km; 
bottom). International borders are outlined in black. 

 

3.5 Extreme Event Categories 

  Cannon et al. (2015) found extreme winter precipitation events in western High 

Mountain Asia to be driven by two primary mechanisms: 1) dynamical forcing, related 

primarily to the strength of cross-barrier winds that force moisture against topography, and 2) 
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thermodynamic forcing, related to moisture availability and instability, which enhances 

orographic precipitation in the cross-barrier flow. 

 Here, events are categorized based upon the findings of Cannon et al. (2016), which 

indicated that intraseasonal variability associated with the Madden Julian Oscillation (MJO; 

Madden and Julian, 1972) significantly influences dynamic and thermodynamic drivers of 

precipitation during WD events in High Mountain Asia (Barlow et al. 2005; Hoell et al. 

2014; Cannon et al. 2016). Using the MJO index of Jones (2009), phases of the MJO 

propagation cycle that favor the dynamical enhancement of WD through an extratropical 

Rossby wave response (phases 3 and 4; when enhanced convection is positioned over the 

eastern Indian Ocean and Maritime Continent) simultaneously suppress available moisture 

over southwest Asia (Cannon et al. 2016). In these phases strong dynamic forcing 

compensates for relatively little available moisture to produce extreme precipitation during 

WD events. As the MJO propagates the primary driver of precipitation in WD transitions so 

that in phases 7 and 8 (suppressed convection over the eastern Indian Ocean and Maritime 

Continent) WD exhibit relatively weak dynamics, while precipitation generation is 

attributable to large quantities of moisture exported from the tropics. In addition, the 205 

extreme precipitation events identified in Section 3.3c were categorized by MJO influence 

during neutral periods of the El Nino Southern Oscillation (ENSO). 33 events from the 

following three MJO categories, representing differing contributions of dynamical and 

thermodynamic forcing to orographic precipitation, were selected for simulation:  

1)  The 13 events that occurred during MJO phases 7 and 8 with ENSO neutral.  

2)  The 10 events that occurred during MJO phases 3 and 4 with ENSO neutral.  

3)  The 10 largest-magnitude precipitation events during neutral MJO and ENSO. 
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Figure 3 shows average significant (t-test; p < 0.05) precipitable water and 500-hPa 

geopotential height anomalies (annual cycle removed) from CFSR for extreme events that 

occurred in MJO phases 7 and 8 (top), phases 3 and 4 (middle), and neutral phases (Jones, 

2009). The neutral condition group exhibits a well-developed trough, with minimum 

geopotential height of -90gpm, west of High Mountain Asia. Cyclonic winds along the 

leading edge of the system draw upon a considerable moisture supply extending from the 

tropics, around the Horn of Africa. These precipitation events are driven by strong 

contributions from both dynamical forcing and available moisture. In comparison, events in 

MJO phases 3/4 exhibit slightly deeper geopotential height anomalies (minimum of -

105gpm), leading to strong dynamical forcing, while enhanced available moisture is 

observed only over the Gangetic Plain. Events in MJO phases 7/8 exhibit a relatively shallow 

trough (~-30gpm), but a significant moisture plume that extends from equatorial Africa 

(significant anomalies in excess of 8kg m-2 upstream of High Mountain Asia) compensates 

for reduced dynamical forcing of precipitation. These composites illustrate the influence of 

tropical forcing on regional extreme events (Cannon et al. 2016), but more importantly 

identify the influence of strong orographic forcing by well-developed cyclones and available 

moisture contributions to extreme precipitation, which are essential to examine individually 

in order to explain bias in coarse-resolution topography simulation.  
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Figure 3 – Composites of precipitable water anomalies (color) and 500-hPa geopotential 
height anomalies (contour; negative values are dashed) during extreme precipitation events in 
the Karakoram in MJO phases 7 and 8 with ENSO neutral conditions (top), MJO phase 3/4 
with ENSO neutral (middle), and neutral MJO and ENSO conditions (bottom). The red box 
identifies the precipitation-indexing region. Stippling indicates significance of precipitable 
water anomalies above the 95th percentile confidence interval.      
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3.6 WRF Experiment Results 

a. Precipitation Distributions: Control vs. Modified Topography Experiments 

 Previous studies have identified the importance of model resolution in simulating the 

spatial distribution of precipitation (e.g. Mass et al. 2002; Gao et al. 2006, Guttman et al. 

2011). This study is unique in its focus on topographic effects, which is made possible by 

maintaining consistent convection-resolving resolution (6.67km) for both experiment groups. 

Controlling for horizontal resolution, which may generate model sensitivity as an artifact of 

possibly erroneous or inconsistent assumptions in the parameterizations schemes at different 

resolutions (Giorgi and Marinucci, 1996), allows for a more direct investigation of the role of 

topographic forcing on the simulated events.  

 Figure 4 demonstrates that the large-scale spatial distributions of both rainfall and 

snowfall are similar for all event categories and across experiment types, though coarse-

topography experiments exhibit considerable smoothing. Despite similar spatial patterns, 

which are driven by the interaction of the WD with topography, it is notable that, locally, 

precipitation magnitudes are much greater in 6.67km topography experiments for the western 

Himalaya and Karakoram ranges (the two bands of enhanced snowfall). Mass et al. (2002) 

identified similar orographic enhancement from 12km to 4km resolution simulations in the 

Cascades. Here, the differences between simulations are also primarily attributable to 

topographic smoothing. However, Fig. 4 identifies that precipitation covers a larger area in 

modified topography experiments, and quantitative analyses presented in the following 

sections demonstrate that total precipitation over High Mountain Asia increased in modified 

topography experiments.  
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Figure 4 – Composite rainfall (green) and snowfall (blue) during extreme precipitation 
events in the Karakoram in MJO phases 7 and 8 with ENSO neutral conditions (top), MJO 
phase 3/4 with ENSO neutral (middle), and neutral MJO and ENSO conditions (bottom). The 
2000m topography contour is outlined in black and topography is shown as grayshade. 
Original topography experiments occupy the left column and modified topography 
experiments appear in the right column. 

 

b. Transects 

i. Control Experiments 

 High-resolution WRF simulations of extreme events enable the investigation of 

thermodynamic and dynamic processes in the vertical and along individual slopes. Figure 5 

shows composite cross-sections of meridional wind for a transect across the western 



	 128	

Himalaya and Karakoram at 73.5E. Only one transect is shown, though the differences 

observed between experiment types and event categories are consistent throughout the study 

region. The maximum value of southerly wind in the MJO 7/8 composite is 16ms-1, while in 

MJO 3/4 southerly wind exceeds 25ms-1, resulting in stronger topographically forced vertical 

motions (not shown).  

 Based on the snowfall distribution shown in Figs. 4 and 5 it is clear that windward 

facing slopes receive the majority of snowfall and that further downwind, accumulation 

decreases at each subsequent orographic feature. The downwind decrease in snowfall can be 

explained by differences in the mixing ratio, which is considerably higher for extreme events 

in MJO phase 7/8. The snowfall distributions are similar across event categories, despite 

considerable differences in dynamic and thermodynamic contributions to generating 

orographic precipitation, and are largely defined by first-order orographic effects (Roe, 

2005). In MJO phase 7/8 events, extreme precipitation is achieved despite relatively weak 

dynamical forcing, largely on account of increased available moisture and reduced stability at 

the orographic barrier, as observed through theta-e profiles (discussed below in subsection 

3.6f). Extreme precipitation is generated in phase 3/4 events by comparatively strong vertical 

ascent on windward slopes (not shown), which effectively forces precipitation despite 

reduced moisture. Neutral-case events benefit from enhancements of both available moisture 

and cross-barrier wind speed, with mixing ratios exceeding 6.5g kg-1 and southerly winds in 

excess 25ms-1 along the transect.  

ii. Modified Experiments 

 The general patterns of moisture availability and cross-barrier wind in modified 

topography experiments (Fig. 5; right column) are similar across event types. However, 
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differences in the strength of cross-barrier winds, the amount of available moisture, and the 

distribution of snowfall between original and modified topography experiments are evident. 

In all modified topography simulations, southerly wind is intensified and moisture propagates 

further north than in original topography simulations on account of topographic smoothing. 

The area of 25ms-1 (20ms-1) southerly wind aloft increases in size in the neutral and MJO 3/4 

(7/8) composites. The elevation profile in the coarse-topography experiments exhibits a 

single large hill, with precipitation peaking upstream of the crest and gradually tapering-off 

northward. The precipitation distribution of the 6.67km topography experiment exhibits 

multiple peaks co-located with windward ridges, while valleys in the interior receive 

relatively little precipitation due to gravity wave induced descent and evaporation (Colle, 

2008). The secondary maximum in precipitation in the original topography experiments, at 

the latitude of the Karakoram, benefits from moisture transported through the Indus river 

valley. In the smooth topography case, precipitation at the approximate latitude of the 

Karakoram is in the lee of the single maximum that appears at approximately 3500m 

elevation. 
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Figure 5 – Vertical transect composites of mixing ratio (color) and southerly 500-hPa wind 
(contour) during extreme precipitation events in the Karakoram in MJO phases 7 and 8 with 
ENSO neutral conditions (top), MJO phase 3/4 with ENSO neutral (middle), and neutral 
MJO and ENSO conditions (bottom). Topography is shaded gray, and the white line 
indicates the location of snowfall accumulation (standardized to show spatial distribution). 
Original topography experiments occupy the left column and modified topography 
experiments are shown on the right. 
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c. 500-hPa Geopotential Height: Control vs. Modified Topography Experiments 

 The changes in cross-barrier windspeeds across experiment types shown in Fig. 5 are 

explained by differences in the simulated development of WD. The influence of topographic 

smoothing on 500-hPa geopotential height anomalies associated with WD for each event 

category is shown in Fig. 6. In smoothed topography simulations WD are dynamically 

stronger, as evidenced by deeper geopotential height anomalies. MJO 3/4 experiments with 

smoothed topography exhibited a deepening of the composite WD trough by more than 

30gpm. The center of each WD in all event categories recorded a lower 500-hPa geopotential 

height in the modified topography simulation than its original-topography counterpart. The 

mean of the differences between trough depths in original and modified topography 

experiments, which were uniformly negative, were found to be significantly different from a 

hypothetical unbiased set of events (mean difference of zero) based on a t-test (p < 0.05).  

 It is also important to note that the ridge ahead of the trough was significantly 

amplified in the modified topography simulations. The deeper troughs and more pronounced 

ridges of the modified topography experiments are evident in the enhanced dipole structure 

shown in Fig. 6 (right column), which infers enhanced development of WD, an intensified 

geopotential height gradient, and intensified southerly cross-barrier winds over western High 

Mountain Asia (as observed in Fig. 5). Topographic smoothing has a significant effect on 

WD dynamics here, and has previously been shown to degrade the skill of mesoscale models 

in simulating extratropical cyclones near topography (Weyngandt and Seaman 1994). We 

hypothesize that the observed bias is attributable to either reduced mountain drag (Carlson, 

1998), or the effect of differences in mountain height on vorticity generation, as explained in 



	 132	

quasi-geostrophic theory (Holton and Hakim, 2014), or a combination of factors, though this 

is not tested. Here we demonstrate that the modification of the intensity of cross-barrier 

winds is an important factor in determining the spatial and temporal distribution of 

precipitation.  

 

Figure 6 – Composites of 500-hPa geopotential height during extreme precipitation events in 
the Karakoram in MJO phases 7 and 8 with ENSO neutral conditions (top), MJO phase 3/4 
with ENSO neutral (middle), and neutral MJO and ENSO conditions (bottom). The 2000m 
topography contour is outlined in black. Original topography experiments occupy the left 
column and modified topography experiments are shown on the middle column. The 
difference between the two experiment types is shown in the right column for each event 
category. 

 

d. Differences in Modified Topography Simulation 

 Prior work identified that moisture availability and cross-barrier winds are the 

primary determinants of the magnitude of orographic precipitation during WD (Cannon et al. 
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2015). Figure 7 shows the spatial distribution and magnitude of differences between 

modified topography simulations and control experiments for 2m specific humidity, 500-hPa 

meridional winds and snowfall, for all 33 events, irrespective of category. The mean of the 

differences between original and modified topography experiments is shown only for 

gridpoints that exhibited statistically significant difference (t-test; 5% significance level). 

 Topographic smoothing in modified topography experiments resulted in increased 2m 

specific humidity over much of High Mountain Asia, primarily due to higher temperatures 

and saturation vapor pressure at lower altitudes. The entire Himalayan front exhibits a 2-

3g/kg increase in 2m specific humidity in modified topography simulations, primarily 

because topography is lower and air-temperature is higher, thus the air holds more moisture 

(Clausius-Clapeyron relationship). Similarly, low-elevation areas adjacent High Mountain 

Asia and valleys in the interior of topography exhibit a decrease in humidity associated with 

increased surface elevation resulting from the smoothing/redistribution of High Mountain 

Asia’s mountains. In addition to direct elevation changes, topographic smoothing results in 

less efficient blocking of moist flow, allowing moisture to advect further into the interior, 

while the smoothing of valley systems, such as the Indus River Valley, reduces moisture 

transport to the interior through these conduits (Curio et al. 2014). Moisture transport is 

discussed in detail in Section 3.6f.  

 Section 3.6c identified that topographic smoothing also alters WD strength. The 

intensified 500-hPa geopotential height gradient (Fig. 6) in modified topography experiments 

is shown to enhance cross-barrier winds (Fig. 7). The average magnitude of 500-hPa winds 

over the entire domain increased 7% in modified topography experiments (Table 2; discussed 

in detail Section 3.6e). Although topographic smoothing enhances WD dynamics and 
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moisture availability, Fig. 7 indicates that the maximum precipitation magnitudes are not 

enhanced in modified-topography simulation. Rather, precipitation is redistributed according 

to changes in topography and thus, orographic forcing. Generally, the steep slopes of the 

western Himalaya and Karakoram exhibit significant reductions in snowfall, while lower 

elevations experience significant increases, according to the redistribution of slopes that force 

orographic motions in the modified topography experiments. While the redistribution is not 

surprising, and could have been inferred by simply looking at the difference between 

topography, the following section demonstrates that changes in orographic forcing, WD 

dynamics, available moisture and stability have significant influences over total accumulated 

precipitation in High Mountain Asia. 
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Figure 7 – Statistically significant differences in 2m specific humidity (top), 500-hPa 
meridional wind (middle) and snowfall (bottom) between original topography and modified 
topography simulations (all 33 events are included). Red values indicate a positive bias in 
modified topography experiments relative to original topography experiments. 
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e. Effects of Simulation Differences on Orographic Forcing and Precipitation 

 Scatterplots of each event’s averages of 2m specific humidity, 500-hPa meridional 

wind, snowfall, and vertical wind speed, measured over the Karakoram region (limited to 

grid cells with fractional glacier cover (Fig. 1; Randolph Glacier Inventory V5.0; Arendt et 

al. 2015) for original and modified topography simulations, are shown in Fig. 8. 

Additionally, their statistics are displayed in Table 2. For glaciated areas of the Karakoram, 

located in the interior of topography and at high elevation, specific humidity differences 

between phases of the MJO are not as apparent as when the large-scale is considered (Fig. 3) 

because of more efficient drying of the moist flow over the first orographic barriers of the 

Himalaya via precipitation, and considerable blocking of low-level flow. Gridpoints 

corresponding to the Karakoram have higher surface humidity amounts in smooth 

topography simulations than in the original simulations across all event categories, despite 

the fact that the Indus River Valley has been smoothed and does not serve as a moisture 

conduit. The average 2m specific humidity increase in this region is approximately 13% 

(Table 2). Additionally, average 500-hPa southerly wind speeds for the same group of 

gridpoints are approximately 34% stronger in modified topography simulations, as noted 

earlier in this section based on composites. MJO 3/4 events, which had an average wind-

speed of 18.25ms-1, increased by 38%, while MJO 7/8 events, with an average wind-speed of 

10.31ms-1, increased 32%. 

 Despite positive differences in both moisture availability and dynamical forcing in 

smooth-topography experiments, vertical motions over the Karakoram in modified 

topography simulations are a fraction of the intensity exhibited in the original simulations. 

The average percentage decrease in the magnitude of vertical velocity was nearly 90% across 
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all event categories. Given diminished vertical forcing, precipitation uniformly decreases in 

the modified topography simulations (average decrease of 28% across all event categories). 

Furthermore, because events in MJO phase 7/8 were already associated with relatively weak 

dynamical forcing, the reduction in orographic ascent velocities exacerbates the difference in 

accumulated snowfall in comparison to MJO phase 3/4 events, which see a slightly smaller 

reduction in snowfall on account of generally increased available moisture over lower and 

smoother topography (35% reduction in MJO 7/8 compared to 26% in MJO 3/4 and 19% in 

neutral cases). 

 In contrast to the high-topography of the glaciated Karakoram, specific humidity over 

the entire domain exhibits a negligible difference between experiment types (Fig. 8, Table 2) 

because elevation, which is the primary moisture control, has been redistributed so that the 

mean is roughly the same. The spatial redistribution of moisture is discussed in detail in the 

following section. Additionally, the intensification of WD in modified topography 

experiments results in a uniform increase in the mean magnitude of 500-hPa winds in the 

domain, with an average increase of 7% (Table 2), though the mean magnitude of vertical 

velocity was reduced by 67%. Despite reduced vertical velocities on account of topographic 

smoothing, snowfall increased by an average of 9% across the entire domain (rainfall 

increases by 6%; not shown). This result is explained through differences in vapor transport 

and stability in the two experiment types in the following section. 
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Figure 8 – Scatterplots indicate original topography (x-axis) and smoothed topography (y-
axis) simulated values of area-averaged 2m specific humidity (a, e), 500-hPa meridional 
wind (c, g), 500-hPa vertical velocity magnitudes (absolute value; b, f) and snowfall (d, h) 
within the Karakoram (a-d) and the entire domain (e-h) for extreme precipitation events. 
Events are color-coded according to MJO activity (a), and a best-fit line is drawn for each 
category.  
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  Karakoram   WRF Inner Domain 
  3/4 7/8 NEUT ALL   3/4 7/8 NEUT ALL 

Orig. 2.04 2.29 1.98 2.12 Orig. 3.12 3.93 3.6 3.59 
Coarse 2.28 2.61 2.24 2.4 Coarse 3.1 3.98 3.6 3.6 

Diff 0.24 0.32 0.26 0.28* Diff -0.02 0.05 0 0.01 Sp
ec

ifi
c 

H
um

id
ity

 
(g

/k
g)

 

% Diff 12% 14% 13% 13%* 

Sp
ec
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c 

H
um

id
ity

 
(g

/k
g)

 

% Diff -1% 1% 0% 0% 
 

Orig. 18.25 10.31 18.45 15.18 Orig. 8.23 5.64 7.56 7 
Coarse 25.15 13.62 24.05 20.28 Coarse 8.87 6.06 7.9 7.47 

Diff 6.9* 3.31 5.6* 5.1* Diff 0.64 0.42 0.34 0.47 

M
er

id
io

na
l 

W
in

d 
(m

/s)
 

% Diff 38%* 32% 30%* 34%* M
er

id
io

na
l 

W
in

d 
(m

/s)
 

% Diff 8% 7% 4% 7% 
 

Orig. 0.72 0.47 0.72 0.62 Orig. 0.12 0.09 0.11 0.1 
Coarse 0.07 0.06 0.07 0.06 Coarse 0.037 0.03 0.036 0.034 

Diff -0.65* -0.41* -0.65* -0.56* Diff -0.03* -0.06* -0.07* -0.06* V
er

tic
al

 
V

el
oc

ity
 

(m
/s)

 

% Diff -90%* -87%* -90%* -89%* 
V

er
tic

al
 

V
el

oc
ity

 
(m

/s)
 

% Diff -69%* -67%* -67%* -66%* 
 

Orig. 34.87 32.73 25.6 31.22 Orig. 2.51 2.08 2.31 2.28 
Coarse 25.75 21.43 20.71 22.52 Coarse 2.77 2.2 2.58 2.49 

Diff -9.12* -11.3* -4.89 -8.7* Diff 0.26 0.12 0.27 0.21 

Sn
ow

fa
ll 

(m
m

) 

% Diff -26%* -35%* -19% -28%* 

Sn
ow

fa
ll 

(m
m

) 

% Diff 10% 6% 12% 9% 

Table 2 – Statistics of mean 2m specific humidity, 500-hPa meridional wind, 500-hPa 
vertical wind and snowfall for the greater Karakoram study region (left) and the glaciated, 
high-elevation regions of the Karakoram (right). A “*” indicates significance based on a t-
test comparing the means of the two samples.  

 

f. Vapor Transport and Stability 

 The average integrated vapor transport of all 33 extreme events is shown in Fig. 9 for 

the original and modified topography experiments. The difference between these composites 

illustrates that reduced blocking in the modified topography experiments allows for the 

transport of moisture further into topography, with the largest differences observed at and 

downstream of the Himalaya. The right column of Fig. 9 shows the up-slope component of 

vapor transport, which was calculated by projecting vapor transport into the cross-barrier 

direction for slopes greater than 2% and with an aspect less than 90° different than the 
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direction of vapor transport. This allows us to isolate the magnitude of vapor transport that is 

mechanically lifted by topography. The difference between original and modified topography 

experiments shows that the amount of vapor transport impinging on topography and being 

forced to rise is considerably larger in the modified topography simulations. While 

orographic forcing over smooth topography is considerably reduced, and precipitation rates 

are smaller, the total vapor transport over the entire domain is enhanced by 8% in smooth 

topography simulations, largely due to intensified WD dynamics, while the cross-barrier 

vapor transport is increased by 19%, and the cross-barrier vapor transport above 2000m 

elevation is increased by 14%.  
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Figure 9 – Average vertically integrated moisture flux magnitude and direction for 33 
extreme events across all event categories (a, c). Average cross-barrier component of 
moisture flux (b, d). Original topography experiment results appear in the top row and 
modified topography results in the middle row. The bottom row shows the difference in 
moisture flux magnitude between original and modified topography experiments (e), and the 
difference in the cross-barrier component of moisture flux above 2000m between experiment 
types (f). The 2000m elevation contour is shaded and outlined for each figures respective 
topography. 
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 Increased near-surface heat and moisture content at high elevations in the modified 

topography experiments also impacts atmospheric stability. Figure 10 shows convectively 

available potential energy (CAPE) composites of extreme events in MJO phases 7/8 and 3/4, 

for both original and modified topography simulations. While CAPE values in the 

composites are generally low, values for foothill regions of High Asia were observed in 

excess of 2000J/kg at 1-hour temporal resolution during individual MJO 7/8 events (not 

shown). CAPE is included to illustrate spatial differences of atmospheric stability as a 

vertical integral. The difference between experiment types indicates that the enhanced 

transport of warm and moist air to high elevations in the smooth topography simulations 

(Fig. 9) creates conditions over the southern portion of High Mountain Asia that are 

comparatively less stable. Vertical transects of equivalent potential temperature across the 

western Himalaya and Karakoram (Fig. 11) identify increased near-surface values in smooth 

topography experiments relative to original topography simulations in both MJO 7/8 and 3/4 

composites. The color scale is stretched to emphasize gradients over the southern slope of 

High Mountain Asia. In the MJO 3/4 smooth-topography composites the advection of warm 

moist air upslope is seen to reduce the vertical gradient of θe  between 900 and 500-hPa above 

the south facing slope. Additionally, the deepening of the upper-level trough in smooth-

topography simulations (subsection 3.6c) decreases temperature aloft in both MJO 7/8 and 

3/4 composites, thus further reducing the vertical gradient of equivalent potential temperature 

and enhancing instability. The difference in CAPE between experiment types is most 

dramatic for the MJO 7/8 events (Fig. 10), which contain comparatively more heat and 

moisture than MJO 3/4 events.  
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Figure 10 – CAPE values for extreme events in MJO phases 7/8 (left column) and 3/4 (right 
column) under original (top row) and modified (middle row) topography conditions. 
Differences between experiment types are shown in the bottom row. The 2000m-elevation 
contour for experiment types is shaded and outlined.   
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Figure 11 – Vertical transect of equivalent potential temperature (θe) for events in MJO 
phases 7/8 (left column) and 3/4 (right column) under original (top row) and modified 
(middle row) topography conditions. Topography is shaded gray. 

 

 In these simulations, the effect of reduced vertical forcing on precipitation that results 

from smooth topography is partially cancelled by the bias toward enhanced thermodynamic 

mechanisms. This is especially evident in MJO phases 7 and 8. Based on the 9% increase in 

precipitation over the entire study domain in modified topography simulation (Table 2), it 

appears that the effect of increased cross-barrier moisture flux and instability over smooth 

topography exceeds that of reduced orographic uplift on precipitation totals. While 

precipitation rates in smooth topography simulations do not rival those of original 
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topography simulations over the western Himalaya and Karakoram’s steep slopes, the 

aggregated effect of enhanced vapor transport on precipitation over High Asia results in a 

positive bias, and more importantly, illustrates differences in precipitation mechanisms 

according to topographic resolution. 

 

3.7 Caveats 

 The results of this study are not directly comparable with many idealized experiment 

studies, which typically evaluate the influence of changes in dynamical forcing or moisture 

availability independently from changes in topography, in order to isolate their effects across 

experiment types (e.g. Colle, 2008). The present study is unique in that the mechanisms that 

drive precipitation are significantly biased in modified topography experiments. Furthermore, 

total precipitation over High Mountain Asia is sensitive to a large number of mesoscale 

phenomena and microphysical processes (e.g. Medina and Houze et al. 2003). It is beyond 

the scope of this paper to isolate the individual influences of each of these, though overall, 

the moderate positive precipitation bias over High Mountain Asia in modified topography 

experiments is most likely a result of enhanced wind speeds and horizontal moisture flux, 

which outweigh the orographic lifting and microphysical processes that enhance precipitation 

in the original topography experiments. While computational costs limited the number of 

experiments that could be performed, it is clear that topographic smoothing significantly 

alters the simulation of WD dynamics and biases the representation of physical mechanisms 

that drive orographic precipitation in High Mountain Asia, based on changes in large-scale 

circulation, mesoscale orographic forcing, and thermodynamic influences. 
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3.8 Conclusions 

 This manuscript investigates the importance of topographic resolution in simulating 

the physical mechanisms that generate extreme winter precipitation events in High Mountain 

Asia using the Weather Research and Forecasting model (WRF). A set of experiments was 

performed comparing WRF simulation of extreme precipitation events with varying model 

topography. 33 extreme events were simulated in two experiment groups using 1) native 

model-resolution topography (6.67km), and 2) smoothed topography from a global 

circulation model (GCM; 1.875°x1.25°). WRF was configured to control for the effects of 

horizontal resolution by maintaining 6.67km grid spacing for both original and modified 

topography experiments. The 33 simulated Westerly Disturbance (WD) events were selected 

from 205 independent 90th percentile extreme events in the period 1979-2012 based on three 

unique categories of dynamical and thermodynamic contributions to precipitation. 

 Our investigation resulted in the following key findings on the influence of 

topographic smoothing on meteorological simulation: 

1) Smooth topography allows for the intensification of atmospheric circulation 

associated with WD and generates stronger cross-barrier winds.  

2) Intensified cross-barrier winds in WD and reduced topographic blocking enable 

enhanced vapor transport to high elevations of High Mountain Asia. This, in turn, 

increases available moisture and reduces stability during extreme precipitation events. 

3) Smooth topography generates only a fraction of the orographic ascent observed in 

original topography simulations of WD, thus reducing maximum precipitation rates 

and total precipitation over steep topography. An approximately 28% reduction in 

precipitation was observed across all event categories in the Karakoram.  
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4) Total precipitation over the study domain is 9% greater in smoothed topography 

experiments, indicating that the effects of enhanced moisture transport and 

thermodynamics over a broad and moderate slope outweigh the negative effect of 

reduced orographic lift on precipitation, where steep windward slopes were 

smoothed.  

 While the magnitude of the statistics presented may be sensitive to the chosen 

smoothing technique and resolution in the modified topography experiments, the dynamical 

and thermodynamic processes that underlie the relationship between topographic smoothing 

and High Mountain Asia meteorology during WD events are likely robust. This research 

emphasizes a physical basis to investigate the effect of topographic smoothing on the 

simulation of precipitation, rather than focusing on statistical differences alone. In summary, 

simulations with smoothed topography exhibit significant biases in their representations of 

WD dynamics, enhanced large-scale thermodynamic precipitation mechanisms, and 

unrealistic precipitation in High Mountain Asia. 

 These findings challenge the ability of coarse-resolution GCMs to resolve orographic 

precipitation processes in High Mountain Asia, and the observed intensification of WD 

dynamics, moisture transport to high elevations and instability in smooth topography 

experiments pose a possible explanation for their positive regional precipitation bias (Palazzi 

et al. 2014). It is also likely that the effect of topographic smoothing on cyclone dynamics 

manifests downstream of the mountains, thus influencing the simulation of global storm 

tracks. It appears that the suite of GCMs that have been used to produce ensemble-mean 

climate projections for water resource applications in High Mountain Asia (reviewed in 

Miller et al. 2012) do not realistically simulate extreme winter precipitation events. These 
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results also show that biases in precipitation simulation are unique according to the 

prevailing atmospheric conditions. The influences of tropical forcing and seasonality on WD 

dynamics and moisture availability are thus a considerable source of uncertainty in defining 

GCM bias. Furthermore, future changes in moisture availability (Held and Soden, 2006) or 

storm tracks (Hartmann et al. 2013) affecting High Mountain Asia may produce unrealistic 

changes in precipitation based on the poor representation of the relationships between 

moisture availability, dynamical forcing and orographic precipitation in smooth topography 

experiments. The identification of model bias is essential to effectively utilizing GCMs to 

study the future fate of water resources in High Mountain Asia and beyond. 
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Conclusion  
 
 The current state and future fate of High Mountain Asia’s glaciers and snowpack are 

of central importance for water, food, and power supply of densely populated regions in 

south, east, and central Asia. In addition to the highly seasonal summer rainfall, winter 

snowpack accumulation from westerly disturbances (WD) is important for discharge during 

dry periods in spring and fall. However, observation, understanding, and prediction of 

regional climate remain poorly understood. This dissertation provides novel insight and 

improves understanding of High Mountain Asia climate through three interconnected 

research objectives:  

1) Investigate the dynamics of WD and define how these systems generate extreme 

precipitation events in High Mountain Asia (Chapter 1). 

2) Establish the relationships between WD and global atmospheric variability, 

emphasizing the role of tropical forcing in event-to-event variability (Chapter 2). 

3) Use a mesoscale model to evaluate the importance of resolving High Mountain Asia’s 

topography in simulating the relationships between orographic precipitation, WD and 

global circulation (Chapter 3).  

The individual studies that comprise this dissertation represent a thorough investigation of 

KH climate with numerous unique and important findings that have contributed to the 

scientific understanding of High Asia’s hydroclimate.   

 A novel wave-tracking algorithm was developed in Chapter 1 of this dissertation to 

provide an inventory of location, timing, intensity, and duration of WD events, allowing for a 

comprehensive study of the mechanisms within WD that drive orographic precipitation, on 

an individual event basis and in the aggregate. This work identified the relationship between 



	 154	

the strength of disturbances, the state of the background environment during their 

propagation, and precipitation totals in western High Asia. The study demonstrated 

significant differences in convective (thermodynamic) and mechanical (dynamic) instability 

contributions to orographic precipitation as a function of the intensity of WD and background 

temperature and moisture. Dynamic forcing is the most important driver of orographic 

precipitation during intense WD with strong cross-barrier winds, while weaker WD with 

similar precipitation totals are observed to benefit from relatively more available moisture 

and enhanced instability, occurring primarily in the late winter/premonsoon. These results 

indicated that changes in the frequency or intensity of WD alone were not sufficient to infer 

changes in winter orographic precipitation. Variability in the influence of these factors on a 

case-by-case basis is also attributable to natural variability, including tropical-extratropical 

interactions, as identified in Chapter 2.  

 The second chapter of this dissertation focused on the role of tropical forcing in 

modifying the background state of the atmosphere through which WD propagate. On 

interannual time-scales, El Niño related changes in tropical diabatic heating induce a Rossby 

wave response over southwest Asia that is linked with enhanced dynamical forcing of WD 

and available moisture. Consequently, extreme orographic precipitation events are more 

frequent during El Niño than La Niña or neutral conditions. A similar spatial pattern of 

tropical diabatic heating is produced by the Madden Julian Oscillation (MJO) at intraseasonal 

scales. In comparison to El Niño, the Rossby wave response to MJO activity is less spatially 

uniform over southwest Asia and varies on shorter time-scales. This research found that the 

MJO’s relationship with WD and High Asia precipitation is more complex than that of the El 

Nino Southern Oscillation. Phases of the MJO propagation cycle that favor the dynamical 
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enhancement of WD simultaneously suppress available moisture over southwest Asia, and 

vice versa. As a result, extreme precipitation events in the KH occur with similar frequency 

in most phases of the MJO, however, there is a transition in the relative importance of 

dynamical forcing and moisture availability in WD to orographic precipitation in High Asia 

as the MJO evolves. This research is unique relative to previous studies because of its focus 

on extreme events, rather than monthly or seasonal averages. The study’s findings give 

insight into the dynamics and predictability of extreme precipitation events in the KH 

through their relationship with global atmospheric variability, and are an important 

consideration in evaluating Asia’s water resources. 

 The final chapter of this dissertation built on previous efforts to develop regional 

downscaling of reanalysis data over High Asia (Norris et al. 2015; 2016). Downscaling of 

extreme precipitation event case studies benefits the investigation of High Mountain Asia 

hydroclimate by more realistically representing regional orographic precipitation processes 

and meteorological forcing than is possible with reanalyses. The optimal model configuration 

from research by Norris et al. (2015; 2016) was utilized to perform a set of modified 

topography experiments in which WD-generated extreme precipitation events in High 

Mountain Asia were simulated at 6.7km resolution with the model’s original topography, and 

then using smoothed topography taken from a 1.875°x1.25° resolution global circulation 

model. The experiments’ objective was to evaluate the importance of resolving High 

Mountain Asia’s topography in simulating the relationships between orographic precipitation 

and WD.  

 Modified topography experiments illustrated that topographic smoothing 

fundamentally alters the mechanisms in westerly disturbances that produce orographic 
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precipitation. Smooth topography simulations exhibited stronger cross-barrier winds and 

intensified WD dynamics. Topographic smoothing also reduced mountain blocking and 

enabled enhanced vapor transport to high elevations of High Mountain Asia, which increased 

available moisture and reduced stability during extreme precipitation events. However, 

smooth topography experiments generated only a fraction of the orographic ascent observed 

in original topography simulations of WD over the Karakoram and western Himaalaya, thus 

precipitation rates and total precipitation for these specific regions were drastically reduced. 

Contrastingly, the entire study region’s area-averaged precipitation increased in smoothed 

topography simulation of WD. This increase indicated that the effects of enhanced moisture 

transport and thermodynamics in generating precipitation over a broad and moderate slope 

outweigh the negative effect of smoothing the most pronounced orographic features. These 

findings identify an important source of bias in coarse-resolution simulated precipitation in 

High Asia and are an important consideration for the application of global circulation models 

toward projecting regional hydroclimate in the 21st century.  

 Collectively, the three chapters of this dissertation give novel insight into the 

dynamics of extreme precipitation events in High Mountain Asia, their relationships with 

global atmospheric variability, and the ability of global circulation models to simulate them. 

These findings advance the scientific community’s understanding of weather and climate in 

High Mountain Asia and improve the potential for evaluating the current state and future fate 

of regional water resources. 

 

Suggestions for Future Work 
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 The research presented in this dissertation emphasized the relationship between 

westerly disturbances and extreme precipitation events in High Mountain Asia. A notable 

limitation to this research is the lack of available precipitation measurements in the region 

and the lack of confidence in extant data. Station precipitation measurements are biased 

toward low elevation, populated river valleys, while the few instruments placed at high 

elevations experience issues ranging from undercatch, to data gaps that arise due to the 

difficulty of maintaining remote stations in that part of the world. Precipitation estimates 

from satellites are also problematic. In this work we evaluated precipitation from the 

multisatellite TRMM 3B42 V7 product, which has documented difficulties in estimating light 

and solid-state precipitation (Lang and Barros, 2006).  

 Future work would benefit greatly from higher quality precipitation data. While there 

is little confidence in available station data and a general lack of availability, investigating 

the ability of new remote sensing platforms, including the Global Precipitation Measurement 

mission (GPM), could prove exceptionally useful for improving precipitation and snowfall 

estimates in High Mountain Asia. GPM’s dual-frequency precipitation radar (DPR) is 

capable of accurately estimating snowfall, and its application in High Mountain Asia should 

yield an improvement over TRMM. Comparisons of GPM-DPR overpasses during snowfall 

events with mesoscale model output would help to understand the abilities and shortfalls of 

both models and GPM in representing regional precipitation. 

 With respect to mesoscale modeling in High Mountain Asia, preliminary work 

indicated that WRF could be improved by replacing lower boundary initial conditions with 

satellite-derived estimates of the land surface, including; snow water equivalent, soil 

moisture and surface temperature. More realistic lower boundary conditions were observed to 
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modify meteorological simulation, including convective precipitation in the Himalaya. 

Continued effort should be invested toward maximizing the ability of remote sensing to 

garner the best possible near real-time estimates of the land surface for WRF initialization. 

Furthermore, validation should be extended to include various satellite sensors that provide 

vertical profiles of the atmosphere, including CloudSat and GPM-DPR. Previous analyses 

only evaluated WRF against 2D surface fields from remote sensing platforms, including 

snowcover, precipitation and surface temperature. Improved mesoscale model simulation in 

these regions could benefit hazard forecasting and resource management, as local agencies 

rely on their output for daily operations.  

 Additionally, more should be done to evaluate the 35 years of dynamically 

downscaled data that the CLIVAC group has produced at 6.7km horizontal resolution. This 

dataset has the potential to illuminate spatial gradients in climate variability and trends across 

High Asia, and is sufficiently high-resolution to evaluate the simulated climate of individual 

glaciers. Downscaled meteorological data is essential to investigating the role of climate in 

glacier trends across High Mountain Asia in recent decades. This work would further benefit 

from collaboration with field scientists working on Karakoram glaciers that have documented 

positive mass-balance trends, such as the Batura Glacier (Boerst et al. 2013).  

 At the regional scale, Coupled Model Intercomparisson Project (CMIP) simulations 

of future climate scenarios over High Mountain Asia should be evaluated based on the 

findings of this dissertation. The analyses presented in Chapters 1 and 2 of this dissertation 

should be applied toward global climate model simulations under representative control 

pathway 8.5 forcing. Furthermore, individual models to be included in future work should be 

selected based on the evaluation presented in Chapter 3. Investigating future changes in the 
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dynamic and thermodynamic precipitation mechanisms that are associated with WD, at 

coarse resolution, will yield a basic idea of future changes in the primary drivers of winter 

precipitation in High Mountain Asia, independent of any individual model’s simulation of 

precipitation. Furthermore, results from CMIP analyses should be evaluated against the 

findings of the present dissertation to better understand possible sources of error or bias in 

global circulation models. Identifying bias in the representation of key components of High 

Mountain Asia’s climate in CMIP models will benefit their application toward projecting 

High Mountain Asia’s water resources through the 21st century.  

 Additional effort should also be invested toward discussing the results of this 

dissertation, and future work, with hydrologists and glaciologists working in High Mountain 

Asia. Ultimately, the goal of this research is to provide climate information and products that 

are useful to the scientific community, as a whole, and that will improve the understanding of 

the current state and future fate of water resources in High Mountain Asia.  
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