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Abstract
Western disturbances (WDs) are upper-tropospheric mid-latitude synoptic systems propagating eastward along the subtropi-
cal westerly jet stream. They are capable of causing extreme precipitation events and have strengthened their impact over the 
Karakoram part of the Himalayas in recent decades. They play a crucial role in the sustenance of the “Karakoram Anomaly,” 
which refers to the anomalous stability/surge of a few Karakoram glaciers in contrast to the other glaciers of the Himalayas. 
Using the existing WD-catalog derived from ERA5 and MERRA2 reanalysis datasets, we observed that the core genesis zone 
for Karakoram WDs had undergone a statistically significant shift of ~ 9.7oE, migrating towards more favourable conditions 
for cyclogenesis. The study proposes a new parameter to identify regions of potential extratropical cyclogenesis. The shift can 
be attributed to an enhanced genesis potential, convergence, and higher moisture availability along the WD path. Composite 
analysis suggests that moisture availability has risen significantly over the shifted zone. Moreover, the propagation speeds 
of these systems have significantly declined, which explains the recent intensification of precipitation events related to WDs 
over the Karakoram and hints toward a crucial synoptic influence on the anomalous regional mass-balance phenomenon.
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1 Introduction

The precipitation over Karakoram-Himalayas (KH) during 
boreal winter primarily comes from the mid-latitude syn-
optic systems called Western disturbances (WDs), traveling 
eastward embedded in the subtropical westerly jet stream 
(Dimri et al. 2015; Hunt et al. 2018b). They form an integral 
part of the regional winter climate, critical in establishing 
and sustaining the regional snowpack and water resources 
(Dimri et al. 2015). About two-thirds of the winter snowfall 
over KH is received through WDs, profoundly impacting 
the glaciers of the largest ice mass outside the poles (Bashir 
et al. 2017; Bolch et al. 2012; Javed et al. 2022). The snow-
fall influx provided by WDs during the accumulation period 
plays a crucial role in modulating the regional mass-balance 
estimations (Farinotti et al. 2020; Kumar et al. 2019; Mölg 
et al. 2014; Nie et al. 2021). The glaciers of the KH have 

mainly receded in recent decades (Romshoo et al. 2020, 
2022), much like other glacial regions of the world. How-
ever, the Karakoram (KR) region of KH has exhibited an 
exceptional divergent response, showing anomalous stabil-
ity/surge in some of its glaciers. This phenomenon is known 
as the “Karakoram Anomaly” (Kumar et al. 2015; Quincey 
et al. 2011). Several hypotheses explaining the probable trig-
gers and underlying mechanisms behind the phenomenon 
have been speculated since (de Kok et al. 2018; Dimri 2021; 
Farinotti et al. 2020; Forsythe et al. 2017; Kapnick et al. 
2014; Vishwakarma et al. 2022).

Stable glacier mass budgets in Central Karakoram were 
initially noticed after observing a decline in river flow since 
1961 (Gardelle et al. 2012). However, the theory was later 
challenged when an increasing trend in river flow was estab-
lished between 1985 and 2010 (Mukhopadhyay and Khan 
2014). The complex interaction of the monsoon and mid-
latitude westerlies during summer gives rise to intricate 
patterns of interannual precipitation variability (Kapnick 
et al. 2014). It has been linked to the Karakoram/Western 
Tibetan Vortex, which is an atmospheric feature identified 
using a regional circulation metric that quantifies the rela-
tive position and intensity of the westerly jet (Forsythe et al. 
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2017; Li et al. 2018). Evidence from weather stations and 
tree rings suggests an augmentation of diurnal temperature 
ranges during the latter half of the twentieth century (Yadav 
et al. 2004). Cooler summers have been proposed as a cru-
cial factor influencing the overall equilibrium of the Kara-
koram glacier budget in the past few decades (Fowler and 
Archer 2006; Kapnick et al. 2014). Some studies have attrib-
uted increased glacial surge to enhanced evaporation due 
to intense irrigation activities after 1960. The heightened 
atmospheric moisture levels led to an increased cloud cover 
and a decrease in incoming shortwave radiation, thereby 
diminishing ice and snow ablation during summers (de Kok 
et al. 2018). The anomaly is mainly concentrated in the Cen-
tral Karakoram and cease to exist as we approach the eastern 
edge of Karakoram (Negi et al. 2021).

However, apparent shortcomings persist, such as WDs’ 
role in modulating regional hydrology and glacial anomaly 
(Cannon et al. 2016; Norris et al. 2015, 2017, 2018). Most 
studies exploring the phenomenon are hampered by the lack 
of observational datasets for the region (Figure-1a, inset), 
primarily because of being altitudinally inaccessible and its 
extreme topography (Azam et al. 2021; Brun et al. 2017). 
Dimri et al. 2015 synthesized past research on WDs and sug-
gested the need for a comprehensive assessment of the state 
of knowledge. A previous study has explored the large-scale 
dynamics of WDs using a tracking algorithm applied to the 
upper-tropospheric vorticity field for 37 years of European 
Centre for Medium-Range Weather Forecasts (ECMWF) Re-
Analysis Interim (ERA-Interim) data, giving a catalog of 
over 3000 events (Hunt et al. 2018b). The study analyzed the 
vertical structure of WDs in a composite framework, explor-
ing many dynamic and thermodynamic fields. Another study 
addressed WD dynamics using a wave-tracking algorithm 
based on 500 hPa geopotential height anomaly and identified 
a relationship between the strength of disturbances and the 
state of the background environment during their propaga-
tion (Cannon et al. 2016). Another study have observed a 
decline in WD activity over Northern India during boreal 
winters in recent decades, resulting in a reduced precipita-
tion contribution in the region except for highest altitudinal 
stretches of Himalayas (Javed et al. 2023). Although WDs 
can be present at any given time of the year, their occurrence 
peaks during the winter bringing in a considerable amount of 
snowfall, the most crucial parameter for glacier mass-budget 
estimation during the accumulation period (Kumar et al. 
2019). It has also been reported that North Atlantic Oscil-
lation significantly affects WD behaviour on interannual 
timescales over Western Himalayas (Hunt and Zaz 2022).

The requirement is to quantify the extent of their role in 
characterizing the regional anomaly. A predecessor of the pre-
sent study (Javed et al. 2022) establishes WD-associated winter 
precipitation as one of the key drivers behind the emergence of 
the anomaly. Using a tracking algorithm applied to 39-seasons 

(1980–2019; November-March) of vorticity at 300 hPa and 
400 hPa levels for three different reanalysis datasets, the asso-
ciated reanalysis ensemble statistics of WDs properties sug-
gest a revival in recent years over the core-anomaly regions 
(Javed et al. 2022). The KR witnessed a rise of about ~ 10% 
in WD-associated precipitation intensity in the last two dec-
ades, coinciding with the anomaly period. Furthermore, WDs 
were responsible for nearly ~ 65% of the total seasonal snow-
fall, underlining their crucial role in modulating the regional 
mass-balance anomaly (Javed et al. 2022). The study also high-
lighted the ability of the tracking algorithm to produce similar 
synoptic signatures using different reanalysis datasets with 
a considerably good match among themselves. The present 
study uses the existing WD catalog of two reanalyses datasets 
from its predecessor (the two having the best match) and tries 
to bring forth the factors propelling the changes associated 
with WDs directly impacting the “Karakoram Anomaly.” The 
study starts with an outline of the study region (Section 2), 
data sources (Section 3.1–3.3) and the methodology employed 
(Section 3.4–3.5). The result section primarily discusses the 
changes associated with the shift in genesis locations of Kara-
koram WDs (Section 4.1). Possible mechanisms triggering the 
shift and their resultant impact on moisture-carrying capacity 
are discussed in detail in Section 4.2. We conclude the discus-
sion in Section 5.

2  Study Region

Figure 1 depicts the study region, its geographical location, 
mean altitude, and the apparent lack of in-situ observational 
stations in the Karakoram. It is the northernmost part of 
the KH, having the highest mean altitude and large glacier-
ized area compared to the other regions. The region suffers 
from acute scarcity of observational data records, inhibiting 
research which are dependent on in-situ datasets. The pre-
sent study extends the results of Javed et al. 2022, pivoting 
solely on the WDs passing through KR to focus on their 
impact in modulating the anomaly and investigating the 
plausible mechanisms behind their resurgence. Most of the 
studies investigating the anomalous behaviour of Karakoram 
glaciers focuses on the regional mechanisms and manifes-
tations. However, the novelty of the present study lies in 
unravelling a crucial synoptic-level influence on a regional 
phenomenon and discussing possible triggers behind their 
characteristic changes.

3  Data and Methods

3.1  ERA5

The ERA5 reanalysis dataset (Copernicus Climate Change 
Service (C3S), 2017) is the latest reanalysis from the 
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ECMWF. It replaces its predecessor, ERA-Interim reanalysis 
(Dee et al. 2011), and has a relatively enhanced horizontal 
(TL639, spectral model, 31 km) and vertical resolutions (137 
levels to 0.01 hPa, hybrid sigma-pressure) with an hourly 
temporal output. It is based on 4D-Var data assimilation 
with a 12-hour window and variational bias correction of 
observations using Cycle 41r2 of the Integrated Forecasting 
System (Hersbach et al. 2019). The data is freely available 
for the period from 1940 to the present. The data can be 
accessed from: https:// cds. clima te. coper nicus. eu/ cdsapp# !/ 
search? text= ERA5% 20hou rly.

3.2  MERRA2

The Modern-Era Retrospective analysis for Research and 
Applications, Version 2 (MERRA-2) (Gelaro et al. 2017) 
is a global atmospheric reanalysis produced by the NASA 
Global Modeling and Assimilation Office (GMAO). It cov-
ers the satellite-observing era from 1980 to the present and 
is freely available. It replaces its predecessor, MERRA (Rie-
necker et al. 2011). MERRA2 has a horizontal resolution of 
0.625°×0.5° and 72 hybrid-eta levels up to 0.01 hPa. Past 
observations are assimilated using a 3D-Variational system 
with a 6-hour update cycle, which only adjusts model projec-
tions forward in time. The data can be accessed from: https:// 
gmao. gsfc. nasa. gov/ reana lysis/ MERRA-2/ data_ access.

3.3  REMOglacier

The estimates of regional mass balance for KR glaciers 
are obtained from a high-resolution glacier-climate model 
called  REMOglacier. This model combines the atmospheric 
regional model REMO (Jacob and Podzun 1997) with a 
dynamic glacier parameterization scheme (DGS) (Kotlarski 

2007; Kotlarski et al. 2010). The DGS represents the surface 
glacier cover at a smaller scale and calculates the energy 
and mass balance of the glacierized part within each grid 
box. The glacierized part can dynamically grow or shrink 
based on the simulated mass balance, but it is constrained 
to the total land surface area of the respective grid box. The 
integration of  REMOglacier covers the South Asian region 
 (7o-38oN,  65o-98oE) from 1989 to 2016, taking into account 
the availability of glacier inventory for initializing the 
model, as used in previous studies (Frey et al. 2014; Pfeffer 
et al. 2014). The setup has a horizontal resolution of 0.22o 
x 0.22o (approximately 25 km) with 27 vertical levels. It 
is forced by the ERA-Interim dataset for lateral boundary 
conditions, which are updated every 6 h and interpolated to 
a 2-minute time step (Kumar et al. 2015).

3.4  WD Track Database

The existing WD database of ERA5 and MERRA2 was 
taken from Javed et al. 2022, which applied the tracking 
algorithm called “TRACK” (Curio et  al. 2019; Hodges 
et al. 2017; Pinheiro et al. 2019). The tracking is performed 
using T63 spectrally filtered relative vorticity field averaged 
between 400 hPa and 300 hPa levels (Hunt et al. 2018a, 
2019a) at a 3-hourly temporal resolution for 39 winter sea-
sons (1980–2019, November-March), considered the most 
active period for WDs (Krishnan et al. 2018). The study 
period (1980–2019) has been divided into two sub-periods: 
P1 (1980–2000) and P2 (2001–2019), based on the out-
come of a change point detection method (using Petitt’s 
test) applied on the amount of snowfall (and total precipita-
tion) received by the Karakoram region. The test revealed 
a significant change point in 2001 at a 95% confidence 
level (Fig. 2). The figure depicts a reversal in trend for both 

Fig. 1  Shows the mean 
elevation (m) and geographical 
location of KR (red outline) 
and other KH regions (black 
outline). The white outline 
denotes Indian geopolitical ter-
ritory. The zoomed-inset figure 
highlights the acute scarcity of 
in-situ observational stations in 
the Karakoram. Yellow circles 
are the Indian Meteorological 
Department (IMD) stations, 
whereas green triangles are the 
Climate Research Unit (CRU) 
land stations

https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5%20hourly
https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5%20hourly
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access
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precipitation and its solid component between the two iden-
tified sub-periods. The period segregation aptly coincides 
with the observed glacier variability of Karakoram glaciers, 
previously discussed in various studies (Azam et al. 2018; 
Berthier and Brun 2019; Dehecq et al. 2019). By comparing 
and analyzing various parameters and characteristics within 
the two sub-periods, the study attempts to unravel the rea-
sons behind this behavioral change of WDs impacting the 
KR glaciers.

The WD database includes a domain-filtering constraint, 
with the tracks required to pass through a KR box bounded 
by 33-37.5oN and 72.3-80oE, resembling the smallest rectan-
gular domain covering the whole of KR (Fig. 3). This filters 
out a significant chunk of WDs which do not directly impact 
the glaciers of KR in terms of providing snowfall influx. The 
tracks were also required to breach a vorticity (intensity) 
threshold of 1 ×  10−5  s−1 (Pinheiro et al. 2019; Priestley and 
Catto 2022), sustain themselves at least for a day, and travel 
1000 km. A track-matching methodology was employed to 
select the best tracks among the two reanalysis datasets, i.e., 
having a good temporal and spatial match (10% points match 
within a  4o radius). About ~ 52% of ERA5 tracks were found 
to have a good match with MERRA2 (Javed et al. 2022). 
Most of the matching tracks were of higher intensities, 
whereas the smaller intensity storms had difficulty qualify-
ing the matching criteria. It should be kept in mind that most 
of WD-associated precipitation contribution comes from 
higher intensity storms whereas the low intensity storms are 
either dry or don’t last long enough to precipitate. Therefore, 
even if low intensity tracks are filtered out, the informa-
tion loss is not significant. In totality, ERA5 could identify 
484 (out of which 252 matched) WDs passing through KR, 
whereas MERRA2 identified 519 WDs between 1980 and 
2019. Figure 3a depicts the tracks of ERA5 that matched 
with MERRA2 and their genesis locations, while Fig. 3b 

demonstrates the mean path of WDs in the two sub-periods, 
P1 and P2. All WD associated statistics discussed in the pre-
sent study are ensemble mean of the two reanalysis datasets 
to reduce the uncertainties.

3.5  Mid‑Latitude Genesis Potential

Previous studies have identified a few parameters that signif-
icantly factor into the evolution of WDs. Geopotential height 
has been a common denominator in most of them, mainly 
because they are synonymous with deep troughs within and 
exhibit well-defined signatures (Cannon et al. 2015, 2016; 
Dimri and Chevuturi 2014; Lang and Barros 2004; Mad-
hura et al. 2015). Recently, Midhuna et al. 2020 proposed 
a new geopotential height anomaly-based Western Distur-
bance Index (WDI) to corroborate the characteristics of WDs 
with their associated dynamics. The study found that WDI is 
correlated positively with the number of WDs in a season. 
Similarly, baroclinic instability and the location of subtropi-
cal westerly jetstream (STWJ) play a significant role in the 
early stages of WD development and are considered crucial 
factors in determining the location and frequency of their 
genesis (Hunt et al. 2018a, b; Javed et al. 2022). Regions of 
higher baroclinicity are associated with higher genesis activ-
ity. Another well-known index, generally employed to study 
tropical cyclogenesis (Tiwari et al. 2022a, b), known as the 
Genesis Potential Parameter (GPP), is widely used across 
the globe for tropical cyclone studies (Kotal and Bhattacha-
rya 2013; Paul et al. 2022). However, the requirement is to 
devise its extratropical counterpart, which encapsulates all 
the factors that impact the genesis location, frequency, and 
intensity of mid-latitude extratropical cyclones such as WDs.

The present study proposes a new parameter to iden-
tify the most active regions of mid-latitude cyclogenesis. 
It factors in some of the most critical parameters and 

Fig. 2  Shows the contribution of snowfall in total precipitation 
received through WDs in Karakoram (in billion cubic meters). Black 
star represents the change point detected using Pettitt’s test at 95% 
confidence interval. Solid lines depict the trends for total precipitation 

and snowfall volumes during P1 (1980–2000) whereas dashed lines 
represent the same for P2 (2001–2019). The data shown is the ensem-
ble mean of statistics generated for ERA5 and MERRA2 tracks
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already-defined indices, such as WDI (Midhuna et al. 2020) 
and eady growth rate egr (Javed et al. 2022). While WDI 
considers the effects of geopotential anomaly, egr brings 
in the impact of baroclinicity. A modified version of GPP 
(symbolized by mgpp), slightly amended for studying upper 
tropospheric cyclonic systems, is also included. We will call 
this parameter as Mid-Latitude Genesis Potential (MLGP). 
The genesis tendency of a region is directly proportional 
to all the abovementioned factors and, therefore, MLGP is 
defined as:

 Where the proportionality constant is taken to be equal to 
‘3’ and the bar indicates normalized data calculated using 
the following procedure:

Normalizing the data eliminates the associated units of 
all the parameters involved, leaving the resultant parameter 
unitless. It also ensures that all the input variables have the 

MLGP = 3 ∗
−

WDI∗
−

egr∗
−

mgpp

−

x=
mean(x) −���(x)

���(x) −���(x)

same treatment in the calculation, removing redundancy 
and enhancing cohesion among the datasets. The propor-
tionality constant is taken as ‘3’ to rescale the resultant 
parameter between 0 and 1. The details for calculating 
individual variables, including the equations involved and 
the datasets required for their calculations, are provided 
below.

3.5.1  Western Disturbance Index

Western Disturbance Index, or WDI, was introduced by 
(Midhuna et al. 2020) to corroborate the characteristics of 
WDs with their associated dynamics. It is formulated using 
the difference between 850 and 200 hPa geopotential height 
anomaly. The seasonal mean value of geopotential height 
anomaly at 850 and 200 hPa is calculated. The value at 
850 hPa is subtracted from 200 hPa and then divided by 
the standard deviation to construct a standardized WDI. The 
study found that WDI correlated positively with the num-
ber of WDs in a season. However, the index requires more 
intense WD systems in a season to show a good correlation.

Fig. 3  a Shows the WD-tracks 
of ERA5 that matched with 
MERRA2 passing through the 
KR box (yellow). Red dots 
denote the genesis of P1 (1980–
2000) WDs, whereas cyan dots 
denote the genesis of P2 (2001–
2019) WDs. The black dashed 
line denotes the mean genesis 
longitude of P1 WDs, whereas 
the solid black line denotes the 
same for P2 WDs. b It shows 
the mean path of WDs during 
P1 (cyan) and P2 (magenta). 
The inset figure depicts the 
 REMOglacier  simulated annual 
mass-balance of KR glaciers 
from 1989–2016 and provides 
the readers with visual evidence 
of the “Karakoram Anomaly” 
for their understanding (adapted 
from Kumar et al. 2019)
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3.5.2  Eady Growth Rate

The maximum Eady growth rate (egr) measures baroclinic 
instability (Eady 1949). The egr  (s-1) is given by (Lindzen 
and Farrell 1980; Simmonds and Lim 2009; Vallis 2006):

 Where fcor is the Coriolis parameter, U(z) is the vertical 
profile of the eastward wind component, z is the vertical 
coordinate, and N is the Brunt-Väisälä frequency given by:

 Where g is the acceleration due to gravity, and θ is the 
potential temperature. The vertical derivatives are computed 
as a finite difference of values at 400 hPa and 300 hPa levels 
(Javed et al. 2022).

3.5.3  Modified Genesis Potential Parameter

A monthly modified version of the Genesis Potential Param-
eter (GPP), inspired by the works of (Kotal and Bhattacha-
rya 2013; Paul et al. 2022), is used in the present study. The 
previous studies employed the method on a daily scale for 
North Indian Ocean tropical cyclones to study case-based 
scenarios. However, we have modified the parameter for the 
mid-latitude cyclogenesis to study on a seasonal scale. It is 
based on two thermodynamic (Relative humidity (RH) and 
temperature difference between lower and middle atmos-
phere) and two dynamic (relative vorticity and vertical wind 
shear) parameters. While the thermodynamic parameter 
RH represents the moisture availability in the atmosphere, 
the temperature difference between the lower and middle 
atmosphere governs the atmospheric instability required for 
developing a system. Higher values of relative vorticity (a 
dynamic parameter) facilitate enhanced convection, whereas 
lower values of vertical wind-shear support cyclone forma-
tion by reducing the loss of moisture and latent heat energy. 
The modified genesis potential parameter (denoted by mgpp) 
is calculated using the parameters mentioned above:

Where ‘ξ’ is the upper-level vertically averaged relative vor-
ticity between 400 hPa and 300 hPa; ‘M’ is the mid-tropo-
spheric RH defined by the formula M = (RH-40)/30, RH is 
the vertically averaged relative humidity between 700 hPa 
and 500 hPa levels. ‘I’ is the mid-tropospheric instability 
signified by the temperature difference (°C) between 850 hPa 

egr = 0.3098

|fcor||||
�U(z)

�z

|||
N

N2 =
g

�

��

�z

mgpp =

{ 𝝃∗M∗I

S
if 𝛏 > 𝟎, 𝐌 > 𝟎, 𝐚𝐧𝐝 𝐈 > 𝟎

𝟎 if 𝛏 ≤ 𝟎, 𝐌 ≤ 𝟎, 𝐚𝐧𝐝 𝐈 ≤ 𝟎

and 500 hPa, and ‘S’ is the vertical wind shear (computed as 
the vector difference between the 200 hPa and 850 hPa lev-
els) of horizontal winds. The modified part is the temporal 
scale of the parameter calculated and the inclusion of upper 
tropospheric relative vorticity.

4  Results

4.1  Characteristics of the Core Genesis Zone 
and the Mean Path of WDs

Indian Meteorological Department (IMD) defines WDs as a 
“cyclonic circulation/trough in the mid to lower troposphere 
or as a low-pressure area at the surface, which occur in the 
mid-latitude westerlies and originate over the Mediterranean 
Sea, Caspian Sea, and the Black Sea and move eastward 
across north India” (https:// www. imdpu ne. gov. in/ Repor ts/ 
gloss ary. pdf). The most striking feature observed in Fig. 3a 
is the noticeable eastward shift in the genesis locations of 
KR WDs. The clustered region can be called the core gen-
esis zone (CGZ) of WDs and corresponds almost identically 
with a recent study that stated the region between  30oE-61oE 
as the most active genesis longitudes for WDs (Qiu et al. 
2022). As will be discussed in detail later on, the mean 
genesis longitude shifted about ~ 9.7oE from  46oE during 
P1 to 55.7oE during P2, a significant ~ 950 km spatial shift 
in mean genesis locations. However, the majority still lies 
inside the original genesis box, largely complying with the 
IMD’s definition of a WD. Figure 3b shows the mean path 
of KR WDs for the two sub-periods. It reveals a slight pole-
ward shift of the mean track over KR, essentially anchoring 
it almost adjacent to the glaciers with visible mass gain/sta-
bility (zoomed-in inset; Fig. 3b). The northward shift of the 
mean path can be attributed to the simultaneous poleward 
shift in the location of the STWJ. Some previous studies 
have established baroclinicity and the location of STWJ as 
the critical parameters controlling the frequency and gen-
esis of the mid-latitude westerlies (Hunt et al. 2018b; Javed 
et al. 2022; Tierney et al. 2018). However, baroclinicity has 
a slight upper hand in controlling the WD occurrence fre-
quencies during boreal winter (Dimri et al. 2015; Hunt et al. 
2018a; Krishnan et al. 2019; Madhura et al. 2015). Figure 4 
reiterates the findings of (Hunt et al. 2018a) and shows how 
upper-level baroclinicity facilitates and controls the gen-
esis of mid-latitude westerlies of the Northern Hemisphere. 
Baroclinic instability (represented by eady growth rate, 
Fig. 4a) and genesis density (Fig. 4b) are found to be highly 
correlated with each other (Fig. 4c) in the last four decades. 
However, the regions of anti-correlation coincide with the 
supposed path of the STWJ, where the vertical wind shear is 
relatively intensified, thus negatively impacting the genesis 
of cyclones. Therefore, it can be said that STWJ has more 

https://www.imdpune.gov.in/Reports/glossary.pdf
https://www.imdpune.gov.in/Reports/glossary.pdf
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of a vehicular role in modulating the WD frequencies and 
lesser of a role in their genesis, helping them propagate east-
ward once they get embedded into the jet and dictating their 
path (Dimri et al. 2015; Hunt et al. 2018b; Krishnan et al. 
2018). The details for the calculation of the eady growth rate 
are provided in the methodology Section 3.5.2.

The mean genesis longitudes for P1 and P2 were calcu-
lated by applying bootstrapping method to all the genesis 
locations in the respective sub-periods. The set of genesis 
longitudes were subjected to 1000 resampling iterations, 
eventually providing us with a normally distributed mean 
longitudes (Fig.  5). Bootstrapping is a non-parametric 
statistical test and does not rely on assumptions about the 
underlying distribution of the data. This makes it a valu-
able tool in situations where the distribution is unknown 
or complex. It involves randomly selecting samples with 
replacement from the observed data. Each bootstrap sam-
ple is the same size as the original dataset, but because it’s 

drawn with replacement, some observations may be repeated 
while others may be omitted. In Figs. 3 and 5, we used the 
actual genesis locations as the bootstrapping input to visu-
alise the shift, whereas the Fig. 6 depicts the same using 
TRACK-generated spatial genesis density statistic. Figure 6a 
and b depict the inter-annual variability of the longitude of 
highest genesis density for P1 and P2, respectively. It is cal-
culated using the genesis density values within  20oW-70oE 
and  20oN-50oN coordinates, covering the entirety of the 
genesis box up until the western edge of the KR box. The 
values are first meridionally averaged for each longitude, 
and the highest statistically weighted values (found using 
the loess regression technique) are joined together to form a 
smooth ribbon across the years. This technique identifies the 
most probable longitude for the existence of a genesis cluster 
and allows the ribbon to oscillate along the longitudes giv-
ing preference to the genesis centers having more statisti-
cal weight than the rest. The figures portray a noticeable 

Fig. 4  a Ensemble mean of 
eady growth rate (averaged over 
6  h-1 temporal resolution for 
the months November-March 
each season) from 1980–2019. 
b Ensemble mean of genesis 
density of KR WDs c Spatial 
distribution of correlation 
between (a) and (b)
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downward shift of the ribbon, analogous to the eastward 
shift in the genesis activity of Karakoram WDs. The dis-
tribution of the mean genesis longitude, along with its ker-
nel density estimation (KDE), is shown in Fig. 6c. The two 
periods display distinct distribution peaks, demonstrating 
the significant eastward shift in the CGZ. The difference 
between the two distributions was found to be highly statisti-
cally significant using the Kolmogorov-Smirnov test (at 1% 
level, p-value: 0.00146).

The consequences of such a shift can vary from impact-
ing the anomaly region with more intense storms to even 
spatially shifting/extending the anomaly, especially when the 
presence of the anomaly is now already reported in western 
Kunlun (36°N, 84°E) and eastern Pamir ranges (38°N, 75°E) 
(Azam et al. 2018; Brun et al. 2017; Kääb et al. 2015; Wang 
et al. 2017). Javed et al. 2022 had shown that the intensity 
of WDs impacting KR has increased without any change in 
their frequencies. It remains to be seen whether the zonal 
displacement of the core genesis region could explain the 
rise in intensities since the shift essentially moves them 
closer to the impact region, resulting in a shorter journey 
time and path. A hypothesis can also be found in a recent 
study that suggested shorter tracks produced in future cli-
mate simulations can negatively impact the spin-up of the 

systems restricting their peak intensity before striking the 
Himalayas (Hunt et al. 2019b). However, it can be argued 
that the dynamics governing future WDs can vary signifi-
cantly. The increased intensity of WDs or the rise in winter 
precipitation (Bolch et al. 2012; Dimri 2021; Farinotti et al. 
2020; Javed et al. 2022) coupled with the nearing proximity 
of the storms (Fig. 3b) seems to facilitate the anomaly in 
recent decades.

4.2  Attributed Manifestations of the Shift and its 
Role in Modulating the Strength of WDs

Various factors can be attributed to the recent resurgence 
of WDs and the rise in associated precipitation over KR. 
Figure 7 depicts the mean monthly vertical cross-section 
(meridional mean between  20oN to  50oN) and the orogra-
phy (sliced at the mean latitude for KR, i.e.,  36oN) for some 
atmospheric parameters which can influence the genesis of 
WDs. The contours represent the sub-period difference (P2 
minus P1) for the ensemble mean of ERA5 and MERRA2. 
The longitudinal extent is taken from  45oE (inspired by the 
mean genesis longitude during P1) to  85oE (slightly beyond 
the KR box). The idea is to investigate the region of high-
est genesis activity up to the impact region in question. 

Fig. 5  Shows the normal 
approximation of the bootstrap 
distribution of TRACK-gener-
ated genesis longitudes for a P1 
and b P2
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Fig. 6  Interannual variability 
(magenta ribbon) of the longi-
tude of highest genesis density 
for a P1 and b P2. c The distri-
bution of the mean genesis lon-
gitude along with their KDEs 
for P1 (red histogram, dotted 
curve) and P2 (blue histogram, 
solid curve)

Fig. 7  a Shows the mean monthly vertical cross-section of tempera-
ture (zonal mean between  20oN to  50oN) and the orography (sliced at 
the mean latitude for KR, i.e.,  36oN). b same as a but for convergence 

 (s-1). Negative values (blue contours) depict convergence. c  same as 
a but for vertical velocity (omega) (Pa  s-1). Negative values (blue con-
tours) depict upward motion/ascent
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Distinct warming during P2 throughout the vertical section 
is observed in Fig. 7a. A warmer climate facilitates the heat-
ing of the surface air, which rises and creates a low-pressure 
region, inducing mass convergence (Fig. 7b; blue contours) 
and ascent (Fig. 7c; blue contours). The increased conver-
gence found at lower pressure levels along the western lon-
gitudes coincides with the region of highest genesis activity 
(Figs. 3b and 4b).

The lobe of enhanced convergence continues along the 
western edge of High Mountain Asia, interacting construc-
tively with the orography to produce the intense rainfall 
commonly associated with WDs (Baudouin et al. 2021; 
Hunt et al. 2018b). The intensified upward motion of air, 
especially near the periphery of KR, could partly explain the 
enhanced precipitation activity over the windward side of the 
KH (Bolch et al. 2012; Midhuna et al. 2020; Nie et al. 2021) 
since it is generally associated with the formation of clouds 

and high precipitation activity. However, Fig. 8 provides a 
plausible reason for the significant shift in the genesis loca-
tions of WDs. It depicts a significant rise in the ensemble 
mean (ERA5 and MERRA2) of MLGP (Section 3.5) over 
the CGZ. The parameter has the potential to identify the 
regions with the highest genesis tendency. It incorporates 
factors influencing WDs’ genesis, frequency, and intensity, 
such as geopotential height anomaly, zonal wind, air tem-
perature, and available moisture at various pressure levels. 
Figure 8a and b shows the spatial distribution of the mean 
MLGP observed during P1 and P2. A significant rise in 
the genesis potential is observed over the eastward territo-
rial land beyond  20oE, almost coinciding with the CGZ as 
well as the region of highest genesis tendency as shown in 
Fig. 4b. On the other hand, the rise is relatively subdued 
over the Mediterranean Sea (Fig. 8c). It should be noted that 
this does not mean that the genesis potential has decreased 

Fig. 8  a Ensemble Mean MLGP 
in P1 b Ensemble Mean MLGP 
in P2 c Ensemble mean change 
(P2 minus P1) in MLGP for KR 
WDs. Hatchings denote signifi-
cance at 5% level
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over the Mediterranean Sea. Instead, the territorial land has 
had more favourable conditions for cyclogenesis, ensuing 
in a significant shift in the genesis locations of WDs. It also 
highlights an interesting aspect of CGZ moving away from 
a primary moisture source which intuitively should result in 
weakened intensities of WDs. However, we explored some 
moisture parameters associated with WDs in a composite 
framework to unravel the sources of moisture.

The associated precipitation volume and intensity are 
already reported to have increased in P2 for tracks passing 
through KR (Javed et al. 2022). We investigate parameters 
such as evaporation, moisture budget (precipitation minus 
evaporation), and vertically integrated moisture convergence 
(Fig. 9). The presented results are ensemble mean composite 

statistics. Figure 8a reveals the significant role of local mois-
ture availability (evaporation) in intensifying the impact of 
WDs. Enhanced evaporation is observed throughout the path 
of WDs, right from the CGZ to the eventual impact region. 
A highly significant decline in evaporation is found over the 
Mediterranean Sea, whereas a statistically significant rise 
is observed over KR. It would be interesting to look into 
the sources of this enhanced evaporation availability across 
High Mountain Asia, especially when a sharp increase in 
the number of glacial lakes and their role in the amplifica-
tion of evaporation has been reported for the region (Maurer 
et al. 2019; Song et al. 2020). However, a study has shown 
that local evaporation has little role to play in enhancing 
WD-precipitation, and significant contributors to moisture 

Fig. 9  Change in the ensemble 
mean (P2 minus P1) for KR 
WDs a Evaporation b Moisture 
Budget c Vertically integrated 
moisture convergence. All in 
mm/day. Hatchings denote 
significance at 5% level
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through evaporation processes are the Persian Gulf, the Red 
Sea, and the Arabian Sea (Baudouin et al. 2021). The WD-
associated moisture budget, calculated using methods used 
in previous studies (Bengtsson et al. 2011; Vannière et al. 
2020), reveals very similar spatial patterns. A statistically 
significant decrease in the moisture budget over the Mediter-
ranean Sea is succeeded by a significant rise over the CGZ 
(Fig. 9b). The enhanced moisture availability helps in the 
genesis of cyclones and provides positive feedback for their 
propagation (Catto 2016; Pfahl and Sprenger 2016; Wu et al. 
2015). The zonal shift of genesis activity observed during 
P2 could result from this enhanced moisture budget all along 
the path of WDs up until the central part of the KH.

However, Fig. 9c provides a clearer picture of why the 
genesis activity tends to cluster closely over the terrestrial 
region east of the Mediterranean Sea in recent decades. The 
region has witnessed an enhanced moisture influx or con-
vergence from nearby water bodies, including the Black Sea 
and the Red Sea. Moreover, the composite analysis suggests 
that the moisture divergence (red contours) has significantly 
increased over the Mediterranean Sea, similar to what was 
suggested by Fig. 9a and b. Therefore the CGZ, i.e., the 
region sandwiched between the Caspian Sea and the Persian 
Gulf, has experienced a highly significant rise in conver-
gence, the region where the genesis cluster is denser dur-
ing P2. It raises another question about the source of such 
moisture in the region despite moving away from a relatively 
more significant source (the Mediterranean Sea). However, 
it should be noted that the spatial patterns of decreasing 
convergence (and other moisture parameters) over the Medi-
terranean Sea do not correspond to a declining role in pro-
viding moisture. The Mediterranean Sea remains the pri-
mary source of moisture for WDs simply because of its areal 
extent and proximity. Readers should also remember that the 
results shown are composite analyses of WDs impacting KR, 
and the spatial patterns may vary significantly on the days 
when either no WD activity happens or on the days of WDs 
which do not impact KR.

Although most intense WDs originate over the Mediter-
ranean Sea, the Arabian Sea has also been suggested as the 
reinforcing source of moisture during boreal winter (Mid-
huna et al. 2020), with relatively lesser input being provided 
by the Red Sea (Dimri 2007; Filippi et al. 2014), the Cas-
pian Sea (Dimri and Niyogi 2013; Syed et al. 2010), and 
the Persian Gulf (Baudouin et al. 2021). The presence of 
moisture pathways drawing moisture from all the above-
mentioned sources has also been reported in a recent study 
(Baudouin et al. 2021). The study also discussed the interac-
tions of these pathways with WDs, highlighting the feedback 
mechanisms which can both intensify or inhibit the strength 
of WDs depending upon other synoptic circumstances. 
Another recent study suggested that the Mediterranean/
Caspian Seas and the Mediterranean Land region (which 

closely resembles the extent of our genesis box but without 
the water bodies) have dominant control over cold-season 
precipitation variability over high-mountain Asia and is 
responsible for nearly 50% of the total seasonal precipitation 
(Mehmood et al. 2022). The rest is divided to a lesser extent 
among the Indian Ocean, North Atlantic Ocean, and local 
recycling. It can be inferred from the composite analysis that 
the CGZ lies at optimum proximity to all the surrounding 
water bodies and draws significant moisture from them to 
have a sustained influx of moisture which could be one of 
the possible triggers for the eastward displacement of WDs 
genesis during P2.

Now the question arises whether or not the zonal dis-
placement of the genesis cluster impacts WDs’ intensity. 
This is important in the context of the “Karakoram Anom-
aly,” as it is well established that WDs are the significant 
source of snowfall during the accumulation period of 
glaciers (Javed et al. 2022). Figure 10a depicts the verti-
cal cross-section of the winter season zonal wind pattern 
(ensemble mean) change across the genesis box until the 
eastern edge of Karakoram. It clearly shows an increase in 
the eastbound wind speed over most of the Mediterranean 
Sea, which can facilitate the transport of moisture over the 
terrestrial land. The vertical cross-section depicts a change 
in sign (and direction) observed around  30oE longitude on 
the upper levels and slightly tilting westward as we approach 
the surface. The structure aligns almost perpendicular to the 
CGZ, suggesting it to be a confluence region for moisture-
laden winds (Fig. 9c). The enhanced moisture availability 
thus becomes a crucial factor in the supposed eastward shift 
in the genesis locations.

Even though moisture has increased during P2, the shift-
ing of genesis locations sounds counter-intuitive to the 
hypotheses of increasing intensities of KR WDs, mainly 
because of their migration away from the primary moisture 
source and the shortening of the track paths, which inhibits 
their spin-up time (Hunt et al. 2019b). However, Fig. 10b 
depicts the KR WDs’ mean propagation speeds and reveals 
an interesting aspect. A statistically significant decline in 
the propagation speeds is observed along the WD-pathway, 
effectively providing more time for the systems to pick up 
the enhanced moisture available along the path and counter 
the effects of a shorter journey path. The decrease in propa-
gation speeds may have allowed the systems sufficient time 
to spin up and intensify before colliding with the KH. Inter-
estingly, the storms seem to spend less time over KR dur-
ing P2, as shown in Fig. 10c, which depicts the number of 
hours WDs spend inside the KR box in a season. The “storm 
hours” have been steadily declining in the last four decades; 
however, a slight increase (not significant at the 5% level) is 
observed during P2. Despite increasing propagation speed 
and declining hours count within the KR box, the winter 
precipitation has increased in recent years (Javed et al. 2022; 
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Vishwakarma et al. 2022), also reported in various previous 
studies (Azam et al. 2021; Bolch et al. 2012; Dimri 2021), 
and reiterating the notion of increasing extreme precipitation 
events over the Karakoram in recent decades.

5  Conclusions

The present study strives to unearth the key features of the 
WDs passing through the Karakoram part of the KH (Fig. 1). 
We used the existing WD-catalog of Javed et al. 2022, pre-
pared by applying a tracking algorithm to T63 spectrally 
filtered 3-hourly relative vorticity fields of ERA5 and 
MERRA2 between 300 and 400 hPa levels. The study period 
(1980–2019) was divided into sub-periods: P1 (1980–2000) 
and P2 (2001–2019), based on change point detection test 
(Fig. 2). We first filtered out the best-matched WD tracks 
passing through KR and observed a ~ 9.7oE shift in the core 
genesis zone (CGZ) during P2 (Fig. 3a). The mean path of 
WDs over KR is also found to have anchored itself closer 
to the anomalous glacial surge pockets (Fig. 3b). Genesis 
density of WDs were found to be highly correlated with the 
regions of high baroclinic instability (Fig. 4) in the last four 
decades. The mean genesis longitude for P1 and P2 were 
identified using bootstrapping technique, employed on the 
actual genesis locations generated by the tracking algorithm 
(Fig. 5). The inter-annual variability curve of the highest 
genesis density longitude portrays a noticeable downward 
shift, analogous to the eastward shift in the genesis activ-
ity of Karakoram WDs (Fig. 6a and b). The mean genesis 
longitude and their KDEs depict distinct distribution peaks, 

statistically proving the significant eastward shift in the CGZ 
(Fig. 6c). The shift is possibly a by-product of a warmer cli-
mate, enhanced convergence, and more moisture availability 
around the core genesis cluster region (Fig. 7).

A new parameter called Mid-latitude Genesis Potential 
(MLGP) is proposed to identify regions of potential extra-
tropical cyclogenesis. The mean change in MLGP during 
P2 suggests significant enhancement for cyclogenesis over 
the CGZ (Fig. 8c). Moisture parameters such as evapora-
tion, moisture budget (precipitation minus evaporation), and 
vertically integrated moisture convergence have significantly 
risen over the CGZ in the recent period, not only fueling the 
genesis of WDs away from the Mediterranean Sea (Fig. 9) 
but intensifying the associated precipitation over the Kara-
koram. The decrease in propagation speeds of the systems 
(Fig. 10) counters the impact of shorter track paths due to 
the eastward shift in their genesis locations (which inhib-
its their spin-up and intensification process). Javed et al. 
2022 showed that the WD-associated snowfall over KR has 
increased during P2, suggesting more extreme WD events 
over KR in the recent period, playing a crucial role in main-
taining the health of “Karakoram Anomaly.” However, it 
remains to be seen whether the anomaly will cease to exist 
in the future if the core genesis zone of WDs continues to 
shift further east. A continuous migration may eventually 
lead to a tipping point where WDs may no longer be able to 
draw enough moisture from the sources, but these are still 
speculations and require thorough investigation.
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