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ABSTRACT

In  this  study,  we  investigate  the  complex  relationship  between  western  disturbances  (WDs),  the  El  Niño–Southern
Oscillation  (ENSO),  and extreme precipitation  events  (EPEs)  in  the  western  Himalaya (WH) during the  extended winter
season  (November–March).  WDs  west  of  WH  coincide  with  97%  of  recorded  EPEs,  contributing  substantially  (32%  in
winter,  11% annually)  to total  precipitation within WH. WDs are 6% less  frequent  and 4% more intense during El  Niño
than  La  Niña  to  the  west  of  WH.  During  El  Niño  (compared  to  La  Niña)  years,  WDs  co-occurring  with  EPEs  are
significantly more intense and associated with 17% higher moisture transport over “WH box” (the selected region where
most of the winter precipitation over WH occurs). This results in twice the EPE frequency during El Niño periods than La
Niña periods. A substantial southward shift (~180 km) of the subtropical jet (STJ) axis during El Niño brings WD tracks
further south towards their primary moisture sources, especially the Arabian Sea. We have shown that WDs that are both
more intense and pass to the south of their typical latitudes have higher levels of vertically integrated moisture flux (VIMF)
within them. VIMF convergence in the most intense pentile of WDs is 5.7 times higher than in the weakest, and is 3.4 times
higher  in  the  second  lowest  latitude  pentile  than  in  the  highest.  Overall,  this  study  demonstrates  a  direct  link  between
changes in the latitudinal position and intensity of WDs associated with the winter STJ, and moisture convergence, which
leads to the occurrence of EPEs over WH during ENSO phases.
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Article Highlights:

•  During El Niño, there are more intense western disturbances (WDs) south of their typical latitudes.
•  These WDs transport higher moisture and bring more frequent winter precipitation extremes over the western Himalaya.

 

 
  

1.    Introduction:

The western  Himalaya  (WH) are  highly  susceptible  to
extreme  precipitation  events  (EPEs)  (e.g., Nandargi  and
Dhar, 2011; Thayyen et al., 2013; Dimri et al., 2017). These
events  often  occur  as  heavy snowfall  (Hewitt,  2011; Dahri
et al.,  2018; Pritchard,  2021),  which  contributes  to  the
regional  snowpack  and  glaciers  (Anders  et al.,  2006; Tahir
et al.,  2011; Bolch et al.,  2012; Ridley et al.,  2013; Cannon
et al.,  2016).  Subsequent  melting  of  these  reserves  during

spring  serves  as  a  major  source  of  downstream  river  flow
and relief from drought to dense populations that are particu-
larly  vulnerable  to  water  stress  (Singh  et al.,  2011;
Pritchard, 2019; Orr et al., 2022). EPEs can also trigger natu-
ral  hazards such as landslides,  snow avalanches and floods
(Thayyen  et al.,  2013; Dimri  et al.,  2017; Hunt  and  Dimri,
2021),  which  pose  threats  to  lives,  infrastructure,  agricul-
ture, and the overall socioeconomic wellbeing of the commu-
nities living in the region (Orr et al., 2022).

Synoptic-scale winter storms embedded in the westerly
winds  associated  with  the  subtropical  jet  (STJ),  which  are
referred to as westerly disturbances (WDs), are responsible
for most of the EPEs over WH (Cannon et al., 2015; Dimri
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et al., 2015). These are strongest when the winds associated
with the WDs are oriented perpendicular to the steep terrain
that  characterizes  WH (Hunt  et al.,  2018b; Baudouin et al.,
2020a, 2021),  and  are  most  common  from  December  to
March  when  the  STJ  is  at  its  lowest  latitude  (Schiemann
et al.,  2009).  Key characteristics  of  the STJ (e.g.,  its  shear,
waviness, and maximum wind speed) all influence the propa-
gation of WDs (Barlow et al., 2005). During the months of
December  to  March,  WDs  are  dynamically  more  intense
with  deeper  troughs  when  the  STJ  reaches  its  maximum
strength,  and  this  intensification  is  characterized  by
increased intensity of WDs, rather than frequency (Cannon
et al.,  2016).  The  WDs  typically  move  eastwards  across
Northwest  India  with  a  frequency  of  around  five  or  six
events  per  year  (Cannon  et al.,  2016; Hunt  et al.,  2018a),
while  during  winter,  WDs  are  estimated  to  occur  at  a  fre-
quency of approximately four to seven per month (Chattopad-
hyay, 1970; Mohanty et al., 1998; Dimri, 2006; Hunt et al.,
2018a; Midhuna  et al.,  2020). Cannon  et al.  (2017)  also
stated that WDs remain active in the range of two to seven
days,  so  it  is  crucial  to  investigate  them  at  the  daily
timescale in order to explore their impact on EPEs. The mois-
ture  required  for  WD  precipitation  largely  originates  from
the Arabian Sea (Barlow et al.,  2005; Kar and Rana, 2014;
Jeelani et al., 2018; Lone et al., 2020).

Remote  forcing  from  El  Niño–Southern  Oscillation
(ENSO) events is known to influence the frequency of winter
EPEs over WH, with the number of events increasing during
El  Niño  periods  compared  to  neutral  or  La  Niña  periods
(Syed et al., 2006; Cannon et al., 2017; Kamil et al., 2019).
ENSO-driven shifts in the STJ, particularly during El Niño,
also  induce  latitudinal  variations  in  WDs  ( Hoell  et al.,
2014, 2018; Dimri et al., 2015; Hu et al., 2018; Hunt et al.,
2018a; Ahmed  et al.,  2020).  For  example,  El  Niño  events
prompt  a  southward  shift  of  the  STJ  axis  and  associated

WD tracks  over  the  Indian  subcontinent  due  to  anomalous
cyclonic circulation caused by cooling near the Indo-Pacific
warm pool and adjacent regions (Yadav et al., 2009, 2010a,
2010b; Dimri,  2013);  while  conversely,  during  La  Niña
events,  the STJ and associated WD tracks shift  northwards
(Yadav et al., 2013; Cannon et al., 2017; Hu et al., 2018). Dur-
ing  El  Niño,  there  is  a  strong  barotropic  Rossby  wave
response,  seen  in  the  upper-level  geopotential  height  over
high-altitude Asia and WH due to diabatic heating in the trop-
ics,  which  leads  to  an  intensified  STJ  and  the  deepened
trough (Syed et al.,  2006; Hoell  et al.,  2012; Cannon et al.,
2015, 2017). Additionally, studies have highlighted the signif-
icant role of the circumglobal teleconnection pattern in driv-
ing  the  wintertime  extreme  precipitation  over  adjacent
regions  of  WH  such  as  the  Tibetan  Plateau  (Huang  et al.,
2018; Qiu et al., 2019).

However,  considerable  uncertainty  still  exists  on  how
(1) the changes in EPEs during different  ENSO phases are
linked  to  changes  in  WDs,  and  (2)  the  latitudinal  shifts  in
WD tracks during different ENSO phases affect moisture con-
vergence across WH, and hence EPEs. These represent signifi-
cant research gaps that this study addresses by using a combi-
nation  of  ERA5  atmospheric  reanalysis  data  (Hersbach
et al.,  2020) and a catalogue of the tracks of WDs that can
influence the WH region.
 

2.    Data and methods

A region encompassing 27°–37°N and 67°–77°E (here-
after referred to as “WH box” and depicted by the blue rectan-
gle in Fig. 1) is selected where most of the winter precipitation
over WH occurs. Moreover, winter precipitation within WH
box has been reported to be strongly modulated by ENSO.
EPEs  within  WH  box,  during  an  extended  winter  period
from November to March (NDJFM) from 1979 to 2020, are

 

 

Fig.  1. Map  showing  the  locations  of  the  centers  (orange-filled  circles)  of  the  308
WDs  within  WD  box  (22°–47°N,  50°–77°E;  red  rectangle)  that  occurred
contemporaneously with EPEs within WH box (27°–37°N, 67°–77°E; blue rectangle)
during an extended winter period from November to March from 1979 to 2020. The
thick black line denotes the 3000 m surface elevation contour.
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identified as events where daily precipitation amounts from
ERA5 reanalysis exceed the 95th percentile of the baseline
(Syed et al., 2006; Yadav et al., 2009, 2010a, 2010b; Cannon
et al., 2017; Kamil et al., 2019). Additionally, we found that
the EPEs within WH box are associated with WDs that pass
through  a  region  encompassing  22°–47°N  and  50°–77°E
(hereafter referred to as “WD box” and depicted by the red
rectangle in Fig. 1).

Furthermore,  WDs  within  WD  box  during  NDJFM
from 1979 to 2020 are identified using a WD track catalogue
described  in Hunt  et al. (2018a)  and Sharma  et al.  (2022),
which is based on ERA5 reanalysis data that are spectrally
truncated to T42 to remove noise and small-scale structures.
The tracking algorithm detects WDs by identifying upper-tro-
pospheric  regions  of  positive  relative  vorticity  averaged
between  450  and  300  hPa,  with  the  locations  of  candidate
WDs identified as centroids of these regions. The candidate
WDs  are  then  further  refined  by  only  accepting  those  (1)
whose locations are linked through time to form tracks that
generally follow the westerly steering winds associated with
the  STJ,  (2)  that  persist  for  at  least  48  hours,  and  (3)  pass
through North India (22°–42.5°N, 50°–77°E).

The daily geopotential height at 350 hPa from ERA5 is
used to investigate the circulation associated with WDs and
EPEs,  while  the  intensity  of  a  WD  is  defined  as  the  daily
350  hPa  relative  vorticity  at  the  centre  of  the  WD.  Daily
zonal  and  meridional  components  of  vertically  integrated
moisture  flux  (VIMF)  from  ERA5  are  used  to  investigate
the moisture transport associated with WDs and EPEs. The
net moisture accumulation within WH box is also determined
by (1)  computing  the  average  VIMF in  the  zonal  direction
along the easterly and westerly sides of WH box and the aver-
age  VIMF  in  the  meridional  direction  along  the  southerly
and northerly sides of the box, and multiplying them by the
respective lengths of the sides of the box, and (2) summing
the differences between the zonal components (i.e., westerly
minus  easterly)  and  meridional  components  (northerly
minus southerly), which are then divided by the area of the
box. The monthly 200 hPa zonal wind speed from ERA5 is
used  to  calculate  the  STJ  axis  location.  This  is  defined  as
the  latitude  of  its  local  maximum (greater  than  a  threshold
of  30  m  s−1),  following Schiemann  et al.  (2009)  and Hunt
and Zaz (2023). These ERA5 fields are retrieved at a horizon-
tal resolution of 0.25° × 0.25°.

Finally, the changes in EPEs and WDs during different
ENSO phases are examined by calculating the composite dif-
ferences between El Niño and La Niña events. The Niño-3.4
monthly index from the National Oceanic and Atmospheric
Administration’s Climate Prediction Center is used to identify
the  phase  of  ENSO  events  during  NDJFM  from  1979  to
2020, with El Niño (La Niña) events corresponding to average
sea  surface  temperature  anomalies  across  the  equatorial
Pacific  that  are  over  one  standard  deviation  above  (below)
average.  This  identified  six  El  Niño  events  (1983,  1987,
1992,  1998,  2010,  2016)  and  six  La  Niña  events  (1985,
1989,  1999,  2000,  2008,  2011)  from  1979  to  2020.  Note

that  NDJFM is  January-based,  i.e.,  NDJFM 1983  refers  to
the boreal winter of 1982/83. Differences in the composites
are tested at the 95% confidence level using Welch’s t-test.
 

3.    Results

Based on the WD track catalogue,  the total  number of
days  over  NDJFM  from  1979  to  2020  that  are  associated
with  the  center  of  a  WD  occurring  within  WD  box  was
5506.  Based  on  ERA5  data,  308  of  these  days  with  WDs
occurring within WD box are also associated with the contem-
poraneous  occurrence of  an  EPE within  WH box,  with  the
majority of these WDs concentrated over the western part of
WH box (Fig. 1). These collectively account for 97% of the
318 EPEs recorded within WH box for this period, as well
as around 32% of the total winter precipitation and 11% of
the total annual precipitation within WH box.

Figure 2a shows that the days in which WDs occurred
within WD box are associated with an anomalous cyclonic
system situated over the western part of WH box, with nega-
tive height anomalies at 350 hPa of up to −9 m. This anoma-
lous cyclone is associated with enhanced northeasterly mois-
ture transport  over the western side of WD box, as well  as
enhanced  westerly  and  southwesterly  moisture  transport
over  its  southern  side,  with  VIMF  anomalies  reaching
8 kg m−1 s−1.  However,  the VIMF anomalies are relatively
low in WH box, with the exception of the southeast corner
of the box. By contrast, the subset of events with WDs occur-
ring with the contemporaneous occurrence of an EPE are asso-
ciated with a much deeper anomalous cyclonic structure situ-
ated just west of WH box, with negative height anomalies at
350 hPa of up to −100 m associated with the strongest class
of WDs (Fig. 2b). This is associated with enhanced westerly
and southwesterly moisture transport over the southern side
of  the  WD  box  from  the  Arabian  Peninsula  and  Arabian
Sea  towards  WH  box,  with  VIMF  anomalies  reaching
150 kg m−1 s−1 over the eastern side of WH box.

Out  of  the  5506  days  that  WDs  occurred  within  WD
box over NDJFM from 1979 to 2020, 765 (13.8%) of them
happened during the six El Niño periods,  while 795 (14%)
of them happened during the six La Niña periods during this
time  interval.  Moreover,  out  of  the  308  days  that  EPEs
occurred contemporaneously with WDs from 1979 to 2020,
51  (16%)  of  them  occurred  during  El  Niño  periods,  while
26 (8%) occurred during La Niña periods. The average fre-
quency and intensity of the EPEs that occurred contemporane-
ously with WDs are 8.5 per season and 9.4 mm d−1 during
El Niño events,  and 4.3 per  season and 8.5 mm d−1 for  La
Niña  events.  This  increase  (doubling)  of  the  frequency  of
EPEs occurring contemporaneously with WDs is consistent
with previous studies showing that the number of EPEs over
WH increases during El Niño periods compared to La Niña
periods (Syed et al., 2006; Cannon et al., 2017; Kamil et al.,
2019).  Analysis  of  the  net  moisture  accumulation  within
WH  box  for  the  EPEs  occurring  contemporaneously  with
WDs also shows a value of 6.6 × 10−5 kg m−2 s−1 during El
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Niño periods compared to 5.6 × 10−5 kg m−2 s−1 during La
Niña  periods.  This  net  moisture  accumulation  is  around
17% higher over WH box during El Niño periods than during
La Niña periods.

To  investigate  how  the  different  ENSO  phases  are
linked to changes in WDs, we show composites of differences
between the 765 days when WDs occurred during El Niño
periods and the 795 days when the WDs occurred during La
Niña periods (Fig. 3a). This shows a deepening and westward
shift of the anomalous cyclonic system seen in Fig. 2a, with
negative differences in geopotential height at 350 hPa of up
to −20 m to the west of WD box. This results in a reduction
in the northeasterly moisture transport over the western side
of WD box, with the VIMF being up to 10 kg m−1 s−1 less
over  this  region  during  El  Niño  periods  compared  to  La
Niña  periods.  In  contrast,  this  also  results  in  a  small
increase in the westerly and southwesterly moisture transport

over the southern side of WD box, with the VIMF being up
to 5 kg m−1 s−1 greater over this region during El Niño periods
compared to La Niña periods. This is associated with a band
of  enhanced  anomalous  VIMF  that  stretches  from  eastern
Africa,  across  the  Arabian  Peninsula  and  Arabian  Sea,
towards WH box. This results in substantial VIMF conver-
gence of about 2.5 × 10−5 kg m−2 s−1 over WH for WD days
that occur during El Niño periods compared to La Niña peri-
ods. The higher VIMF convergence over WH on WD days
that occur during El Niño compared to La Niña is consistent
with the asymmetric  responses of  El  Niño and La Niña on
the upper geopotential anomalies in WD box and the VIMF
pattern across the Indian Ocean and Arabian Peninsula [Fig.
S1, in the electronic supplementary material (ESM)].

To further investigate how these changes in EPEs dur-
ing  different  ENSO  phases  are  linked  to  changes  in  WDs,
Fig. 3b shows a composite of the differences between the 51
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Fig.  2. Maps  showing  the  daily  average  anomalies  of  the  magnitude  of  VIMF  (colours),
VIMF  (vectors;  kg  m−1 s−1),  and  geopotential  height  at  350  hPa  (contours;  m)  during  an
extended winter  period from November  to  March from 1979 to  2020 for  (a)  the 5506 days
that WDs occurred in WD box, and (b) the 308 days that EPEs in WH box coincided with the
occurrence  of  WDs in  WD box.  The  two boxes  (WD and  WH) are  shown as  red  and  blue
rectangles, respectively. In (a), the reference VIMF vector, maximum VIMF magnitude, and
350 hPa contour interval are 10 kg m−1 s−1, 10 kg m−1 s−1, and 3 m, respectively; while in (b),
they are 100 kg m−1 s−1, 150 kg m−1 s−1, and 25 m.
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days during El Niño periods and the 26 days during La Niña
periods  in  which  EPEs  occurred  contemporaneously  with
WDs. This difference shows a deeper anomalous cyclonic sys-
tem in WD box, with a difference in geopotential height at
350 hPa of up to −45 m southwestward of the west of WD
box during El Niño periods. A marked increase is observed
in southwesterly moisture transport from the Arabian Penin-
sula and Arabian Sea towards WH box, with VIMF anomalies
reaching  40  kg  m−1 s−1 over  the  southern  side  of  WD box
and up to 20 kg m−1 s−1 over the southern and central sections
of WH box, i.e., consistent with enhanced moisture conver-
gence during El Niño periods, and an increase in the frequency

of EPEs.  The robust  easterly movement of moisture across
the equatorial Indian Ocean (not shown), along with westerly
movement of moisture from the Arabian Peninsula and Ara-
bian Sea towards WH box, leads to the strong moisture con-
vergence with VIMF convergence of up to 5 × 10−5 kg m−2 s−1

over WH for EPEs occurring simultaneously with WDs dur-
ing El Niño periods compared to La Niña periods. A signifi-
cant  increase  in  VIMF  convergence  (Fig  3b)  over  WH  is
caused  by  a  stronger  and  wider  band  of  moist  westerlies
impacting  the  region  during  El  Niño compared  to  La  Niña
(Fig. S1 in the ESM). Conversely, a weaker cyclonic circula-
tion  evident  at  the  350  hPa  level  within  WD  box,  moving
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Fig. 3. Maps showing the composite differences of VIMF convergence (colours; 10−5 kg m−2 s−1),
VIMF  (vectors;  kg  m−1 s−1),  and  geopotential  height  at  350  hPa  (contours;  m)  between  El
Niño and La Niña events during an extended winter  period from November to March from
1979 to 2020 for  (a)  the days that  WDs occurred in WD box (765 for  El  Niño,  795 for  La
Niña), and (b) the days that EPEs in WH box coincided with the occurrence of WDs in WD
box (51 for El Niño, 26 for La Niña). Areas with stippling indicate where the differences are
significant  at  a  95% confidence level.  The two boxes (WD and WH) are shown as  red and
blue rectangles, respectively.
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towards an area with a deepened anticyclonic circulation (a
shortwave pattern with less zonal structure) lowered the oro-
graphic  precipitation  over  WH during  La  Niña  (Fig.  S1  in
the ESM).

Background changes in the large-scale upper-level atmo-
spheric  circulation,  such  as  modifications  in  the  winter  jet
stream induced by contrasting ENSO phases, have a signifi-
cant  impact  on  lower-level  circulation  patterns  and  hence
moisture  availability  in  the  region,  creating  diverse  atmo-
spheric  conditions  that  individual  WDs  encounter.  There-
fore, understanding the mean changes in the background atmo-
sphere is key in comprehending the occurrences of individual
EPEs over WH. In Fig. 4, the mean position of the STJ axis
is  depicted  during  boreal  winter  for  both  El  Niño  and  La
Niña  periods.  During  El  Niño,  the  STJ  axis  undergoes  a
meridional shift of approximately 180 km southward, relative
to the La Niña average, as it traverses WD box. Concurrent
with  this,  the  composite  difference  in  winter  zonal  wind
speed  at  200  hPa  between  El  Niño  and  La  Niña  periods
reveals  an  intensification  of  upper-level  westerlies  in  the
southern part of WD box. In contrast, during La Niña win-
ters,  the  STJ  exhibits  a  poleward  shift  that  directs  WD
tracks away from the Arabian Sea, consequently leading to
reduced moisture transport towards WH.

Changes in the STJ have a substantial impact on the fre-
quency and intensity of WDs, thus directly shaping the sea-
sonal  precipitation  patterns  across  WH. Figure  5 examines
the  changes  in  the  frequency and intensity  of  WDs in  WD
box during different ENSO phases. In boreal winter during
1979 to 2020,  the average distribution of  WDs within WD
box  shows  a  frequency  range  of  one  to  three  occurrences
per season per (100 km)2, with the highest frequency concen-
trated  in  WH  box  (Fig.  5a).  Overall,  the  average  WD  fre-
quency  over  WD  box  is  around  6%  lower  during  El  Niño

years compared to La Niña years. During El Niño periods (rel-
ative to La Niña periods),  the frequency of WDs decreases
by  around  9%  [by  around  0.5  occurrences  per  season  per
(100  km)2]  over  the  area  encompassing  WH  box  and  the
northern  part  of  WD box,  but  increases  by  around  5% [by
around 0.3 occurrences per season per (100 km)2]  over the
southwestern  (or  equatorward)  part  of  WD box.  The  mean
value of WD intensity is approximately 10 × 10−5 s−1 across
WD box, with peak value reaching up to 14 × 10−5 s−1 in the
WH area and the northern part of WD box (Fig. 5c). An equa-
torward  shift  is  also  apparent  in  the  intensity  of  the  WDs,
which  decreases  over  the  northern  sectors  of  WD  box  by
around 2% (up to 0.3 × 10−5 s−1) but increases by up to 5%
(by 0.5 × 10−5 s−1) over the southern sectors during El Niño
periods compared to La Niña periods. Overall, WD intensity
is 4% higher over WD box during El Niño periods compared
to La Niña periods. This equatorward shift of the WD tracks
during El Niño periods is consistent with the southward dis-
placement of the STJ (which they are embedded in) within
WD box.

We  hypothesize,  in  accordance  with Baudouin  et al.
(2021),  that  the  closer  proximity  of  southward-shifted  WD
tracks to the Arabian Sea results in a more abundant moisture
supply,  which  plays  a  pivotal  role  in  intensifying  the
regional  precipitation  during  extreme  El  Niño  periods.  We
test  this  directly  by  stratifying  WD-centered  composites  of
WD  moisture  flux  and  moisture  flux  convergence  by  WD
intensity  and  latitude  (Fig.  6).  Here,  we  take  all  WDs
between 60°E and 80°E and compute the pentiles of their lati-
tude and intensity (for which we use the 350 hPa T63 relative
vorticity). This stratified composite provides strong evidence
that VIMF is larger in WDs that are both more intense and
pass south of their  typical latitudes,  both of which work to
increase  their  moisture  supply.  Intensity  is  the  stronger

 

 

Fig.  4. Map  showing  the  composite  difference  of  monthly  zonal  wind  speed  at  200  hPa
between  El  Niño  and  La  Niña  events  during  an  extended  winter  period  from November  to
March from 1979 to 2020 (shading; m s−1). The mean positions of the subtropical westerly jet
axis  for  these  El  Niño  and  La  Niña  events  are  also  shown,  as  magenta  and  black  circles,
respectively.  The  two  boxes  (WD  and  WH)  are  shown  as  red  and  blue  rectangles,
respectively.
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driver;  the VIMF convergence composite  maxima for  each
intensity pentile are 2.1, 3.2, 3.9, 6.8 and 12.1 × 10−5 kg m−2 s−1,
respectively.  For  latitude  (going  from  the  southernmost  to
northernmost pentile), the VIMF convergence composite max-
ima are 4.7, 8.3, 7.6, 5.2 and 2.5 × 10−5 kg m−2 s−1, respec-
tively.  If  we  exclude  the  bottom  pentile  of  latitude  (here,
below 26.5°N), where WDs are too far away from the orogra-
phy  of  the  WH  for  much  convergence  to  occur,  then  the
effect of going from the highest latitude pentile to the lowest
latitude pentile increases the average VIMF convergence max-
imum by a factor of 3.4. Going from the lowest intensity pen-
tile to the highest conversely increases the average VIMF con-
vergence  maximum  by  a  factor  of  5.7.  Crucially,  these
effects combine, meaning that to achieve a very high VIMF
convergence, a WD needs both a high intensity and a low lati-
tude.  One  caveat,  however,  is  that  WDs  that  are  too  far
south (here, below 26.5°N) are too far away from the orogra-
phy  of  WH,  and  so  even  though  they  are  associated  with
large moisture flux, they have quite weak convergence.
 

4.    Conclusions

Our study, spanning 1979 to 2020, examines the intricate
relationship  between  WDs,  ENSO,  and  EPEs  in  the  WH
region  during  the  extended  winter  season  (NDJFM).  The
WDs  occurring  within  a  specified  area  to  the  west  of  the
WH  region  are  contemporaneous  with  97%  of  recorded
EPEs and contribute significantly (32% in winter, 11% annu-
ally)  to  total  precipitation  within  the  WH  region.  Analysis
of  these  events  revealed  that  the  WDs  co-occurring  with
EPEs  showed a  deeper  and  westward-shifted  cyclonic  sys-
tem,  contributing  to  increased  moisture  transport  towards
WH box from the Arabian Sea.

In  this  study,  we  quantify  the  influence  of  distinct
ENSO phases on the co-occurrence of EPEs with WDs over
WH during NDJFM. Our findings indicate a doubling of the
frequency  and  an  approximate  11% rise  in  the  intensity  of
EPEs during El  Niño periods  compared to  La Niña,  which
aligns with existing research (Cannon et al., 2017). Examin-

 

 

Fig.  5. Maps  showing  the  climatological  (a)  frequency  [per  season  per  (100  km)2]  and  (c)  intensity  (×10−5 s−1)  of  WDs
during an extended winter period from November to March from 1979 to 2020. Composite difference of (b) frequency and
(d)  intensity  of  WDs  between  El  Niño  and  La  Niña  years  during  NDJFM.  Stippling  in  (b)  and  (d)  indicate  where  the
differences are significant at a 95% confidence level. The two boxes (WD and WH) are shown as red and green rectangles,
respectively.
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ing the atmospheric circulation linked to EPEs during the con-
trasting ENSO phases revealed that the cyclonic circulation
associated with WDs was more intense and shifted southward
during El Niño phases. This shift greatly boosts southwesterly
transport towards WH box, leading to an approximate 17%
rise in total moisture accumulation over WH. These differ-
ences  in  moisture  buildup  and  transport  during  ENSO
phases  highlight  the  influence  of  background  atmospheric
changes,  particularly  those  of  the  STJ,  with  a  substantial
shift (by around 180 km) in its axis during El Niño periods
(relative to La Niña periods), on extreme precipitation over
WH. The southward shift in the STJ axis leads to a southward
shift of WD tracks embedded within the jet. This has crucial

consequences  for  moisture  supply  and  convergence  over
WH associated with WDs.

Our  analysis  also  establishes  a  direct  link  between  a
southward shift in WD tracks, increasing proximity to the Ara-
bian Sea, and heightened moisture supply, which in turn sub-
stantially  impacts  regional  extreme  precipitation  during  El
Niño  events.  In  summary,  our  study  demonstrates  that
ENSO phases strongly control low-level circulation and mois-
ture conditions, altering the background atmosphere, which
subsequently  affect  WD  behavior  and  the  spatiotemporal
dynamics of  EPEs in WH during winter.  The difference in
winter  precipitation  over  WH  on  WD  days  during  ENSO
phases arises due to asymmetric changes in moisture transport
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Fig. 6. System-centered average of VIMF (vectors; kg m−1 s−1) and VIMF convergence (colours; 10−5 kg m−2 s−1) for all WDs
passing between 60°E and 80°E from November to March during 1979–2020. The composite is split into pentiles of latitude and
intensity (measured using 350 hPa vorticity at the WD centre), with the labelled values indicating the upper bound of the pentiles
that,  e.g.,  the  bottom-right  panel  shows  the  composite  for  WDs  in  the  bottom  pentile  for  latitude  (having  a  centre  south  of
26.5°N) and top pentile of intensity (having 350 hPa relative vorticity between 12.6 and 17.4 × 10−5 s−1).  Each composite has
longitude (relative to the system centre) on the x-axis and latitude (relative to the system centre) on the y-axis in the subplots.
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across the Indian Ocean and Arabian Peninsula and upper-
atmospheric  geopotential  anomalies  in  WD box,  which are
primarily  a  result  of  asymmetric  responses  to  El  Niño  and
La Niña (Chakraborty and Singhai, 2021). However, the co-
occurrence of EPEs with WDs does not reveal any asymmet-
ric response to ENSO phases.

It is important to acknowledge potential biases in gridded
precipitation data over WH due to the limited number of in
situ measurements and the complex topography of the area,
which may affect the reliability of EPE statistics. However,
recent  research  has  shown  that  the  daily  precipitation
dataset  from the  ERA5 reanalysis  exhibits  reasonable  skill
in  capturing the  spatial  and temporal  distribution of  winter
precipitation  in  the  WH  region  when  compared  to  gauge-
based  records  and  other  reanalysis  products  (Baudouin
et al.,  2020b; Dahri  et al.,  2021; Singh  et al.,  2021; Bhat-
tacharyya  et al.,  2022).  Continuing  our  research  into  the
drivers of winter precipitation across WH, a follow-up study
has been designed to investigate how low-frequency climate
modes, such as the Pacific Decadal Oscillation, Interdecadal
Pacific  Oscillation,  and  Atlantic  Multidecadal  Oscillation,
influence winter precipitation in this area.
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