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WR — 38 AU F #RAT AR &9 (Indian Himalayan Region—IHR) & TR sieel hee
(Cloudburst) I T3t &1 3regaer fomar arar &1 a¥ 2022 # 56 &9 F SIed Beal H Fof 66 TeAT @Y
IE, S &l & AT H WA quuT gea3tt (Extreme Rainfall Events—EREs) & gl digdr &7 Tohd &l
g1 WAT SR Td STHTEhT & HROT GAAT HUETE TI: €T # AT 3T el 81 Feliepicieh aRrsansit
# e fafduar aur e OEReT % SR EREs & oftean, 3@fer ik smgfy & off aRaderhear @
STl 81 SATAT 5o HeaA3i & R argase 1 aifdelieldl 1 HETTA HAT Hecaqul g, difeh Mereheli3il
& FHST A gefe g aur #iasy 7 e g TAENTHT AT HT g’ 0T fhar ST Feh| cgafeyd
faeamor & fav 2@ 3eaga & IHR & Uik & 3MUR WX 10 x 10 & dieq & f[anfaa fFar s sas
sfafea, affeer afodl o e et f g3t & e 9fara avt & deet # argHs afaefedr &
FifEaHT vd GefoncAs fagavor faar arr| g & ar G qd & gier gl arell 3afer & e 7 wa
gU Siforeh faveryor fohar s fafdtesr sferel & gop@ il vd FSARIART argAsey Argst qar o &
drT Fey @ F@weT R R fRr ) afesy § @d% q@ias & v ageEsa 3R g & wae &
e Sifeer 3ieT:fRansit o FHSTAT edd Hgcaqul g1 31 SAfeel Jia:fhansit & faedd seags & W& Ageaqur
fashy gred fhe S @b €, St qaliA Aisdl # GUR qur g &1 gonfodt f dga) dHT H qerdh
giar|

ABSTRACT. In this research, the focus is on examining the occurrence of localized Cloudburst events in the Indian
Himalayan region (IHR). Specifically, in the year 2022, a total of 66 cloudburst cases were observed in the region,
indicating a rise in the severity of extreme rainfall events (ERE) in recent times. Due to limited information and awareness,
the mountainous hazards often go unnoticed. As the topographical feature has wider variation and because of the regional
divergence there is also a variability in the intensity, duration and frequency of the ERESs. Therefore, it is crucial to study
the dynamics of the atmosphere during these events in order to enhance the understanding of researchers and facilitate the
simulation of highly intense localized events in the future. Longitude-wise box (1°x1°) was classified over the IHR in this
research for a systematic analysis of the ERE dynamics. Furthermore, our study emphasized the statistical observational
analysis of atmospheric dynamics in relation to observed rainfall across various boxes during the occurrence of the
Cloudburst events. The temporal analysis is carried out by considering the atmospheric studies for the period starting 2
days before the event at the region. The relationship between major physical and thermodynamical atmospheric parameters
and rainfall in different boxes has been comprehended and analysed. Understanding the intricate relationships between the
atmosphere and land surface is crucial for making accurate predictions about the future. By delving into these complex
interactions, researchers can gain valuable insights that can help improve forecasting models and enhance our understanding
of the Earth's systems.

Key words — IHR, Box-wise analysis, Atmospheric dynamics, Correlation.
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1. Introduction

The meteorological conditions in the Indian
subcontinent and Central Asian highlands are significantly
impacted by the presence of the Himalayas. Acting as a
barrier, the Great Himalaya Range prevents the intrusion of
cold continental air from the north into India during the
winter season. Additionally, it compels the south-westerly
monsoon winds to shed a substantial amount of their
moisture before traversing the range in a northward
direction. As a consequence, this leads to abundant rainfall
on the Indian side of the Himalayas, while creating arid
conditions in Tibet. The north-western regions and eastern
states of the Himalayan range encounter a significant
amount of rainfall during the monsoon season. This
precipitation is known for its intensity and frequency,
making it a common occurrence in these particular areas.
An analysis of localized extreme rainfall events in the
Indian mountain region, particularly the Himalayas, has
provided valuable insights into precipitation patterns. It has
been observed that as one moves from the southern foothills
of the Himalayas towards the higher elevations in the north,
there is a decrease in rainfall patterns. Notably, mean
summer precipitation has shown an increase over the
foothills in the Western Himalayas, while experiencing a
decline at higher elevations. On the other hand, winter
precipitation has witnessed a region-wide increase, except
for certain specific areas. These findings shed light on the
complex dynamics of rainfall distribution in the Indian
mountain region and contribute to our understanding of the
changing climate patterns in this ecologically significant
area (Banerjee et al., 2020).Summer precipitation in the
Western Himalayas has shown an upward trend in the
foothills, indicating an increase in rainfall in these lower-
lying areas. Conversely, higher elevations have
experienced a decrease in summer precipitation, suggesting
a shift in weather patterns that favour more rainfall at lower
altitudes. This spatial variation in summer precipitation
highlights the complex nature of climate change impacts in
the region (Saini et al., 2023) .The study examines the
characteristics of precipitation patterns at different altitudes
within the subregions of the Indian Himalayan Region
(IHR), specifically focusing on Shivalik’s THR (SH),
Lesser IHR (LH), and Higher IHR (HH). Furthermore, the
research delves into the longitudinal variations across the
western IHR (WH), central IHR (CH), and eastern IHR
(EH). To analyze trends in precipitation, the study employs
a non-parametric Mann—Kendall method, while change
point detection is conducted using the Pettitt test. This
comprehensive analysis provides valuable insights into the
precipitation patterns and trends within the different
subregions of the Indian Himalayan Region, contributing to
a better understanding of the complex dynamics of
precipitation distribution in this geographically diverse area
(Yadav et al., 2024). The ISM is responsible for providing
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a considerable amount of moisture to the region, thereby
playing a significant role in the occurrence of extreme
rainfall events (Singh et al., 1997 ; Chaudhuri et al., 2015 ).
The distribution of solar radiation and moisture movement,
which in turn impacts precipitation distribution, is
influenced by factors such as vegetation cover, soil
moisture content, and surface roughness. These elements
play a crucial role in determining how much solar radiation
is absorbed or reflected, as well as how moisture is retained
or evaporated from the soil surface (Banerjee et al., 2020).
The geographical features of the IHR create a conducive
environment for the occurrence of cloudbursts, resulting in
frequent flash floods and landslides that claim the lives of
numerous individuals annually. Despite ongoing research,
there remains uncertainty surrounding the precise
mechanisms that drive cloudbursts, including orographic
lifting, the distribution of precipitation, the thresholds for
precipitation, and the source or origin of these phenomena
(Kumar et al., 2018). The moisture supply for cloudburst
incidents in regions like Leh can exhibit variability, as
certain occurrences might experience moisture intrusion
from the Arabian Sea rather than the Bay of Bengal.
Cloudbursts, which are characterized as meso-gamma scale
events, can exert significant socio-economic impacts,
particularly in remote hilly areas where the occurrence of
flash floods and landslides is more likely (Dimri et al.,
2017) .The Himalayan orography is not uniform across
states; while Himachal Pradesh and Jammu & Kashmir
exhibit a one-step barrier-like structure, Uttarakhand is
characterized by a two-step orography, where moist air
undergoes successive lifting over the Lesser Himalaya and
the Greater Himalaya, leading to complex rainfall
distribution (Singh and Kumar, 1997; Banerjee et al., 2019;
Dimri et al., 2017). The atmospheric dynamics play a
significant role in understanding the mechanisms behind
such  occurrences. Empirical investigations have
consistently demonstrated a significant link between CAPE
and the occurrence of extreme precipitation events,
including cloudbursts. Notably, when comparing different
data-driven methodologies, it has been consistently
observed that CAPE exhibits the highest degree of
correlation with extreme precipitation events among
various meteorological variables (Antoniadou et al., 2023 ;
Vijaykumar et al., 2021; Rybka et al., 2021). The
Convective Inhibition (CIN) serves as a crucial mechanism
that inhibits the initiation of convective energy until a
specific threshold is surpassed. Once this threshold is
exceeded, convective storms have the potential to form
quickly, which may result in the occurrence of intense
precipitation events such as cloudbursts. The existence of
extremely low CIN values (< 0 J kg™') points towards
conducive environments for storm generation, indicating
limited convective inhibition and the possibility of intense
rainfall events like cloudbursts (Ganjir et al., 2022;
Chevuturi et al., 2015).The relationship between relative
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humidity and cloudburst events is significant, as it
influences the atmospheric conditions conducive to intense
precipitation. The occurrence of cloudbursts is closely
associated with the convergence of warm and cold air
masses, as well as the interaction between saturated and
unsaturated air. This unique combination of atmospheric
conditions, commonly found within a temperature and
humidity front, provides the necessary environment for the
development of powerful and concentrated precipitation
events, such as cloudbursts. The presence of high relative
humidity, especially in conjunction with other atmospheric
factors like temperature gradients, influences cloud
dynamics and the potential for heavy precipitation events
such as cloudbursts (Chaudhuri et al., 2015). The interplay
between wind shear and orographic lift has the potential to
magnify the influence of these two mechanisms,
culminating in the swift emergence of powerful
precipitation events like cloudbursts. This synergy between
the variation in wind velocity and direction across different
altitudes and the upward displacement of air due to the
presence of mountains or hills has been seen the impact of
both forces, ultimately resulting in the rapid intensification
of precipitation events (Kumar et al., 2018).The presence
of low cloud cover in India has a direct correlation with the
incidence of cloudburst events, which can be attributed to
specific atmospheric conditions. These cloudbursts are
characterized by their short duration but high intensity, and
they occur when the relative humidity and cloud cover are
at their maximum levels, accompanied by low temperatures
and slow winds. Localized extreme rainfall events, such as
cloudbursts, are influenced by various factors including
temperature gradients, humidity levels, topography, and
monsoonal influences. These factors collectively shape the
conditions that give rise to such intense precipitation.
Temperature gradients refer to the differences in
temperature across a given area, which can create
instability in the atmosphere and contribute to the
formation of cloudbursts. Humidity levels play a crucial
role as well, as high levels of moisture in the air provide the
necessary fuel for intense rainfall. Additionally, the
topography of an area can impact the movement and
concentration of moisture-laden air masses, further
enhancing the likelihood of cloudbursts. Lastly, monsoonal
influences, such as seasonal wind patterns, can bring about
significant changes in weather patterns, leading to localized
extreme rainfall events.

2. Data and methodology
2.1. Data
The India Meteorological Department (IMD)

maintains a comprehensive archive of rainfall observation
data for India, spanning over 125 years. It offers detailed
daily gridded rainfall datasets for India with a high level of
spatial resolution. These datasets span a significant
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timeframe from 1901 to 2024 and can be accessed in two
distinct resolutions: 1° x 1° & 0.25° x 0.25°. The dataset is
organized in a grid format, where each point represents a
specific location. In the case of the 1° x 1° dataset, the first
data record begins at 6.5°N latitude & 66.5° E longitude, &
it extends to 38.5° N latitude & 100.5°E longitude. On the
other hand, for the 0.25° x 0.25° dataset, the starting point
remains the same at 6.5° N latitude & 66.5° E longitude, but
it concludes at 38.5°N latitude & 100° E longitude (Rajeevan
et al., 2008). We have used 0.25° x 0.25° rainfall data for
our study analysis. The datasets hold significant importance
in the examination of climate trends, anticipation of
weather occurrences, & interpretation of the fluctuations in
rainfall dispersion across diverse regions in India.

ERAS5, a cutting-edge climate reanalysis, has been
developed by the European Centre for Medium-Range
Weather Forecasts (ECMWF) to provide a comprehensive
understanding of the Earth's climate system. This state-of-
the-art dataset offers a wealth of information, including
hourly data on multiple atmospheric, land-surface, and
ocean-state parameters. The atmospheric parameters are
available at a high spatial resolution of 0.25° x 0.25° across
37 pressure levels, enabling detailed analysis of the
atmosphere. Furthermore, ERA5-Land surface variables
are provided at a resolution of 9 km, allowing for a
thorough examination of land-surface processes. With
daily updates released five days after real time, ERAS
ensures that researchers and forecasters have access to the
most recent and reliable climate data for their analyses and
predictions (Hersbach et al., 2020). It includes information
about uncertainties for all variables at reduced spatial and
temporal resolutions. The ERAS5 reanalysis data was
employed to gather information on various meteorological
variables including CAPE, CINE, relative humidity,
temperature, wind, and cloud cover. These variables were
carefully selected to provide a comprehensive
understanding of the atmospheric conditions during the
study period. By utilizing this dataset, we were able to
analyze and interpret the interplay between these factors
and their impact on the observed phenomena. The data on
cloudburst events is sourced from the South Asia Network
on Dams, Rivers, and People (https://sandrp.in/) which is
mainly based on media reports.

2.2. Methodology

Box-wise rainfall analysis in the Himalayan region
focuses on examining the spatial variations of rainfall
across different geographical divisions, topographical
features, and altitudinal zones. While the provided search
results do not contain direct box-wise rainfall analysis for
the entire Himalayan region, they do provide relevant
information regarding rainfall analysis in the region. The
extent of each box are presented in Fig.1 and Table 1.
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Fig. 1. Spatial map of study area highlighting the six boxes
TABLE 1

The classification of six regions (boxes) based on
their longitudinal orientation

Region Longitude Latitude
extent (°E) extent (°N)
Box 1 74-75 32-34
Box 2 75-76 31-33
Box 3 76-77 30-33
Box 4 77-78 30-32
Box 5 78-79 29-31
Box 6 79-80 29-30

This study aims to explore how the aforementioned
atmospheric parameters interact and potentially influence
the onset of cloudbursts. By analysing the correlations
between observed rainfall and the different atmospheric
(physical and thermodynamical) variables, the study seeks
to gain insights into the complex dynamics that contribute
to the occurrence of these intense precipitation events. This
research focuses on examining the relationship between
recorded rainfall and various atmospheric factors such as
relative humidity, CAPE, CINE, temperature, wind, cloud
coverage among others, in the context of cloudburst
occurrences. The analysis specifically looks at the
conditions prevailing on the day preceding the cloudburst
event as well as two days prior to the event. In 2022, there
were a total of 66 Cloudburst events (https://sandrp.in/)
recorded across different states of IHR, as shown in table 2.

Here the localized and non-localized cloudbursts are
clustered and the counts as well as analysis are done
accordingly. Cloudburst events that are localized pertain to
instances of heavy rainfall that are restricted to a small area.
These occurrences are characterized by their high intensity
and can result in substantial precipitation over a confined
region, frequently resulting in sudden floods and
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landslides. The prediction of localized cloudbursts poses a
challenge due to their limited geographical scope and the
swift formation of intense rainfall within a particular
locality. On the contrary, non-localized cloudburst events
are not constrained to a specific region but can have an
impact on larger areas. These incidents may encompass a
wider geographical expanse when compared to localized
cloudbursts, leading to intense and abrupt rainfall affecting
multiple locations simultaneously. While localized
cloudbursts are more contained and focused, non-localized
cloudbursts have the potential to affect a broader range,
resulting in widespread flooding and other associated risks.

The Fig. 2, provides a visual breakdown of the
distribution of events within the IHR framework,
distinguishing between those that are localized and those
that are non-localized. This categorization offers valuable
insights into the nature and scope of events reported over
the IHR . We used Pearson’s correlation coefficient (cc) to
quantify linear association between rainfall and
atmospheric variables (CAPE, CIN, RH, etc.) at daily
resolution. This method quantifies the linear association
between two variables, ranging from —1 (perfect negative
relationship) to +1 (perfect positive relationship). In this
study, daily rainfall values were correlated with
thermodynamic and dynamic parameters such as CAPE,
CIN, relative humidity, temperature, wind shear, and cloud
cover. Correlations were computed separately for each of
the six spatial boxes and for three temporal windows: two
days before the event, one day before the event, and on the
event day. The advantage of using correlation analysis is
that it provides a quantitative measure to evaluate how
atmospheric instabilities and moisture conditions interact
with observed rainfall across varying orographic settings in
the IHR. By performing box-wise correlations, we were
able to capture the spatial heterogeneity of these
relationships and highlight differences between the one-
step orography of Himachal Pradesh and Jammu &
Kashmir, and the two-step orography of Uttarakhand.
Figure 2. represents the spatial map highlighting location
of Boxes (1-6) therein.

3. Results and discussion

Elevation and rainfall frequency are closely linked
in affecting how precipitation is spread out in the
Himalayan area. In 2022, the most rainfall and the highest
number of cloudburst events happened at around ~2434 m,
according to NCAR satellite data (Samantray and Gouda,
2024). This finding matches earlier research that shows
precipitation patterns in the Indian Himalayan Region
(IHR) depend a lot on elevation, with mid-elevations
usually getting the heaviest rainfall because of better
orographic uplift and moisture gathering (Singh and Kumar
1997; Banerjee and Dimri, 2019 ; Yadav et al., 2024).
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Fig. 2. Box-wise classification of localized and non-localised Cloudburst events
TABLE 2
The distribution of locations of Cloudbusrt events in 2022 over IHR
.no.  Date in 2022 Lon(°E) Lat (°N) Location S.no. Datein2022 Lon(°E) Lat(°N) Location
1 19-June 74.09 33.77 J&K 34 27-July 76.66 32.72 HP
2 24-July 74.09 33.77 J&K 35 2-July 76.67 32.72 HP
3 17-July 74.25 34.52 J&K 36 7-duly 76.68 31.34 HP
4 20-July 74.35 34.20 J&K 37 15-June 77.11 31.96 HP
5 16-June 74.46 34.24 J&K 38 6-July 77.11 31.96 HP
6 9-May 74.64 33.93 J&K 39 9-July 77.11 31.96 HP
7 21-June 74.64 33.93 J&K 40 25-July 77.11 31.96 HP
8 26-July 74.69 34.51 J&K 41 28-July 77.11 31.96 HP
9 5-July 74.77 34.22 J&K 42 11-August 77.11 31.96 HP
10 20-August 74.84 33.08 J&K 43 16-July 77.17 31.10 HP
11 28-July 74.86 32.73 J&K 44 19-July 77.38 32.62 HP
12 30-May 75.12 32.57 J&K 45 25-September 77.47 30.56 HP
13 14-August 75.14 32.92 J&K 46 14-July 78.03 30.31 UK
14 8-July 75.15 33.73 J&K 47 25-September 78.03 30.31 UK
15 26-August 75.15 33.73 J&K 48 11-August 78.03 30.32 UK
16 11-August 75.19 33.24 J&K 49 24-August 78.43 30.37 UK
17 17-August 75.19 33.24 J&K 50 5-July 78.44 30.73 UK
18 17-July 75.51 32.38 J&K 51 11-August 78.44 30.73 UK
19 9-July 75.52 32.39 J&K 52 2-July 78.48 31.65 HP
20 9-July 75.55 33.15 J&K 53 18-July 78.48 31.65 HP
21 20-July 7855 33.15 J&K 54 15-August 78.59 31.76 HP
22 28-July 75.77 33.31 J&K 55 1-August 78.77 30.15 UK
23 10-May 75.77 33.31 J&K 56 9-August 78.98 30.29 UK
24 6-July 75.77 33.31 J&K 57 9-July 79.45 29.39 UK
25 10-July 76.12 32.55 HP 58 7-May 79.45 29.39 UK
26 11-July 76.12 32.55 HP 59 20-July 79.56 30.29 UK
27 21-September 76.12 32.55 HP 60 10-August 79.56 30.29 UK
28 25-September 76.12 32.55 HP 61 10-May 79.77 29.84 UK
29 3-May 76.13 32.55 HP 62 8-July 79.77 29.84 UK
30 15-June 76.13 32.55 HP 63 8-July 80.22 29.58 UK
31 8-August 76.13 32.55 HP 64 10-September 80.22 29.58 UK
32 19-August 76.13 32.55 HP 65 30-July 80.22 29.58 UK
33 2-September 76.32 32.22 HP 66 27-June 79.45 29.39 UK
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Figs.3(a-f). The correlation between Rainfall and (a) CAPE (b) CIN (c) Cloud cover (d) RH (e) temperature (f) wind shear for each
box on the event day, one day prior, two days prior to the event

Specifically, the two-step orography means two successive
mountain barriers that cause staged uplift of moist air,
leading to complex rainfall timing and distribution. The
rapid lifting also due to the combination of convection and
orography resulting convectively triggered cell and
thereafter formation of cloud and sudden cloudburst (Dimri
et al., 2017). This That’s why Uttarakhand (Boxes 5-6)
boosts lifting at mid-slopes, which helps explain the unique
rainfall-CAPE relationships we found in our study, unlike
the one-step terrain of Himachal and Jammu & Kashmir
(Boxes 1-4). This shows how important topography is in
influencing the frequency and strength of cloudburst events
in the area.

The correlation between Convective Available
Potential Energy (CAPE) and rainfall can vary depending
on the specific weather patterns and atmospheric
conditions. While a stronger correlation with rainfall two
days before an event compared to one day before the event
and the event days with respect to rainfall. The relationship
between Convective Available Potential Energy (CAPE)
and rainfall is characterized by a positive correlation,
implying that higher CAPE values are often accompanied
by an elevated probability of precipitation. CAPE
represents the potential energy available for convective
processes within the atmosphere. When CAPE values are
elevated, it signifies a greater amount of energy that can be
released through convection, thereby promoting the
formation of rain. Consequently, it can be deduced that an
upsurge in CAPE values generally corresponds to a high
chance of rainfall.

The positive correlation coefficient (cc) is observed in
the Fig. 3 (a), two days prior to the events in each box.
Interestingly, in the Uttarakhand area (Boxes 5-6), the
relationship between CAPE and rainfall becomes negative
one day before the cloudburst event. This indicates that
high CAPE values in these boxes do not necessarily lead to
increased rainfall, probably because of Uttarakhand's
complex two-step orography, which affects moisture
convergence and can postpone convective release. Previous
reports have noted such orographic influence, where
elevation changes and step-like terrain greatly impact
rainfall intensity and distribution (Singh and Kumar, 1997;
Banerjee et al., 2019). This implies that for further study,
we can utilize the CAPE values two days prior to the event
for forecasting purposes.

CIN is a measure of the amount of energy required to
lift an air parcel to above the level of free convection, and
it can prevent, delay, or inhibit the formation of storms.
CIN and CAPE are correlated inversely, meaning that they
exhibit opposite behaviour in terms of atmospheric stability
and the promotion of convective precipitation events. The
Fig. 3 (b), shows -ve cc of rainfall and CIN for each boxes
on the event day, one day before the events and two days
prior to the event. This inverse relationship indicates that
when the atmosphere has sufficient energy for convection
(high CAPE), the presence of CIN becomes less likely, thus
promoting the development of convective storms. The
larger and denser the clouds, the more moisture they can
hold. When these clouds reach their saturation point, the
water droplets coalesce and precipitate as rain, snow, or
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hail. There's a complex relationship between cloud cover
and precipitation, with a positive correlation acting as a
general trend (Fig. 3(c)). The correlation of rainfall and low
cloud cover represents a +ve cc in every box, which implies
the indication of high convection during the event and one
day prior to the event. Cloud cover and precipitation exhibit
a positive correlation, indicating that there is a prevailing
inclination for greater cloud cover to coincide with
heightened probabilities of precipitation. The relationship
between relative humidity (RH) and rainfall is indirect and
not always a strong correlation. While higher RH generally
indicates a higher potential for rain. RH denotes the
moisture capacity of the air at a specific temperature. A
higher RH indicates that the air is nearing its saturation
point, which can result in condensation and the possibility
of precipitation. Here the box-wise RH correlation shows a
+ve cc with rainfall (Fig. 3 (d)). Elevated RH levels often
accompany ascending air masses. The Fig. 3 (e),
demonstrates an inverse relationship with precipitation on
the days of the event across all boxes, with the exception of
box 6. Conversely, temperature exhibits a positive
correlation with rainfall on days preceding the event in the
remaining boxes. In this study the vertical wind shear is
characterized by a difference in wind speed and/or direction
at 1000hpa and 850hpa in the atmosphere. The relationship
between wind shear and precipitation in cloudburst events
is complex and depends on various factors. While wind
shear can impact the development of cloudbursts, it is not
the sole factor determining their occurrence. The effects of
wind shear can range from positive to negative, or even
insignificant, depending on the specific conditions
involved. Enhanced cloudburst development may occur

due to the influence of strong vertical wind shear, which
can stretch and tilt rising air parcels. This stretching process
can result in adiabatic cooling, thereby encouraging
condensation and cloud growth within the atmosphere.
Additionally, the presence of strong vertical wind shear can
help organize the structure of a storm by segregating the
updrafts and downdrafts. This organization has the
potential to concentrate and intensify precipitation within
the affected area, leading to more focused and
intense rainfall. On the event day the cc between wind shear
and rainfall showing -ve, except in box 6. In other
hand the cc shows +ve on the one day prior to the event.
(Fig. 3(f)). In certain cases the presence of powerful
vertical wind shear has the potential to diminish the
intensity of cloudbursts by causing a tilting effect
on the updraft, diverting it away from the source of
moisture. Consequently, this tilting action restricts the
quantity of moisture accessible for the processes of
condensation and precipitation. As a result, the vertical
structure of the storm becomes disrupted, ultimately
leading to a reduction in intensity and a more extensive
distribution of rainfall.

To analyze the spatial distribution of extreme
precipitation events, we selected one representative event
from each state based on rainfall intensity. Three distinct
events were examined in order of decreasing intensity: the
most severe event occurred on July 9, 2022, in Uttarakhand
with an observed rainfall intensity of 225 mm/hr, followed
by the September 21, 2022 event in Himachal Pradesh
recording 177 mm/hr, and the August 11, 2022 event in
Jammu & Kashmir with an intensity of 96 mm/hr.
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Fig.6. Spatial distribution of Cloud cover on the event day, one day prior, two days prior to the event and next day of the event in Himachal

Pradesh, Uttarakhand and Jammu & Kashmir in 2022

The spatial distribution of Convective Available
Potential Energy (CAPE) over Himachal Pradesh,
Uttarakhand, and Jammu & Kashmir during selected
cloudburst events and their surrounding days reveals a
consistent pattern of atmospheric instability. Two days
prior to each event, CAPE values remain moderate,
indicating the onset of convective conditions. A sharp rise
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in CAPE is observed one day before the event, with values
exceeding 1200-2000 J/kg in several regions, highlighting
the buildup of strong atmospheric instability favorable for
deep convection, as shown in Fig. 4. On the day of the
cloudburst, CAPE values decline compared to the
preceding day. This reduction suggests that the
accumulated convective energy was released through
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Fig.7. Spatial distribution of Relative Humidity on the event day, one day prior, two days prior to the event and next day of the event in

Himachal Pradesh, Uttarakhand and Jammu & Kashmir in 2022

intense convection, leading to the cloudburst event. One
day after the event, CAPE values further decrease to
relatively low levels, reflecting stabilization of the
atmosphere following the energy discharge.

CIN values, which are initially high two days before,
gradually weaken by one day prior, lowering the barrier for
parcel ascent. On the cloudburst day, CIN becomes very
weak, which is 100-200 J/kg, allowing the accumulated
CAPE to be explosively released as deep convection and
extreme rainfall. After the events, CAPE drops while CIN
increases again, reflecting stabilization of the atmosphere.

(Fig. 5)

The evolution of total cloud cover over Himachal
Pradesh, Uttarakhand, and Jammu & Kashmir during the
days during cloudburst events is shown in Fig. 6. In all three
regions, cloud cover gradually increases from two
days before the events, with moderate coverage (shades
of blue—green, ~0.4-0.6) visible one day prior. On the day
of the events, extensive and dense cloud cover (red to
dark red shades, ~0.9-1.0) dominates the affected
regions, reflecting the strong convective activity
and moisture accumulation necessary for intense
rainfall. Following the events, cloud cover decreases
substantially in most cases (returning to blue—green
shades), indicating dissipation of deep convection after the
rainfall outburst. This temporal progression clearly
highlights the pre-conditioning of the atmosphere with
increasing cloudiness, peaking on the event day, and
subsequent reduction as the systems weakened post-
cloudburst.
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The analysis also shows the Relative Humidity (RH)
distribution (%) (Fig. 7 ) over Himachal Pradesh,
Uttarakhand, and Jammu & Kashmir during cloudburst
events, similar to the CAPE( Fig. 4) and CIN analyses (Fig.
5 ). The analysis of Relative Humidity (RH) during
cloudburst events over Himachal Pradesh, Uttarakhand,
and Jammu & Kashmir shows a clear pattern of moisture
buildup and release. Two days before the events, RH values
remain moderate (65-80%), indicating the presence of
some moisture but not fully saturated conditions. A sharp
increase in RH is observed one day prior to the events, with
values often rising above 80-90%, reflecting strong
moisture convergence into the region. On the day of the
cloudburst, RH reaches its peak, frequently exceeding 90—
95%, creating a nearly saturated atmosphere highly
favorable for deep cloud development and extreme rainfall.
Following the events, RH values decline again to moderate
levels, highlighting the drying and stabilization of the
atmosphere after the convective release. These results
demonstrate that high RH, provides the necessary moisture
supply and saturation required for the occurrence of
cloudbursts in the Himalayan region.

The Fig. 8 shows spatial temperature variations over
Himachal Pradesh, Uttarakhand, and Jammu & Kashmir
during the days surrounding cloudburst events. In all three
regions, a consistent warming trend is observed in the two
days leading up to the events, with widespread high
temperatures (~304-307 K). On the day of the events,
cooler temperature pockets (~298-302 K) appear
prominently, especially over elevated regions, indicating
localized cooling due to strong convection and cloud
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development. This sharp contrast between pre-event
warming and event-day cooling highlights the
destabilization of the atmosphere, where accumulated heat
and moisture rapidly lifted to higher altitudes, resulting in
condensation and intense rainfall. The post-event maps
show partial warming again, suggesting a return to
background conditions after the release of latent heat
during the cloudburst. Overall, the sequence reflects the
crucial role of pre-event heating followed by sudden
localized cooling in triggering cloudbursts across the
Indian Himalayan region.

Fig. 9 shows vertical wind shear over Himachal
Pradesh during 19-22 September 2022. Shear values
increased from 26-29 m/s on 19 September to 30-31 m/s by
20-21 September, with winds shifting from northeast-

1538

ay, one day prior, two days prior to the event and next day of the event in Himachal

southwest alignment. The strongest shear coincided with
the cloudburst event on 21 September, creating optimal
conditions for sustained convection through enhanced
upper-level divergence and moisture transport. Post-event
conditions on 22 September showed weakened shear (<29
m/s) and reduced wind alignment, indicating atmospheric
relaxation.

A Strong, persistent vertical wind shear with
organized northwesterly-westerly flow characterized the
four-day period, with peak intensity on 8 July (Fig. 10) The
Uttarakhand cloudburst (7-10 July 2022) was characterized
by strong, persistent northwesterly-westerly flow with peak
intensity on 8 July, creating optimal conditions for
sustained convection through enhanced moisture advection
and orographic lifting along the Himalayan foothills.
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The Fig. 11 shows wind shear variability over Jammu
& Kashmir during 9-12 August 2022. In the days leading
up to the cloudburst on 11th August 2022 in Jammu &
Kashmir, the wind shear patterns show how the atmosphere
evolved to favor the event on 9th and 10th August, winds
blowing mainly from the northwest to southeast transported
large amounts of moist air into the region, with noticeable
shear and convergence helping accumulate instability on
the event day, 11th August,. Winds show a clear north-to-
south and northwest-to-southeast orientation, converging in
the central and southern regions during the event. Wind
shear is relatively weaker compared to previous days,
meaning winds are more aligned vertically. This reduction
in shear and presence of strong convergence leads to
vertical uplift of moist air, triggering deep convection. The
uplift releases latent heat, resulting in Cloudburst event.
4.  Conclusions
This study emphasizes the localized analysis of
Cloudburst events and the impact of atmospheric dynamics
during the events is more important for future prediction.
we have mentioned the cloudburst event cycle as two days
prior to the event, one day before the event, and the event
day. This research emphasizes the important spatial and
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topographic effects on cloudburst dynamics in the IHR. We
observed a steady positive link between CAPE and rainfall
two days before the events in all six boxes, indicating its
potential as an early warning sign. However, in
Uttarakhand (Boxes 5-6), a negative correlation was noted
one day before the event, showing that high CAPE does not
always lead to rainfall due to two-step orography and
delayed moisture release. In contrast, Himachal Pradesh
and J&K (Boxes 1-4) with one-step topography showed a
stronger direct relationship between CAPE and rainfall.
Other thermodynamic factors like CIN (negative), RH
(positive), cloud cover (positive), and wind shear
(negative) also displayed consistent patterns across the
boxes. These results highlight the need to integrate
atmospheric predictors with orographic context to enhance
the forecasting of cloudburst events in the IHR. These
events are projected to become more frequent and intense
due to rising temperatures and changes in atmospheric
circulation patterns. By understanding the dynamics of
cloudbursts, scientists can better assess the potential
impacts of climate change and develop adaptation
strategies. Combining information about cloud cover,
moisture content, atmospheric stability, and other relevant
factors provides a more accurate understanding of the
likelihood and type of precipitation.
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