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Abstract

In recent decades, India has witnessed an increase in the intensity, frequency,

and spread of extreme weather events. The widespread increase in extreme

precipitation over the Western Coast of India is a matter of great concern. The

factors contributing to such devastating extreme precipitation remain unclear

due to the variability present in meteorological and oceanic variables and asso-

ciated large-scale circulations. Using reanalysis and observed datasets, we

attempted to identify a combination of dynamic, thermodynamic, and cloud

microphysics processes contributing to the anomalous precipitation from

August 1 to 10, 2019 against its climatology. Our key findings highlight the

crucial role of warm sea surface temperatures (anomaly >1.4�C), outgoing
longwave radiation (anomaly <−50 W�m−2), and atmospheric temperature

(anomaly over the ocean is >1.6�C) in enhancing the moisture-holding capac-

ity of the atmosphere by almost 10%. This elevated moisture, propelled by

intensified low-level winds (anomalies exceeding 4 m�s−1), leads to a shift from

ocean to land. Notably, we observe that vertical updrafts (anomalies

>−0.4 m�s−1) contribute to increased atmospheric instability and moisture

convergence. The presence of an ample amount of cloud hydrometeors, with

anomalies surpassing 2.5 × 10−4 kg�kg−1, establishes conditions conducive to

sustained intense precipitation. Our findings deepen our understanding of the

complex relationships between ocean and atmospheric dynamics, and wind

patterns, and emphasize their pivotal influence on regional weather patterns

and land surface hydrology.
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1 | INTRODUCTION

In recent decades, the Earth's climate system has under-
gone unprecedented changes, primarily propelled by
anthropogenic activities. The consequences of these

changes have become increasingly evident in the form of
extreme weather events. One of the most significant man-
ifestations of climate change is the alteration of precipita-
tion patterns and intensities, leading to an increase in the
frequency and severity of extreme weather events
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(Bonebrake & Mastrandrea, 2010; Intergovernmental
Panel on Climate Change (IPCC), 2023; Trenberth, 2011).
The intensification of extreme precipitation events poses
a significant risk of triggering socio-economic and envi-
ronmental challenges. It is crucial to understand the
underlying mechanisms and their interactions with a
changing climate. (Deegala et al., 2023; Tabari, 2020;
Tamoffo et al., 2023). As greenhouse gas emissions con-
tinue to rise, the Earth's climate system is experiencing
shifts in atmospheric and oceanic circulation patterns,
alterations in temperature gradients, and modifications
in moisture distribution (Hay & Williams, 2023). These
changes have been observed to influence the behaviour
of precipitation systems, often leading to an amplification
of intense rainfall events. However, the exact mecha-
nisms governing this relationship remain multifaceted
and vary across different geographical regions.

Over 70% of the annual rainfall in the Indian subcon-
tinent is attributed to the monsoon season (Sebastian
et al., 2023). This substantial precipitation plays a vital
role in shaping the vegetation productivity of croplands
throughout the nation (Verma et al., 2022). The Western
Ghats, a mountain range along the southwestern coast of
India, is one of the most affected regions, renowned for
its ecological significance and contribution to regional
climate patterns (Paul et al., 2018). In recent decades, the
Western Ghats region has experienced shifts in its cli-
matic conditions, evident by changes in temperature and
precipitation patterns (Nikumbh et al., 2019; Varikoden
et al., 2019). The extreme precipitation event that
occurred in 2019 holds immense importance as it caused
significant disruptions to local ecosystems and communi-
ties. Therefore, it is essential to investigate the complex
relationship between atmospheric dynamics, thermody-
namics, and cloud microphysics. The topography of the
Western Ghats creates a distinct atmospheric circulation
pattern, forcing moisture-laden air to ascend the moun-
tain slopes (Hay & Williams, 2023; Rajendran
et al., 2012). As the air rises, it cools and condenses, lead-
ing to cloud formation and precipitation (Khadke &
Pattnaik, 2021). The complex interplay between large-
scale atmospheric circulation, local wind patterns, and
the region's topography contributes to the complexity of
extreme precipitation events.

Outgoing longwave radiation (OLR) refers to the
energy emitted from the Earth through longwave infra-
red radiation. This process is crucial for the Earth's
energy balance, as it is one of the primary ways the
planet loses heat to space. OLR is often used as a proxy
for convection because regions with active convection
tend to have thick, high-altitude clouds that block and
absorb much of the outgoing infrared radiation
and therefore, the low OLR is associated with the deep

convection during monsoon (Chaudhari et al., 2010;
Hazra et al., 2016). Deep convective areas typically have
strong upward movements of warm, moist air, which can
lead to cloud formation and precipitation (Chaudhari
et al., 2010; Hazra et al., 2016). Clouds typically cover
almost two-thirds of the global surface, modifying outgo-
ing longwave radiation and reflecting more solar radia-
tion than the underlying surface (Baker, 1997). The
atmospheric hydrological cycle, latent heating, and cool-
ing associated with clouds also modify atmospheric circu-
lation (Baker, 1997). The vertically averaged air
temperature between 200 and 600 hPa is known as tropo-
spheric temperature (TT) (Goswami et al., 2006). Previ-
ous studies (e.g., Goswami et al., 2006; Goswami &
Xavier, 2005) have established that the north–south TT
difference is crucial for monsoon circulation. The amount
of heat available in the troposphere can impact circula-
tion and thermodynamic phase changes in the surround-
ing region.

Therefore, cloud microphysical processes, which are
responsible for the latent heat release into the atmo-
sphere for increasing tropospheric temperature, are the
key factors to give feedback to large-scale monsoon
dynamics. Microphysics is a fundamental aspect of pre-
cipitation processes, as the size, concentration, and char-
acteristics of cloud particles influence the type and
intensity of precipitation (Gao et al., 2016; Schmeller &
Geresdi, 2019). As the atmosphere warms, alterations in
cloud microphysics can lead to the generation of larger
and more persistent cloud particles, potentially enhanc-
ing the tendency for extreme precipitation. Satellite
observations indicate that about 40–50% of rainfall events
over the Indian summer monsoon region originate from
the melting of ice (Field & Heymsfield, 2015), underscor-
ing the significant role of ice processes (Hazra
et al., 2017). The composition of ice crystals and liquid
droplets, considered as mixed-phase clouds, is important
for Indian summer monsoon rainfall (Kumar et al., 2014;
Rajeevan et al., 2013). Stratiform rain formation is closely
associated with the formation of cloud condensate, par-
ticularly cloud ice and mixed-phase hydrometeors (Fu
et al., 2011). The term cloud liquid water content
(CLWC) signals the presence of water in the vertical col-
umn of the atmosphere. These liquid drops agglomerate
to form large and heavy droplets, resulting in extreme
precipitation. The term cloud ice water content (CIWC)
denotes the concentration of ice available in the vertical
column of the atmosphere.

In the context of extreme precipitation events, the
presence of supercooled liquid water, ice particles, and
ample of all hydrometeors (cloud, ice, snow, graupel,
and rain droplets) within clouds can lead to enhanced
riming and collision-coalescence processes, resulting in
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more substantial raindrop formation and potentially
intense rainfall rates. Climate change-induced alterations
in cloud microphysics could contribute to the observed
changes in precipitation patterns. Warming temperatures
may influence the freezing level within clouds, affecting
the distribution of ice crystals and snowflakes (Geresdi
et al., 2005). Additionally, changes in aerosol composition
and concentration due to human activities can impact
cloud droplet nucleation and growth, potentially altering
cloud properties and precipitation patterns. Investigating
these microphysical processes is crucial for gaining
insights into the mechanisms that drive extreme precipi-
tation events and their relationship with climate change.

The study of any anomalous precipitation event repli-
cates the interconnections between the atmospheric
parameters. The continuous series of heavy rainfall in the
past motivated us to understand the triggered mechanism
of atmospheric scenarios because of rising global temper-
atures (Fischer & Knutti, 2015; Scoccimarro et al., 2013).
The extreme precipitation event that occurred in August
2019 along the Southwest coast of India is an example of
such episodes happening in India. The present research
aims to understand the response of atmospheric dynam-
ics, thermodynamics, and cloud microphysics during the
extreme precipitation event (2019) given the climate
change scenario along the coast of Gujarat, Maharashtra,
Goa, Karnataka, and Kerala. Using the reanalysis, satel-
lite, and observational datasets, our objectives are, (1) to
investigate the atmospheric circulation patterns and topo-
graphical influences that contributed to the extreme pre-
cipitation event, (2) to examine the thermodynamic
conditions that facilitated the intensification of the pre-
cipitation event, considering the influence of climate
change-induced temperature shifts, (3) to explore the
cloud microphysical processes that influenced precipita-
tion enhancement during the event and their potential
connections to changing atmospheric conditions. This
study enhances our understanding of the complex inter-
actions among atmospheric dynamics, thermodynamics,
and cloud microphysics, specifically in the Western Ghats
region. Our findings contribute valuable insights to
improve regional modelling, risk assessment, and adap-
tive strategies for mitigating impacts from future extreme
precipitation events.

2 | MATERIALS AND METHODS

2.1 | Study area

The varied topography of the western coastal states of
India, including Gujarat, Maharashtra, Goa, Karnataka,
and Kerala, plays a crucial role in shaping atmospheric

circulations and precipitation patterns. The Western
Ghats, running parallel to the Arabian Sea, significantly
influences the regional climate. It acts as a barrier to the
moisture-laden southwest monsoon winds, leading to
orographic uplift and subsequent heavy rainfall on the
windward side, particularly affecting Maharashtra, Goa,
Karnataka, and Kerala. The steep slopes of the Western
Ghats contribute to the enhancement of convective pro-
cesses, leading to the formation of localized weather sys-
tems and influencing precipitation distribution. Figure 1
highlights the geographical area with complex topogra-
phy as a study area for the present work.

The Western Ghats in India run parallel to the Ara-
bian Sea coastline. The distance between the coast and
the mountains varies along the length of the Western
Ghats, typically ranging from 30 to 50 km (UNESCO
World Heritage Centre, 2024). These mountains span
across the states of Kerala, Tamil Nadu, Karnataka, Goa,
Maharashtra, and Gujarat. This proximity is not consis-
tent throughout the entire stretch of the Western Ghats
due to variations in terrain and geography across differ-
ent regions. Gujarat, which is characterized by the
diverse landscapes including coastal areas and the arid
Rann of Kutch, is experiencing unique atmospheric cir-
culations. The Gulf of Khambhat and the Arabian Sea
influence the state's climate, with the proximity to water
bodies contributing to variations in temperature and pre-
cipitation. The complex topography of the region, from
the coastal plains to the Western Ghats, results in diverse
microclimates. This complex interplay between topogra-
phy and geographic features contributes to the dynamic
and varied atmospheric circulations and precipitation
patterns observed across Gujarat, Maharashtra, Goa, Kar-
nataka, and Kerala, influencing the overall climate of the
western coastal region.

2.2 | Datasets used and methodology

The present study used 35 years of climatological data
starting from July 27, 1984 to August 10, 2018 against
July 27 to August 10, 2019. We also used the fifth-
generation ERA5 reanalysis product of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
contains the global climate reanalysis for the same period
(https://cds.climate.copernicus.eu/#!/search?text=ERA5&
type=dataset). The available ERA5 data used a 4D-Var
data assimilation scheme which contains vertically
137 hybrid pressure/sigma levels. The present study used
ERA5 reanalysis hourly on pressure levels with 37 pres-
sure levels (Hersbach et al., 2020) and single levels data-
sets with a spatial resolution of 0.25�. We used
atmospheric and ocean variables such as temperature

KHADKE ET AL. 4831
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(TA), relative humidity (RH), U and V components of
wind, vertical velocity (VV), specific cloud liquid water
content (CLWC), specific cloud ice water content (CIWC),
specific rainwater content (RWC), specific snow water
content (SWC), assessed from ERA5 hourly data on pres-
sure levels for the same period (1984–2019). We aggre-
gated hourly scale datasets to daily temporal scale.

The present study used India Meteorological Depart-
ment (IMD) rainfall data available on a spatial resolution
of 0.25� × 0.25� (Pai et al., 2014; https://imdpune.gov.in/
cmpg/Griddata/Rainfall_25_Bin.html). We have used the
IMD rainfall observations to create the spatial plots of
rainfall from August 1 to 10 as well as the probability dis-
tribution (PDFs). We used the National Oceanic and
Atmospheric Administration's (NOAA) 0.25� × 0.25�

daily optimum interpolation Sea Surface Temperature
(OISST) dataset version 2.0 (https://downloads.psl.noaa.
gov/Datasets/noaa.oisst.v2.highres/). The data obtained
from the National Oceanic and Atmospheric Administra-
tion (NOAA) Climate Data Record (CDR) of Daily Out-
going Longwave Radiation (OLR), version 1.2 is used to
analyse the OLR over the study region (https://www.ncei.
noaa.gov/data/outgoing-longwave-radiation-daily/access/).

The data is produced as daily mean upward longwave
flux measured at the top of the atmosphere with a
spatial resolution of 1 � × 1 �. The detailed methodo-
logy adopted for the present work is illustrated in
Figure 2.

3 | RESULTS AND DISCUSSION

3.1 | Heavy rainfall event

The present study focuses on the underlying mechanism
behind the extreme rainfall event that occurred in
August, affecting consecutively the Southwest coast of
India, covering the states of Gujarat, Maharashtra, Goa,
Karnataka, and Kerala. The spatial distribution of rain-
fall, as recorded by the India Meteorological Department
(IMD), is shown in Figure 3a–j. On August 1 (Figure 3a),
Gujarat witnessed rainfall in a few locations. After this,
between August 3 and 5 (Figure 3c–e), the coastal region
of Maharashtra encountered heavy rainfall with a magni-
tude >160 mm, which may be the potential cause of the
flood situation. Following closely, from August 6 to

FIGURE 1 Illustration of the

geographical area considered in the

present work. DEM data from Shuttle

Radar Topography Mission (SRTM) of

30 m resolution available at https://

dwtkns.com/srtm30m/ has been used.

[Colour figure can be viewed at

wileyonlinelibrary.com]
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10 (Figure 3f–j), Goa, Karnataka, and Kerala experienced
continuous and intense rainfall, which indicates the down-
ward propagation of heavy rain bands along the coastal
regions. On August 9th and 10th, the state of Gujarat also
witnessed severe rainfall and flooding, causing chaos in the
affected areas. This extreme precipitation was also attrib-
uted to various meteorological factors that played a role in
its occurrence. On August 9th, Kerala experienced very
heavy rainfall exceeding 180 mm, resulting in widespread
flooding across the coastal region (Figure 3i).

The dynamic and varied patterns in rainfall locations,
distribution, and intensity mirror the unique behaviour
of atmospheric phenomena. This behaviour is the out-
come of a complex interplay of diverse atmospheric and
oceanic factors, emphasizing the complex nature of the
climatic events in the southwest part of the Indian sub-
continent. We accessed the convective available potential
energy (CAPE) and total precipitation (P) dataset from
ERA5 hourly data on single levels from 1940 to the pre-
sent. The extreme rainfall event occurred from August

FIGURE 2 Methodology and

datasets used in the present study.

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 IMD rainfall (mm) observed during August 1–10, 2019 along the southwest coast of India. [Colour figure can be viewed at

wileyonlinelibrary.com]
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1st to 10th along the southwest coast of India. Through-
out this period, the Madden–Julian Oscillation (MJO)
remained inactive, as evidenced by the absence of MJO
signals in the Indian Ocean, as shown in Figure S1, Sup-
porting Information. Rainfall anomalies were predomi-
nantly clustered over the landmass and along the coastal
regions and not on the ocean (Figure S1). A study con-
ducted in Indonesia from January 27th to 31st, 2021 for
hail events, observed that large-scale circulations, such as
the MJO, did not influence weather patterns in the region
(Auliya & Mulya, 2022). Therefore, the effect of MJO dur-
ing the extreme precipitation event (the precipitation
anomaly as shown in Figure S1), we could not find sig-
nals of large-scale circulations during the event duration.

3.2 | Ocean–atmosphere interactions

Figure 4 shows the positive SST anomaly (�C) obtained
from the climatological mean spanning 35 years (1984–
2018) and 2019, covering the period from July 27 to
August 10. A continuous rise in ocean temperature is
observed in comparison with its climatological mean over
the Arabian Sea from July 27 to July 31, which subse-
quently triggered the generation of moisture in the atmo-
sphere (Figure 4a–e). In the second row (Figure 4f–j), the
Arabian Sea shows a consistently warm ocean tempera-
ture (anomaly >1.4�C), ensuring a continuous supply of

moisture from the ocean. In line with this, studies have
documented that the Arabian Sea maintains a persistent
warm pool in the region, which acts as a precursor for
precipitation over the Indian subcontinent (Li &
Yang, 2017; Vinayachandran et al., 2007). In the third
row (Figure 4k–o), SST anomalies are very high near the
coast of Kerala which supplied the continuous moisture
for evolution of extreme precipitation over the region.
We observe the continuous downward shift in high SST
anomaly. Initially, on August 1, the spatial distribution
and intensity of the SST anomaly are notably high near
the Gujarat coast. Subsequently, the SST location shifts
from a higher latitude to a lower latitude.

We have used the daily climatology of SST to estimate
the anomalies. The daily SST climatology exhibits mini-
mal noise as shown in Figure S3 as below. Therefore, we
can conclude that the features in Figure 4 will not be
affected by climatological noise. In August 2019, the
western coast of India experienced extreme rainfall
events, leading to widespread flooding and significant
damage. This extreme weather event was influenced by a
positive Indian Ocean Dipole (IOD) phase. As evident
from Figure 4, the sea surface temperature anomalies are
significantly high (>1.4�C) in the western Indian Ocean.
This increased moisture availability and atmospheric
instability, contributing to the intense and prolonged
rainfall experienced along the western coast, which
exceeded normal monsoon patterns.

FIGURE 4 Sea surface temperature (SST) anomaly (�C) spanning from July 27 to August 10. [Colour figure can be viewed at

wileyonlinelibrary.com]
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The spatial distribution of the outgoing longwave
radiation (OLR) anomaly is illustrated in Figure 5a–o.
The OLR refers to the thermal radiation emitted by the
Earth's surface and atmosphere into space. To measure
OLR, a satellite detects the cloud top temperature or the
surface temperature of the Earth when there are no
clouds present. It shows the negative OLR anomaly
values over both ocean and land areas, indicating the
regions of intense large-scale convection associated with
the monsoon. Simultaneously, low OLR anomalies sig-
nify increased heat absorption by ocean water, potentially
leading to elevated SST As a reference; we have added
the 35-year climatology of OLR in Figure S4. Budakoti
and Singh (2023) investigated extreme rainfall events
over the northwestern Himalayan region using the con-
vective permitting Weather Research and Forecasting
(WRF) model and remotely sensed observations. The
findings suggest that during extreme rainfall conditions,
there is a decrease in the magnitude of OLR by approxi-
mately 90–100 W�m−2 over potentially affected locations
with extreme rainfall events (Budakoti & Singh, 2023). In
the first row of Figure 5a–d, prominent convection is evi-
dent over the land region. This intense convection cen-
tered on the Gujarat area initiated rainfall on August
1. Subsequently, on August 3, a highly intense convective
mechanism occurred near the Maharashtra coast, likely
contributing to heavy rainfall during August 3–5
(Figure 5h–j) along the Maharashtra state coast. Between

August 6–8 (Figure 5k–m), heavy convection was
observed over the Western Ghats. However, starting from
August 9 (Figure 5n), the strength of convection
diminished.

The temperature serves as the thermodynamic com-
ponent within the atmosphere. The temperature gradient
is the fundamental driver of heat exchange in the atmo-
sphere. Figure 6 illustrates the positive temperature
anomaly averaged between 900 and 800 hPa in the atmo-
sphere. The strong Land-Ocean lower-level temperature
gradient started developing on August 1 (Figure 6a),
which subsequently evolved and sustained till August
9 (Figure 6i) and then weakened on August 10 (Figure 6j).
During the period of August 3–5, Maharashtra experi-
enced heavy rainfall, and this developing temperature
gradient supports the mechanism of rainfall formation.
This mechanism is also applicable to the Goa, Karnataka,
and Kerala regions. The pronounced temperature gradi-
ent as compared to its climatology, likely played a signifi-
cant role in transporting moisture from the ocean to the
land, contributing to the anomaly in the rainfall event.
Several studies suggest that increasing land–sea thermal
gradient between land and sea enhances the moisture
transport from the ocean to the Indian subcontinent
(Gadgil et al., 2019; Lau & Kim, 2017; Wu et al., 2022).

Figure 7 illustrates the percentage of positive anoma-
lies in lower-level relative humidity (RH), averaging over
the atmospheric pressure range of 900–800 hPa. The

FIGURE 5 Outgoing longwave radiation (OLR) anomaly (W�m−2) spanning from July 27 to August 10. [Colour figure can be viewed at

wileyonlinelibrary.com]
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pronounced lower-level temperature gradient that has
emerged may have played a crucial role in transporting
moisture over the land region. Throughout the progres-
sion of the event from Gujarat to Kerala between August
1st and 10th, there is a noticeable shift in the patches of

RH from north to south. Notably, there is a significant
increase in RH, with the atmosphere containing up to
10% more humidity compared to its climatological aver-
age over the past 35 years. Furthermore, on August 8th
(as depicted in Figure 7h), the spatial coverage of a high

FIGURE 6 Air temperature (TA, unit:�C) anomaly averaged between 900 and 800 hPa spanning from August 1 to 10. [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 7 Relative humidity anomaly between averaged 900–800 hPa (%) spanning between August 1 and 10. [Colour figure can be

viewed at wileyonlinelibrary.com]
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percentage RH is at its peak, concentrated between lati-
tudes 5�N and 17�N. This indicates substantial atmo-
spheric moisture content during this period. The
observed changes in RH patterns provide valuable
insights into the dynamic behaviour of humidity levels
during the specified timeframe.

The spatial distribution of wind anomalies at 850 hPa
is illustrated in Figure 8a–j. The 850 hPa pressure level is
chosen because it represents the maximum transport of
moisture from the adjacent oceans towards the Indian
landmass at this specific pressure level (Shahi
et al., 2021). The arrows in the figure depict the U and V
wind components recorded from 1 to 10 August 2019.
The colour bar indicates the positive anomaly of wind
strength, while the length of the arrows represents
wind flow. Notably, a substantial positive wind anomaly
is observed, indicating a high wind flow from the ocean
to the land within the 10�–24�N latitude range
(Figure 8a–e). Throughout August 6–10, there is a notice-
able expansion in the spatial coverage of the positive
wind anomaly. It extends from 11�N to 25�N latitude to
0�N to 25�N latitude, encompassing the entire southwest
coast of India (Figure 8f–j). This expansion signifies a
broader influence of the wind anomaly, suggesting a shift
or intensification of atmospheric patterns during this
period.

During the extreme rainfall events in August 2019,
the stronger low-level jets (LLJs) over the Arabian Sea
(Figure 8) are effectively transporting ample of moisture

from the ocean to the Indian landmass (Figure 7). As the
stronger LLJs carried more moist air towards the Western
Ghats, the mountain helps for the orographic lifting and
forcing the moist air to rise. This orographic lifting
caused the moisture-laden air to cool and condense rap-
idly, leading to intense and prolonged rainfall in the
region. The strong LLJs created zones of atmospheric
convergence along the western coast, where the airflows
collided and were forced upward. This convergence, com-
bined with the inherent instability of the atmosphere due
to the warm sea surface temperatures associated with the
positive Indian Ocean Dipole (IOD), led to vigorous con-
vective activity and extreme rainfall. The continuous sup-
ply of moisture through LLJs sustained heavy rainfall
over an extended period. The combined effects of the
LLJs and the positive IOD phase were crucial in amplify-
ing the monsoon dynamics, resulting in the extreme rain-
fall events along the western coast of India.

The persistent strong westerly wind anomalies during
Boreal Summer Intra-Seasonal Oscillation (BSISO) (July
and August months) are significantly responsible for the
heavy rainfall events due to the interaction between
dynamics and cloud microphysics. The strong wind
anomaly or cross-equatorial flow over the Arabian Sea
helps to produce more sea salt by bubble burst, which
can act as giant condensation nuclei (GCCN) and have
an impact on the precipitation through rain embryo for-
mation (microphysical processes). This interaction
between dynamical (wind) and cloud microphysics

FIGURE 8 Wind anomaly at 850 hPa (m�s−1) spanning between August 1 and 10. The colour bar indicates the anomalies of wind

strength, while the arrow length signifies wind flow/directions. [Colour figure can be viewed at wileyonlinelibrary.com]
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(cloud hydrometeors) is very specific over the particular
region of interest. The formation of cloud hydrometeors
at lower levels are conducive over the particular region
due to the presence of ample sea salt, which can act as
rain embryos. The heavy rainfall over other regions dur-
ing BSISO might be very general and more driven by
dynamics.

Figure 9c–l illustrates the anomaly in VV over the
Western Ghats, with negative values indicating upward
motion of the air parcel. To analyse this phenomenon, a
specific geographical box ranging from 72�E to 77.5�E in
longitude and 8�N to 23�N in latitude was selected. The
longitudinal average of VV was then considered along
this box to observe patterns over time (Figure 9c–l).
Simultaneously, Figure 9c–l displays a notable increase
in the amplitude of negative VV, signalling the upward
movement of air parcels. Examining the IMD gridded
rainfall for August 4 and 9, 2019, in Figure 9a,b, an asso-
ciation emerges with the development of the positive VV
anomaly. Starting on August 1 (Figure 9c), this anomaly
progressed from higher latitudes towards lower latitudes
until August 10 (Figure 9l). Notably, on August 3–4
(Figure 9e,f), an intense VV between 23�N and 17�N lati-
tude was observed, encompassing areas of South Gujarat
and Maharashtra. Subsequently, this VV patch shifted to
the region of Goa and Karnataka between 18�N and 11�N
latitude (Figure 9g–i). In the final phase, from August

8–10 (Figure 9j–l), VV dominance occurred between
15�N and 8�N latitude, covering parts of Karnataka and
Kerala. These findings suggest a dynamic spatiotemporal
evolution of VV anomalies, showcasing distinct patterns
and shifts over the selected Western Ghats region during
the specified timeframe. In a modelling study, Raju et al.
(2015) found that robust upward motion is attributed to a
moist and unstable atmosphere, characterized by a signif-
icant VV (extending up to 100 hPa) linked to intense
precipitation.

While VV serves as an indicator of the vertical move-
ment of air parcels, CAPE is a crucial metric measuring
the energy available for convection within the atmo-
sphere. In Figure 10a–j, the elevated CAPE anomaly is
indicative of the substantial energy reservoir present in
the atmosphere. Simultaneously, Figure 9c–l displays a
notable increase in VV, signalling the upward movement
of air parcels. This simultaneous occurrence of high VV
and elevated CAPE implies the lifting of air parcels, fos-
tering the development of vertical motion and potentially
contributing to the formation of convective clouds and
storms. Notably, the observed CAPE anomalies com-
menced their ascent on August 1st, reaching a peak
between August 4th and 9th, 2018, along the southwest
coast of India. The increased instability of the atmo-
sphere attributed to the increased CAPE values has sig-
nificantly intensified convective activity over the region

FIGURE 9 (a, b) The IMD rainfall of August 4 and 9, 2019. (c–l) Vertical velocity anomaly (Pa/s) plotted along latitude and pressure

level, average over longitude in the selected box 72�–77.5�E in longitude and 8�–23�N in latitude. [Colour figure can be viewed at

wileyonlinelibrary.com]
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(Lee & Frisius, 2018; Murugavel et al., 2012). These
conditions have created a conducive environment for
meteorological phenomena, resulting in extreme pre-
cipitation during this period. In essence, the synchro-
nicity of elevated VV and CAPE levels during this

timeframe suggests a dynamic interplay that has
influenced atmospheric instability, ultimately contrib-
uting to the heightened convective processes and con-
sequential meteorological events, particularly extreme
precipitation.

FIGURE 10 Convective available potential energy (CAPE) anomalies during August 1–10. Positive values indicate the higher instability
of the atmosphere. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Tropospheric temperature (TT) anomaly between 600 and 200 hPa (�C). [Colour figure can be viewed at

wileyonlinelibrary.com]
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The positive anomaly in tropospheric temperature
(TT), measured in degrees Celsius and averaging between
600 and 200 hPa, is depicted in Figure 11. This elevation
in TT signifies a significant release of latent heat by
hydrometeors in the upper atmosphere, thereby aug-
menting the phase conversion of various hydrometeors
from one state to another. Examining the temporal evolu-
tion, from August 1 to 3 (Figure 11a–c), there is a notice-
able intensification of TT over Gujarat, Maharashtra, and
a portion of Goa in comparison to its 35-year climatology.
Subsequently, on August 4–5 (Figure 11d,e), the intensity
of TT reaches even higher levels, particularly over Maha-
rashtra. Moving on to the second row of the figure
(Figure 11f–j), it becomes evident that TT maintains a
consistently elevated status during the period of rainfall
over the land region along the Western Ghats. This
underscores the persistent influence of high TT values in
the atmospheric conditions during the rainy phase, espe-
cially in the vicinity of the Western Ghats. Vaid and San
Liang (2015, 2018) demonstrated a strong correlation
between TT and precipitation variability across South
and East Asia.

The positive anomaly in cumulative cloud hydrome-
teors (measured in kg�kg−1) across a designated region
(depicted in Figure 12a,b) is illustrated in Figure 12c–l,
showcasing variations along latitude and pressure levels,

while averaging along longitude. The concentration of
hydrometeors includes the cumulative content of cloud
liquid water (CLWC), rainwater (RWC), snow water
(SWC), and cloud ice (CIWC). It has been observed that
there is an evident association between elevated VV
(as depicted in Figure 9e,f) and TT (illustrated in
Figure 11c,d) with the mass of cloud hydrometers. Specif-
ically, during the period of August 3–4 (Figure 12e,f), an
increased concentration of cloud hydrometers is observed
within the 23�–17�N latitude range, spanning the regions
of south Gujarat and Maharashtra. Following this tempo-
ral pattern, the concentration of cloud hydrometeors has
shifted from higher to lower latitudes, notably between
18�N and 13�N latitude over Goa and Karnataka on
August 5–6 (Figure 12g,h). This spatial shift suggests a
dynamic movement of atmospheric phenomena, possibly
influenced by the identified high VV and TT conditions.
In the subsequent timeframe after August 7, a notewor-
thy accumulation of cloud hydrometeors is observed over
the Kerala region. This observation implies a persistence
or intensification of atmospheric activity in this specific
geographic area. Khadke and Pattnaik (2021) conducted
a modelling study revealing high concentrations of cloud
hydrometeors during the extreme precipitation event that
occurred over Kerala in 2019. Chakraborty et al. (2021)
and Ganjir et al. (2022) also highlighted that extreme

FIGURE 12 (a, b) The IMD rainfall of August 4 and 9, 2019. (c–l) Cloud hydrometeors anomaly (kg/kg) plotted along latitude and

pressure level, average over longitude in the selected box 72�–77.5�E in longitude and 8�–23�N in latitude. Cloud hydrometeors cumulative

content of cloud liquid water (CLWC), rainwater (RWC), snow water (SWC), and cloud ice (CIWC). [Colour figure can be viewed at

wileyonlinelibrary.com]
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rainfall events in the Kerala region are primarily influ-
enced by cloud hydrometeors. Further, we observed the
influence of VV and TT on the distribution of cloud
hydrometeors, revealing distinct patterns in both time
and space. The shifting concentrations along latitudinal
bands suggest a dynamic interplay of atmospheric condi-
tions, contributing to the overall understanding of
regional meteorological phenomena.

On the other hand, SST leading precipitation when
the atmosphere is forced by SSTs (Wu et al., 2008). The
warm SST helps to produce more moisture (supersatura-
tion due to more RH) and stronger north–south tropo-
spheric temperature gradient support bringing the
moisture over land, which is manifested in the formation
of rain through stronger condensation and the Bergeron-
Findension process. The less OLR (deep convection) over
Gujarat and the West coast from August 2 to August
9 assisted the growth of the cloud hydrometeors
(Figure 12), which might be converted to surface rainfall
by wet scavenging. The significant subsidence (wet scav-
enging) is noticed on August 9th–10th over Gujarat and
produces more rainfall (Figure 12). Due to the lead–lag
relationships between precipitation and SST at intrasea-
sonal timescale heavy precipitation happened on August
9–10th over Gujrat.

We have also computed the probability density of
rainfall and OLR in this study (Figure 13). The probabil-
ity density functions (PDFs) are computed based on the
daily climatology of JJAS rainfall (122 days) and the rain-
fall data from 2019. We used the ksdensity function of
MATLAB to overlay the PDF onto the histogram. The
probability density of rainfall over the Western Ghats
reveals that climatologically (1984–2018) the rain bins of
0–12 mm�day−1 dominate during the monsoon season.
The higher intensity rainfall events, which represent the
tail of the probability density function (PDF) are observed
particularly during the extreme rainfall events
(Figure 13a) in 2019 (August 1–10, 2019), which are
important for the daily variance of ISM rainfall
(Goswami & Goswami, 2017). Therefore, the heavy rain-
fall (Figure 13a, rainfall bins >15 mm�day−1) encoun-
tered over the coastal region of Maharashtra from August
1 to 10, 2019. The heavy rainfall during August 2019
events over the Western Ghats are exceptional as com-
pared to long-term climatology (Figure 13a), which is
linked with the prevailing large-scale convection
(Figure 13b) supported the occurrence of heavy rainfall.
The probability density of OLR over larger region (lon:
65�–80�E, and lat: 0�–25�N) from observation also depicts
that the tail (higher OLR bins) and the crest (lower OLR

FIGURE 13 (a) Histograms and probability density of rainfall (mm�day−1) over the Western Ghats region (lon: 72�–77.5�E; lat: 8�–
23�N) from IMD data for the monsoon season (JJAS). The probability density of outgoing longwave radiation (OLR, W�m−2) over a region

(lon: 70�–77.5�E; lat: 8�–23�N) from NOAA. [Colour figure can be viewed at wileyonlinelibrary.com]
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bin) (Figure 13b) of the OLR PDF significantly different
in 2019 August events as compared to long-term climatol-
ogy. The crest (tail) of the OLR PDF is more (less) during
the heavy rainfall events in 2019 as compared to climatol-
ogy (Figure 13b). The higher (lower) OLR signifies the
deep (shallow) convection (Krishnamurti et al., 1989).
Therefore, deeper convection during the heavy rainfall
events in 2019 (Figure 13b) is responsible for the ample
to heavy rain (Figure 13a), which is an important finding
and need for the numerical prediction. The histograms of
rainfall and OLR are plotted for more clarification of the
2019 event as shown in Figure 13. Our findings indicate

significant deep convective clouds, as demonstrated in
Figure 13b (with an OLR anomaly of less than
−50 W�m−2, as illustrated in Figure 5), coinciding with
the heavy rainfall events observed in 2019 (Figure 13a).
This is an important finding to demonstrate the need for
the correct simulation of convection in numerical predic-
tion models to improve forecasts.

To assess the impact of climate change and shifts in
precipitation patterns, we divided the total climatological
years into two periods: 1984–2000 and 2001–2018. We
then compared these periods with the year 2019
(Figure S2). The present analysis revealed a notable shift

FIGURE 14 (a) Flowchart explains the ocean–atmosphere interactions in the resulting extreme precipitation event. (b) The cloud

droplet distributions from in situ airborne observation (CAIPEEX) from shallow and convective clouds are also presented. The calculated

relative dispersion from the fundamental theoretical study for shallow and convective clouds (as shown in the schematic) is also portrayed.

(c) A conceptual model for the improvement of the model forecast is also presented. [Colour figure can be viewed at wileyonlinelibrary.com]
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in precipitation patterns after 2000, indicating a clear sig-
nal of climate change that has led to increased rainfall, as
shown in Figure S2a. Conversely, observations of OLR
indicate an increase post-2000; however, in 2019, the
OLR was found to be lower. This suggests that there was
enhanced absorption of radiation by both ocean and
land, contributing to the trapping of heat.

In summary, our study examined the extreme precipi-
tation event that occurred in 2019 along the southwest
coast of India by comparing it with climatological mean
over 35 years (1984–2018). The flowchart illustrates the
dynamics of meteorological variables, which result
the heavy rainfall (Figure 14a). The schematic diagram
also demonstrates the variation of cloud droplet size dis-
tributions (DSD) from in situ airborne observation, which
are important for the modulation of cloud types (from
shallow to convective) and relative dispersion calculated
from fundamental theoretical study might be helpful to
develop a conceptual model to improve quantitative fore-
cast of extreme precipitation using dynamical models
(Figure 14). During this event, the OLR and SST were
found abnormal which developed a strong ocean-land
surface temperature gradient. This disparity in tempera-
ture between the ocean and land can create favourable
conditions for increased RH in the atmosphere. This
moisture is transported through the strong low-level

wind (850 hPa) towards land. In this regard, the physi-
cally based process understanding from the fundamental
theoretical study using the parcel-Bin model is required.
The parcel bin model guided by situ observation can shed
light on obtaining realistic probability distribution of
cloud droplet sizes in shallow and convective clouds. The
variation of cloud droplet distributions from shallow to
convective clouds is required in the numerical weather
prediction model, which can be provided by relative dis-
persion as shown in the schematic diagram (Figure 14b).
The frequencies of shallow and deep convective clouds
are related to the relative dispersion (Figure 14b), which
can further modify outgoing longwave radiation (OLR).
A conceptual model for the improvement of model fore-
cast is also presented (Figure 14c). The quantitative
values of meteorological variables and SST anomalies
which are plausible causes for the occurrence of extreme
precipitation over the Western Ghats are listed in
Table 1. The mean anomaly values may vary from event
to event.

The table describes quantitatively the anomalies of
the important meteorological parameters (thermodynam-
ical, dynamical, and microphysical), which are responsi-
ble for triggering the deep convection during the heavy
rainfall events over the Western Ghats regions. The
strong positive anomaly of SST and TT helps to generate
more moisture (source) and propagate to the land
regions, which is also reflected in the strong positive
anomaly of RH, triggering higher supersaturation and
condensations (Table 1). It is also noted that stronger
convections as revealed in the strong negative anomaly of
OLR and positive anomaly of CAPE manifest in the for-
mation of more cloud hydrometeors as observed in the
positive anomaly of cloud hydrometeors (Table 1). This is
the first time we have demonstrated the combined inter-
actions among thermodynamics, dynamics, and cloud
microphysics to explain the unexplored processes for
extreme heavy rainfall events. Earlier most of the heavy
rainfall studies were focused on the assessment of
dynamics and less emphasis on cloud microphysics.

The rich topography of the region can develop a
strong vertical updraft over the Western Ghats. These
low-level winds then move vertically upward in the
atmosphere where convective available potential energy
plays a significant role by providing the amount of
energy atmospheric convection. At the same time, the
troposphere can act as a heat source to carry and sustain
more moisture in the atmosphere by realizing the latent
heat through cloud hydrometeors. This condition can
increase the moisture-holding capacity of the atmo-
sphere, which subsequently can result in extreme precipi-
tation over this region. The combination of all the above
atmospheric dynamics may result in anomalous rainfall

TABLE 1 The quantification of anomalies for meteorological

variables and sea surface temperature (SST) for heavy rainfall

event.

S. No.
Meteorological
variables Heavy rainfall event

1 Outgoing longwave
radiation (OLR)

OLR anomaly
<−50 W�m−2

2 Sea surface temperature
(SST)

SST anomaly >1.4�C

3 Relative humidity (RH) RH anomaly >10%

4 Air temperature (TA) TA anomaly over land
�0.4 to 0.6�C
TA anomaly over ocean
>1.6�C

5 Wind speed (WS) WS anomaly >4 m�s−1

6 Vertical velocity (VV) VV anomaly
>−0.4 m�s−1

7 Convective available
potential energy (CAPE)

CAPE anomaly
>600 J�kg−1

8 Tropospheric temperature
(TT)

TT anomaly >1.4�C

9 Cloud hydrometeors
(CLWC, CIWC, RWC, and
SWC)

Cloud hydrometeors
anomaly
>2.5 × 10−4 kg�kg−1
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along the coastal regions of Gujarat, Maharashtra, Goa,
Karnataka, and Kerala.

It is also important to discuss that orography plays a
crucial role in influencing rainfall patterns, especially in
regions characterized by complex terrain such as the
Western Ghats. Orographic features can enhance rainfall
through mechanisms such as orographic lifting, where
moist air is forced to ascend over mountains, leading to
condensation and vapour depositional growth processes.
The thermodynamical phase changes during the cloud
processes introduce latent heat release and have an
impact on updraft. These processes influence the spatial
distribution and intensity of rainfall events across the
Western Ghats. The varied elevation and sloping terrain
can significantly affect moisture transport, cloud forma-
tion, and precipitation distribution. However, the litera-
ture suggests that the main source of moisture for
precipitation along the western coast of India, particu-
larly the hill regions of the Western Ghats is the ocean.
(Pathak et al., 2014; Saranya et al., 2021; Zhang
et al., 2021). Ocean-derived moisture predominates over
terrestrial sources, and consequently, summer monsoon
precipitation dominates over recycled precipitation. Due
to this aspect, we have not separately investigated the
orographic features in the present study. Moreover,
the spatial resolution of the data we used for our study is
25 × 25 km2; investigating the orographic features at
such coarse resolution would be an imprecise method to
interpret the results. This is one of the limitations of our
present study and the role of orography on heavy precipi-
tation will be carried out through model sensitivity exper-
iments in future study.

4 | CONCLUSION

In August 2019, the coastal states of southwest India
experienced a catastrophic flood situation due to extreme
precipitation. The alarming flood situation has severe
consequences on society, leading to the loss of lives, live-
lihoods, properties, and transportation. Southwest India,
being a highly vulnerable region, faces annual challenges
with erratic precipitation events. Hence, it is crucial to
comprehend the dynamics and thermodynamics of such
events to enhance nowcasting for improved adaptation.
The present study used the ECMWF-ERA5 and IMD
rainfall gridded data (0.25� spatial resolution) to analyse
this event. We examined the SST, OLR, and other atmo-
spheric variables for 15 days, from July 27 to August
10, 2019, against 35 years of climatological data spanning
from 1984 to 2018. In this study, we found that the anom-
alous precipitation along the Southwest coast of India is a
consequence of dynamics, thermodynamics, and cloud

microphysics processes. The geographical location, along
with atmospheric conditions, was found to be favourable
for heavy rainfall over the region, where ocean–atmo-
sphere–land interactions played a significant role. The
key conclusions are as follows:

1. Our research highlights the significant influence of
warm SST (anomaly >1.40�C), OLR (anomaly
<−50 W�m−2), TA (anomaly >1.6�C over ocean) in
enhancing the atmospheric moisture holding capacity.
This increased moisture, with RH anomalies exceed-
ing 10%, shifts from the ocean to land due to intensi-
fied low-level wind (850 hPa), characterized by WS
anomalies exceeding 4 m�s−1, and specific flow
patterns.

2. The observed moisture increase can be attributed to
the significant VV anomaly (>−0.4 m�s−1) and the
prevailing atmospheric instability with CAPE anom-
aly exceeding 600 J�kg−1. The high temperature at tro-
popause anomaly (>1.4�C) induced warming in the
troposphere, leading to the effective melting of cloud
hydrometeors. Consequently, this melting process
released latent heat, contributing to an increase in the
concentration of moisture in the atmosphere.

3. The synergistic influence of cloud hydrometeors,
including CLWC, SWC, RWC, and CIWC, exhibiting
a noteworthy anomaly surpassing 2.5 × 10−4 kg�kg−1,
establishes an ideal setting for the sustained presence
of cloud hydrometeors. This complex interplay leads
to the result of intense precipitation, underscoring the
significance of these atmospheric dynamics in shaping
regional weather patterns.

These findings enhance our understanding of the
complex relationships among sea-surface conditions,
atmospheric moisture dynamics, and wind patterns,
revealing their critical role in shaping local precipitation.
This can be further elucidated through modelling investi-
gations and in-depth analyses of cloud microphysics and
dynamics. The present study describes qualitatively
and quantitatively the anomalies of the important meteo-
rological parameters (thermodynamical, dynamical, and
microphysical), which are responsible for triggering the
deep convection during the heavy rainfall events over
the Western Ghats regions. There is ample study of heavy
rainfall studies, which are focused on the assessment of
dynamics and less emphasis on cloud microphysics. This
is the first time we have demonstrated the combined interac-
tions among thermodynamics, dynamics, and cloud micro-
physics to explain the unexplored processes for extreme
heavy rainfall events. This is the novelty of this present
study. The strong wind anomaly or cross-equatorial flow
over the Arabian Sea helps to produce more sea salt by
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bubble burst, which can act as giant condensation nuclei
(GCCN) and have an impact on the precipitation through
rain embryo formation (microphysical processes). This inter-
action between dynamical (wind) and cloud microphysics
(cloud hydrometeors) is very specific to the particular region
of interest. The formation of cloud hydrometeors at lower
levels is conducive over the particular region due to the pres-
ence of ample sea salt, which can act as rain embryos. The
understanding based on the present study can provide a
pathway for the future development of the forecast model.
The hypothesis based on the present research work and the
road map for the numerical model development is also
shown here. This innovative research provides direction for
the R&D of heavy rainfall prediction.
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