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ABSTRACT

The Indian subcontinent is dominated by a very pronounced summer monsoon season from June to September and a less intense
autumn monsoon, both posing major challenges to the densely populated regions, namely through flash floods and landslides.
Moreover, the spatial patterns and temporal extent of extreme precipitation events are not uniform across India, with event's du-
rations varying across regions and multiple triggering factors. Here, we make use of a high-resolution daily precipitation dataset
covering the entire Indian territory, from 1951 to 2022, to analyse multi-day precipitation extremes and their linkages with re-
gional atmospheric moisture fluxes. We consider 10 sub-regions of India, characterised by different climatic regimes and apply an
objective ranking of extreme precipitation events, across various time scales, ranging from 1 to 10days. Obtained results confirm
that the method accurately detects and ranks the most extreme precipitation events in each region, providing information on the
daily evolution of the magnitude (and spatial extent affected) of high precipitation values in each region. Moreover, results show
that top rank events can be associated with different types of storms affecting the four main coastal regions of India. In particu-
lar, some top rank events can be critically linked to long duration events (e.g., 10days) that can be missed in ranks for shorter
duration (e.g., 1-3 days) periods, thus stressing the need to employ multi-day precipitation extremes ranking. Finally, an in-depth
analysis of the large-scale atmospheric circulation and moisture transport is presented for the top 10-day events influencing
the four coastal regions of India. Results show low pressure systems, which persist over multiple days and play a critical role in
linking IVT to MDPEs across the Indian subcontinent. Overall, we are confident that our findings are valuable in advancing
disaster risk reduction strategies, optimising water resource management practices, and formulating climate change adaptation
strategies specifically tailored for the Indian subcontinent.

1 | Introduction systems, and topography, making it highly diverse climatolog-

ically (Guntu et al. 2020; De, Dube, and Prakasa Rao 2005).
The Indian subcontinent exhibits a wide range of climatic For instance, the summer monsoon influences the entire sub-
zones and weather phenomena, from tropical in the south to continent from June to September, followed up by retreating
temperate in the north, influenced by geography, monsoon monsoon in the southern Peninsula of India from October to
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December and western disturbance in northern India from
December to March. The yearly pattern of monsoon rainfall
can be explained as a reflection of the seasonal movement of
the Inter-Tropical Convergence Zone (ITCZ) and the conse-
quent transition of rain patterns from the southern to the
northern Indian Ocean (Kulkarni et al. 2020). In addition,
the Indian subcontinent bears the brunt of nearly 10% of the
world's Tropical Cyclones (Dube et al. 2020). Of these, a sig-
nificant portion originates in the Bay of Bengal, making land-
fall along the eastern coast of India (Murty, Flather, and
Henry 1986). Intense rainfall, often associated with convec-
tive systems or cyclonic disturbances lead to flash floods,
landslides, and other hydro-meteorological hazards (Mishra
and Shah 2018; Ali, Mishra, and Pai 2014). The densely popu-
lated regions, particularly in low-lying areas and river basins,
are highly vulnerable to the impacts of these extreme events
(Srinivas et al. 2010; Singh, Ali Khan, and Rahman 2000).
Intense precipitation events and associated risks are expected
to occur more frequently in Asian regions, especially in India,
Bangladesh, and China (Guntu et al. 2020; Goswami
et al. 2006). Extreme precipitation events frequently occur
across the Indian subcontinent, particularly during the mon-
soon season (Raghuvanshi, Trigo, and Agarwal 2025; Sahany
et al. 2018; Joseph and Sijikumar 2004; Kumar, Chanda, and
Pasupuleti 2020). For instance, extreme precipitation events,
exemplified by the Mumbai floods in 2005 and the Kerala
floods in 2018, underscore the immense scale of monsoon-
associated precipitation events. In 2005, Mumbai was inun-
dated by an unparalleled deluge, inflicting direct economic
losses estimated at nearly 2 billion USD and claiming the lives
of approximately 500 individuals (Ranger et al. 2010).
Similarly, the Kerala floods of 2018 wreaked havoc, causing
colossal economic damage, impacting millions of people, and
tragically resulting in the loss of over 400 lives (Mishra
et al. 2018). Goyal et al. (2022) and Mishra et al. (2018) sug-
gested that climate change may further alter the intensity, du-
ration, and spatial distribution of precipitation events, which
could further exacerbate the occurrence of extreme rainfall. A
multitude of studies have characterised and ranked precipita-
tion extremes in various parts of the world. Kulkarni
et al. (2020) and Kumar, Chanda, and Pasupuleti (2020) have
employed various methodologies, including historical analy-
ses and climate models, to understand the drivers and impacts
of extreme precipitation in India. These studies have provided
valuable insights into the evolving climate dynamics and po-
tential future scenarios of extreme precipitation over the
Indian subcontinent. Begueria et al. (2009) used extreme value
theory to evaluate the characteristics of extreme precipitation
occurrences over north-eastern Iberian Peninsula. An equiva-
lent threshold-based objective method was adopted for identi-
fying regional extreme events while considering their impact
area and duration. Ramos, Trigo, and Liberato (2016) pro-
posed a novel approach for ranking daily extreme precipita-
tion based on intensity and areal extent. This method was
refined further for multi-day extreme events, using accumu-
lated normalised departure values from climatology at shorter
time scales (e.g., 3days) and longer time scale (e.g., 5, 7, and
10days) (Ramos et al. 2018). Raj et al. (2021) also adopted sim-
ilar approach to rank and characterise extreme precipitation
events in Indian western Himalayas. However, it is worth
mentioning that in some regions and/or different seasons,

normalised anomalies of precipitation cannot ensure typical
Gaussian distribution. Therefore, this methodology has
evolved by employing an alternative upper limit threshold,
corresponding to the 95th percentile criterion, in the calcula-
tion of extreme precipitation events, akin to the approach pro-
posed by Ramos et al. (2018). Despite the increasing number of
publications regarding precipitation extremes, a ranking pro-
cedure which accounts for areal extent, intensity, duration
and suitable for highly skewed distribution of precipitation
has yet to be implemented across the different regions of the
Indian subcontinent to assess its robustness. Extreme precipi-
tation is the primary cause of floods, and the mechanisms un-
derlying their intensification in response to a warmer climate
are of significant interest (Sori et al. 2023). The acceleration of
the hydrologic cycle driven by climate change, which is mostly
attributable to increased atmospheric moisture transport, is
largely responsible for this intensification (Mukherjee and
Mishra 2021). The fundamental component of the atmospheric
branch of the water cycle is atmospheric moisture transport
(Gimeno et al. 2012), and variations in this mechanism have a
considerable impact on precipitation extremes (Gimeno
et al. 2016). During the Indian Summer Monsoon (ISM), the
majority of atmospheric moisture is transported through sur-
face to mid-tropospheric levels from the Arabian Sea and
southern Indian Ocean across the equator (Patil et al. 2018).
According to Cadet and Greco (1987), the majority (70%) of
moisture transport reaches the west coast of India from the
Southern Indian Ocean through the Somali low-level jet while
the remaining moisture (30%) arises from the Arabian Sea
through evaporation. The complete identification of the major
sources of moisture affecting the India continent (and all the
regions of the world) has been improved with the use of robust
Lagrangian models (Gimeno et al. 2012). During the with-
drawal of ISM, low-level winds over India change their direc-
tion from southwest to northeast. The continental tropical
convergence zone and the subtropical anticyclone's (anticy-
clone) southward shift are linked to this change (Rajeevan
et al. 2012). The India Meteorological Department (IMD) re-
fers to the October to December period as the northeast mon-
soon, which is a part of the northeast trades (Rajeevan
et al. 2012). The region receives roughly 11% of its annual rain-
fall during the northeast monsoon season, whereas certain
regions throughout the south peninsula (Deccan Plateau &
Eastern Ghats) receive between 30% and 60%. The northeast
monsoon rainfall’s inter-annual fluctuation affects many dif-
ferent industries, including agriculture and the south of pen-
insular India's water supplies (Rajeevan et al. 2012). A wide
range of indices have been developed to measure the move-
ment of moisture in the atmosphere. Many studies have previ-
ously used column integrated water vapour (IWV) data
obtained from microwave sensors because satellite images of
water vapour that are easily accessible (Neiman et al. 2008).
In addition, the column integrated water vapour transport
(IVT), which includes horizontal winds in its computation,
has become the standard metric to assess moisture advection.
Two further advantages of IVT over IWV are its capacity to
identify stronger correlations more accurately with precipita-
tion and that it is better predicted at longer time leads by nu-
merical weather prediction models. The relationship between
atmospheric moisture transport and extreme precipitation
and floods in India has been shown in several previous studies
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(Dhana Laskhmi and Satyanarayana 2020; Lyngwa and
Nayak 2021; Goyal et al. 2022; Mahto et al. 2023; Raghuvanshi
and Agarwal 2023; Raghuvanshi and Agarwal 2024). The
bulk of these studies, however, is concentrated on understand-
ing the atmospheric moisture transport linked to intense pre-
cipitation events that persisted for shorter periods of time (e.g.,
up to 3days). Our study addresses a gap by analysing multi-
day precipitation extremes linked to regional atmospheric pat-
terns, which are often tied to IVT. These patterns, covering
spatial scales of approximately 1000 km and lasting from sev-
eral days to a week, play a crucial role in forecasting and un-
derstanding extreme weather events (Raghuvanshi and
Agarwal 2023). Under certain synoptic conditions, anomalous
moisture transport via IVT can result in prolonged heavy pre-
cipitation, potentially leading to severe flooding with signifi-
cant socio-economic consequences (Ramos et al. 2018;
Slinskey et al. 2020). This study aims to develop objective
rankings of extreme precipitation in India, considering events
across different time scales, ranging from daily to 10-day du-
rations. These rankings are produced for different spatial ag-
gregations, encompassing the entire Indian subcontinent. By
considering multi-day extreme precipitation events, the study
highlights the distinct implications of shorter-duration heavy
rainfall events (associated with flash flooding) and longer-
duration events (linked to large-scale flooding and other dis-
ruptive consequences). The identification of extreme
precipitation events across various time scales will allow us to
enhance the current understanding of the temporal progres-
sion and regional variability of floods in the subcontinent.
This paper is structured as follows: Section 2 covers the data
used and the methodology employed, Section 3 displays the
results, and Section 4 provides a summary of the key finding
and conclusions.

2 | Data and Methodology
2.1 | Dataset and Regions

In the current study the India Meteorological Department daily
gridded precipitation dataset for the Indian mainland (between
68°E —98°E and 8°N —37°N) is used (Pai et al. 2014). The
dataset consists of accumulated daily precipitation (mm) and
offers a remarkably high spatial resolution of 0.25°x0.25°. To
create this gridded dataset, a comprehensive network of 6995
gauging stations located throughout India was utilised. The
daily data includes a period of 71years (1951-2022). Over time,
numerous research studies have used this dataset, revealing its
broad applicability and reliability. These studies have covered a
wide range of topics, such as exploring the spatiotemporal vari-
ability of precipitation (Guntu et al. 2020; Sahany et al. 2018),
conducting extreme precipitation analyses (Ali, Mishra, and
Pai 2014; Vinnarasi and Dhanya 2016), investigating the in-
trinsic predictability of Indian precipitation (Guntu et al. 2020;
Mishra and Shah 2018), and examining the spatial diversity of
Indian precipitation teleconnections (Kurths et al. 2019), among
others. Across diverse studies, the consistent use of the IMD
gridded dataset confirms its high accuracy and robustness in
capturing India's precipitation distribution. This dataset has
proven invaluable to researchers from various fields, enhancing
our understanding of regional precipitation patterns and trends

(Pai et al. 2021). Its wide-ranging applications have bolstered its
credibility and reliability, making it a vital tool for addressing
scientific questions related to Indian climate and meteorology
(Raj et al. 2021).

The climate of India exhibits significant spatial diversity char-
acterised by distinct topography and types of climates; with the
local precipitation distribution presents a wide range of skew-
ness values (Figure S1). Therefore, dividing the Indian subcon-
tinent into homogeneous precipitation regions is considered
essential before ranking the extreme precipitation events. The
climate of India exhibits significant spatial diversity due to its
vast geography and varied topography. This spatial variability
in precipitation adds complexity to the study of hydrological
extremes such as floods and droughts. Given this diversity, pre-
vious research has emphasised the importance of investigating
hydrological extremes at homogeneous regions scale. Previous
studies Bharath and Srinivas (2014); Mannan et al. (2017) have
attempted to quantify India's homogeneous precipitation re-
gions based on various precipitation characteristics such as
mean, magnitude, skewness, and standard deviation. The Indian
Meteorological Department (IMD) has historically defined ho-
mogeneous regions to facilitate such analyses. However, existing
literature found that these regions fall short for representing co-
herent climate conditions. This is primarily because they do not
account for the temporal variability that characterises precipita-
tion patterns in India. Temporal variability refers to how precip-
itation patterns change across different time scales, from daily
and seasonal cycles to inter-annual fluctuations. Accounting
both magnitude and temporal variability of precipitation is cru-
cial for robust identification of homogeneous regions. Despite
the recognition of these shortcomings, there remains a research
gap in explicitly including temporal variability within the frame-
work for developing homogeneous zones. Addressing this gap,
Guntu et al. (2020) proposed a novel method for precipitation re-
gionalization using a self-organising map coupled with a multi-
scale standardised variability index. The time series of gridded
precipitation at different time scales is selected as a clustering
variable. This means that homogeneous regions are defined
based on coherent climate variability at different time scales
(monthly, seasonal, and annual) rather than mean climate con-
ditions. Given this, Guntu et al. (2020) suggested partitioning the
Indian subcontinent into 10 distinct regions (Figure 1), that is,
Western India (WI), North-western India (NWI), North-central
India (NCI), Eastern India (EI), South-central India (SCI), South-
eastern coastline (SEC), Konkan coast (KC), North-eastern India
(NEI), Rain-belt Western Himalaya (RBWH) and Rain-shadow
Western Himalaya (RSWH).

Furthermore, we used the European Centre for Medium-Range
Weather Forecasts (ECMWF) version 5 reanalysis (ERAS5),
known for its high spatiotemporal resolution on a global scale
(Hersbach et al. 2020). Based on comparative analyses with other
reanalysis products, recent research have shown that ERA-5 is
appropriate for meteorological and hydrological assessments in
the Indian subcontinent (Dullaart et al. 2021; Mahto et al. 2023).
The spatial resolution of the ERAS5 latitude-longitude grid is
0.25°%0.25°. We retrieved specific humidity and horizontal
wind fields (zonal and meridional wind speed) at multiple ver-
tical levels of the troposphere (1000-300 hPa; 20 pressure levels
total) at a 6-hourly temporal resolution to quantify atmospheric
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Rain-shadow Western Himalayan(C10, Alpine)

Rain-belt Western Himalayan(C9, Alpine)

North-eastern India(C8, Humid subtropical)

Konkan Coast(C7, Tropical monsoon)

South-eastern coastline(C6, Humid subtropical)

South-central India(C5, Semi-arid)

Eastern India(C4, Tropical savannah)

North-central India(C3, Humid subtropical)

North-western India(C2, Semi-arid)

Western India(C1, Semi-arid)

FIGURE1 | Sub-regions of the Indian mainland. Each region's name is displayed, and the type of climate regime is listed in parentheses. [Colour

figure can be viewed at wileyonlinelibrary.com]

moisture transport. Additionally, mean sea level pressure
(MSLP), temperature at 850, 500hPa (T850 and T500, respec-
tively) and geopotential height at 850, 500hPa (Z850 and Z500,
respectively) were retrieved at 6 hourly temporal resolutions to
investigate regional atmospheric patterns.

2.2 | Ranking Extreme Precipitation Method

We ranked extreme precipitation events using the methodology
developed by Ramos et al. (2018). This ranking method considers
magnitude, spatial extent and duration of the extreme precipita-
tion events. For the ranking estimation, only wet days (i.e., days
with precipitation greater than 1 mm) are considered. A four-step
procedure is used to determine the ranks of extreme precipita-
tion events across multi-day accumulation periods (schematic
representation in Figure S2). First, we perform the computation
of accumulated precipitation over various time intervals, ranging
from daily to 10-day periods. Subsequently, to rank extreme pre-
cipitation events, we utilise the precipitation departures from the
95th percentile climatology of each accumulated precipitation
period. Then, for each day and at grid point, a measure of event
magnitude is determined as follows:

N95, 4, = acc_precipitation, 4, — P95th, ;) )

« The P95th (p,t,i,j) is the 95th percentile of the accumulated
precipitation dataset over a certain period (p) for that partic-
ular grid point (i,j) and Julian day (t);

« acc_precipitation (p,d,i,j) is the accumulated precipitation,
corresponding to the day (d) over certain period (p), and
grid point (i,j);

« N95 (p,d,i,j) is the extreme anomalous precipitation for the
day (d) over the accumulated period (p), at the grid point (i, j).

The 95th percentile threshold was computed for each grid point,
for each Julian day (t) and for each accumulated precipitation pe-
riod (p), ensuring a fair analysis across all grid points. This meth-
odology allows for the characterisation of each day, considering
not only the severity of the precipitation but also the associated
spatial extension within the 10 regions identified previously
(Figure 1). For example, the extreme anomalous precipitation
for the 28 November 2008 over the accumulated period of 3-days
(N95_(p,d,i,j); p=3-days; d =28 November 2008) corresponds to
the accumulated precipitation during 26-28 November 2008 (acc_
precipitation_(p,d,i,j), where p=3-days and d=28 November
2008) minus the 95th percentile for the accumulated precipitation
dataset for the period of 3-days and for the corresponding Julian
day(prec_95th percentile_(p,t,i,j); p=3-days, t=28 November).
The calculation of the local percentiles encompassed the com-
plete reference period available spanning from 1951 to 2022.
However, as stated above, this procedure was restricted to days
with a minimum daily precipitation threshold of 1 mm (referred
to as wet days). This restriction ensures that only days with pre-
cipitation are considered in the computation. Our focus lies in
regions where precipitation exceeds the 95th percentile (positive
anomalies). To determine the magnitude of an event (hereafter
R), a daily calculation is performed by multiplying two factors:

R=A*M @)

« The area (referred to as A, represented as a percentage) ex-
hibiting precipitation anomalies (N95(p,d,i,j)) greater than
zero, and

« The mean value of these anomalies (referred to as M) across
all grid points characterised by precipitation anomalies
greater than zero.

After we compute the magnitude (R) of each precipitation ex-
treme event over the 10 distinct regions in Figure 1, we ranked
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the most extreme ones and this resulted in a total of 50 different
rankings, considering various accumulation periods (daily, 3, 5,
7, and 10days) across the 10 domains. To establish a common
understanding, the following terminology is adopted:

o “Case” refers to an individual accumulation associated with
each specific ranking.

« “Event” represents a collection of cases, which can be pres-
ent in the same accumulation ranking or across different
accumulation rankings for each domain.

To keep the analysis manageable and highlight key features of
the multi-daily rankings, we will focus solely on the results ob-
tained for the four main coastal regions of the Indian subcon-
tinent (Western India (C1), Eastern India (C4), South-eastern
coastline (C6), and Konkan coast (C7); Figure 1), as we seek to
establish a potential relationship with water vapour plumes. It
is important to emphasise that the position within the ranking
is independent of whether significant socioeconomic impacts
occur or not.

2.3 | Integrated Water Vapour Transport (IVT)

The IVT, also known as atmospheric moisture transport or
moisture flux, is calculated using zonal (u; m/s) and meridio-
nal (v; m/s) wind components, as well as specific humidity (q;
kg/kg) at various adjacent pressure levels, ranging from 1000
to 300 hPa, within the Eulerian framework (Neiman et al. 2008;
Lavers et al. 2012) using the following equation:

IVT=/IVT; +IVT,

\/ 1 3% 2 13
= = qudp> + (— J qup>
<g J 1000 & J1o0o

where q is the layer-averaged specific humidity (KgKg‘l); u and
v are the layer averaged zonal and meridional winds (ms‘l),
respectively; g is the acceleration due to gravity; and dp is the
pressure difference between two adjacent pressure levels. It is
worth stressing that disregarding the levels above 300 hPa will
have negligible influence on the output, since water vapour is
largely concentrated in the lower troposphere (Zhou and Ru-
Cong 2005; Payne and Magnusdottir 2014).

2 3)

3 | Results and Discussion

To illustrate the functionality of the multi-day ranking system
(1, 3, 5, 7, and 10days) for the four main coastal regions of the
Indian subcontinent (Western India (C1), Eastern India (C4),
the South-eastern coastline (C6), and the Konkan coast (C7); as
shown in Figure 1), we highlight the most noteworthy instances
of extreme precipitation events detected through our methodol-
ogy. These examples correspond to the top events in the selected
regions and accumulated periods considered. All selected events
described below have produced considerable socio-economic
impacts.

3.1 | Multi-Day Ranking
3.1.1 | Konkan Coast (C7)

The Konkan coast, located along the western state of
Maharashtra, experiences distinct precipitation patterns due to
its proximity to the Arabian Sea and its geographical features.
The region is primarily affected by the Southwest Monsoon,
which occurs from June to September, bringing most of the an-
nual rainfall (Guhathakurta et al. 2014). The first case, ranked as
the top one, in the 3-day accumulated precipitation ranking for
the Konkan coast, corresponds to August 4, 2004 (Figure 2a). As
previously mentioned, this case represents the accumulated nor-
malised precipitation anomalies between August 2 and August
4, 2004. During these 3days, there were extreme precipitation
anomalies exceeding 200 mm observed over the north-Konkan
coast, as indicated by the solid black contour line in Figure 2a.

2-4 August 2004 30 Jul-8 Aug 2019

@) ) ) e
20°N 5! 1350
1200
18°N 1050
16°N 900
750 E
14°N 600
Loon 450
300
1°NAcc. 3 days Acc. 10 days 150
71°E 73°E 75°E 71°E 73°E 75°E 0
) 30 Jul- 8 Aug 2019 #1
100 100
80
F 60
L 40
20

-0

D-9 D-8 D-7 D-6 D-5 D-4 D-3 D-2 D-1 D

FIGURE2 | (a) Three days accumulated precipitation (mm, shaded)
and corresponding extreme precipitation anomalies (black contour) of
the first most anomalous (3days ranking) case in Konkan coast: 2-4
August 2004; (b) 10days accumulated precipitation (mm, shaded) and
corresponding extreme precipitation anomalies (black contour) of the
#1 case in Konkan coast: 30 July-8 August 2019; (c) The percentage of
area with positive anomalies (bars) and the respective anomalies mean
(blue line) between 30 July and 8 August 2019 is also shown for the
Konkan coast domain. [Colour figure can be viewed at wileyonlineli-
brary.com]
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In this region, a total of 1000 mm of rainfall was recorded for the
3-day accumulated period.

In August 2019, the Konkan coastal region (C7) experienced
severe flooding due to heavy and persistent rainfall resulting
in significant impacts on the population and infrastructure
(Vijaykumar et al. 2021). This event was considered the most
extreme event (1) in the 10-day accumulated precipitation
ranking corresponding to August 8, 2019. This day appears
also for the 3-day accumulated precipitation ranking (8), and
#6 for the 5, and 7-day accumulated precipitation rankings,
respectively. Figure 2b shows totals above 1500 mm recorded
for the 10-day accumulated period over the north-Konkan
coast. Extreme precipitation anomalies above 200 mm were
recorded from the 16°N latitude to the northeast part of this
region, reaching anomalies of 500 mm over the northeast part
of Mumbai (Figure S4).

Figure 2c displays the individual day ranking metrics [A (grey
bars) and M (blue line)] which allows us to analyse the 10-day
accumulated precipitation anomalies, and the area affected be-
tween 30 July and 8 August 2019 (10-days period). A substantial
increase in the area with positive anomalies is observed, start-
ing on August 2 and peaking on August 7. The mean value of
these anomalies exhibits a similar trend but reaches its highest
value earlier on August 4. The top nine cases for the 10-day ac-
cumulated precipitation for the Konkan coast are summarised
in Figure S3.

The meteorological assessment conducted by Vijaykumar
et al. (2021) shows the presence of a mesoscale cloudburst event
over Kerala between 8 and 22 UTC on August 8, 2019. The
heavy rainfall led to overflowing rivers, waterlogging in low-
lying areas, and landslides in the hilly regions (Vijaykumar
et al. 2021). Several towns and villages along the coast were
affected, and there were reports of damage to infrastructure,
homes, and agricultural land (a20, 2020).

According to the International Disaster Database (EM-DAT),
which encompasses data on the occurrence and impacts of over
26,000 mass disasters worldwide from 1900 to the present day,
the Konkan coast and Western India regions suffered 1900 fa-
talities and affected approximately 3,000,000 individuals during
the summer period. The database is meticulously compiled from
diverse sources, including UN agencies, non-governmental or-
ganisations, reinsurance companies, research institutes, and
press agencies. Although the considered period extends beyond
the 10days examined here, a substantial fraction of the total ca-
sualties mentioned can be attributed to the August 2019 event.

Figure 3 illustrates the top ten extreme precipitation events for
the Konkan coast over various durations (1, 3, 5, 7, and 10days).
The results reveal that many occurrences, which are not signif-
icant on a daily basis, become substantial over longer periods
based on intensity and spatial extent. Notably, the August 2019
event stands out and occupies most top positions, particularly
for longer accumulated precipitation scales like the 10-day pe-
riod, where it accounts for 9 out of the first 10 positions but is
ranked in a lower position for the 1-day ranking. Similarly, the
august 2004 event appears in the 3-day ranking category but is
ranked low for the 1 and 5day accumulated period (Figure 3;
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FIGURE 3
mulated precipitation rankings (1, 3, 5, 7, and 10days) for the Konkan
coast domain. [Colour figure can be viewed at wileyonlinelibrary.com]

The top ten events for each different anomalous accu-

Tables S1 and S2). These differences in rankings across differ-
ent durations highlight the importance of ranking extreme pre-
cipitation events to capture events with varied spatiotemporal
characteristics. Additionally, Overall, Figure 3 shows that the
top ranks for different durations are dominated by the august
2019 event. It is important to emphasise that analysing longer
temporal scales introduces some inertia, resulting in certain
events occupying multiple positions in corresponding rankings
over successive periods. This phenomenon is particularly evi-
dent for the Konkan coast (Figure 3), where we can observe that
the August 2019 event notably stands out, dominating most top
positions, especially in longer accumulated precipitation scales
such as the 10-day period, where it holds 9 out of the first 10 po-
sitions event also appears frequently in the top rankings.

3.1.2 | Western India (C1)

Western India experiences a diverse range of precipitation
characteristics due to its vast geographical extent, ranging
from coastal areas to more arid inland regions. The state's pre-
cipitation patterns are influenced by the southwest monsoon,
local weather systems, and the Arabian Sea (Guntu et al. 2020;
Guhathakurta et al. 2014). Here we analyse the most extreme
precipitation events for the 3-day (27-29 July 2015, Figure 4a)
and 10-day (July 4, 2005, Figure 4b) accumulated periods in the
Western India region.

During the 3-day event (spanning from July 27 to July 29, 2015),
the accumulated precipitation surpassed 500 mm over a consid-
erable area, with the maximum value reaching around 900 mm
in the north of Ahmedabad city (Figure 4a). The In contrast,
the first event in the ranking for the 10-day accumulated period
took place on July 4, 2005. During this period, the 10-day accu-
mulated precipitation in Mumbai and its northern regions ex-
ceeded 900 mm (Figure 4b). The sheer volume of rainfall in such
a short span of time led to extensive flooding and waterlogging
in various areas. In July 2005, the city of Mumbai, also known as
Bombay, suffered catastrophic floods caused by intense and pro-
longed rainfall during the monsoon season. The Mumbai mu-
nicipal area was severely affected by flash floods and landslides,
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FIGURE4 | (a)Three days accumulated precipitation (mm, shaded)
and corresponding extreme precipitation anomalies (black contour) of
the first most anomalous (3days ranking) case in Western India: 27-29
July 2015; (b) 10days accumulated precipitation (mm, shaded) and cor-
responding extreme precipitation anomalies (black contour) of the #1
case in Western India: 25 June- 4 July 2005; (c) The percentage of area
with positive anomalies (bars) and the respective anomalies mean (blue
line) between 25 June and 4 July 2005 is also shown for the Western
India domain. [Colour figure can be viewed at wileyonlinelibrary.com]
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resulting in a tragic loss of life. According to reports, at least
419 individuals lost their lives due to the calamity. Additionally,
another 216 fatalities were attributed to flood-related illnesses.

The catastrophe also wrought havoc on the region’s infrastruc-
ture, with over 100,000 residential and commercial establish-
ments damaged, along with approximately 30,000 vehicles
(Gupta 2007). According to Gupta (2007), these floods con-
stituted one of the most severe natural disasters in the city's
history, resulting in significant impacts on infrastructure,
transportation, and the well-being of its inhabitants. The per-
centage of areas with positive values of N95 (Equation (1)) at
the daily scale remains essentially between 20% and 40% range
from June 25 to July 4, 2005 (Figure 4c). The daily average of
the anomaly (blue line) for this period and region fluctuates
significantly, reaching its peak on 29 June (denoted as D-6 in
Figure 4c). Daily precipitation (mm, shaded) and correspond-
ing standard deviation anomalies (black contour) between 25
June 2005 and 4 July 2005 are shown in Figures 5 and S5. The
most intense days of precipitation were observed on the 28, and
29 of June and 1 July, while the last day of this event (4th July)
does not reveal significant precipitation. Over these days' pre-
cipitation reached values above 300 mm mostly over the center
and south part of western India (Figure 5). Overall, these fig-
ures highlight once again the importance of studying precipi-
tation extremes at different timescales to differentiate between
extreme precipitation events that occur daily and those that
affect a particular region through successive days. Examining
these different timescales allows for a better understanding of
the characteristics and impacts of extreme precipitation, con-
tributing to more accurate assessments of regional climate vari-
ability and potential flood risks.
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FIGURE 5 | Daily precipitation (mm, shaded) and corresponding standard deviation anomalies (black contour) between 25 June 2005 and 4 July

2005 of the most extreme case for the 10-day accumulated period over Western India (C1). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 | The top ten events for each different anomalous accu-
mulated precipitation rankings (1, 3, 5, 7 and 10days) for the Western
India domain. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6 illustrates the top ten extreme precipitation events for
Western India over various accumulated periods (1, 3, 5, 7, and
10days). The results reveal that the 2015 and 2005 episodes dom-
inate the rankings for the 3, 5, 7, and 10-day periods but rank
lower for the 1-day period (Tables S1 and S2). These differences
in rankings across different durations highlight the importance
of applying this methodology to capture events with varied spa-
tiotemporal characteristics.

3.1.3 | South-Eastern Coastline (C6)

The precipitation in this area is mostly influenced by cyclonic
systems, and the autumn northeast monsoon (Lyngwa and
Nayak 2021; Srinivas et al. 2010). According to our results, 28
November 2008 holds the top position in the rankings for both
the 3-day and 10-day accumulated extreme precipitation peri-
ods (Figure 7a,b). This event is associated with the passage of
Cyclone “Nisha,” which formed in the Indian Ocean region at
the end of November. Originating as a low-pressure system over
Sri Lanka, it gradually intensified into a tropical cyclonic storm.

According to Srinivas et al. (2010), the tropical cyclone moved
slowly and made landfall near Karaikal, affecting the South-
eastern coast. This led to heavy rainfall, severe flooding, and
the loss of 78 lives, along with significant crop damage. Notably,
“Nisha” remained quasi-stationary near the coast for about 24 h,
causing exceptionally heavy rainfall. Our assessment indicates
that for the 10-day cumulative duration, strong precipitation
was registered across the entire western zone (Figure 7b), with
values exceeding 900mm in the city of Thanjavur. The aggre-
gated daily analysis (Figure 7c) shows that until 23 November
2008 there was a minimal amount of precipitation. However,
starting from November 24th, a huge increase both in the area
with positive anomalies and the corresponding average of these
anomalies is seen, meaning that those the precipitation that
fell during those confirmed by Figures S6 and S7, where it is
displayed the corresponding precipitation and standard devi-
ation anomalies, at the daily scale, between November 19 and
November 28, 2008.
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FIGURE 7 | (a) Three days accumulated precipitation (mm, shaded)
and corresponding extreme precipitation anomalies (black contour) of
the first most anomalous (3days ranking) case in South-eastern coast-
line: 26-28 November 2008, (b) 10days accumulated precipitation (mm,
shaded) and corresponding extreme precipitation anomalies (black
contour) of the #1 case in South-Eastern coastline: 19-28 November
2008. (c) The percentage of area with positive anomalies (bars) and the
respective anomalies mean (blue line) between 19 November and 30
November 2008 is also shown for the South-eastern coastline domain.
[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 8, along with Tables S1 and S2, displays the top ten events
ranked by anomalous accumulated precipitation over the south-
eastern coastline region. Accordingly, the top ten positions for
the 5, 7, and 10-day accumulated extreme precipitation rankings
clearly indicate a significant dominance of the late November
and early December 2008 event. In any case, this event is clearly
the most extreme (1) event over all accumulated rankings.

3.1.4 | Eastern India (C4)

The Eastern India region is influenced by both the summer
South-West Monsoon and the autumn North-East Monsoon,
resulting in distinct rainfall patterns throughout the year
(KHOLE and DE, 2003; Soman and Kumar 1990). The top
rank positions for the 3-day and 10-day rankings correspond
to the 4 July 2006 and the 17 May 1995 events, are shown in
Figure 9. Notably, the precipitation patterns in the region ex-
hibit distinct characteristics for each event. The 3-day top-
ranked event shows accumulated precipitation predominantly
concentrated in an “inland” sector of the Orissa region, with
precipitation levels ranging from 300 to 500 mm (Figure 9a).
According to EM-DAT, the July 2006 event was due to mon-
soon mechanism, and it was responsible for 33 fatalities. In
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contrast, the leading event in the 10-day accumulated period
reveals much larger precipitation amounts near the shore, en-
compassing a larger geographical area and reaching values
above 500mm (Figure 9b). When looking into the daily pre-
cipitation evolution (Figures S8 and S9), it is evident that the
largest precipitation contribution for the 10-day accumulated

C6

November 2015

Nov/Dec 2008

December 2007

20000
17500
15000

November 2005

December 1996

(]
12500
June 1996 E
10000
November 1991 7500 2

5000

October 1991 2500

December 1983

October 1976

May 1952

FIGURE 8 | The top ten events for each different anomalous accu-
mulated precipitation rankings (1, 3, 5, 7 and 10days) for the South-
eastern domain. [Colour figure can be viewed at wileyonlinelibrary.
com|

period for the May 1995 event occurred between May 10 and
11. The concentrated area of significant precipitation was
primarily observed over the coastal southwest sector of the
region during these 2days. Additionally, noteworthy precipi-
tation was recorded over the Northeast littoral area on May 16.

When analysing the top ten events over the Eastern India re-
gion (Figure 10). Inference can be drawn that numerous cases,
especially for the 5-day, 7-day, and 10-day periods, correspond
to relatively older events (e.g., May 1995, October 1978, and
September 2000). More recent occurrences (October 2013 and
July 2006) only rank higher positions for the daily and 3-day
periods.

It is important to note that despite these high precipitation val-
ues, they remain significantly below the corresponding top-
ranking values for the Konkan coast (Figure 3) or Western India
(Figure 6). This indicates that the distribution and intensity of
rainfall events vary considerably across different geographical
locations.

3.2 | Seasonal Distribution of Extreme Events
We analysed the seasonal distribution of the top 100 cases in

the ranking for all time periods across the four coastal regions
defined previously (Figure 11). Our results indicate that the

a) 2-4 july 2006 b) 7-17 May 1995
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FIGURE 9 | (a) Three days accumulated precipitation (mm, shaded) and corresponding extreme precipitation anomalies (black contour) of the
first most anomalous (3 days ranking) case in Eastern India: 2-4 July 2006; (b) 10days accumulated precipitation (mm, shaded) and corresponding
extreme precipitation anomalies (black contour) of the #1 case in Eastern India: 7-17 May 1995; (c) The percentage of area with positive anomalies

(bars) and the respective anomalies mean (blue line) between 7 May and 17 May 1995 is also shown for the Eastern India domain. [Colour figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 10 | The top ten events for each different anomalous accu-
mulated precipitation rankings (1, 3, 5, 7 and 10days) for the Eastern
India domain. [Colour figure can be viewed at wileyonlinelibrary.com]
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highest-ranked extreme precipitation events predominantly
occur from June to September, with a peak in August in the
Western and Konkan regions (Figure 11a,b). This finding un-
derscores the significant role of the Indian summer monsoon,
which contributes about 60%-90% of the annual precipita-
tion in these areas (Joseph and Sijikumar 2004; Guhathakurta
et al. 2014; Sahany et al. 2018; Kulkarni et al. 2020). In the
South-eastern coastline (C6), the seasonal distribution of precip-
itation occurrences reveals two distinct maxima (Figure 11c).
The first peak occurs in May and June, likely linked to the
Indian summer monsoon onset over the southwestern tip of the
Indian peninsula in early June or to cyclonic systems prevalent
in the pre-monsoon months of April, May, and June. The second
peak, with the highest precipitation occurrences from October
to December, is largely influenced by tropical cyclonic systems
and the northeast monsoon, which is typically active during
these months (Srinivas et al. 2010; Lyngwa and Nayak 2021).
In Eastern India (C4), the seasonal distribution shows major

b) Konkan coast(C7)
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FIGURE 11 | Seasonal distribution of the first 100 events across various accumulated precipitation periods (1, 3, 5, 7, and 10days) in four regions:
(a) Western India; (b) Konkan coast; (c) South-eastern coastline; and (d) Eastern India. [Colour figure can be viewed at wileyonlinelibrary.com]
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occurrences from May to October, with a significant concentra-
tion in September (Figure 11d). This pattern can be attributed
to the proximity of Eastern India to the Bay of Bengal, where
synoptic systems such as tropical cyclones, lows, and depres-
sions are frequent during both the Indian summer and northeast
monsoon, resulting in distinctive rainfall patterns (Soman and
Kumar 1990; Khole and De 2003). For instance, approximately
10% of the world's tropical cyclones make landfall on.

3.3 | Examples of Moisture Transport Associated
to Top Rank Events

The transport of moisture constitutes a critical aspect of the
atmospheric branch of the water cycle, representing the main
link between oceanic evaporation and continental precipitation
(Gimeno et al. 2012). Numerous authors have investigated the
relationship between anomalous moisture transport and precip-
itation extremes (Gaspar et al. 2023; Slinskey et al. 2020; Ralph
et al. 2019; Ramos et al. 2015; Gimeno et al. 2016). Such events
can result in devastating floods, causing significant socio-
economic impacts (Ramos et al. 2015; Slinskey et al. 2020). The
linkage between anomalous atmospheric moisture transport
and the occurrence of extreme precipitation and floods in India
has been extensively explored in prior research (Dhana Laskhmi
and Satyanarayana 2020; Lyngwa and Nayak 2021; Goyal
et al. 2022; Mahto et al. 2023; Raghuvanshi and Agarwal 2023).
As evidenced by the findings in the preceding sections, it is af-
firmed that occurrences of extreme precipitation events are prev-
alent throughout the Indian subcontinent, notably during the
monsoon season (Sahany et al. 2018; Joseph and Sijikumar 2004;
Kumar, Chanda, and Pasupuleti 2020). In this section, the char-
acterisation of the vertically integrated horizontal water vapour
transport (IVT) patterns associated with the highest-ranking
event over a 10-day cumulative period was performed, in order
to highlight its relevance to the analysed events. For simplicity,
we focused on the most extreme events that dominated across
different durations based on spatial extent and intensity, spe-
cifically those that took place on the Konkan coast in August
2019 and along the southeastern coastline in November 2018.
A similar analysis for 10-day top-ranked events for the other
two coastal regions, that is, over Western and Eastern India, is
provided in Figures S10 and S13-S15. Figure 12 (right column)
and Figure S11 illustrates the IVT fields between 30 July and
8 August 2019, corresponding to the accumulated precipitation
period for the top-ranked event. A conspicuous westward flux
intensifies daily, reaching values exceeding 1000kg/ms over
the main part of the Konkan coast for six consecutive days (3-8
August). This moisture transport, coupled with favourable ther-
modynamic conditions, played a pivotal role in precipitating the
extreme rainfall observed during this period.

Upon closer examination of the corresponding thermody-
namic fields (Figure 12 left column), a persistent extensive
region of significant precipitation is observed, almost contin-
uously lingering over the Konkan coast. Furthermore, from a
dynamic perspective, it is evident that these high precipitation
values are associated with successive frontal systems contin-
uously traversing the Arabian Sea, exhibiting a predominant

30 Jul 2019
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03 Aug 2019

05 Aug 2019

07 Aug 2019
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FIGURE 12 | Spatial map showing (left column) Daily precipitation
(shading; units mm), and anomalies in composites of MSLP (contours;
units: HPa); and (right column) Daily IVT (shading; units: Kg/m-s) over
Konkan coast region during top ranked event, that is, August 2019.
Black colour arrows illustrate IVT flux direction. [Colour figure can be
viewed at wileyonlinelibrary.com]
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southwest to northeast direction. Specifically, when a substan-
tial amount of daily precipitation is observed in the Konkan
coast (Figure 12 left column) high values of moisture transport
(exceeding 900kg/ms) can be observed over the Arabian Sea
and reaching the Konkan coast (Figure 12 right column). For
the South-eastern coastline, the top event is clearly linked to the
passage of Cyclone “Nisha,” which started in the Indian Ocean
region at the end of November 2008 (Figure 13). Originating as
a low-pressure system over Sri Lanka (Figure 13 left column;
negative anomalies of MSLP during the days 25-27), gradually
intensified into a tropical cyclonic storm. According to Srinivas
et al. (2010), the tropical cyclone moved slowly, advecting a sub-
stantial amount of moisture from the sea and made landfall
near Karaikal on 25 November, impacting the South-eastern
coast (Figure 13 right column; Figure S12). Notably, “Nisha” re-
mained quasi-stationary near the coast for about 24 h, causing
exceptionally heavy rainfall above 200mm (Figure 13; 25 and
26 November). A more in-depth analysis of the synoptic condi-
tions for 27 November (the day with the highest amount of pre-
cipitation in the entire event) can be seen in Figures 13 left and
S6. Thus, the top-ranked events for both the Konkan coast and
South-eastern coastline events were associated with anomalous
moisture transport. In the case of the Konkan coast event, the
moisture transport was from the Arabian Sea, while in the case
of the South-eastern coastline event, the moisture transport was
associated with Cyclone “Nisha.” This suggests that anomalous
moisture transport is a key factor in the occurrence of extreme
precipitation events in India, which is in line with the publica-
tions referred in the beginning of the section (Kumar, Chanda,
and Pasupuleti 2020; Kulkarni et al. 2020; Sahany et al. 2018;
Joseph and Sijikumar 2004).

4 | Conclusion

This study ranks extreme precipitation events in India across
different regions (four coastal regions) and time scales (1-10day
accumulated periods) to distinguish between the distinct im-
plications of shorter-duration heavy rainfall, which frequently
causes flash flooding, and longer-duration events, which are
associated with large-scale flooding and other disruptive conse-
quences. Furthermore, this study investigates the relationship
between the top-ranked extreme precipitation occurrences and
atmospheric moisture transport across various areas and time
scales. The results show that for each geographical region, a few
extreme precipitation events dominated the top ten rankings
across numerous time scales, showing that the detected extreme
precipitation events are persistent in nature and severity. In ad-
dition, this study demonstrated the robustness of the methodol-
ogy used to detect and rank multi-day exceptional precipitation
events, creating a detailed database identifying extreme precipi-
tation events across multiple temporal and spatial specifications.
Analysis of seasonal patterns shows that these events occur
during both the Indian Summer Monsoon (ISM) and the North-
East Monsoon (NEM), underscoring their occurrence throughout
the year. Furthermore, the results show that the spatiotemporal
dynamics and characteristics of atmospheric moisture trans-
port have a considerable influence on the occurrence of extreme
precipitation events. Overall, the findings of this study provide
sufficient context and insight to aid in forecasting atmospheric
moisture transport-linked extreme precipitation occurrences
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FIGURE 13 | Spatial map showing (left column) Daily precipitation
(shading; units mm), and anomalies in composites of MSLP (contours;
units: hPa); and (right) Daily IVT (shading; units: Kg/m-s) over South
eastern coast region during top ranked event, that is, November 2008.
Black colour arrows illustrate IVT flux direction. [Colour figure can be
viewed at wileyonlinelibrary.com]
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across the Indian subcontinent. Moreover, the synoptic patterns
highlighted in this work can be used to develop early warning
systems for heavy precipitation-driven floods in India. To fill cer-
tain information gaps, future research could look into the impact
of the persistence of several additional synoptic meteorological
parameters (wind speed, relative humidity, etc., at various tropo-
spheric levels) on extreme precipitation characteristics.
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