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Bangladesh and northeast India are the most densely populated regions in
the world where severe floods as a result of extreme rainfall events kill hun-
dreds of people and cause socio-economic losses regularly. Owing to local high
topography, the moisture-carrying monsoon winds converge near southeast
Bangladesh (SEB) and northeast Bangladesh and India (NEBI), which pro-
duces significant extreme rainfall events from May to October. Using observed
data, we find an increasing trend of 1-day extreme event (>150 mm-day~!) fre-
quency during 1950-2021. The extreme rainfall events quadrupled over western
Meghalaya (affecting NEBI) and coastal SEB during this period. Composite
analysis indicates that warm Bay of Bengal sea-surface temperature intensifies
the lower tropospheric moisture transport and flux through the low-level jet
(LLJ) to inland, where mountain-forced moisture converges and precipitates
as rainfall during extreme events. To understand the role of climate change,
we use high-resolution downscaled models from Coupled Model Intercom-
parison Project phase 6 (CMIP6). We find that the monsoon extreme event
increase is ongoing and the region of quadrupled events further extends over the
NEBI and SEB in the future (2050-2079) compared with historical simulations
(1950-1979). A quadrupling of the intense daily moisture transport episodes due
to increased LLJ instability, a northward shift of LLJ, and increased moisture
contribute to the increased future extreme events. This dynamic process causes
moisture to be transported to the NEBI from the southern Bay of Bengal, and the
local thermodynamic response to climate change contributes to the increased
extreme rainfall events. The CMIP6 projection indicates that more devastating
flood-causing extreme rainfall events will become more frequent in the future.
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1 | INTRODUCTION

The northeast region of Bangladesh (Sylhet divi-
sion) and India (Meghalaya and Assam states) (NEBI)
receives extremely high amounts of rainfall every year
(>20 mm-day~, Figure 1) and is one of the wettest places
on Earth (Murata et al., 2017). The mean rainfall in this
region is primarily associated with the summer monsoon
rainfall from June to September that contributes more
than 70% of the total annual rainfall (Fahad et al., 2022).
Owing to the exceptional mean rainfall of this region,
extreme rainfall events are very frequent, causing flash
floods and landslides in Bangladesh and northeastern
India (Ahasan et al., 2010; Brouwer et al., 2007; Islam &
Uyeda, 2007; Mahanta et al., 2013; Mishra et al., 2019;
Shahid, 2011).

The NEBI region, especially the Meghalaya Plateau,
experiences extreme rainfall that can lead to devastating
flash floods in a short period of time (1-5days) in the
Sylhet and Sunamganj districts of Bangladesh (located
in the south of Meghalaya Plateau) and the Assam state
of India (located in the northeast of Meghalaya Plateau)
(Figure 1a). Located in a lowland neighboring the Megha-
laya Plateau, Sylhet and Sunamganj districts of Bangladesh
experience heavy water flow from the Meghalaya foothills
that can overflow local rivers (Brahmaputra and Surma
rivers) and submerge more than 80% of the local regions
under water. During 1981-2021, nearly 6.5 significant
(>10 deaths) flash flood events per decade occurred due
to extreme monsoon rainfall events over the Sylhet divi-
sion of Bangladesh, and 4.5 events per decade over the
Assam state of India (Figure 1b) (calculated based on
International Disaster Database, http://www.emdat.be)
(EMDAT, 2022). The Brahmaputra river and its tribu-
taries, near the northwest of Meghalaya Plateau, can
further carry the water to inland Bangladesh and flood
regions near the river bank (e.g., Rangpur, Gaibandha,
Kurigram, and Sirajganj), where monsoon-rainfall-related
flood frequency is 3-4.5 per decade (Figure 1a,b). South-
east Bangladesh (SEB; Chittagong division) also expe-
riences high flood frequency (~4.5 per decade) due to
strong moisture convergences related to Arakan Moun-
tain, and tropical-storm-related rainfall and storm surge
owing to its location near the northern Bay of Bengal
(BoB; Figure 1). As these regions frequently experience
heavy rainfall in a short time-scale, landslide events are
also frequent over hilly areas of Bangladesh (Sylhet and
Chittagong) and northeast India (Meghalaya and Assam
state) (Ahmed, 2015; Ahmed, 2021; Jamir et al., 2008; Mia
et al., 2015; Phukon et al., 2012; Sarker & Rashid, 2013).
During extreme rainfall events, fast-flowing water engulf-
ing communities kills a significant number of people every
year and dislocates most of the local communities from

their homes. For instance, the July 2004 flood caused by
heavy rainfall in the northeastern region affected nearly
50% of Bangladesh at its peak, as the Brahmaputra, Surma,
and Meghna river basins overflowed, resulting in more
than 600 fatalities and the displacement of 30 million
people from their homes (EMDAT, 2022).

The mean summer monsoon rainfall over the NEBI
and SEB regions is caused by the forced convergence of
moisture by local mountains (Fahad et al., 2022). The
warm sea-surface temperature (SST) over the BoB serves as
a source of moisture during the summer monsoon that is
transported by the low-level jet (LLJ) to the vicinity of the
Arakan Mountains, Meghalaya Plateau, and Himalayan
foothills. This further leads to the convergence of moisture
and subsequent precipitation as rainfall (Fahad et al., 2022;
Krishnamurthy & Shukla, 2000). As a result, three dis-
tinct rainfall maxima occur over the SEB (Chittagong),
NEBI (Sylhet division of Bangladesh & Meghalaya Plateau
of India), and northwest Bangladesh (NWB; Rangpur).
Among these three maxima regions, the NEBI receives
the largest mean monsoon rainfall and frequent extreme
rainfall events (Rimi et al.,, 2019; Shahid, 2011; Tang
et al., 2022) (Figure 1c,d).

The influence of tropical SST on the flooding events
due to extreme rainfall events on the interannual
time-scale over the NEBI is well known (Chowdhury &
Ward, 2007; Rimi et al., 2019; Tang et al., 2022; Wahiduz-
zaman & Luo, 2021). SST anomalies related to the
tropical Pacific (El Nifilo-Southern Oscillation, ENSO)
and Indian Ocean (Indian Ocean Dipole, IOD) can influ-
ence the extreme rainfall events individually or all at once
(Chowdhury & Ward, 2007) during the summer monsoon.
However, the relationship between ENSO phases and sea-
sonal flooding events in this region is not straightforward.
Both the El Nifio and La Nifia phases of the ENSO can lead
to increased seasonal mean extreme rainfall and flooding
events (Chowdhury & Ward, 2007). The 10D also plays an
important role as a low-frequency mode to increase the
seasonal mean rainfall, though only over the western part
of Bangladesh (Ahmed et al., 2017).

Owing to the increase in greenhouse gases in the
atmosphere, the global water cycle significantly alters
in a future climate (Douville et al., 2021). In a global
warming scenario, the atmosphere warms and leads to
increased moisture transport in the weather systems,
which in turn increases seasonal mean precipitation and
extreme events, especially over the tropical monsoon
region (Doblas-Reyes et al., 2021; Douville et al., 2021). The
annual mean extreme daily precipitation events increased
over the past decades (1958-2018) and are projected to
keep increasing over the north Indian monsoon region
significantly (Seneviratne et al., 2021). Very few stud-
ies have analyzed the monsoon-related daily extreme
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(b) Flood frequency per decade
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FIGURE 1 (a)Surface height of local topography (unit: km), and rivers of Bangladesh and northeastern India, (b)
monsoon-rainfall-related flood frequency per decade, (c) observed annual mean rainfall (mm-day '), and (d) annual mean 1-day extreme
rainfall event frequency per decade based on the India Meteorological Department (IMD) and Bangladesh Meteorological Department
(BMD) gridded datasets from year 1981 to 2021. NEBI: northeast Bangladesh and India; SEB: southeast Bangladesh.

rainfall over Bangladesh and northeast India and explored
the physical mechanisms behind it for the observed trends
and future projections (Rimi et al., 2019; Shahid, 2011;
Tang et al., 2022). Analyzing observed station data of
Bangladesh, Shahid (2011) found that the heavy rainfall

days over Bangladesh increased during the pre-monsoon
season (April-May) from 1958 to 2007. The increasing
trend in extreme rainfall events is consistent with the
seasonal mean trend of rainfall, especially over NWB.
However, Shahid (2011) could not draw a conclusion
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on the influence of climate change on the observed
trend. Focusing on the extreme rainfall in northeastern
Bangladesh, Rimi et al. (2019) found 6 days of consecutive
rainfall events with >150 mm accumulation doubles in the
pre-monsoon season under a climate change scenario over
northeast Bangladesh. Based on the HadRM3P model,
Rimi et al. (2019) attributed that a flash flood in north-
eastern Bangladesh driven by an extreme rainfall event in
March 2017 was most likely due to anthropogenic forcing,
instead of internal variability modes such as IOD or ENSO.
Later, Rimi et al. (2022) used a large ensemble regional
climate model to investigate the influence of aerosols on
the mean and extreme monsoon rainfall events, and found
extreme rainfall events increase in the future due to global
warming. The anthropogenic aerosols, however, suppress
the increase of mean rainfall events during pre-monsoon
and monsoon, whereas the increase of global mean surface
temperature increases the rainfall (Rimi et al., 2022). Tang
et al. (2022) analyzed the seasonal mean summer 2020
rainfall event over the northeast Indian subcontinent and
found an anomalous anticyclone associated with the La
Nifia phase that contributed to the wettest summer rain-
fall event over this region since 1901. Tang et al. (2022)
concluded that this type of extreme seasonal mean sum-
mer monsoon rainfall will likely increase in the future
due to an increased water vapor transport under climate
change.

The occurrence of flood events in the Sylhet division of
Bangladesh, where flash floods are most frequent, is signif-
icantly dependent on extreme rainfall over the Meghalaya
Plateau of India (Figure 1). However, most of the previous
studies have only focused on the local station rainfall of
Sylhet. We demonstrate that it is crucial to discuss rainfall
behavior over northeast Bangladesh and India, includ-
ing rainfall over Meghalaya, in the same context. Some
major questions remain uninvestigated in previous stud-
ies, such as what drives the extreme events climatology
of this region? How do flash-flood-causing extreme rain-
fall events and associated large-scale circulations evolve
in a short time-scale? What drives the large trend in the
observed and reanalysis of extreme events? What is the
contribution of climate change? Do changes in the mois-
ture content or associated wind circulation play a more
important role in driving extreme events to change under
global warming?

The aim of this study is to understand what drives
the climatology and long-term trends of flood-causing
extreme rainfall events over Bangladesh and northeast
India, using observed stations and reanalysis data from
approximately 1950 to 2021. We further explore the role of
climate change in the change of extreme rainfall events,
using high-resolution downscaled coupled climate models
from the Coupled Model Intercomparison Project (CMIP)

phase 6 (CMIP6), and comparing historical (1950-1979)
simulations with SSP5-85 future projections (2050-2079)
(extreme future scenario; Hausfather and Peters (2020)).
To understand the contribution of moisture versus circu-
lation change on extreme rainfall events, we investigate
changes in thermodynamic and dynamic variables in a
warming climate.

2 | METHODOLOGY AND DATA

The definition of extreme rainfall events can vary depend-
ing on the research question (Rimi et al.,, 2019; Roxy
et al., 2017; Shahid, 2011; Tang et al., 2022). For a rainfall
time series of station data without spatial dimensions, the
99th percentile or a value greater than two standard devi-
ations is a good measure to define extreme rainfall events
(Roxy et al., 2017). However, the percentile or standard
deviation varies over spatial dimensions. For example,
northeast Bangladesh receives maximum rainfall in this
region with high variability, whereas western Bangladesh
is relatively drier with low rainfall variability across time.
Therefore, if we define extreme events with a percentile
value and compare the spatial distribution of extreme
events it will lead to unfair comparisons among different
hydrological regions in the context of floods. To avoid this
confusion, we defined a 1-day extreme rainfall event when
the daily rainfall exceeds 150 mm (Rimi et al., 2019; Roxy
etal.,2017). The rainfall days are counted if at least 0.1 mm
of rainfall occurs in a day (Burls et al., 2019). The baseline
climatology of extreme rainfall events can shift dramati-
cally if a large trend is present in the time series (Thomas
etal.,2023). To understand how the climatology of extreme
rainfall events changes over the whole observed time series
period used in this study, we calculated the ratio shown in
Figure 2 as

Climatology,, + Change

‘whole period

NGV

Ratio = :
Climatology,,

where Climatology,, is the first 30 years of mean climatol-
ogy of the number of events used as a baseline to compare
and Change is the 72-year trend of extreme rain-
fall events.

For the observed rainfall analysis, we used Bangladesh
Meteorological Department (BMD) station data (https:/
/www.bmddataportal.com) for Bangladesh from 1956 to
2021 and the India Meteorological Department (IMD)
station data (https://cdsp.imdpune.gov.in) for India from
1950 to 2021. Gridded data analysis was done using the
Enhancing National Climate Services (ENACTS)-BMD
rainfall data over Bangladesh and IMD gridded data esti-
mated from local station data from 1981 to 2021. The

‘whole period
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(c) MJJASO ratio (IMD+BMD)
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Based on years 1950-2021 India Meteorological Department (IMD) and Bangladesh Meteorological Department (BMD)

(single station, circled over Sylhet and Chittagong that covers 1955-2021) data, plots show the May-October (MJJASO) (a) 1-day event
climatology, (b) trends/72 years, and (c) ratio calculated based on Equation (1). Based on years 1951-2015 Asian Precipitation-Highly
Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) observed data, plots show the MJJASO (d)
1-day event climatology, (e) trends/72 years, and (f) ratio calculated based on Equation (1). Only significant trends and ratio at 95%

confidence are shown in the (b), (c), (¢), and (f).

ENACTS-BMD data are produced by merging station
data from the BMD with satellite data that has a spa-
tial resolution of 0.050 X 0.050 (Acharya et al., 2020).
We calculated the flood frequency that had a significant
impact (at least 10 human deaths) associated with mon-
soon rainfall using the International Disaster Database
(http://www.emdat.be), which was interpolated to grid-
ded data as shown in Figure 1b). For the observed
surface height figure we used Global Multi-resolution
Terrain Elevation Data (Danielson & Gesch, 2011). For
the composite mean analysis of atmospheric circula-
tion and ocean states from 1981 to 2021 we used the
Modern-Era Retrospective Analysis for Research and

Applications, Version 2 (MERRA-2) (Gelaro et al., 2017).
For the longer period (1950-2021), we used National
Centers for Environmental Prediction (NCEP)-National
Center for Atmospheric Research (NCAR) Reanalysis
(Kalnay et al., 1996) only for Figure 5a-c. The European
Centre for Medium-Range Weather Forecasts Reanaly-
sis v5 (ERA-5) (Hersbach, 2020) was also used over
the period of 1950-2021 to diagnose dynamic versus
thermodynamics drivers. For the observed BoB tropical
cyclone and depression frequency, we used the Interna-
tional Best Track Archive for Climate Stewardship data
(Knapp et al., 2010). We have also analyzed NASA’s Inte-
grated Multi-satellite Retrievals for Global Precipitation
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TABLE 1 Coupled Model Intercomparison Project phase 6 high-resolution downscaled (0.250 X 0.250) model list.

Model name Institution Model name Institution

1 ACCESS-ESM1-5 CSIRO 7 GFDL-CM4 NOAA-GFDL

2 CESM2 NCAR 8 INM-CM5-0 INM

3 CMCC-CM2-SR5 CMCC 9 IPSL-CM6A-LR IPSL

4 CNRM-CM6-1 CNRM-CERFACS 10 MIROC-ES2L MIROC

5 CanESM5 CCCma 11 MPI-ESM1-2-LR Max Planck Institute

6 FGOALS-g3 CAS 12 NorESM2-MM Norwegian Climate Center

Abbreviations: CAS, Chinese Academy of Sciences; CCCma, Canadian Centre for Climate Modelling and Analysis; CMCC, Euro-Mediterranean Centre on
Climate Change; CNRM-CERFACS, Centre National de Recherches Météorologiques—Centre Européen de Recherche et de Formation Avancée en Calcul
Scientifique; CSIRO, Commonwealth Scientific and Industrial Research Organisation; INM, Institute for Numerical Mathematics; IPSL, Institut Pierre-Simon
Laplace; MIROC, Model for Interdisciplinary Research on Climate; NCAR, National Center for Atmospheric Research; NOAA-GFDL, National Oceanic and

Atmospheric Administration Geophysical Fluid Dynamics Laboratory.

Measurement data for the 2022 precipitation analysis
(Huffman et al., 2015). For observed data analysis we have
also used Asian Precipitation-Highly Resolved Obser-
vational Data Integration Towards Evaluation of Water
Resources (APHRODITE) data with 0.250 X 0.250 hori-
zontal resolution from 1951 to 2015 (Yatagai et al., 2012).

To understand the impact of climate change on
extreme rainfall events we used the latest generation of
CMIP6 models (Eyring et al., 2016). However, the reso-
lution of CMIP6 models is generally not high enough to
study the impact of climate change on a regional scale such
as Bangladesh and northeast India (Fahad et al., 2022).
Fahad et al. (2022) found, 0.250 x 0.250 latitude-longitude
spatial resolution or a higher is needed to resolve the rain-
fall variability over Bangladesh and northeast India owing
to its unique topography. For this study, we used the lat-
est version of the NASA Earth Exchange Global Daily
Downscaled Projections (NEX-GDDP-CMIP6) (Thrasher
et al., 2022) data that are available at the NASA Center for
Climate Simulation data server (Schnase et al., 2011). The
downscaled data are estimated from CMIP6 model outputs
using a daily variant of the monthly bias correction/spa-
tial disaggregation method (Thrasher et al., 2022). For this
study, we used 12 CMIP6 downscaled models data that are
in 0.250 X 0.250 spatial resolution and compared 30 years
of historical simulation (years 1950-1979) with 30years
of future projection SSP5-85 (years 2050-2079) (Table 1).
The CMIP6 downscaled multi-model mean (MMM) pre-
cipitation produces a reasonable spatial pattern and mag-
nitude over the NEBI and SEB (Supporting Information
Figure S2). A 68% intermodel consistency is equivalent to
95% statistical significance of a Student ¢-test, assuming
models are independent of each other (Fahad et al., 2020;
Power et al., 2012). As we have 12 model samples, we used
stippling at a 90% significance level in figures to make the
critical value more strict.

The vertically integrated moisture transport (VIMT) is
calculated as (Fahad et al., 2022; Roxy et al., 2017):

P00
VIMT = £ / qv dp ). ©)
8\ Jp

1,000

The vertically integrated moisture flux convergence
(VIMF) is calculated as (Fahad et al, 2022; Roxy
et al., 2017):

P00
VIMF = /
p

1,000

duq ovq
(Fe5)e o

We used the algorithm developed by Thomas
et al. (2020) to generate flood maps from Sentinel-1
(Agency, 2020) using Google Earth Engine.

3 | RESULTS

3.1 | Observed events and physical
mechanism

The climatology of the annual mean 1-day (>150 mm/
1day) extreme rainfall events shows three regions with
maxima: SEB, NEBI, and NWB (Figure 1d). In particu-
lar, the Meghalaya Plateau of the NEBI region experiences
the largest 1-day rainfall events (>30 events per decade),
which is consistent with the spatial pattern of the annual
mean rainfall (Figure 1c). This is also consistent with
the spatial pattern of the flood frequency (Figure 1b,d).
Extreme rainfall events over the Meghalaya Plateau gen-
erate significant surface water that flows down to the rel-
atively lower surface regions of the Sylhet division (espe-
cially Sylhet and Sunamganj districts) and Assam state,
submerging low-lying areas very quickly and causing flash
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floods (Figure 1a,b,d). Extreme rainfall events primarily
occur from May to October (MJJASO) and are associated
with the summer monsoon rainfall (Figures 2a,d and 1d).
For our analysis and conclusions, we predominantly focus
on the MJJASO season in this article. Figure 2b reveals
a significant positive trend in 1-day rainfall events over
the Meghalaya Plateau (part of NEBI) from 1950 to 2021,
based on the IMD data during the MJJASO period. The
Sylhet (part of NEBI) and Chittagong (part of SEB) sta-
tions, according to BMD data, exhibit a non-significant
trend for extreme events. The 72-year linear trend from
IMD data (1950-2021), when compared with the first
30years’ baseline (1950-1979), indicates that the fre-
quency of summer monsoon extreme events has quadru-
pled during MJJASO (Figure 2c) over western Meghalaya,
as calculated using Equation (1). To further validate results
from the IMD dataset, we analyzed the APHRODITE
observed gridded data (note that APHRODITE data covers
only the years from 1951 to 2015). APHRODITE demon-
strates a similar pattern with quadrupled extreme events
over western Meghalaya that further extend over north-
ern Bangladesh from 1951 to 2015 (Figure 2f). It is note-
worthy that the MJJASO climatology for 1-day extreme
rainfall events is weaker in APHRODITE than in IMD
and BMD station rainfall data. For instance, the climato-
logical mean over Meghalaya is approximately two events
per MJJASO season in APHRODITE, whereas IMD indi-
cates more than five events (Figure 2a,d). This discrepancy
arises because APHRODITE data are processed as a rela-
tively low-resolution gridded dataset compared with IMD
and BMD and are limited in their temporal range.

The ratio calculated using the trend of APHRODITE
extreme events over 72 years (the per-year trend multiplied
by 72 years for comparison with the IMD data trend) indi-
cates an increase in extreme events over western Megha-
laya, similar to the IMD findings (Figure 2c,f). However, it
shows a decreasing trend on the eastern side of Meghalaya.
APHRODITE trend data indicate a shift in extreme rainfall
events from eastern to western Meghalaya, contributing
to the increased number of 1-day extreme rainfall events
(Figure 2d,e). Figure 2e further displays an increasing
extreme event trend over Sylhet (northeast Bangladesh),
which extends from the Meghalaya region, and also sug-
gests an increase in extreme events over Chittagong (SEB).
The 72-year linear trend, in comparison with the first
30-year baseline (1950-1979), reveals that the frequency
of summer monsoon extreme events—calculated using
Equation (1)—based on the APHRODITE and IMD data
reflects very similar changes. The extreme events during
MJJASO have quadrupled over the past 72 years in western
Meghalaya (Figure 2c,f). This increase in extreme events
further extends to the Sylhet region in this time period
(Figure 2f). Figures 2f and 3b further show a quadrupled
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or greater increase in extreme events over the SEB, partic-
ularly near Chittagong’s coastal region. To further validate
our findings, we investigate the ERA-5 data to compare
the MJJASO seasonal trend and the ratio of extreme events
and found a similar quadrupled increase in extreme pre-
cipitation events over the past 72 years (1950-2021) across
NEBI and SEB (Supporting Information Figure S1).

Owing to discrepancies between the IMD station data
and the APHRODITE gridded data, particularly in eastern
Meghalaya, we used widespread extreme events to fur-
ther analyze the physical mechanisms of extreme events
(Figure 3a). We defined a widespread extreme event as
when 150mm of rainfall covers an area greater than
200km? in a day in the Meghalaya region (longitude
90° E-92° E, latitude 25° N-26° N). Using widespread
events should reduce the uncertainties that might arise
due to using data from a single station. Over the years,
the MJJASO widespread extreme event in Meghalaya
has quadrupled, with noticeable year-to-year changes
(Figure 3a, blue line). This change aligns with the aver-
age MIJJASO seasonal rainfall in the Meghalaya area.
For example, the seasonal average rainfall from 1950
to 1970 was lower than the rest of the record, leading
to fewer extreme events during that time (Figure 3a).
Figure 3c shows that the flood rate in Sylhet has also
nearly quadrupled (0.985 per 72 years, 3.9 times compared
with the 1960-1990 baseline). This is consistent with the
increased rainfall and more frequent extreme events in
western Meghalaya and Sylhet (Figure 3a). There is also
an upward trend in flood frequency in the Chittagong divi-
sion (SEB) consistent with the increased extreme rainfall
events (Figures 2f and 3b,c). However, flood frequency in
Assam (north of the Meghalaya Plateau) does not show a
clear trend during the study period, indicating increased
Meghalaya extreme rainfall events mostly affecting north-
ern Bangladesh (Sylhet).

The seasonal mean summer monsoon rainfall over
Bangladesh and northeastern India occurs due to the
LLJ carrying moisture from the BoB to the north inland,
where lower tropospheric moisture flux converges due to
local mountains (Arakan Mountains, Meghalaya Plateau,
and Himalaya foothills) that generates rainfall (Fahad
et al., 2022). To understand the physical mechanism
of extreme rainfall events in northeastern Bangladesh
and India, we analyzed composite mean moisture trans-
port and flux based on 188 widespread extreme events
(1-day events) in the NEBI region (from 1981 to 2021).
Figure 4 shows the composite mean of vertically inte-
grated lower tropospheric (1,000-700 hPa) moisture trans-
port (VIMT), and moisture flux (VIMF), V (wind speed),
and Q (specific humidity) for the onset day (0-day
lead) of the 1-day extreme rainfall events and their
evolution.
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FIGURE 3 (a)Based on India Meteorological Department (IMD) data, widespread 1-day events over Meghalaya (black line), western

Meghalaya (blue solid line), and eastern Meghalaya (blue dotted line). (b) Based on Asian Precipitation-Highly Resolved Observational Data

Integration Towards Evaluation of Water Resources (APHRODITE) data, widespread 1-day events over the western Meghalaya (green solid

line), and eastern Meghalaya (green dotted line), Sylhet (solid red line), and Chittagong (dotted red line). (c) The flood frequency per year.

The time series for Sylhet, Chittagong, and Assam (northwest of Meghalaya) are presented in consistent black, blue, green, and red colors.

The composite mean of VIMT and VIMF shows
that, during the onset day (0-day lead), the lower tropo-
spheric moisture transport and convergence are signifi-
cantly stronger over the NEBI, starting from the northern
BoB, which leads to intense rainfall events (Figure 4a,b).
The VIMT is maximum over the southeastern BoB dur-
ing the 0-day lead, where VIMF divergence is also stronger
(Figure 4a,b). The composite mean difference between
the 9-days lead and 0-day lead and the 18-days lead and
0-day lead shows the evolution of VIMT and VIMF before
the extreme rainfall events (Figure 4e,f,i,j). The lower tro-
pospheric moisture transport and flux convergence both
intensify from the northern BoB to the NEBI as extreme
events occur during the 0-day, compared with the 9-days

and 18-days lead. The divergence and moisture trans-
port over the southern BoB, where LLJ is climatologically
strongest during this season, also increase significantly
during the onset of extreme events compared with the
9-days and 18-days lead, indicating potential moisture
transport over the NEBI associated with the 1-day extreme
events (Figure 4f,j). The VIMT and VIMF are at their
maximum over the southern BoB during the 18-day and
9-day leads respectively. However, the maxima shift to the
NEBI on the onset day (0-day lead) indicates a shift in
the wind-speed-forced moisture transport during extreme
rainfall events (VIMT shift indicated by Figure 4e,i, where
lead minus 0-day is positive over the BoB and negative
over the NEBI). Although, lower tropospheric moisture is
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Composite mean from Modern-Era Retrospective Analysis for Research and Applications, Version 2 reanalysis of the 1-day

extreme events (0-day lead, indicating onset day of extreme events) for (a) vertically integrated moisture transport (VIMT; shaded, unit:

kg-kg!) and vertically integrated wind (vector, unit: m-s~1), (b) vertically integrated moisture flux convergence (VIMF; unit: s7! -kg-kg™1)

and vertically integrated wind convergence (vector, unit: m-s~1) (blue indicates divergence, and red indicates convergence), (c) specific

humidity Q (shaded; unit: kg-kg™!) and vertically integrated wind speed (unit: m-s~!) (contoured), and (d) sea-surface temperature (SST; K).
Difference between ninth day lead (9 days before the onset day) and 0-day lead for (e) VIMT, (f) VIMF, (g) Q (shaded) (unit: kg-kg=!) and
vertically integrated wind speed (unit: m-s~!) (contoured, blue negative, white zero, and red positive), and (h) SST. Difference between 18th
day lead (18 days before the onset day) and 0-day lead for (i) VIMT, (j) VIMF, (k) Q (shaded) and vertically integrated wind speed (contoured,
blue negative, white zero, and red positive), and (1) SST (K). Significance for difference plots are stippled for (g), (h), (k), and (1), and only

significant values are plotted for (e), (f), (i), and (j) to keep figures more clarified to read at 95% level using t-test.

more readily available, the sudden wind increase in the
northern BoB and decrease in the southern BoB over a
short period of time primarily contributes to the intense
VIMT and VIMF that lead to extreme rainfall events over
the NEBI region (Figure 4c,g,k). Though VIMT illustrates
the amount of moisture transported, VIMF indicates the
flux of moisture, signifying the source of moisture and
convergence zones where moisture is converted to pre-
cipitation. The vertically integrated wind vector depicted
in Figure 4a provides insight into the composite mean
atmospheric circulation. This allows us to observe changes
in atmospheric circulation over lead time, as evident in
Figure 4e,i. The wind vector anomaly in these figures high-
lights an anticyclonic circulation pattern over the BoB,
which contributes to moisture transport towards the north.
Figure 4c represents specific humidity Q and wind speed
V independently, as changes in either can influence the

moisture transport to NEBI, resulting in extreme precipi-
tation changes. The wind speed is represented by contour
lines, showing that variations in both wind speed and
moisture content collectively contribute to extreme events
over NEBI.

The evolution of the composite mean SST shows
that the BoB SST is warmer before 9-days and 18-days
lead compared with the onset day of the extreme events
(Figure 4d,h,l). This suggests that a relatively warmer
SST during the 18-days and 9-days lead contributes to
increased moisture over the BoB lower troposphere and
serves as a source of moisture for extreme events over the
NEBI. Subsequently, this moisture swiftly transports to the
NEBI region due to a sudden increase in the LLJ, which is
associated with the wind shift towards the northern BoB.
Notably, the SST difference is more pronounced between
the 18-days and 0-day lead (Figure 41) than between the
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9-days and 0-day lead (Figure 4h). This implies there might increase in the SST variability and frequency of extreme
be a potential for predicting extreme rainfall events 9 to  daily warming events of the northern BoB SST is also

18 days in advance based on the BoB SST. present over this period (Figure 5b). We discuss this
Figure 5a,b shows the time series of the daily vari-  further in Section 3.3, focusing on the contribution of

ability (black line) and frequency of daily extreme events  increased moisture versus increased LLJ wind variabil-

(blue line) of the northern BoB VIMT (averaged over lon- ity on the moisture transport and extreme NEBI rainfall

gitude 87° E-93° E and latitude 15° N-25° N) and SST  events.

(averaged over latitude 15° N-19° N, and BoB longitude The low-pressure systems associated with monsoon

that covers sea surface) during MJIJASO. The daily vari-  depressions and tropical cyclones over the BoB can also

ability of a season (MJJASO) is determined by taking lead to extreme rainfall events in Bangladesh and India
the standard deviation of daily VIMT over the designated  (Krishnamurthy & Ajayamohan, 2010; Mooley, 1973; Roxy
region across all days in that season, and it is calculated et al., 2017). However, Figure 5d shows that the frequency
individually for each year. The trend in daily variability =~ of depression and tropical cyclone systems decreases
exhibits a consistent rise in temperature with the increas-  significantly during 1950-2021 over the BoB (Vishnu
ing trend of the seasonal mean SST and VIMT (Figure 5c). et al., 2016). Studies have shown that the BoB cyclonic
The increasing trend of the VIMT variability intensifies  storms decrease under climate change, most likely due to
the frequency of extreme moisture transport to inland  decreased variability of the tropical easterly jet relaxation
Bangladesh and northeast India due to both increased LLJ episodes (Fahad et al., 2023). Hence, increased extreme
wind speed and lower tropospheric moisture in the atmo-  rainfall events over these regions are not associated with
sphere during the summer monsoon season. A coherent  cyclonic storms.
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FIGURE 5 (a)May-October (MJJASO) vertically integrated moisture transport (VIMT) 700-1,000 hPa daily variability (15D, black line)
and frequency of extreme daily events >90th percentile (blue line; unit: kg-kg™!) average taken over longitude 87° E-93° E and latitude 15°
N-25° N. (b) MJJASO northern Bay of Bengal (BoB) sea-surface temperature (SST) 700-1,000 hPa daily variability (black line) and frequency
of extreme daily events >90th percentile (blue line; unit: kg-kg™!) average taken over longitude 87° E-93° E and latitude 15° N-19° N.

(c) Seasonal mean SST and specific humidity Q time series. (d) MJJASO BoB storm frequency, including depression and tropical cyclones.
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3.2 | CMIP6 future projections

The historical simulations (years 1950-1979) of down-
scaled CMIP6 MMM extreme rainfall events show a com-
parable annual climatology to observed data (Figures 6a,b
and 1d, and Supporting Information Figures S2 and S3).
The NEBI (Sylhet division of Bangladesh and Meghalaya
Plateau of India) receives the largest extreme rainfall
events, along with the SEB (Chittagong). The CMIP6
MMM future projection (SSP5-85, years 2050-2079) shows
that the number of 1-day events increases significantly
over NEBI (Figure 6a—c). The frequency of the 1-day events
nearly doubles annually (increases frequency by ~10) over
the NEBI region.

The zonal mean seasonal cycle of the changes
between SSP5-85 and historical shows that the frequency
of a 1-day event increases during the peak summer
monsoon (June-August; Figure 6e). The zonal mean

(a) Historical 1-day annual

(b) SSP5-85 - Historical 1-day annual

Royal Meteorological Society

seasonal cycle of the ratio, calculated by dividing future
projection  (2050-2079) climatology by historical
(1950-1979) climatology as a function of latitude, shows
that the 1-day events quadruple over the NEBI and SEB
(Figure 6f) during the peak summer monsoon season
(June-August) in the future climate compared with his-
torical simulations in 100 years. The future increase in the
frequency of extreme events is associated with the sum-
mer monsoon season, when the climatology of extreme
rainfalls is also at its maximum (primarily frequent during
MIJJASO) (Figures 6d,e and 3).

To understand what drives the increased frequency
of extreme rainfall events in the future climate, we
are showing results for the MJJASO months, when
extreme rainfall events are mostly changed under global
warming (Figure 6e,f). We have also explored the
mechanism by separating months into pre-monsoon
(April-May), monsoon (June-August), and post-monsoon

(c) SSP5-85/Historical 1-day annual
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FIGURE 6 Coupled Model Intercomparison Project phase 6 multi-model mean: frequency of annual mean 1-day rainfall events (at
least 150 mm-day ') per decade for (a) historical, (b) SSP5-85 minus historical, and (c) SSP5-85/historical ratio. (d) The seasonal cycle of the
zonal mean (90° E-93° E) 1-day events. (e) The difference between SSP5-85 and the historical seasonal cycle difference and (f)
SSP5-85/historical ratio for 1-day events. Stipplings are added to the difference of mean plots at 95% significance level for 12 models sample
using two-sided Student’s ¢-test.
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(September—October) and found similar results and the
same conclusion (figures not shown).

The MJJASO mean VIMT shows a significant increase
from over the BoB to Bangladesh and northeast India
in the future climate. The transport of moisture asso-
ciated with the LLJ in the lower troposphere inten-
sifies along with increased moisture convergence over
the NEBI (Figure 7a,e,b,f). The VIMF shows that diver-
gence over the southern BoB intensifies in the future
climate, where climatologically the BoB acts as a source
of moisture for extreme rainfall events. Climatologically,
the VIMF is strongest during summer months due to
local mountains forcing a strong LLJ to converge over
that region, contributing to the mean rainfall. The inten-
sified VIMF over NEBI indicates increased mean sum-
mer monsoon rainfall over this region, which is consis-
tent with the increase in extreme rainfall events. During
MJJASO, the moisture is mostly available over the north-
ern BoB to NEBI region, which gets further transported
and converged near the Meghalaya Plateau and Himalaya
foothills in the future climate (Figure 7c,g). The differ-
ence between SSP5-85 and historical simulation shows

(b) Historical VIMF
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the vertically integrated lower tropospheric moisture
increases, especially over central India and western
Bangladesh, whereas the wind speed associated with the
LLJ increases near the northern BoB that contributes to
the VIMT and VIMF (Figure 7g). The lower tropospheric
moisture increase is consistent with the BoB SST warming
in a future climate as a result of the Clausius—Clapeyron
relation (Figure 7d,h). This result is also consistent with
the general understanding that the moisture content in
the troposphere increases under global warming con-
ditions and the horizontal moisture transport intensi-
fies, which contributes to the summer monsoon rainfall
(Held & Soden, 2006).

The lower tropospheric moisture content in the
BoB is more readily available, and the wind speed is
slightly increased in the northern BoB in the future cli-
mate during MJJASO, contributing to the climatologi-
cal monsoon rainfall (Figure 7c,g). However, an increase
of extreme rainfall events will be possible when the
events of lower tropospheric moisture content transport
in a very short time-scale (~1-5days) also increase. To
understand this, we further analyzed the CMIP6 MMM
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Coupled Model Intercomparison Project phase 6 May-October multi-model mean: climatological mean for (a) historical

vertically integrated moisture transport (VIMT; shaded, unit: kg-kg™!) and vertically integrated wind (1,000-700 hPa; vector, unit: m-s~1), (b)

historical vertically integrated moisture flux convergence (VIMF; convergence is positive; unit: s7* -kg-kg™') and vertically integrated
convergence wind components (vector, unit: m-s~1), (c) vertically integrated historical lower tropospheric specific humidity (shaded, unit:

kg-kg™!) and vertically integrated wind speed (contoured blue; unit: m-s~!), and (d) historical sea-surface temperature (SST; unit: °C). (e)-(h)

The corresponding difference between SSP5-85 and historical. The difference between SSP5-85 and historical plots are stippled at 95%
significance level using Student’s ¢-test.
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daily variability of the LLJ wind and compared the
variability between SSP5-85 and historical simulations
(Figure 8).

To understand the behavior of the daily moisture
events, we investigate the distribution of the moisture
transport mean taken over the northern BoB to inland
Bangladesh and India where the MJJASO mean LLJ wind
increases in the future climate (Figure 8a). Figure 8b shows
a histogram of the frequency of maximum daily 850 hPa
moisture transport events (wind speed multiplied by spe-
cific humidity) over the northern BoB (region shown as a
box in Figure 8a) for CMIP6 SSP5-85 and historical simu-
lations, whereas Figure 8c shows a zoomed-in version of
Figure 8b on the extreme end of the distribution tail. The
frequency of extreme moisture transport events increases
significantly in the future climate (Figure 8c). The fre-
quency of extreme moisture transport events greater than

(b) Frequency of daily LL) wind speed x Q

Royal Meteorological Society

2.5 standard deviations (>98.76%) of CMIP6 models sam-
pled data increases 4.03 times in 30years in the SSP5-85
compared with historical simulation (Figure 8c). The
quadrupled magnitude of the tropospheric moisture con-
tent with increased extreme LLJ wind speed events and
northern BoB SST is consistent with the extreme rainfall
event increase in the future climate under global warming
conditions (Figure 8d-f).

3.3 | Dynamic versus thermodynamic
forced change

The mean and extreme rainfall changes under a warmed
climate can be due to a change in the atmospheric circu-
lation, which is known as the “dynamic” component, or
changes in the atmospheric moisture content (in response

(a) SSP-585 -Historical MJJASO mean wind
29°N —s —

(c) Frequency of daily LL) speed x Q >2.5 SD
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[} 1 g 1504 !
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(f) SSP5-85 - Historical daily SST SD
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Coupled Model Intercomparison Project phase 6 (CMIP6) May-October (MJJASO): (a) historical vertically integrated wind

(1,000-700 hPa) as a vector and SSP5-85 minus historical shaded, (b) daily frequency of maximum 850 hPa wind speed times specific humidity
Q (units: m-s~! -kg-kg™!) events over the northern Bay of Bengal in all CMIP6 models (region shown as a box in (a)) for historical (blue),
SSP5-85 (orange) (overlapped areas are in brown). (c) Same as (b), but the distribution figure is zoomed in 2.5SD and greater. (d) Historical
CMIP6 multi-model mean (MMM) standard deviation of daily 850 hPa specific humidity (unit: kg-kg=1). (¢) SSP5-85 minus historical CMIP6
MMM standard deviation of daily 850 hPa wind speed (unit: m-s~!). (f) SSP5-85 minus historical CMIP6 MMM standard deviation of daily
sea-surface temperature (SST; unit: K). For the difference of means plot, grids are stippled at 95% significance level. LLJ: low-level jet.
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to temperature variations) known as the “thermodynam-
ic” component. Owing to climate change and SST increase,
there is more moisture available via evaporation, and the
atmosphere can hold more moisture and heat content,
which can in turn increase the mean and extreme rainfall
events as a thermodynamic term (Emori & Brown, 2005;
Pall et al., 2007). Meanwhile, changes in the atmospheric
circulation can transport moisture that influences rainfall
as a dynamic term.

The reanalysis data showing an increase in the VIMT
from 1950 to 2021 over the BoB (Figure 5) is consis-
tent with both linear increases in the lower tropospheric
moisture content and changes in the atmospheric circu-
lation associated with the LLJ. The projected changes in
the CMIP6 simulation also show an increase in atmo-
spheric moisture content due to increased SST, and
the LLJ circulation intensifies over the northern BoB
in the SSP5-85 (2050-2079) compared with historical
(1950-1979) (Figures 7 and 8). However, to understand
what drives the extreme precipitation change over NEBI,
we need to separate the contributions of dynamic and
thermodynamic terms.

In order to diagnose dynamic versus thermodynamic
drivers of observed extreme rainfall events, we relate the
occurrence of extreme 1-day widespread rainfall events
over Meghalaya with circulation and moisture from ERA-5
over the period of 1950-2021. The 1-day mean 850 hPa
meridional wind speed (V850), 500 hPa vertical velocity
(W500), and total column-integrated water vapor (TCWV)
are averaged over a local region along the southeast-
ern slope of the Meghalaya Plateau (91° E-93° E and
25° N-25.25° N). V850 and W500 help differentiate
the relationship between wind circulation change and
extreme precipitation, indicating dynamical influence.
Meanwhile, the relationship with TCWV helps us under-
stand the influence of thermodynamic terms. A logistic
regression (LR) model is constructed using V850, W500,
and TCWYV separately as predictors for the probability
of occurrence of rainfall exceeding 150 mm in a day; see
Equation (A.1). Figure 9a shows the interannual frequency
of 1-day extreme events during MJJASO (red line, same
as Figure 2a,d), along with the trend explained by the
V850, TCWYV, and W500 locally (same grid points). Only
for Figure 9a, the daily LR model is used for variables
locally to predict the occurrence of an event each day, then
the predicted probability of events is summed each year
and a trend is taken independently for V850, TCWYV, and
W500. Figure 9a further shows that V850 and W500 do
not explain much interannual variability; however, they
do predict moderate negative trends, whereas the trend
predicted by TCWYV is positive and explains about 20% of
the observed trends in extreme rainfall events. This sug-
gests that the trend in extreme events is partly driven

thermodynamically by local moistening and not by local
dynamics.

However, further examination leading up to extreme
events shows enhanced wind speeds a week or more
prior over the southwestern BoB, and apparent northward
propagation possibly related to the monsoon active-break
cycle. This is also evidenced by the presence of large-scale
ascent over Bangladesh and descent over the BoB
(Figure 9b). The daily LR between widespread extreme
1-day events of Meghalaya and the spatial map of W500
shows that there is a strong proportional relationship
between the large-scale atmospheric circulation over the
southern BoB 1 day prior to the extreme events (Figure 9b).
Figure 9b shows marginal effects calculated from the
coefficient of daily LR, indicating the likelihood of a
daily extreme rainfall event occurring over the NEBI
based on 1 unit W500 (unit: Pa-s~!) changes spatially (see
appendix A for details). The marginal effect reveals the
sensitive regions over the BoB and surrounding region of
Meghalaya where changes in the atmospheric circulation
play an important role in the occurrence of NEBI extreme
rainfall events. The relation between W500 and the NEBI
is, however, related to descending motion over the BoB
and ascending motion over the surrounding region of
NEBI (figure not shown). The composite mean meridional
wind speed at 850 hPa (V850) during the 1-day events fur-
ther demonstrates how the source of moisture over the
BoB and the precipitation zone over the NEBI is con-
nected through the LLJ, creating a moisture corridor. The
result further indicates that, owing to remotely dynami-
cally forced changes, the moisture flux and extreme 1-day
rainfall events have increased over the NEBI in recent
decades, whereas the local thermodynamic process also
plays a significant role in the trend. This is consistent
with the positive trend in northward winds and mois-
ture flux over the BoB into Bangladesh (Figure 5a-c).
Thus, it is likely that the local trend in moistening is due
to enhanced advection of moisture from the BoB, which
is related to both dynamic and thermodynamic changes.
Owing to internal variability, capturing the relation with
dynamic changes in observed data may be difficult due
to its characteristic nature. The results are also consis-
tent with recent findings (Allan et al., 2020; Zaitchik
et al., 2023), where researchers concluded that, owing to
a warming climate, more moisture flux increases region-
ally as a result of wind pattern and atmospheric circu-
lation change, which amplifies the wet- and dry-season
events.

We further analyzed CMIP6 models to identify the
influence of dynamic and thermodynamic components.
Figure 9c,d shows a correlation between the change
in 1-day extreme rainfall events change (SSP5-85—
Historical) and the changes in LLJ wind speed (Figure 9c)
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FIGURE 9

(a, b) Observed trend analysis. (c, d) Coupled Model Intercomparison Project phase 6 (CMIP6) model analysis. (a)

May-October (MJJASO) observed 1-day widespread Meghalaya events (red, same as Figure 3a) and linear trend (dashed line). Percentage of
extreme event trends that are explained by local meridional wind at 850 hPa (V850), local vertical velocity at 500 hPa (W500), and local total
column water vapor (TCWV) determined through logistic regression (LR) models are shown in black, blue, and green lines. (b) The
likelihood of extreme events occurring if one unit of W500 (unit: Pa-s™!) changes, determined through the marginal effect (ME) of LR
(shaded color). Also shown is the composite mean V850 (unit: m-s~!; black contoured) during extreme events that show a connection from
the northern Bay of Bengal to northeast Bangladesh and India (NEBI). (c, d) CMIP6 MJJASO seasonal mean intermodel spread: correlation
between NEBI 1-day extreme rainfall events change (future minus historical) and low-level jet (LLJ) wind circulation (850 hPa) change

(future minus historical) in (c) and sea-surface temperature (SST) change in (d). Significant correlation explains what drives the intermodel

spread of the NEBI extreme event change under global warming.

and SST (Figure 9d) across CMIP6 models. The high
correlation (~0.7; similar magnitude or relation found
from observed data analysis, Figure 9b) between the
change in LLJ wind speed and extreme events in NEBI

shows that the intermodel spread of CMIP6 extreme events
is related to the intermodel spread of the southeastern
BoB LLJ wind speed change. In contrast, the correlation
between the northern BoB SST and extreme events in
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NEBI shows no significant correlation, indicating that the
primary role in increasing extreme events under global
warming conditions is played by the remote dynamical
forcing. This further confirms the critical role that the
remote dynamical forcing plays on the NEBI extreme rain-
fall event change under global warming conditions, which
is consistent with the observed and reanalysis data.

4 | DISCUSSION

Along with the increasing trend of flash-flood-causing
extreme rainfall events, extreme events have been get-
ting more intense over the last decades in the NEBI
region (Figures 1,2, and 3). On June 17, 2022, Cherapunji
of Meghalaya Plateau received the third highest 1-day

(a) May 15-19, 2022 observed rainfall
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(from IMERG data); (c) May and (d) June flood inundated area.
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rainfall ~ (972mm-day!), whereas the highest
ever recorded 1-day rainfall was in June 1995
(1,563.3 mm-day~!). In 2022, there were two consecutive
extreme rainfall and associated flooding events over the
NEBI from May to June (Figure 10a,b). The intense rain-
fall events have caused the Surma-Kushiyara river basin
to overflow, inundating most of the nine districts in the
northeastern part of Bangladesh. The most severe and
damaged conditions were in Sylhet (84% submerged area)
and Sunamganj (94% submerged area) (Figure 10c,d).
During the May-June 2022 period, more than 80 people
died and 244,060 ha of crops, 40,000 tube wells, and about
USD 28.1 million worth of livestock were damaged due to
flash floods (DGHS, 2022). The CMIP6 future projection
shows extreme events like this will be more frequent in
the future.

(b) June 14-18, 2022 observed rainfall
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May-June 2022 flooding event showing 5 days of cumulative rainfall for (a) May 15-May 19 and (b) June 14-June 18
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The SST modes, such as ENSO and the IOD, play
an important role in mean summer monsoon rainfall
and extreme rainfall events over Bangladesh and India
(Chowdhury & Ward, 2007; Thara et al., 2007). With
increasing global warming, both the mean state and vari-
ability of SST increase in both the tropical Indian Ocean
and the Pacific Ocean, which can potentially influence
rainfall variability over NEBI and SEB (Cai et al., 2023;
Fahad & Burls, 2022). Roxy et al. (2017) found the changes
in the extreme events in central India are dynamic compo-
nent driven even though the moisture increase is signifi-
cant over the Indian Ocean, which is consistent with our
findings for the NEBI region and the BoB.

During the onset day of extreme rainfall events, the
BoB SST anomaly creates a temperature gradient from the
warmer northern BoB to the colder mid-southern BoB.
Although, the BoB SST warming in the future climate
increases everywhere, it creates a stronger opposite SST
gradient (warm northern BoB to warmer southern BoB
SST) during the MJJASO mean. The sudden intensifica-
tion episode of the LLJ over the BoB increases in the
future, which contributes to the increase in extreme rain-
fall events, even though the mean SST gradient is oppo-
site compared with the onset day SST anomaly gradient.
This infers that the mean SST gradient potentially plays a
non-significant role in the intensification of LLJ episodes
under global warming.

A few caveats also need to be considered here. The
observed extreme rainfall and mean seasonal rainfall
events exhibit large interannual variability over Megha-
laya, specifically in Cherrapunji (Figure 3a). It is very
important to use a longer dataset over this region to
understand the trend, as investigating only 20-30 years of
data may lead to erroneous conclusions. The variability
of 1-day extreme rainfall events over Meghalaya in IMD
data increased after the 1970s (Figure 3a). This change
in the extreme rainfall events’ variability after the 1970s
is, however, consistent with the mean seasonal rainfall
over Meghalaya (Figure 3a, black line), daily variability
of BoB SST warming and extreme SST warming events
(Figure 5b), MJJASO seasonal mean SST warming and spe-
cific humidity trend (Figure 5c). Weaker BoB SST warm-
ing and available moisture variability over the BoB in
the 1950s-1970s contributed to the seasonal mean rainfall
and extreme events over Meghalaya. To reduce uncer-
tainty in the IMD dataset for Meghalaya, we have used
widespread events for extreme rainfall events, defined as
a rainfall event that exceeds 150 mm in a day and cov-
ers at least 200 km? of the area in Meghalaya (Figure 3a).
To validate the trend, we also used APHRODITE grid-
ded observed data (years 1951-2015). Owing to relatively
low-resolution processed gridded data and a shorter time
range compared with IMD (1950-2021), APHRODITE and
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IMD show discrepancies in the extreme event trend over
eastern Meghalaya. We further compared ERA-5 data to
validate the extreme event trends and ratio over the years
1950-2021 and found a similar quadruple increase of
extreme events over the NEBI and SEB (Supporting Infor-
mation Figure S1). A change in the rain-gauge network can
potentially contribute to the rainfall trends. However, prior
studies have validated and used the same IMD dataset that
incorporates more than 3,100 stations per day with fixed
rain-gauge data and satellite data (Pai et al., 2015; Rajeevan
et al., 2008; Roxy et al., 2017).

The CMIP6 MMM exhibits a dry bias relative to
observed climatology, leading to reduced mean clima-
tological precipitation and fewer 150 mm 1-day extreme
rainfall events than observed data (Figure 6, and Sup-
porting Information Figures S2 and S3). When compared
with APHRODITE data, the CMIP6 MMM historical 1-day
extreme events climatology indicates that there are fewer
1-day events in the CMIP6 models, and their maxima
are shifted towards eastern Meghalaya. In contrast, the
observed APHRODITE data places 1-day extreme rain-
fall events more centrally around eastern Meghalaya. The
latest high-resolution CMIP6 models still exhibit variabil-
ity in the intermodel spread for 1-day events. The pro-
nounced discrepancies in extreme events and mean sea-
sonal rainfall, when compared with observed data, are
likely attributed to biases in the LLJ, SST, and mois-
ture transport. This is further compounded by the rela-
tively lower spatial resolution that potentially struggles
to accurately resolve convective precipitation. However,
despite this variability, all models consistently show sim-
ilar changes in extreme rainfall events in the context
of global warming, signifying a uniform response to cli-
mate change over Bangladesh and India. The alignment
between the observed trend and the CMIP6 future pro-
jections suggests that the models accurately represent
changes in extreme rainfall events with a high degree of
fidelity.

5 | SUMMARY

The monsoon extreme rainfall-related flood events are
very frequent over NEBI (Sylhet, Assam) and SEB (Chit-
tagong division). Extreme rainfall events over these
regions are associated with the summer monsoon rainfall
starting from May to October. The rainfall over the Megha-
laya Plateau contributes to the heavy flash flood events
over the NEBI frequently during monsoon season.

The observed trend of the 1-day extreme rainfall events
(>150 mm-day~!) shows a nearly quadrupled frequency
over the Meghalaya Plateau and surrounding regions
(especially over the eastern Meghalaya) during MJJASO,
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from 1950 to 2021 compared with the first 30years of
baseline. The increase in extreme events is consistent with
the quadruple increase in flash flood events over the Sylhet
region (northeastern Bangladesh) during the same period.
The APHRODITE data further show that the increas-
ing trends in extreme rainfall events extend to the Sylhet
region of Bangladesh and the coastal area of Chittagong
(SEB), which is not evident from a single station of BMD
data.

Focusing on NEBI, where extreme rainfall events and
flood events are the most frequent and primary concern,
we found a warm SST anomaly over the northern BoB
plays an important role in providing the source of mois-
ture, whereas a sudden intensification episode of the LLJ
over the northern BoB carries moisture over short peri-
ods of time (~1-5days) near the Meghalaya Plateau, and
finally leading to extreme rainfall events forced by the
local high topography. This dynamical mechanism is con-
sistent with the mechanism of mean monsoonal rainfall
over the same region (Fahad et al., 2022). The CMIP6
MMM future projection shows that extreme rainfall events
quadruple over the NEBI and continue to increase over
the SEB in 2050-2079 compared with 1950-1979. The sea-
sonal cycle of extreme events is also projected to start
early in pre-monsoon and late end of the post-monsoon
season.

The CMIP6 MMM MIJASO seasonal mean shows the
vertically integrated lower tropospheric moisture trans-
port increases from the northern BoB to northeastern
Bangladesh, along with an intensified moisture diver-
gence and strong convergence increase over the Megha-
laya Plateau that contributes to the intensified summer
monsoon rainfall. This is due to both seasonal mean
increased humidity and a shift in the BoB LLJ towards
the north. The SST also increases all over the BoB, includ-
ing the northern BoB. This is consistent with extreme
rainfall dynamical mechanisms. However, extreme rainfall
events are due to intensified LLJ speed episodes in a short
time-scale. We further found that the daily variability of
the LLJ increases over the northern BoB (more unstable),
whereas it decreases over the mid to southern BoB (more
stable) in CMIP MMM future projection. The frequency
of extreme daily maximum episodes of moisture transport
greater than 2.5 standard deviations associated with the
LLJ over the northern BoB is quadrupled in the future
climate (2050-2079) compared with historical simulation
(1950-1979), which is very consistent with the increase in
extreme rainfall events.

After further investigation of the influence of dynamic
versus thermodynamic forcing on the extreme rainfall
events change, we found that the thermodynamic process
plays a crucial role locally over the NEBI through increased
moisture in the atmosphere. However, the moisture over

the NEBI is transported through a dynamic process of
changed circulation associated with the LLJ over the BoB.
This is very consistent with the observed extreme rain-
fall events change in CMIP6 MMM future projection. The
lag-lead relation between extreme rainfall over the NEBI
and SST over the BoB suggests strong potential for extreme
rainfall event predictability exists even 9 to 18 days before
the onset day.

Given that Bangladesh and India have the highest
population densities in the world, and natural disas-
ters like flash floods and landslides are very common
due to frequent extreme rainfall events, it is crucial to
improve the local extreme event warning systems. This
article potentially serves the purpose of discussing what
generally drives the extreme rainfall events over this
region, how the extreme rainfall has changed over the
last decades using observed station data, how it will fur-
ther change using CMIP6 high-resolution downscaled
multi-model data, and finally what are the dynamic ver-
sus a thermodynamic processes that contribute to the
increased extreme rainfall events under global warming
conditions.
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APPENDIX

In this study, LR was computed in Python using the
sklearn library, and it was calculated using a standard L2
penalty. In LR, the relationship between the predictor and
response variables is encapsulated by the logit function
(Long, 1997):

log<1’%p) = fo+ BiXy + PoXa -, (A1)

where log is the natural logarithm, p indicates the proba-
bility of the event occurring, Xi, X;, ... are the predictor
variables, and f, f1, ... are the regression coefficients.

Marginal effects offer insights into the change in the
predicted probability of the dependent variable due to a
one-unit alteration in a predictor, considering all other
variables are constant (Mood, 2010). For continuous pre-
dictors, the marginal effect of X; on p is calculated as
(Cameron & Trivedi, 2010)

Marginal Effects(X;) = 1 X p X (1 — p). (A.2)
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