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Abstract

In the present study, the properties of Marine Heatwave (MHW) events over the North Bay of Bengal (BoB) are investigated
during the boreal summer monsoon season. In recent decades (2001-2021), an increase in frequency and duration of MHW
events are depicted, prominently after 2010. This accelerated trend in MHW events duration is primarily driven by the rapid
ocean warming and is a great concern for the scientific as well as fisheries communities. Tropical intraseasonal oscillations
are one of the dominant modes that control the oceanic and atmospheric processes. Here, for the first time, we have inves-
tigated the role of northward propagating monsoon intraseasonal oscillations (MISO) on the occurrences of MHW events
over the north BoB during the boreal summer (monsoon season). It is found that during the break phases of MISO, enhanced
shortwave radiation due to clear sky conditions triggers the MHW events. In addition, shallow mixed layer depth (MLD)
also mostly favours the occurrences of MHW events over the north BoB during the break phases of MISO. However, during
the active phases of MISO, negative sea surface temperature (SST) anomalies, and fewer MHW events are depicted over
the north BoB. This strong relationship between shallow MLD and the occurrences of MHW events primarily indicates the
connection of regional air-sea heat flux in driving the MHW events over the north BoB. The consequences of MHW events
on socioeconomic status are also projected to be extensive, serious, and persistent throughout the twenty-first century.
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1 Introduction

Marine Heatwaves (MHW) events are mainly discrete, pro-
longed, and extremely warm water events over a particular
region of the ocean for continuous 5 days and more (e.g.,
Pearce 2011; Hobday et al. 2016; Holbrook et al. 2019).
The ‘MHW’ term was first used to understand an extreme
unprecedented warming event, called “Ningaloo Nifno”
which was first observed over the southeast Indian Ocean
(I0) off the west coast of Australia during the peak of the
La Nina event (2010-2011) (Feng et al. 2013; Chatterjee
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et al. 2022). In recent decades, MHW events have been
observed in every ocean basin with an increasing trend
in the annual mean MHW events frequency and duration
(e.g., Hu et al. 2020; Huang et al. 2021a, b). Carvalho et al.
(2021) linked underlying physical processes responsible for
the MHW events in the Bering Sea with the neighbouring
climatic patterns such as the teleconnections between the
Pacific Ocean and the Arctic, sea ice extent, and adjacent
air temperature. Recently, a study by Mohamed et al. (2022)
mentioned that the Eastern Atlantic Pattern (EAP) is pri-
marily responsible for the modulation of MHW events over
the Barents Sea. Other recent events include—the unprec-
edented 2011 Western Australia Ningaloo Ninio (Pearce and
Feng 2013), the 2012 Northwest Atlantic MHW events (e.g.,
Mills et al. 2013; Chen et al. 2014), 2012 and 2015 Medi-
terranean Sea MHW events (e.g., Dayan et al. 2023), the
2013/14 western South Atlantic and 2017 South-Western
Atlantic MHW events (e.g., Manta et al. 2018; Brauko et al.
2020), the persistent 2014-2016 “Blob” in the North Pacific
(e.g., Di Lorenzo and Mantua 2016; Scannell et al. 2016),
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the Tasman Sea MHW events in 2015/16 (e.g., Oliver et al.
2017) and 2017/18 (e.g., Salinger et al. 2019), the 2015/16
MHW events spanning over the south-eastern tropical 10
(e.g., Benthuysen et al. 2018), and 2010, 2016, and 2020
north IO MHW events (e.g., Chatterjee et al. 2022) leading
to the rapid change of ocean biogeochemistry.

With the rising global ocean temperatures, extreme
weather events such as MHW events over the global oceans
are projected to become more intense and frequent in recent
decades (IPCC 2023). Xu et al. (2022) observed an increas-
ing trend of MHW events without significant changes in
the sea surface temperature (SST) variability and they have
attributed to global warming-induced climate extremes. Pie-
tri et al. (2020) showed that MHW events along the Peruvian
coast can sustain even in the upwelling regions by address-
ing the role of local i.e., wind stress, heat fluxes, and remote
i.e., equatorial wave activity. Holbrook et al. (2019) made a
detailed assessment of MHW events and their drivers, and
their findings suggest that different phases of known climate
modes such as El Nino-Southern Oscillation (ENSO), Indian
Ocean Dipole (I0OD), Southern Annular Mode (SAM), and
North Atlantic Oscillation (NAO) are predominantly enhanc-
ing or suppressing the livelihoods of MHW events through-
out the global oceans. On the other hand, MHW events have
different driving mechanisms depending on the local air-sea
coupling (e.g., Du et al. 2009), advection, and heat transport
by eddies (e.g., Gulakaram et al. 2023; Wyatt et al. 2023),
atmospheric-oceanic pre-conditions (e.g., Saranya et al.
2022), oceanic circulations, and remote climate teleconnec-
tions (e.g., Holbrook et al. 2019). Among all the factors,
advection and oceanic circulations both are playing a vital
role in driving the deepest as well as prolonged MHW events
(Elzahaby et al. 2021). Stratification and local winds are also
crucial factors in driving the subsurface MHW events (e.g.,
Schaeffer and Roughan 2017). MHW events have devastat-
ing impacts on the marine ecosystem such as coral bleach-
ing (e.g., Krishnan et al. 2011; Zinke et al. 2015; Patterson
Edward et al. 2018; Wyatt et al. 2023), widespread harmful
algal blooms (e.g., Takagi et al. 2022; Dodrill et al. 2023),
reduction in seagrass meadows (Aoki et al. 2021). Few stud-
ies have shown that MHW events can impose severe threats
to the marine environment including the mass mortality
of zoo planktivorous seabirds (e.g. Jones et al. 2018). The
marine phytoplankton biomass (chlorophyll) is very impor-
tant as they regulate some major biogeochemical processes
e.g., carbon uptake and transport over the ocean, forming the
base of the aquatic food chain (Le Grix et al. 2021). MHW
events also affect the Chlorophyll-a (Chl-a) concentration
levels along the coastal regions (e.g., Hamdeno et al. 2022)
leading to a reduction in primary production over the ocean
(Chiswell and Sutton 2020). MHW events have significant
impacts on economic species such as coastal fisheries and
aquaculture (e.g., Mills et al. 2013; Cheung and Frolicher
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2020; Habibullah et al. 2023). Recently, Wang et al. (2023)
have shown that MHW events have changed the upwelling
structure in the biologically productive southern hemi-
sphere’s eastern boundary upwelling systems (Humboldt
and Benguela current systems) which further impacted the
evolution of potential fishery zones. Despite the devastating
ecological impacts of MHW events beneath the sea, very
few studies have attempted to investigate the temperature
extremes below the surface i.e., in the sub-surface.

Many studies have shown that there is a significant
increase in background SST over the Tropical Indian Ocean
(TIO) and adjacent basins in recent decades (e.g., Du et al.
2009; Zhang et al. 2017; Han et al. 2021; Li et al. 2022).
According to Holbrook et al. (2019), teleconnections of
the IOD via the Indian Ocean Basin (I0OB) wide mode
and ENSO are mainly responsible for the longer duration
of MHW events over the 10. They also identified that the
increasing trend in MHW events days’ percentage over TIO
is strongly influenced by the positive Dipole Mode Index
(DMI) and negative NAO mode index. Saranya et al. (2022)
analyzed the role of varying atmospheric-oceanic conditions
before the genesis as well as after the evolution of MHW
events over two different regions—the Western Indian Ocean
(WIO) and the Bay of Bengal (BoB). They have found an
increase in the annual and seasonal trend in MHW events’
frequency over the above-mentioned two regions respec-
tively for the period of 37 years (1982-2018). Further, they
have identified that there is a strong relationship between
MHW events over the north BoB and a significant increment
in the boreal summer monsoon rainfall amount over south-
ern peninsular India, whereas dry conditions over central
India. On the other hand, IOB-wide mode via the decaying
phases of El Nifio is mainly responsible for the longer dura-
tion of MHW events over the Arabian Sea (AS) (Chatterjee
et al. 2022). Albert et al. (2023) showed that during the pre-
monsoon season, surface heat fluxes are mainly responsible
for the higher SSTs over the AS. Similarly, Qi et al. (2022)
showed that positive sea surface height anomaly associated
with downwelling Rossby waves which are propagating
westward, modulated by equatorial easterly winds, plays a
vital role as one of the most prominent drivers of the MHW
events over the western equatorial IO by weakening the
upwelling. Recently, Lin et al. (2023) revealed that strong
seasonal variability in the frequency of MHW events over
the BoB is mainly induced by El Nifio events. In that sce-
nario, quantification of the possible drivers of MHW events
is one of the most important challenges for the scientific
community.

During the boreal summer monsoon season (June, July,
August, and September), the North Indian Ocean (NIO) is
very crucial as it supports high marine productivity (e.g.,
Roxy et al. 2016; Gao et al. 2022), and also exhibits strong
intraseasonal and interannual SST variability (e.g., Roxy
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and Tanimoto 2007; Singh and Dasgupta 2017; Konda and
Vissa 2021). However, the spatial variability in the rainfall
amount over India and surrounding regions is also signifi-
cant as a response to the SST variability during the boreal
summer monsoon season over the BoB (e.g., Roxy 2014).
Hsu et al. (2017) performed a detailed analysis to understand
the influence of Boreal Summer Intraseasonal Oscillation
(BSISO) on atmospheric heatwaves over central India but
very little attention has been paid to exploring the connec-
tion between intraseasonal oscillation and the occurrences
of MHW events. On the other hand, Holbrook et al. (2019)
mentioned on their study that regional air-sea coupling, sea
level pressure, air-sea heat flux, and advection particularly
drive MHW events over the BoB. Few studies have also
quantified the MHW events over the BoB with a detailed
analysis in terms of frequency, intensity, and spatial vari-
ability (e.g., Saranya et al. 2022; Gao et al. 2022; Lin et al.
2023). However, in the recent warming scenario, identifying
the actual drivers of MHW events and understanding their
role is toward predicting this extreme event accurately, is
the topic of interest for the scientific community. To accom-
plish it, the present study has explored the role of monsoon
intraseasonal oscillation (MISO) in driving the MHW events
within the study region (80°-95° E and 15° N — 23° N) over
BoB during the boreal summer monsoon season from 1982-
2021. A shallow surface mixed layer (SML) results in more
MHW events - classified as air-sea heat flux-driven and less
classified as advection, similarly a deep estimate of SML
produces the opposite pattern (Elzahaby et al. 2022). How-
ever, over the BoB, the amount of freshwater influx obtained
directly from the precipitation and indirectly from the major
Indian rivers’ runoff, especially during the boreal summer
monsoon season, distinguish the BoB from the rest of the
world's oceans — mainly contributes to the formation of a
thick barrier layer and significant saline stratification in the
upper layers of the BoB (e.g., Vissa et al. 2013; George et al.
2019). This strong salinity stratification prevents heat from
mixing vertically, as a result maintaining warm SSTs over
the BoB which further contributes to the higher climatologi-
cal rainfall over the BoB (e.g., Krishnamohan et al. 2019).
Therefore, the present study has also examined the com-
posite evolution of the mixed layer depth (MLD) anomaly
during the MHW events over the BoB in addition to that of
the MISO impacts.

Section 2 describes the datasets (Sect. 2.1) and the meth-
odology (Sect. 2.2) that we have used in the present study.
In the result and discussions section, Sect. 3.1 shows the
seasonal SST trend per decade over the NIO from 1982
to 2021. The Sect. 3.2 performs the frequency analysis of
MHW events during the boreal summer monsoon season
over the north BoB whereas Sect. 3.3 addresses the role of
ocean-atmospheric interactions in the modulation of higher
SST during the MHW events over the north BoB. However,

in Sect. 4—the role of MISO in driving the MHW events
over the north BoB during the boreal summer monsoon sea-
son, Sect. 4.1 mainly focuses on the influence of different
MISO phases on the SST variability over the north BoB dur-
ing the boreal summer monsoon as well as during the MHW
events. On the other hand, a statistical analysis is presented
in Sect. 4.2 for understanding the relationship between shal-
lower mixed layer depth (MLD) and enhanced shortwave
radiation due to the clear sky conditions in the break phases
of the MISO with the occurrences of MHW events over the
north BoB.

2 Data and methodology
2.1 Data

Identification and quantification of the MHW events within
the study region over BoB are accomplished by using daily
US National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation SST (OISST) v2.1 data sets
with a spatial resolution of 0.25° X 0.25°, for the 40 years
(1982-2021) (Reynolds et al. 2007; Huang et al. 2021a, b).
Further, the high resolution (0.25° X 0.25°) monthly mean
values of SST, obtained from NOAA OISST v2.1, are used
to analyze the seasonal as well as annual SST trend over the
NIO for the same study period of 40 years (Banzon et al.
2016). In addition, also used the Mean surface net short-
wave radiation flux (SWR) and Mean surface latent heat
flux (LHF), Air temperature (AT) at 2 m height, and Total
Cloud Cover (TCC), obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalysis (ERAS) from 1982 to 2021 with spatial resolution
0.25° x 0.25° to study the impacts of MHW events on the
ocean-atmosphere system (Hersbach et al. 2020). The daily
gridded dataset of Sea Surface Height anomaly (SSHA)
and ocean mixed layer depth (MLD) both are obtained from
the Copernicus Marine Environment Monitoring Service
(CMEMS) on a spatial resolution of 0.25° X 0.25° and 1/12°
X 1/12° respectively, available from 1993 to 2020 and is used
to understand the induction of ocean Equatorial (Rossby and
Kelvin) waves and ocean mixing in driving the MHW events
during the boreal summer monsoon season over north BoB
(Pascual et al. 2006). The daily Zonal Wind Stress (ZWS),
Meridional Wind Stress (MWS), Net Heat Flux (NHF), and
Wind Speed (WS) data sets are obtained from the TropFlux
project of the Indian National Centre for Ocean Information
Services (INCOIS) with resolution 1° X 1° for the period of
1982-2018 (Praveen Kumar et al. 2012, 2013). For further
analysis, the best track datasets containing the cyclonic dis-
turbances days (including both the depressions and tropical
cyclones days) are obtained from the Regional Specialized
Meteorological Centre, Indian Meteorological Department
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(IMD) to identify the cyclonic disturbances’ days over the
north BoB (Mohapatra et al. 2013).

During the boreal summer monsoon season, the location
and strength of the intraseasonal oscillation are evaluated
from the extended empirical orthogonal function (EOF)
index i.e. MISO index developed by Suhas et al. (2013) by
using unfiltered daily anomalies of the rainfall, averaged
over the longitudinal region between 60.5° and 95.5° E and
is obtained from the Indian Institute of Tropical Meteorology
(IITM). The mass concentration of chlorophyll-a in seawater
is derived from Moderate Resolution Imaging Spectroradi-
ometer (MODIS)—Aqua Level-3 (L3) mapped data from
NASA Ocean Color (OC) web, having a spatial resolution
of 9 km to highlight the response of marine phytoplankton
biomass to the MHW events occurrence in the coastal water
(Noh et al. 2022). The daily dataset of SST has been used
on a particular grid (90° E and 15° N) over the study region.
These daily datasets are obtained from the Research Moored
Array for African-Asian-Australian Monsoon Analysis and
Prediction (RAMA) buoy which is designed for exploring
the role of the Indian Ocean during the boreal summer mon-
soon season. These in-situ observations for the study period
of 14 years (2008-2021) during the boreal summer monsoon
season are used to cross-validate the obtained results derived
using satellite products (McPhaden et al. 2009).

2.2 Methodology

The present analysis uses the widely adopted hierarchical
method to identify the MHW events, proposed by earlier
studies (e.g., Hobday et al. 2016; Holbrook et al. 2019; Sara-
nya et al. 2022). According to their studies if the daily SST
derived from NOAA O], is above the 90th percentile (T90)
threshold value and persists for continuous 5 days and more,
then this discrete, prolonged as well as anomalously warm
event can be called an MHW event. If the gap between two
MHW events with subsequent 5 days or more, is of 2 days
or less, then these two events will be marked as a continuous
single event (Hobday et al. 2016). In the present analysis, the
T90 values of SST at each grid are calculated from the daily
time series of SST by creating an 11-day window centered
on that particular day of the year across all years from 1982
to 2021. This window of 11 days is considered for producing
enough sample size at a daily timescale for estimating the
T90 values (Saranya et al. 2022). The baseline daily clima-
tology of SST within the climatology period (1982-2021)
is calculated from the daily SSTs by using a 31-day moving
average. Here, the moving average of 31 days is applied to
derive a smoothed climatology which is only varying sea-
sonally (Oliver et al. 2018; Sen Gupta et al. 2020). This is
very important because day-to-day fluctuations in the SST
values sometimes increase the baseline daily climatology
and T90 values very high. A day-specific threshold for a
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particular season allows for the identification of MHW days
in all seasons of the year including the winter season. MHW
events with large spatial extents are the most devastating
than smaller ones (Oliver et al. 2018), so in addition to the
above conditions, added one more condition—only consid-
ered those MHW events for the further analysis that at least
crossed 1/4th of the total gridded area of the study region.
The present analysis of detecting MHW days is finally
accomplished by excluding all the cyclonic disturbances’
days over the BoB from further analysis for the same peri-
ods. The present study also provided a flowchart diagram
(Fig. 1) to summarize the method to detect the MHW events
over the north BoB during the boreal summer monsoon sea-
sons, discussed in this methodology section.

The Mann—Kendall (MK) trend test is used to assess the
significance of the change in the monthly mean SST values
over the NIO and Sen’s slope method to estimate the rate
of change in the SST per decade. To analyze the frequency
of MHW events over the north BoB, the number of MHW
events at each grid has been calculated seasonally from 1982

Daily SST (From NOAA OISST)

I

[ An 11-day window on the daily SST ]

I

90t percentile threshold value (T90)
of SST at each grid point

Daily filtered SST > T90

Spatial extent > 1/4%
of the total area of
the study region

Cyclonic
disturbances’ days

A4

MHW Days

Continuous §
days and more

If the gap between
two MHW events
is <2 days

Two different
MHW events
NO |

Fig.1 Flowchart diagram to summarize the method to detect the
MHW events over the north BoB
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to 2021 (e.g., Qi et al. 2022; Saranya et al. 2022; Lin et al.
2023) and the yearly time series of the number and duration
of MHW events (yearly total number of MHW days) from
1982 to 2021. To perform the trend analysis of the SST over
north BoB, the area average of SST anomaly has been calcu-
lated over the north BoB during the boreal summer monsoon
seasons and then a linear trend model is fit. The life cycle of
MHW events is examined by normalizing the SST anomaly
of the individual event from O to 1 and averaging for all the
events (Wang et al. 2022). In addition, a composite analysis
is performed for SST, SWR, TCC, SSHA, AT (2 m height),
ZWS, NHF, and WS anomalies during the MHW days for
understanding the dynamical and physical processes respon-
sible for the MHW events over the north BoB.

The first two principal components of the extended EOF
analysis — MISO1 and MISO2 indices, together reflect the
evolution of the MISOs in the low-dimensional phase

MISO Amplitude = VMISO12 + MISO22

which may be greater than 1 or less than 1. If a MISO phase
has an amplitude greater than 1, it implies that MISO is
strong and significant. However, a composite analysis of the
MLD anomaly during the MHW days has been performed to
understand the dependency of MHW events over the north
BoB either on air-sea heat flux or ocean heat advection. Fur-
ther, a statistical analysis is performed to understand the
combined role of shallower MLD and enhanced SWR due
to MISO break phases in driving the MHW events over the
north BoB during the boreal summer monsoon season. Here,
the present analysis has considered the MISO amplitude
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Fig.2 Trends in SST (in °C) per decade for the period of 40 years
(1982-2021) over the NIO for a annual, b summer monsoon, ¢ pre-
monsoon, and d post-monsoon season. Trend values that are signifi-

30°E 40°E

associated with break and active phases to have negative and
positive values respectively. To understand the biogeochemi-
cal changes during the MHW events over the north BoB, a
composite analysis of Chl-a is performed considering the
MHW days. The significance of the composite analysis was
examined at the 95% level of confidence using the conven-
tional two-tailed Student's #-test.

3 Results and discussions
3.1 Seasonal SST trend over the North Indian Ocean

Oliver (2019) showed that the rising mean ocean tempera-
ture is the main driving factor for an increasing trend in
the MHW durations over two-thirds of the global oceans
during this satellite era. Over the NIO, the SST trends are
evaluated using monthly SST data for the period of 40 years
(1982-2021) during all the seasons and are shown in Fig. 2.
The analysis reveals a significant warming trend over the
NIO annually as well as seasonally. On the annual scale,
warming is prominent over the north AS (Fig. 2a), whereas,
during the boreal summer monsoon season, significant
warming is seen over the north BoB also with the north
AS (Fig. 2b). While during pre-monsoon and post-monsoon
seasons, the north BoB experiences anomalous warming of
~ 0.15 °C per decade (Fig. 2c) and ~ 0.05 °C per decade
(Fig. 2d) respectively, during boreal summer monsoon sea-
sons the warming of more than 0.35 °C per decade is consist-
ent over the north coast of BoB. On the other hand, during
the winter seasons (January and February) of the northern
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cant at a 95% confidence level are indicated by stippling (black dots).
The regions with grey shade in the figures indicate the land area. The
blue rectangular box in (b) represents the study area over BoB
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hemisphere, summer season takes place in the southern hem-
isphere and the southern hemisphere receives most of the
insolation. So, the cooling of SST occurs over the north IO
during the winter season (Fig. S1). Consequently, the trend
in the number of MHW days during the winter seasons over
the study region is also showing a negative trend (Fig. S3a).

Further, the thermodynamic structure of north BoB in
the context of near-surface temperature (e.g., Goswami et al.
2022; Masud-Ul-Alam et al. 2022), salinity (e.g., Vinay-
achandran et al. 2002), circulations (e.g., Schott et al. 2009),
cyclonic activity (e.g., Vissa et al. 2021; Rathore et al. 2022)
and cyclone heat potential (e.g., Sadhuram et al. 2004), mes-
oscale eddies (e.g., Gulakaram et al. 2023), net freshwater
influx — both river input and precipitation (e.g., Seo et al.
2009; Jana et al. 2015) play a vital role in influencing the
regional air-sea interactions over micro to synoptic-scale
systems. Hence, by recognizing the ecological as well as
socioeconomic importance of north BoB the present analysis
majorly focused on the north BoB (80°-95° E and 15°-23°
N) and investigated the occurrence of extreme temperature
events i.e., MHW events over that region during the boreal
summer monsoon seasons.

3.2 Frequency analysis of MHW events
over the north BoB

The spatial distribution of the 90th percentile threshold
across the BoB shows that the T90 values are high over the
north and west coast of BoB (Fig. 3a), which are approxi-
mately 0.5-1.5 °C higher than the climatological values over
the region. Moreover, both the climatology and T90 values
of SST during the boreal summer monsoon season are sig-
nificantly higher over the north and west coast of BoB and
the Andaman Sea regions. Most of the distribution of coral
reefs over the BoB is located over the 3 regions, i.) South-
west of BoB (77°-83° E and 5°-12.5° N), ii.) Andaman

a 90t Percentile value of SST

25°N 30
20°N 295
_
@)
<
15°N 29
n
wn
10°N 285

)

N |
75°E 80°E 85°E 90°E 95°E  100°E

Fig.3 a 90th percentile of daily SST (in °C) and b Mean frequency
of MHW events for the period of 40 years (1982-2021) during the
boreal summer monsoon season over the BoB. The regions with grey
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Sea (91°-100° E and 5°-14° N), and iii.) Northeast BoB
(91°-95° E and 15.5°-21° N) (Lam et al. 2019). Inter-
estingly, it is noticed that higher SST values are over the
regions where the coral reefs’ concentration is high (Gao
et al. 2022). The frequency analysis of MHW events over
the BoB during the boreal summer monsoon season showed
a prominent increase in the frequency of MHW events of
more than 0.9-1.05 events per year for the periods of 40
years over north and north-western parts of BoB (Fig. 3b).
Particularly, the north BoB region has experienced a promi-
nent increase in MHW events’ frequency of more than 1.05
events per year.

Furthermore, trend analysis of SST anomaly (Fig. 4a)
over the study region signifies an opposite trend in the
recent 2 decades (2001-2021) than the previous one
(1982-2000). This decadal trend analysis strongly implies
the significant increment in SST over the north BoB in
recent decades with the rate of the BoB warming com-
pared to the previous one (e.g., Sridevi and Sarma 2021).
The recent two decades have experienced more MHW
events with an average value of 1.3 MHW events with ~
23 MHW days per year compared to the previous one (0.5
events with ~ 7 MHW days per year) during the boreal
summer monsoon seasons (Fig. 4b, ¢). The trend analysis
in the number of MHW days further signifies that there
is a decline in the number of MHW days during the win-
ter seasons whereas an increasing trend is prominent in
the number of MHW days during both the pre-monsoon
and post-monsoon seasons over the north BoB (Fig. S3).
The north BoB experienced intense MHW events in terms
of MHW events intensity in the years 2010, 2014, 2016,
2020, and 2021 but the special extent of MHW events
during the boreal summer monsoon season of 2014, 2017,
2018, 2020, and 2021 is more than 0.80 Mkm? for consec-
utive 2-7 days, with a minimum of 0.21 Mkm? in the year
2012. Whereas the maximum area covered by the MHW

b Frequency of MHW events
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0.85

0.75

(events per year)

0.65

. N

90°E

’ . e 0.55
80°E 85°E 95°E  100°E

shade in both figures indicate the land area and the blue rectangular
box represents the study area over BoB
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Fig.4 aLinear trend in SST a
anomaly (in °C), b the yearly 15 , . , , , , . . ,
number of MHW events, ¢ Linear: y = 0.0001989%x - 0.4888

yearly MHW events’ durations,
and d) Composite series of SST
anomalies (in °C) for all MHW
events during the boreal sum-
mer monsoon season over north
BoB from 1982 to 2021
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events is 0.84 Mkm? in the year 2020 and 2021. In the IO during the boreal summer monsoon season (Zhang and
case of a high number of MHW events in the year 2020, Du 2021; Zhou et al. 2021; Cai et al. 2022; Cao et al.
the oceanic downwelling Rossby waves and thermocline ~ 2022).A composite of area-averaged SST anomaly was
warming, induced by extreme 2019 positive IOD event  produced from each MHW event case and projected along
leading to the sea surface warming via thermocline-SST  a time axis starting from O to 1 to understand the three
feedback during late 2019 to early 2020 over the southwest ~ stages of MHW events' life cycle's progression — devel-
TIO and modulate the second SST warming over the north ~ oping phase, mature phase, and decay phase (Figure 4d)
(Wang et al. 2022).
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3.3 Role of atmosphere-ocean interactions
in the SST variability over north BoB
during the MHW events

The frequent occurrence of MHW events over the BoB
exhibits a teleconnection between climate modes and basin-
wide warming (e.g., Holbrook et al. 2019; Saranya et al.
2022). Similarly, the relationship between the occurrences
of MHW events and the atmosphere-ocean interactions
strongly indicates the importance of regional forcing to be
considered in the evolution of MHW events. The composite
analysis of the atmospheric and ocean parameters during
the MHW days over BoB provides extensive pictures of the
mechanism behind the MHW event’s genesis, persistence,
and evolution with time. The spatial composite of SST
anomaly during the MHW days for boreal summer monsoon
seasons is shown in Fig. 5a and a higher SST anomaly is
consistent over the whole study region during MHW events.
It is noticed that the persistence of higher SST during MHW
events over the north BoB is linked with enhanced SWR
due to less cloud cover than usual. The positive SSHA, a
negative anomaly of wind stress, a reduction in the wind
speed, and comparatively higher air temperature over the

a Sea Surface Temperature Anomaly
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Fig.5 The composite analysis of a Sea Surface Temperature Anom-
aly (SSTA in °C), b Shortwave Radiation Anomaly (SWRA in W/
m?), ¢ Total Cloud Cover Anomaly (TCCA), d) Sea Surface Height
Anomaly (SSHA in m) over the BoB during MHW days for the
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land surrounding and within the study region have played
significant role in the increment of SST. Further, it is identi-
fied that SWR anomalies showed a dipole pattern during
MHW events with positive anomalies over the north BoB
and negative values over the south and central BoB (Fig. 5b).
Further, the composite anomaly of TCC indicates less cloud
cover over the north BoB and surrounding regions during the
MHW events (Fig. 5c). This less cloudy condition than usual
during boreal summer monsoon season is crucial in driving
the background SST warming and the primary cause for the
SWR variability over north BoB. Meanwhile, positive net
heat flux (NHF) anomaly (Fig. 6¢) and negative wind speed
anomaly (Fig. 6d) over the study area during the MHW days
have provided favorable conditions for the genesis and per-
sistence of MHW events. A decrease in wind speed results
in a decrease in ocean surface evaporation, which further
reduces the effect of evaporative cooling and the release of
upward LHF from the ocean surface.

The positive values of SSHA coincide with the positive
SST anomaly in the same region over the BoB where the
positive SWR anomaly is evident (Fig. 5d). This implies
that the oceanic planetary waves modulated by anomalous
equatorial winds converge surface warm water over there (Qi

b Shortwave Radiation Anomaly
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o

100°E

95°E

N
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d Sea Surface Height Anomaly

100°E

80°E
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period of 1982-2021. The regions with grey shade in figures (a, d)
indicate the land area. The blue and red rectangular boxes represent
the study area over BoB. Anomaly values that are significant at a 95%
confidence level are indicated by stippling (black dots)
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Fig.6 The composite analysis of a Air Temperature Anomaly (ATA
in °C), b Wind Stress Curl Anomaly (WSCA in 10 N/m’; shad-
ing) and surface wind stress anomaly (N/m?; vector), ¢ Net Heat Flux
Anomaly (NHFA in W/m?) d Wind Speed Anomaly (WSA in m/s)
over the BoB during MHW days for the period of 1982-2021. The

et al. 2022). The convergence of upper-ocean warm water
over the north BoB is responsible for the higher SST and
also favours the persistence of MHW events on the ocean
surface. Both the oceanic waves—Kelvin and Rossby are
responsible for the thermocline variation over the ocean
(e.g., Xie et al. 2002; Vinayachandran et al. 2021; Qi et al.
2022). The present study further found that SSHA has a
maximum value of more than 0.2 m over the north and east-
ern BoB. On the other hand, positive values of SSHA are
identified over most of the regions of BoB during MHW
days in the boreal summer monsoon season, implying the
convergence of the surface warm water over these regions
and deepening the thermocline, modulated by the oceanic
planetary waves—the coastally trapped downwelling Kel-
vin waves and reflected downwelling Rossby waves over the
central BoB (e.g., Rao et al. 2010). Due to the pilling of the
warm water, the sea level rises, resulting in the deepening
of the thermocline. The positive value of SSHA over the
north and eastern coast of BoB is comparatively higher than
the western coast, it signifies that besides the positive value
of SSHA, the thermocline variability also plays a crucial
role during the life cycle of MHW events. Furthermore, the
presence of cyclonic and anticyclonic mesoscale circulations

b Wind Stress Curl Anomaly
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regions with grey shade in figure (b—d) indicate the land area. The
blue and red rectangular boxes represent the study area over the BoB.
Anomaly values that are significant at a 95% confidence level are
indicated by stippling (black dots)

are inherent features of the western Bay of Bengal (BoB)
along the pathways of East India Coastal Current (EICC)
(e.g., Vinayachandran 2005; Durand et al. 2009). Similar
kind of features are also reported by Gulakaram et al. (2018)
during the active boreal summer monsoon years. However,
over the BoB negative SSHA anomalies (associated with
cyclonic eddies) might not be associated with the negative
SST anomalies (e.g., Gulakaram et al. 2023).

During the MHW days, a high value of positive air tem-
perature anomaly at a 2 m height is seen on the surround-
ing land over the northeastern and northwestern parts of
the study region (Fig. 6a). This comparatively higher air
temperature during MHW days suggests that there might be
a chance of shifting atmospheric heatwaves into the ocean
or the atmospheric heatwaves creating favorable condi-
tions for the genesis of MHW events or there is a possi-
bility of co-occurrence of atmospheric as well as oceanic
heatwaves for the same periods (Salinger et al. 2019; Behr
et al. 2021; Cook et al. 2022; Pathmeswaran et al. 2022;
Aboelkhair et al. 2023). On the other hand, negative values
of wind stress curl anomaly are found over the north BoB
during the MHW days in the boreal summer monsoon sea-
sons (Fig. 6b). Furthermore, the wind stress (vector) during
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the MHW days is found to be directed with the west coast
of BoB in a way that it points to the coastal region on the
right in the northern hemisphere, this signifies coastal down-
welling associated with the Ekman Transport (ET) which is
directed towards the west coast of BoB. Further this coastal
downwelling is favorable for temperature intensification in
the subsurface layers over the study region and supported the
longer persistence of MHW events during boreal summer
monsoon seasons.

4 Role of MISO in driving the MHW events

4.1 Influence of MISO on the SST Variability
over the North BoB

The variability of southwest monsoon on the sub-seasonal
timescales is associated with active as well as break phases
of monsoon rainfall (e.g., Rajeevan et al. 2010; Pai et al.
2016). This variability in the convective activity during the
boreal summer monsoon season associated with the wet and
dry spells of rainfall is mainly modulated by the 30-60 days
of northward propagating oscillations, coupled with large-
scale circulation and convection, called MISO (Deshpande
and Goswami 2014). The monsoon intraseasonal oscillation
is starting from peninsular India (Phase 1), reaching north
India and the Himalayan foothills at Phases 4 and 5, and it
is ended up over Peninsular India at Phase 8 (Fig. 9) (Suhas
et al. 2013). The cloud covers associated with the convec-
tion during the boreal summer monsoon seasons fluctuate
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the incoming rate of solar radiation which is reaching to
the surface through the atmosphere. The active phases of
MISO are associated with convection i.e., more cloud covers
than usual which will further reduce the amount of incom-
ing SWR reaching the surface, in turn, will reduce the SST
values. But during MISO break phases, the positive value of
SST anomalies will be over the same region due to enhanced
SWR (e.g., Konda and Vissa 2019).

The composite SST anomalies for all the boreal summer
monsoon days when the MISO amplitudes are greater than
1 from 1998 to 2020 associated with the different phases of
MISO are shown in Fig. 7 and it is noticed that the spatial
variability of SST over the BoB is considerably impacted by
the different phases of MISO. The positive values of SST
anomaly are situated over the north BoB during the MISO
phases 1, 2, 3, 7, and 8 whereas the negative SST anomalies
are mainly associated with phases 4, 5, and 6. It is identified
that MISO phases 3 and 7 are the transition phases (Fig. 7c,
g) (Konda and Vissa 2019). Phase 3 has shown a transition
from the higher SST anomalies in Phase 2 to lower SST
anomalies in Phase 3 over the study region, whereas, Phase
7 has witnessed the transition from Phase 6 changing from
anegative SST anomaly to a positive SST anomaly in Phase
7. The spatial variations of the composite analysis of SST
anomalies for all the boreal summer monsoon days from
1998 to 2020 irrespective of MISO amplitudes associated
with MISO phases has shown a similar pattern where MISO
phases 1, 2, and 8 have displayed a comparatively higher
value of SST anomaly than the other five phases and phases
3 and 7 of MISO are the transition phases (Fig. S4).
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Fig.7 The composite SST anomalies (in °C) in different phases of
MISO, associated with all the boreal summer monsoon days when
MISO amplitudes are greater than 1 from 1998 to 2020. The regions
with grey shade in the figure indicate the land area. The blue rectan-
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gular boxes represent the study area over BoB. Anomaly values that
are significant at a 95% confidence level are indicated by stippling
(black dots)
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The composite analysis of SST anomalies for MHW
days when MISO amplitudes are greater than 1 has shown
that SST anomalies are quite high over the study region for
almost all the MISO phases except Phase 5 (Fig. 8). The
number of MHW days associated with different MISO
phases has shown that phases 1, 2, and 8 witnessed halves
of the MHW days over north BoB when MISO is strong,
indicating the presence of favorable conditions for the occur-
rence of more MHW events, mainly in these MISO phases.
The composite SST anomalies associated with different
MISO phases for all the MHW days irrespective of MISO
amplitudes during the boreal summer monsoon seasons for
the period of 1998-2020, displayed that MISO phases 1, 2,
3, and 8 exhibits comparatively higher SST anomaly than the
other four phases (Fig. S5). The study region during these
MISO phases has shown a higher SST anomaly value of
more than 0.9 °C, persisting for all the MHW days, whereas
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the spatial distribution of SST anomalies during MISO
phases 4, 5, 6, and 7 showed a consistent range of SST
anomaly nearly 0.5 °C. The number of MHW days dropped
to 52 in Phase 3 from the number 94 MHW days in Phase
2, almost half and the number of MHW days stepped up to
the number of 51 in Phase 7 from 21 MHW days in Phase 6.

The mean of SST anomalies over the north BoB dur-
ing different phases of MISO for all and MHW days with
amplitudes greater than 1 and for all amplitudes are given
in Table 1. During the active phases, weak as well as nega-
tive SST anomalies are seen for all the days with ampli-
tudes greater than 1 and for all MISO amplitudes. How-
ever, positive SST anomalies are depicted during the break
phases of MISO. For MHW days, positive SST anomalies
are evident during all the phases, whereas, prominent for
the break phases of MISO with amplitudes greater than 1.
Here also, Phase 7 has shown a transition from a decaying
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Fig.8 The composite SST anomalies (in °C) in different phases of
MISO, associated with the MHW days during the boreal summer
monsoon seasons when MISO Amplitudes are greater than 1 from
1998 to 2020. The regions with grey shade in the figure indicate the
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land area. The blue rectangular boxes represent the study area over
BoB. Anomaly values that are significant at a 95% confidence level
are indicated by stippling (black dots)

Table 1 The mean of SST anomalies averaged over the study region for different phases of MISO during the boreal summer monsoon season

(1998-2020) associated with the 4 cases mentioned below

Days MISO Amplitudes ( MISO Phases)
1 2 3 4 5 6 7 8
Sea Surface Temperature ~ For All the Days Case I: For All MISO 037 033 0.17 005 -0.05 -0.08 0.09 029

Amplitudes
Case 1I: For MISO 041 036 021 004 -007 -006 0.15 033
Amplitudes > 1

For the MHW Days  Case IlI: For AlIMISO  0.71 0.76 0.67 0.54 0.46 045 047 0.61
Amplitudes
Case 1V: For MISO 078 0.80 0.69 0.60 0.21 043 051 0.73

Amplitudes > 1
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trend coming from Phase 3. Even in cases I and II, Phase 7
have witnessed a transition from the negative mean values
present in MISO phases 5 and 6 to the positive values of
SST anomaly. Whereas the mean SST anomaly has dropped
to almost half in phase 3 for cases I and II from phase 2 and
for cases III and IV, phase 3 showed an alternation from an
increasing trend to a decreasing trend of mean SST anomaly.
As a consequence, MISO phases 1, 2, 7, and 8 have been
considered as break phases, and MISO phases 3, 4, 5, and 6
are the active phases over the north BoB during boreal sum-
mer monsoon season (e.g., Dey et al. 2022).

Active phases of MISO are associated with convection
and extensive cloud cover, whereas break phases are cou-
pled with a very small amount of cloud cover. That indicates
north BoB received a sufficient SWR during the MISO break
phases, warming the ocean surface. This warm SST fur-
ther modulates the genesis and persistence of MHW events
over the north BoB. Alternatively, incoming SWR during
the active phases is insufficient for the modulation of SST,
consequently, MHW days are significantly less during active
MISO phases than during the break phases. Further, the
percentage of occurrences of MHW events associated with
different MISO phases is calculated and shown in Fig. 9.
Analysis reveals that over the north BoB, a large percent-
age of MHW days of more than 69% are associated with

the break phases of MISO i.e., MISO phases 1, 2, 7, and 8,
whereas, a less percentage of MHW days are seen during
the active phases of MISO (MISO phases 3, 4, 5, and 6)
irrespective of MISO amplitudes. However, when the MISO
amplitudes are greater than 1, the percentage of MHW days
associated with the MISO break phases is 78% but there also
a very less percentage of MHW days are associated with
MISO active phases over the north BoB during the boreal
summer monsoon season.

4.2 Role of MLD and MISO break phases in driving
the MHW events over the north BoB:
a statistical analysis

The composite of MLD anomalies during MHW days
from 1993 to 2020 showed that a shallower depth of
mixed layer than usual is consistent over the north BoB
up to 10° N, whereas over the south of the study region,
there are positive MLD anomalies (Fig. 10). A dipole-
like pattern associated with positive MLLD anomalies over
the southern BoB and negative over the northern BoB is
apparent. Due to very less cloud cover and a reduction
in the wind speed during the MHW days, a high amount
of SWR heated the surface of the north BoB, as a result,
the SST values are higher than normal, which led to the

Fig.9 The Phase Diagram of - - z 3
MISO. Black boxes within the Phasoe-6 & 7 : SI0 and Indi Phase-7 & 8 : Irfdum Ocean E: 2
diagram and outside of the 4 -an Ucean and Southern Tip ; E’:‘
dlagr'am indicate the phasle and | Phase 6 | | Phase 7 Zg
location of MISO respectively 2 I .E.. §'§
over India and the surround- s z 30 01.43 % Daysl 09.54 % Days = £
ing region. The red and blue i' NS - o E 3 g 3
boxes inside the diagram are §_ & |04'43 % Daysl 10.78 % Days '§ E § z
showing the percentage of days §2 X “ 5 s 2
associated with the conditions S ~3 s 2
mentioned in the red and blue ’; § s |Phase 8 : § ;: =
boxes respectively just the right v (g S 11 = 15.54 % Davs $ N 2‘%
side of the diagram "g e 02.82 % Days % Vo Lay S z¢
= 07.40 % Days 16.50 % Days|| L= S 1

o 0 i

3

N i3

= [T 3| _;|[04:60 % Days 26.14 % Days § zE

S 3 ZE

% § T 07.83 % Days 22.19 % Days|| |§ _ g%

Se 5| [E8

| =21 o= 5%

S T

£ § |Phase 3 | Phase 2 3 s g

>3 TS S w

=|-3 13.07 % Days | [26.86 % Days N .

= S ==

11.00 % Days| [19.87 % Days == =

-4 | ! § 54

-4 2 0 2 4 23

Phase-3 & 4 : Central |Phase-2 & 3 : Central India | 5 §

and North India g

@ Springer

( MISO-1 Index )



Influence of boreal summer monsoon intraseasonal oscillations on the occurrences of Marine...

873

25°N 4
3

-

20°N 2 E

)

1=

£

15°N 02

1 g

10°N F.: 2 E
3

(3

N . e " - r i
75°E 80°E 85°E 90°E 100°E

95°E

Fig. 10 Composite of Mixed Layer Depth Anomaly (MLD Anomaly,
m) during MHW days in the boreal summer monsoon season from
1993 to 2020 over BoB. The regions with grey shade in the figure
indicate the land area. The blue rectangular box represents the study
area over BoB. Anomaly values that are significant at a 95% confi-
dence level are indicated by stippling (black dots)

stratification and shallowing of the MLD (e.g., Prasanna
et al. 2002). The shallowing of MLD further supports the
MHW events over the north BoB, mainly associated with
the higher contribution from the air-sea heat flux but less
associated with the oceanic heat advection (e.g., Saranya
et al. 2022). Elzahaby et al. (2021) showed that anoma-
lous warming during the MHW events on average over

the Tasman Sea is mainly restricted to shallow MLD when
driven by atmospheric forcing.

Further, a statistical analysis is performed to understand
the combined role of shallow MLD and enhanced SWR
associated with MISO break phases in the genesis and evolu-
tion of MHW events, as a primary driver of surface warming
over the north BoB. The amplitudes associated with MISO
break phases (phases 1, 2, 7, and 8) are chosen as a favorable
condition for enhanced SWR, and amplitudes coupled with
MISO active phases (phases 3, 4, 5, and 6) are associated
with a less amount of insolation over the study region. The
area average of MLD anomaly is computed over the study
region and the scattered distribution of the area average of
MLD anomaly values (1993-2020) and MISO amplitudes
(1998-2020) associated with the MHW days (a total of
473 MHW days from 1998 to 2020) are shown in Fig. 11.
Furthermore, the percentage of days associated with the 4
conditions—when both the MISO amplitudes and MLD
anomaly values are positive; when MISO amplitudes > 0
but MLD anomaly values < 0; when both the MISO ampli-
tudes and MLD anomaly values are negative; when MISO
amplitudes < 0 but MLD anomaly values > 0 are computed
respectively. Based on the previous analysis, it is clear that
when both the values are negative it can generate the favora-
ble background conditions for the genesis and persistence
of MHW events than the other three. So, it is projected that
more MHW days are associated with the case when both the

5
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Fig. 11 Scatter plot of the number of MHW days from 1998 to 2020
irrespective of MISO amplitudes. Black-filled circles in the scattered
diagram are representing the MHW days. The upper and lower hori-
zontal red dotted lines in the diagram are representing the lines with
MISO amplitudes equal to+ 1 (for MISO active phases) and — 1 (for
MISO break phases) respectively. The red and blue boxes inside the

diagram are showing the percentage of days associated with the con-
ditions mentioned in the red and blue boxes respectively. Inside the
red and blue boxes, the percentage within the bracket and just in front
of the bracket represent the percentage considering MISO all ampli-
tudes and MISO amplitudes > 1/ <—1 respectively
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values (MISO amplitudes and MLD anomalies) are negative
and a very less number of MHW days will be over the north
BoB when both the values are positive during the boreal
summer monsoon seasons (Fig. 11).

The results suggest that more than 51% (when all MISO
amplitudes are considered irrespective of signs) and 36%
(when MISO amplitudes are less than —1) of MHW days are
associated with the case when both the MISO amplitudes
as well as MLD anomalies are negative (Fig. 11). On the
other hand, it is shown that 10.7%, 19.8%, and 17.7% MHW
days are linked with conditions 1, 2, and 4 respectively for
the case of all MISO amplitudes, whereas, for only MISO
amplitude greater than 1, these percentages of MHW days
are respectively 4.6% and 8.4% (conditions 1 and 2), and if
MISO amplitudes are less than — 1, the percentage value is
10.8% (condition 4). This confirms that MISO active and
break phases are also responsible for the modulation of SST
and could trigger the MHW events over the north BoB dur-
ing the boreal summer monsoon seasons. Similarly, for all
boreal summer monsoon days including the MHW days, the
percentage of summer monsoon days belonging to condi-
tion 3 is usually higher than the days associated with the
other three conditions (Fig. 11). That implies that MISO
break phases are mainly coupled with shallower MLD over
the BoB. The exact relationship is complex to understand
fully but it is clear that local ocean-atmospheric conditions
are very important to recognize the characteristics of MHW
events which are mainly driven by the air-sea heat flux over
BoB during the boreal summer monsoon season.

The area average of sea surface salinity (SSS) anomaly is
computed over the study region and the scattered distribu-
tion of the area average of SSS anomaly values (1993-2020)
and the MISO amplitudes (1998-2020) associated with
the MHW days (a total of 473 MHW days from 1998 to
2020) are shown in the Fig. S6. Further, the percentage of
days associated with the four conditions—when both the
MISO amplitudes and SSS anomaly values are positive;
when MISO amplitudes > 0 but SSS anomaly values < 0;
when both the MISO amplitudes and SSS anomaly values
are negative; when MISO amplitudes < O but SSS anomaly
values > 0 are computed respectively. The freshwater intru-
sion over the sea surface (negative SSS anomalies) and the
break phases of MISO (negative MISO amplitudes) during
the boreal summer monsoon season, both can generate a
favourable background for the genesis and persistence of
MHW events over the north BoB. The results suggest that
more than 34% (when all MISO amplitudes are considered
irrespective of signs) and 24% (when MISO amplitudes
are less than —1) of MHW days are associated with the
case when both the MISO amplitudes and SSS anomalies
are negative. Similar to the variations of MLD anomalies
with MISO amplitudes, where the present study found that
more than 51% (when all MISO amplitudes are considered
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irrespective of signs) and 36% (when MISO amplitudes are
less than —1) of MHW days are associated with the case
when both the MISO amplitudes as well as MLD anomalies
are negative (Fig. 11).

Few studies have performed a heat budget analysis of the
mixed layer to identify the primary drivers of these extreme
MHW events (e.g., Amaya et al. 2021; Schlegel et al. 2021;
Elzahaby et al. 2022; Mawren et al. 2022). For example,
based on the heat budget analysis over the NIO, Saranya
et al. (2022) showed that over the north BoB the SST vari-
ability during the boreal summer monsoon season is mostly
attributed to net heat flux, the exact role of the advection
term is minimal in the analysis. On the other hand, the role
of the LHF and the net SWR terms was significant among
the heat flux terms. So, with ocean dynamics, the role of
air-sea heat flux is also very crucial in the occurrences and
persistence of MHW events over the north BoB during the
boreal summer monsoon season.

5 Conclusions

In this present study, an increasing trend in the area-average
SST anomaly, the number and total duration of MHW events
(yearly) over north BoB during the boreal summer monsoon
season are found to be increasing in the recent decades. The
composite time series of the SST anomalies for all MHW
events’ evolution showed the presence of three phases, which
are the developing, mature, and decay phases. The north
BoB has experienced a total of 38 MHW events associated
with overall 624 MHW days during the boreal summer mon-
soon seasons from 1982 to 2021. However, the north BoB
has experienced more than 2/3" of the total MHW events
in the recent two decades. RAMA buoy’s observation at
the grid point 90° E and 15° N also showed a total of 12
MHW events accompanied by 146 days for the period of the
last 14 years (2008-2021) (Figure S2). Among 146 MHW
days, a total of 141 days are common in both NOAA OISST
and RAMA buoy data, suggesting the robustness of results
obtained here. The composite analysis during MHW days
suggests that positive anomalies of SWR, SSHA, NHF, and
comparatively high air temperature than normal over the
study region are responsible for the higher SST values over
the north BoB. In addition to this, the negative anomalies of
the wind speed, TCC, and wind stress over the study region
reveal the importance of the oceanic-atmospheric coupling
in driving MHW events during the boreal summer mon-
soon season events during the boreal summer monsoon sea-
son. The negative TCC anomaly is mainly responsible for
enhanced SWR over the north BoB. On the other hand, the
equatorial wave activity supports the convergence of warm
upper water over the MHW events’ region in the BoB as
indicated by the positive sea surface height anomalies. In



Influence of boreal summer monsoon intraseasonal oscillations on the occurrences of Marine... 875

terms of the consequences of MHW events, the present study
has also reported the changes in the surface chlorophyll-a
concentration (a proxy for primary productivity) over the
BoB during the boreal summer monsoon season. Interest-
ingly, it is found that there is a reduction in the concentration
of Chl-a in the upper water column which is responsible for
the negative anomalies of Chl-a concentration over north
BoB during the MHW days (Fig. 12).

Most importantly, this study focused on understanding the
impact of MISO on the occurrences of MHW events over the
north BoB. Our analysis suggests that higher SST anomalies
and more MHW days are associated with the break phases
of MISO. This is mainly due to enhanced SWR associated
with the very less cloud cover over the north BoB. On the
other hand, a very less number of MHW days are present in
the active phases of MISO. During the MHW days, a shal-
lower extent of MLD is also evident over the north BoB,
based on the mixed layer heat budget analysis, the present
study can also conclude that the role of the heat-flux term
in the temperature tendency equation (e.g., Saranya et al.
2022) is crucial over the advection term in driving the MHW
events. Using a statistical analysis, the present study also
showed that a high percentage of MHW days occurred over
the north BoB during the MISO break phases, when there is
a shallower extent of MLD than usual in the boreal summer
monsoon season. Northward propagation of SST anomaly
is also prominent during the evolution of MHW events over
the study region. Further, Wyatt et al. (2023) showed that
MHW events also have a very close relationship with the
mesoscale eddies, however, Gulakaram et al. (2023) found
an unusual response of SST associated with mesoscale
eddies over the BoB, so, finding the exact relationship of
the mesoscale eddies with the occurrence of MHW events
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Fig.12 The composite anomaly of Chlorophyll-a concentration
(CCA in mg/m®) over the BoB during the MHW days in the boreal
summer monsoon season from 1998 to 2020. The red rectangular box
is representing the study area over the BoB. Anomaly values that are
significant at a 95% confidence level are indicated by stippling (black
dots)

over the BoB is also worth taking in the recent warming
scenarios. Furthermore, both observations and model simu-
lations have shown that the intensity of the active phases of
MISO has undergone a weakening over the last six decades
(Karmakar et al. 2015, 2017), attributed to the occurrences
of MHW events over the north BoB during the boreal sum-
mer monsoon season. So, the socioeconomic consequences
of MHW events over the eastern coastal regions of India are
also projected to be intense as well as widespread throughout
the twenty-first century.
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