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ARTICLE INFO ABSTRACT

Handling Editor: Dora Pancheva The surface heat fluxes have a significant role in shaping the Indian summer monsoon (ISM) dynamics. The
present study investigates the climatological tricadal and decadal variability of surface energy fluxes viz., net
shortwave radiation flux, latent heat flux (LHF) and net heat flux (NHF) during ISM season. For that purpose, a
long-term (1961-2020) reanalysis data sets derived from the European Centre for Medium-Range Weather
Forecasts fifth-generation (ERA5) and National Center for Environmental Prediction-National Centre for Atmo-
spheric Research reanalysis (NCEP-NCAR) has been considered. Significant regional differences and changing
patterns have been observed in the distribution of energy fluxes over southern peninsular India, Arabian Sea
(AS), Bay of Bengal (BoB), Equatorial Indian Ocean (EIO), and Southern Indian Ocean. The BoB and AS emerge as
vital moisture sources, directly contributing to the monsoon rainfall over eastern, central and western India,
respectively. A significant positive change in LHF is observed over AS (9W/m?) and EIO (12W/m?) regions,
whereas over the BoB region, a negative departure of —8 W/m? has been persistent in the recent tricade. These
changes correspond to the significant negative anomalous patterns of NHF, i.e., —11 W/m? over AS and —18 W/
m? over EIO, alongside the highest increase in NHF value over the BoB regions (20 W/m?). The pronounced
tricadal phase shift of surface fluxes over AS, EIO, and BoB is identified as a contributing factor influencing ISM
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1. Introduction

The Indian summer monsoon rainfall (ISMR) is regulated by
exchanging heat, moisture and momentum between the land and ocean,
resulting in intra-seasonal, interannual, and epochal variability (Gadgil,
2003; Joseph, 2014; Goswami et al., 2016). During the ISMR, intense
precipitation leads to substantial latent heat release over the Indian
landmass, which significantly warms the troposphere above the conti-
nent. This heating intensifies the land-sea thermal gradient, a funda-
mental driver of the Indian monsoon circulation (Gadgil, 2003; Wang
et al., 2008). Latent heat release during deep convection significantly
heats the mid-to-upper troposphere over land, reinforcing surface
pressure gradients via hydrostatic adjustment and contributing to the
overall land-sea thermal contrast. While surface temperature differences
initiate monsoon flow (Gadgil, 2003; Wang and Wu, 2008), the vertical
structure of heating plays a crucial role in its amplification (Boos and
Kuang, 2010). Although the weak temperature gradient (WTG)

approximation can hold over oceanic regions (Sobel et al., 2001), it
becomes less applicable over land-dominated monsoon systems due to
persistent localized heating and convergence. The resulting differential
heating, along with moisture contrasts, sustains large-scale ascent over
land and descent over adjacent oceans. The surface fluxes allow
land-ocean atmospheric interactions to impact the monsoon system
(Chang, 2011; Bhatla et al., 2006; Mohanty et al., 1996). Along with sea
surface temperature (SST), anomalies modulate various atmospheric
fields and influence the intensity and propagation of Indian summer
monsoon (ISM) circulation (Jalihal et al., 2019; Johari, 2020).
Numerous studies have highlighted the long-term and seasonal vari-
ability of surface heat fluxes over the global oceans and their direct
association with monsoon dynamics (Weare et al., 1981; Bollasina and
Ming, 2013; Bhatla et al., 2016). Regional changes in the energy balance
influence the pressure gradient between land and ocean, which in turn
governs wind patterns, moisture transport, local convection, and ulti-
mately the distribution of monsoonal rainfall (Turner and Annamalai,
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2012; Trenberth and Guillemot, 1998). Therefore the ISM is a complex
meteorological phenomenon influenced by a range of factors, including
surface energy fluxes and radiative forcing (Bhatla et al., 2011; Mohanty
et al., 2019). The four key components of the surface energy balance
crucial to the Indian monsoon system are latent heat flux (LHF), sensible
heat flux (SHF), net incoming shortwave radiation flux (NSW), and net
outgoing longwave radiation flux (NLW). LHF plays a critical role in the
energy balance of the monsoon system. The changes in surface LHF and
SHF between the ocean and land significantly affect the low-level
monsoonal circulation in the tropics (Wang and Wu, 2008). Regarding
surface heat fluxes, a definite coupling exists between the land surface
and the atmosphere, which leads to convection activities (Yang et al.,
2020). The intense moisture transfer in the near-surface atmosphere
causes enhanced convective precipitation and is significantly associated
with surface heat fluxes (Trenberth et al., 2009; Webster, 1994). In the
past few decades, significant surface cooling (warming) trends over the
Tibetan plateau, East Asia, and the tropical Indian region have been
reported (Folland et al., 2001; Hu and Duan, 2015). The changes in
surface fluxes over the Indian region seem to directly influence the
moisture budget during ISM season (Goswami and Chakravorty, 2017)
by altering the convective activities and modulating the monsoon cir-
culation over the Indian subcontinent and adjoining region. The ISMR
primarily impacts agricultural production and directly or indirectly af-
fects the Indian economy. Thus, it is essential to unravel the vagaries of
monsoon to understand the variation of surface fluxes and impacts on
the dynamics of ISMR under changing climate.

The changes in land use, atmospheric greenhouse gas concentra-
tions, and other factors can lead to changes in the surface energy balance
and radiative forcing, which can in turn affect the dynamics of ISM
season. The Earth’s climate has changed dramatically on a global and
regional scale during the last ten decades due to global warming (IPCC,
2013). Several authors have found significant projected changes in ISMR
patterns and related extremes over Indian regions under warming sce-
narios (Sharmila et al., 2015; Pant et al., 2023; Verma et al., 2023). The
combined contribution of the anthropogenic effect and the robust in-
ternal mode climate system is responsible for this transformation
(Trenberth et al., 2003). The natural climatic indices like El-Nino
Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and
Atlantic Multi-decadal Oscillation (AMO) have a significant influence on
global and regional average temperature and rainfall (Krishnamurthy
and Krishnamurthy, 2014; Malik et al., 2017; Chang et al., 2019; Roy
et al., 2019).

Therefore, this study demonstrates the climatological, tricadal, and
decadal variability of surface energy fluxes and their association with
the Indian Summer Monsoon. The analysis identifies the spatial and
temporal pattern characteristics of possible physical significance. In
addition, this study focuses on planetary-scale thermal and dynamical
attributes of the atmosphere over the study domain. It also contributes to
the United Nations Sustainable Development Goals (UN SDGs), partic-
ularly SDG 13 (Climate Action), SDG 2 (Zero Hunger), and SDG 6 (Clean
Water and Sanitation). By examining long-term shifts in surface energy
fluxes and monsoon dynamics, the findings support climate-resilient
planning for agriculture and water resources in monsoon-dependent
regions like India. As highlighted by Varotsos and Cracknell (2020),
climate-related research plays a crucial role in advancing global sus-
tainability targets by informing adaptation and mitigation strategies.
The following section provides a brief description of the datasets used in
this study, followed by the data and methodology outlined in Section 2.
Section 3 presents the epochal variations in rainfall and surface fluxes,
along with their association with the Indian Summer Monsoon under a
changing climate. Finally, Section 4 summarizes the key findings and
conclusions of the study.

2. Data and methodology

The monthly mean gridded rainfall data over the Indian region at a
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resolution of 0.25° x 0.25° is available from the India Meteorological
Department (Pai et al., 2014) and has been considered for the June, July,
August and September (JJAS or ISMR season) during the period
1961-2020. The European Centre for Medium-Range Weather Forecasts
(ECMWF) developed the latest atmospheric reanalysis, known as the
fifth-generation climate reanalysis (ERA5), which has a high spatial
resolution of 0.25° x 0.25°. This data can be accessed through the
Climate Data Service portal (https://cds.climate.copernicus.eu/). The
ERAS reanalysis datasets are widely used for hydroclimatic applications
and are the most suitable for representing the annual and seasonal
climatological averages globally (Albergel et al., 2018; Hersbach et al.,
2018). Furthermore, this study utilizes the 60-year (1961-2020) daily
reanalysis data from the National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric Research (NCAR),
which has a horizontal resolution of 2.5° x 2.5°. This dataset offers a
consistent and reliable resource for examining the variation of energy
fluxes during the Indian Summer Monsoon Rainfall (ISMR) season
(Kalnay et al., 1996). The NCEP reanalysis data plays a vital role in
understanding the climate system and also helps in examining the
variation of derived meteorological parameters during ISM over the
Indian region (40° N-30°S & 30°E-110°E) and is freely available at htt
p://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.surface.html.  These
datasets have been used in several spatiotemporal climate studies
(Leetmaa et al., 1996; Yanai and Tomita, 1998; Bhatla et al., 2022;
Maurya et al., 2023). The mean daily reanalysis basic and derived pa-
rameters have been considered for the period 1961-2020. Further, the
long-term surface fluxes, dynamic and thermodynamic features, and
moisture flux are studied during ISM season. The spatial variation of
derived meteorological parameters (energy fluxes) shows epochal
changes in long-term tricadal and decadal anomalies. The various
quantities have been computed as follows:
Net heat flux (NHF): NHF is calculated using the formula:

NHF = NSW — (NLW + LHF + SHF) (€D)]

Where, NSW is the net incoming shortwave radiation, NLW is the net
outgoing longwave radiation, LHF is latent heat flux, and SHF is sensible
heat flux.

Empirical orthogonal function (EOF) analysis is often used to study
possible spatial patterns of climate variability and how they change with
time. Therefore, EOFs of a space-time physical process can represent
mutually orthogonal space patterns where the data variance is concen-
trated, with the first pattern being responsible for the most significant
part of the variance (Barnett, 1978; Dai et al., 2015; Singh, 2004).

2.1. Moist static energy (MSE)

The atmospheric thermodynamic feature is defined by MSE as the
sum of internal, potential, and moist energy. It has been widely used in
tropical regions because of its energetic and conventionally recognised
conservation properties (Fontaine et al., 1999), and is mathematically
written as:

MSE =CpT + gz +Lv q (2)
Where, Cp is the specific heat capacity at constant pressure (1004 JK-
1Kg-1), T is temperature, g is the gravitational acceleration (9.8ms-2),

z is the geopotential height, Lv is the latent heat of vaporisation (2.5 x
106JKg-1), and q is the specific humidity.

2.2. Moisture flux convergence (MFC)

MEC is the sum of moisture advection and convection (Banacos and
Schultz, 2005) and is mathematically written as:

MFC = MFCgyecr + MFCeony 3


https://cds.climate.copernicus.eu/
http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.surface.html
http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.surface.html
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/climate-variation
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Where, MFCygyeet = — and MFCeony = — q((‘fd—’;) + (g—;’,)) ; uis the zonal

wind, v is meridional wind, q is specific humidity, x and y are the lati-
tude and longitude.

2.3. Moisture flux (MF) and vertically integrated moisture flux
convergence (VIMFC)

Moisture Flux (MF) is the multiplication of specific humidity and
wind (Where; g x u = Zonal moisture flux & g x v = Meridional moisture
flux).

The formulation of VIMFC follows Trenberth and Guillemot (1998)

(a) Mean(M) (b) T1—M
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and is expressed as:
1 P
VIMFC = — VE / qVdp (4)
ps

Where, V is wind vector velocity, V is the gradient operator, and is in-
tegrated over the surface (1000 hPa) to the top of the atmosphere (300
hPa) concerning pressure.

As suggested by Fasullo and Webster (2003) and Kalnay et al. (1996)
regarding the VIMFC above 300 hPa, the specific humidity has a
negligible impact on the calculation of total vertically integrated mois-
ture transport above this level and is not part of the reanalysis. Seasonal
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Fig. 1. (a—i): The climatological and epochal distribution of precipitation (mm/day) using IMD datasets during June-September (JJAS) for (a) 1961-2020 (Mean
distribution of rainfall (M)); (b) Past tricadal difference from mean distribution of precipitation; (c) recent tricade difference from mean (Past tricade: T1;
1961-1990), (recent tricade: T2; 1991-2000); (d)-(i) decadal differences from the mean (M), first decade (D1; 1961-1970); second (D2; 1971-1980) third (D3;
1981-1990), fourth (D4; 1991-2000), fifth (D5; 2001-2010), sixth (D6; 2011-2020), decades respectively. The regions with 95 % confidence level are contoured.
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and spatial variations in different fluxes play a significant role during the
ISM season. The large-scale circulation of SST, wind, surface fluxes, and
dynamic as well as thermodynamic features are briefly presented to
show an overview of these factors over the Indian monsoon domain and
its adjoining areas. Here, other changes of epochal distribution with
average (Climatology; 1961-2020), two tricades (T1; 1961-1990; T2;
1991-2020) and six decades (D1; 1961-1970, D2; 1971-1980, D3;
1981-1990, D4; 1991-2000, D5; 2001-2010, D6; 2011-2020) have
been discussed. Anomalies are presented with respect to the long-term
climatology (1961-2020), rather than through direct epoch-to-epoch
differences (e.g., T2-T1 or D6-D1). This approach is intentionally
adopted to provide a stable and consistent baseline that captures sys-
tematic deviations in surface fluxes and related parameters over multi-
ple decades. Using climatological baselines (T1-M, D1-M, etc.) helps
reduce the impact of short-term or arbitrary fluctuations that may arise
when only two epochs are directly compared. This method is widely
used in observational climate studies to extract low-frequency vari-
ability and long-term signals in atmospheric diagnostics (Meehl and Hu,
2006). Supplementary comparisons such as T2-T1 are also included for
reference. In addition, the student’s t-test is used to determine signifi-
cance at 95 % in the past and recent tricadal differences with long-term
climatology for the considered period.

3. Results and analysis

3.1. Spatio-temporal distribution patterns of basic meteorological
variables during ISM season

The spatio-temporal distribution of mean ISMR and variations for
tricadal and decadal timescales have been illustrated in Fig. 1 with ob-
servations (IMD) and ERAS reanalysis data. The maximum rainfall has
been perceived along the Western Ghats (WGs) and north-eastern India
(NED (16-20 mm/day). Central India (CI), Northern India (NI), and its
adjoining region have also experienced considerable rainfall of the order
of 8-12 mm/day (Fig. 1a). The past and recent tricadal difference from
seasonal mean rainfall is depicted in Fig. 1b and c. In the past tricade, the
rainfall departure from climatology has highlighted regions with excess
or wet rainfall, such as the Upper Gangetic Plain, Lower West Bengal,
and the northern and eastern parts (with departures ranging from 1 to 2
mm/day; Fig. 1b). In contrast, rain-deficient or dry areas include
Northwest India, the Upper Western Ghats, Eastern Peninsular India,
and the northernmost parts of India, with departures ranging from —0.6
to —1.5 mm/day. On the contrary, a dominant significant contrasting
pattern has been observed in recent tricade departure (Fig. 1c). Positive
differences have been observed over Western India (WI), some parts of
WGs, NI, and the central NEI region at 95 % confidence level. The recent
decadal pattern demonstrates a positive rainfall anomaly (0.8-2 mm/
day) over WI, some parts of CI, southern peninsular India (SPI), and the
hilly region. In contrast, negative anomalies have been found over the
NEI and Gangetic-plain regions, possibly due to the anomalous changing
pattern of land ocean thermal contrast in warming climate. Similarly,
the spatial distribution of ISMR derived from ERAS reanalysis over land
and ocean regions is shown in Fig. 2a-i. A significant difference in tri-
cades and decades with long-term climatology has been noticed. How-
ever, tricadal changes in the ERA5 data are inconsistent with
observations. However, it can highlight the significant regions that fol-
lowed the oscillation patterns in positive and negative differences from
south to north in tricadal and decadal differences. In the recent decade
(Fig. 2i), a positive anomaly has been observed over the western
Equatorial Indian Ocean (EIO), northern Arabian Sea (AS), southern Bay
of Bengal (BoB), WGs, SPI and some parts of central NEI whereas
negative differences have been seen over northern EIO, northern BoB,
NEL. A significant increase (decrease) in the spatial extent of rainfall is
visible. The recent tricade and decades present the anomalous decrease
in monsoon rainfall that might be associated with the warming of the
Indian Ocean (Roxy et al., 2015; Goswami, 2023). While ERA5 and IMD
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datasets capture broadly similar rainfall distributions, notable discrep-
ancies emerge in their tricadal and decadal differences. These differ-
ences are expected and stem from the nature of the datasets: IMD is
purely observational and station-based, while ERAS is a physically
constrained reanalysis product that assimilates model outputs with ob-
servations. Such disagreements do not undermine the results; rather,
they emphasize the importance of using multiple independent datasets
for cross-validation. The regions where ERA5 and IMD diverge, partic-
ularly in NEI and over the oceanic sectors offer: valuable insight into the
limitations and strengths of each dataset. ERAS helps extend spatial
coverage and provides atmospheric consistency across variables, while
IMD retains high fidelity in densely observed land regions. These dif-
ferences have been explicitly considered while interpreting rainfall
trends and surface flux variability.

The spatial patterns of SST and wind anomalies during different
epochs (Fig. 3a-i) reveal substantial warming of the Indian Ocean,
especially over the western EIO and northern AS during the recent
decade. This enhanced SST gradient intensifies the zonal and meridional
moisture flux, particularly northward from the equator into the AS. Such
SST-induced convergence zones over the AS and BoB modulate monsoon
winds, promoting enhanced convection in certain regions. This mecha-
nism is consistent with previous findings that link basin-wide Indian
Ocean warming to monsoon variability through the modulation of
moisture convergence and atmospheric instability (Roxy et al., 2015).
The observed SST warming creates favourable large-scale thermody-
namic conditions that may support monsoon recovery in specific sub-
regions, though it may also suppress rainfall in others due to altered
convection zones. These regional responses depend on the location of
maximum SST anomaly and associated wind convergence.

3.2. Spatio-temporal variation in surface fluxes during ISM season

The warming sea surface plays a vital role in linking the ocean and
the atmosphere and, consequently, in generating clouds. The spatio-
temporal distribution and variation in NSW have been illustrated in
Fig. 4a-i. The negative sign indicates the direction of incoming solar
radiation, which has been corrected for the calculation of tricadal and
decadal differences in the Net Heat Flux (NHF). The maximum NSW is
observed over land regions, the eastern and western IO, and the AS,
ranging between 180 and 200 W/m?. The minimum values are found
over the Southern Indian Ocean (SIO) and the BoB and its adjoining
regions, with values in the range of 140-180 W/m?2. These variations are
attributed to the presence of cloud cover and the movement of the ITCZ
(Fig. 4a). A contrasting pattern of NSW over land and oceanic regions
has been reported during the recent tricade (T2) as compared with the
previous one (T1) (Fig. 4 b&c). In past tricadal anomaly (T1-M), a
positive difference (2-6 W/m?) is observed over eastern AS (EAS), BoB,
SPI, and WL In contrast, a negative anomaly (—1 to —10 W/m?) is
observed over eastern and western EIO, western AS (WAS), SIO, NI and
NEI regions with significance at a 95 % confidence level. However, a
significant enhancement (1-6 W/m?) in NSW has been found over SIO,
eastern and western EIO, WAS, NI, and NEI regions. On the other hand, a
decrease anomaly was observed over the SPI, WI, EAS, and BoB regions
(—3 to —10 W/m?) during the recent tricade compared to mean patterns.
Similarly, the decadal differences from the mean climatology of NSW
have been shown in Fig. 4d-i. Significant variations are observed over
different regions from past to recent decades. Along with the recent
decadal anomaly, the spatiotemporal distribution of NSW over the NE,
the adjoining region, and lower SIO, EIO, and WAS have an increasing
pattern (2-10 W/m?). In contrast, a decrease over the BoB, EAS, SPI, WI,
and NI in the —1 to —10 W/m? range has been noticed. Further, the
southern BoB has significantly more negative NSW than the rest of India
(=4 to —12 W/m?). It is observed that the variation of NSW has
increased substantially over NE and its adjoining region, as well as WAS
and western EIO. Conversely, a decreasing pattern has been observed in
the recent decade over the SPI, EAS, and BoB regions.
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Fig. 2. (a—i): The climatological and epochal distribution of precipitation (mm/day) from ERA5 datasets during June-September (JJAS) for (a) 1961-2020 (Mean
distribution of rainfall (M)); (b) Past tricadal difference from mean distribution of precipitation; (c) recent tricade difference from mean (Past tricade: T1;
1961-1990), (recent tricade: T2; 1991-2000); (d)-(i) decadal differences from the mean (M), first decade (D1; 1961-1970); second (D2; 1971-1980) third (D3;
1981-1990), fourth (D4; 1991-2000), fifth (D5; 2001-2010), sixth (D6; 2011-2020), decades respectively. The regions with 95 % confidence level are contoured.
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Fig. 3. (a-i): Same as Fig. 1, but for sea surface temperature (m/s) at 850 hpa for JJAS in shaded and wind vector (m/s) at 850 hpa for JJAS.

LHF is the most essential component of the convection system (Liu
and Curry, 2006; Wu et al., 2020). The variation in the LHF explains the
large amplitude of interannual and spatial variability in the global
climate system. The distribution of surface LHF climatology during ISM
season, along with tricadal and decadal differences, has been illustrated
in Fig. 5a-i. The maximum surface LHF (180-210 W/m2) is found over

the SIO, BoB, and AS during the considered period of average clima-
tology and is depicted in Fig. 5a. Along with this, some parts of WGs
have more LHF (120-150 W/m?) than all India regions (80-120 W/mz),
further decreasing over WI, some parts of NEI, and adjoining regions of
NWI (30-60 W/m?). The regions within the rectangles have shown
higher values of LHF and follow a similar part for the maximum
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Fig. 4. (a-i): Same as Fig. 1, but for net incoming shortwave radiation flux (NSW; W/m?) for JJAS.

variability in surface temperature and precipitation in the findings of
Bhatla et al. (2022) (Table 1). A contrasting pattern of LHF changes has
been observed over the oceanic region during the considered tricadal
periods, and the differences are significant at 95 % level (Fig. 5b and c).
The study by Zeng and Zhang (2020) explained that variation in LHF
during the ISM season is dominated over the oceanic regions rather than
the land due to the higher heat capacity of water. The decadal differ-
ences also depicted the significantly increasing and decreasing pattern
of LHF over the oceanic and land regions. During the last decade, the
decreasing pattern of LHF over central SIO, AS, and BoB (-2 to —12
W/m?) and increased pattern of LHF (2-14 W/m?) observed over EIO,
some parts of WI, NI, and SPI regions has been found during the recent
decade (Fig. 5i). The NHF is defined as the balance between incoming

and outgoing energy flux in the atmosphere, all available energy affects
the climate. The NHF radiation is the difference between total incoming
and total outgoing radiation (net outgoing longwave radiation + latent
heat + sensible heat). The NSW and LHF contribute significantly to the
variation of NHF over the oceanic regions. The long-term NHF distri-
bution pattern or climatology, tricadal, and decadal differences from the
climatology are shown in Fig. 6a—i. A positive NHF value denotes higher
incoming energy than outgoing, while a negative value denotes lesser
incoming and higher outgoing energy. The negative NHF pattern has
been observed over most oceanic regions, such as AS, BoB and SIO, with
a variation of —20 to —80 W/m? In contrast, slightly positive values
(10-40 W/m?) can be noticed over Indian landmass, especially over CI
regions along with some northern BoB and northern AS regions (Fig. 6a).
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Fig. 5. (a—i): Same as Fig. 1, but for surface latent heat flux (LHF; W/m?).

The negative anomalies are mainly attributed to strong low-level wind

T,able 1 . and enhanced evaporation, leading to upwelling, cooling of the sea
List of selected regions. . it .
surface, and enhanced monsoon convective activity with more cloud
Sr. No. Regions Lat/Lon cover and reduction of incoming short-wave radiation (Mohanty et al.,
1 Central India (CI) 74-85°E, 20-27°N 1994). Further, the anomalous patterns of NHF show positive values
2. Southern Peninsular India (SPD 75-80°E, 8-18.5°N (2-15 W/m?) over AS and BoB regions while larger negative values (—5
3. Arabian Sea (AS) 51-73.5%E, 5-15°N to —15 W/m?) over the EIO and WAS during the recent tricade and
4. Bay of Bengal (BoB) 81-91°E, 4-15°N d de. A cl h icadal and decadal
5 Equatorial Indian Ocean (EIO) 48-98°F, 5°5-3°N ecade. A closure encounter on the recent tricadal and decadal anom-
6. Southern Indian Ocean (SIO) 50-108.5°E, 28.5°S-5°S alies (Fig. 6b-i) reveals an increment in negative NHF over EIO and

WAS. In contrast, positive NHF over the EAS and southern BoB has been
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Fig. 6. (a—i): Same as Fig. 1, but for net heat flux (NHF; W/m?).
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observed, possibly due to the more convective heating over the region. season. The tricadal differences (T2-T1) of surface fluxes over different
selected regions based on the variability of LHF and NHF have been
illustrated in Fig. 7. There are significant positive variations in NSW

3.3. Tricadal differences of surface energy fluxes during ISM season over observed over the SPI and BoB region in the order of 13-14 W/m?,
different regions whereas negative anomalies have been observed over the SIO region
(—10 W/m?). Higher positive changes in LHF are depicted over AS and

This section explores the tricadal differences in energy fluxes over EIO regions (10-12 W/m?), whereas the BoB region has been shown to

the land and oceanic regions and their influences during the ISMR
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Fig. 7. Tricadal differences of surface energy fluxes during ISMR over different
regions All Ind; all India and its adjoining region, CI: Central India, SPIL
Southern Peninsular India; AS: Arabian Sea; BoB: Bay of Bengal; EIO: equatorial
Indian region; SIO: southern Indian Ocean.

have negative differences (—8 W/m?). It means that in the recent tri-
cade, LHF has decreased in comparison to the past tricade over the BoB
region, while it has increased over the AS and EIO region during the
ISMR season. On the other hand, NHF has a negative variation over AS,
EIO, and SIO. In contrast, a positive difference has been observed over
the BoB region due to positive NSW and negative LHF. Sensible heat flux
has less anomaly overall except for SPI. The primary significant changes
of surface fluxes over SPI (NSW, SHF, NHF), AS (LHF, NHF), BoB (NSW,
LHF, NHF), EIO (LHF, NHF), SIO (NSW, NLW, NHF), and also justify the
pattern observed in Figss. 4-6. The enhanced surface fluxes increase
precipitation, and the latent heat release most likely causes the circu-
lation alterations. Deshpande and Kulkarni (2022), recently reported
that tricadal differences in surface fluxes over different regions show
more variation in convective heating and give convective precipitation
with stratiform clouds. The large-scale dynamics parameterisation also
suggests that convective precipitation responds extremely strongly to
surface turbulent heat fluxes (Chakraborty et al., 2015).

3.4. Leading mode of variability in surface fluxes and its association with
ISMR

The leading EOF modes for the surface fluxes (NSW, LHF & NHF)
using reanalysis datasets are analysed over the ISM domain of
30°S-40°N, 30°E—110° for the extended period 1961-2020 (Fig. 8a—i).
The EOF analysis applied to the surface flux datasets reveals three
dominant modes (EOF1, EOF2 & EOF3) of variability, explaining 26.41
%, 14.77 % and 11.05 % of the total variance for NSW, 28.4 %, 18.27 %
and 11.37 % for LHF and 21.4 %, 19.24 %, 12.08 % for NHF respec-
tively. The pattern, NSW_EOF1 (Fig. 8a), having most of its amplitude
over the EAS, BoB, EIO, SPI, CI, WI, and NI, shows a positive anomaly
and a strong negative anomaly over eastern SIO, some parts of east and
WEIO, WAS and NEI regions. Further, the second pattern, i.e.,
NSW_EOF2 (Fig. 8b), has a strong negative anomaly over the AS and SPI
region. In contrast, a weak negative anomaly has been observed over
almost the entire Indian landmass and oceanic region except for some
parts of SIO and NI. In the third pattern, NSW_EOF3 (Fig. 8c), slightly
negative anomalies have been observed over the entire region except for
NI. The temporal modulation effect of the land and ocean interaction
surface is studied by considering the time characteristics of the first,
second, and third principal components PCl, PC2, and PC3 (Fig. 9a—c).
The time series of the PCl, PC2, and PC3 indicates that the dominant
mode mainly describes the epochal behaviour of the ISM in changing
climate and agrees with the results of Annamalai et al. (1999). The
anomalous increasing value of LHF over AS and BoB is explained by the
second dominant mode of EOF2 and PC2; after 1975, PC2 of the LHF
became dominant over PC1.
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3.5. Spatiotemporal variation of dynamic and thermodynamic
components during ISM season

An essential parameter for assessing atmospheric thermodynamic
conditions is the MSE. The spatial variation of mean MSE with tricadal
anomalies at 850 hPa has been depicted in Fig. 10a—c. The spatial dis-
tribution of mean climatology has a broader belt structure of lower MSE
(308-320 kJ/kg) over the SIO region. Higher values of MSE can be seen
over the land regions due to more diabatic heating over land. The
maximum variation of MSE is found over land (NI, CI, WI, Himalayan
region, and TP) and some parts of the oceanic regions such as AS and
BoB. From Fig. 10b and c, it is clear that the past tricadal anomalies of
MSE contrast with the recent tricade over land and oceanic regions.
Further, in the recent tricadal anomaly (T2-M), a significantly increasing
pattern of MSE was observed over SIO, AS, BoB, and Indian landmass
regions. Contrary to that, a minimum amount of MSE (—0.25 to —0.75
kJ/kg) has been reported over the eastern part of SIO and the western
part of AS. In the recent warming period, the MSE increased support
towards escalating monsoon convective activity over this region. It is
interesting to notice that the MSE has increased along the entire longi-
tude of the NI region, maximising around the longitude of W1, indicating
an increase in the convective activity. MSE and wind distributions
confirm the increasing convective activity, particularly over WI in the
recent warming period. The rising atmospheric moisture due to the
increased moisture transport and the favourable convective condition
has increased rainfall over some parts of WI during the ISM season.
These changes in atmospheric dynamics in the recent warming period
may lead to possible greening of the desert if favourable atmospheric
conditions conducive to rainfall persist for a longer time. When the MSE
is higher, more energy is available to lift moisture upwards, leading to
condensation, precipitation, and ultimately, vertical motions associated
with the atmospheric circulation. On the other hand, it is discovered that
longwave radiative heating keeps the MSE anomalies from dissipating
due to horizontal MSE advection (Sooraj and Seo, 2013). Due to the
vertical motion caused by anomalous heating, more water vapour is
available for precipitation anomalies (Huo et al., 2022).

Moisture flux convergence (MFC) is the crucial factor for deter-
mining atmospheric stability and is discussed in the methodology sec-
tion by equation (3). MFC is often used as a diagnostic tool to understand
the dynamics of monsoon systems. The spatiotemporal distribution of
MFC has been depicted in Fig. 10d-f with mean, tricadal differences
during ISM season. From Fig. 10d-f, a positive MFC value represents
convergence, whereas a negative MFC value represents divergence.
During the monsoon season, warm and moist air from the ocean to the
landmass converges with cooler and drier air over the land. Several
factors, such as low-level jets, land-sea breeze circulations, and topo-
graphical features, enhance the moisture flux convergence. This
convergence of air masses leads to the formation of convective clouds
and precipitation. The contrasting patterns of MFC have been observed
in past and recent tricadal variations such as precipitation, SST, and
surface fluxes. Over some parts of India and adjoining regions, it has
been observed that MFC follows patterns that are almost similar to
rainfall and wind patterns. This suggests that convection over these re-
gions may be explained with MFC and favouring the formation of deep
convective clouds (Adames and Ming, 2018; Karmakar and Misra,
2020). Understanding the moisture flux convergence patterns during the
monsoon season is crucial for managing water resources, agriculture,
and other aspects of human life in affected regions.

The MF and VIMFC of u and v components averaged from 1961 to
2020 (1000-300 hPa) have been shown in Fig. 10g-i. In this figure, the
moisture transport appears from the south-westerly direction, with
strong moisture from the IO during the ISM season. The moisture
transport is most substantial with the VIMFC over EIO, AS, BoB and
significant parts of the SPI region. This moisture transports from the 10
towards the land region and may bring more rainfall over India and the
adjoining region. The VIMFC provides a valuable measure of the tropical
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Fig. 8. (a-i): Spatial pattern of the three modes of EOF surface fluxes Net incoming short wave radiation flux (NSW), Latent heat flux (LHF) and Net heat flux (NHF)
over the Indian region and its adjoining region during Indian summer monsoon season for the period of 1961-2020, and (a—c) first, second and third EOF mode for
the NSW (d-e) is same as (a—c), but for the LHF. (g-i) is the same as (a—c), but for the NHF.

atmospheric hydrological cycle and reflects the combined dynamical statistically significant at a 95 % confidence level. Since the ISM season
and thermodynamical effects. In the spatial distribution of MF with is sustained by a continuous supply of moisture from the I0. However,
VIMFC during past and recent tricadal anomalies, contrasting patterns moisture convergence and severe diabatic heating are essential for
are observed. In the recent tricadal anomaly, a decreasing pattern has maintaining monsoonal circulation (Rao and Reddy, 2019; Krishnamurti
been observed over the western EIO, EAS, W1, CI, and NEI region and is and Sikka, 1978). However, the moisture flux analysis was even more
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Fig. 9. (a) Normalized the first (yellow bar), the second (red bar) and the third (blue bar) principal components (PC)of NSW over the Indian region and its adjoining
region during the summer monsoon season (period), (b) same as (a), but for the LHF, and (c) is same as (a), but for NHF.

informative since it effectively linked with vertical motion and subse-
quently gave rainfall. These findings provide process-level insights into
the energy and moisture dynamics that govern the Indian Summer
Monsoon system. The observed increases in MSE and moisture conver-
gence over western and central India during the recent warming period
are physically consistent with the enhanced LHF and positive NHF over
nearby oceanic regions. These flux anomalies modulate near-surface
pressure gradients, which in turn impact wind convergence and verti-
cal motion, thereby facilitating deep convection. This chain of thermo-
dynamic and dynamic adjustments is well-supported by monsoon
energetics theory (e.g., Boos and Kuang, 2010; Trenberth et al., 2009),
and reinforces the interpretation that the detected epochal variations are
not random, but rather reflect evolving large-scale atmospheric pro-
cesses. Thus, even in the absence of a modeling framework, these
reanalysis-based diagnostics reveal meaningful physical linkages among
surface fluxes, SST, low-level winds, and rainfall patterns under a
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changing climate.
4. Conclusions

This study unravels the tricadal and decadal evolution of large-scale
monsoon circulation and energy balance over the Indian subcontinent
and surrounding oceanic regions for the period 1961-2020. The results
reveal that surface heat flux differences between land and ocean
significantly shape the low-level monsoonal circulation in the tropics.
Notably, these fluxes contribute to modulating the atmospheric heat
source, pressure gradients, and moisture availability, all of which
collectively influence convection and rainfall distribution during the
Indian Summer Monsoon season. The spatial and temporal shifts in
latent heat flux (LHF), sensible heat flux (SHF), net shortwave radiation
(NSW), and net heat flux (NHF) show physically consistent associations
with monsoon dynamics. For instance, increased LHF over the Arabian
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Fig. 10. (a-i): The climatological moist static energy (MSE, unit: KJKg-1) for (a) 1961-2020 (mean distribution (M)); (b) past tricade difference from mean (T1-M);
(c) recent tricade difference from mean (T2-M), (Past tricade: T1; 1961-1990), (recent tricade: T2; 1991-2000); during JJAS. Moisture flux convergence (MFC; g/Kg-
s) for (d) 1961-2020 (mean distribution (M)); (e) past tricade difference from mean (T1-M); (f) recent tricade difference from mean (T2-M). The climatological
moisture flux (MF) (Kg/m2s; shaded) and vertically integrated moisture flux convergence (VIMFC) (Kg/m/s) for (g) 1961-2020 (mean distribution (M)); (h) past
tricade difference from mean (T1-M); (i) recent tricade difference from mean (T2-M).The regions with 95 % confidence level are contoured.
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Sea and eastern Indian Ocean in recent decades aligns with enhanced
low-level moisture transport and convergent wind patterns over Western
and Central India. This is further supported by higher Moist Static En-
ergy (MSE) and positive rainfall anomalies in these regions, indicating
more vigorous convective activity. Conversely, declining LHF and
negative NHF over the Bay of Bengal correlate with reduced MSE and
weakened monsoonal convection over northeastern India and the
Gangetic plains. Quantitatively, the recent tricadal differences in surface
heat fluxes are significant—for example, NSW increased by 10-12 W/m?
over the Southern Peninsular India (SPI) and BoB, while decreasing by
~7 W/m? over the Southern Indian Ocean (SIO). NHF anomalies show
positive trends over SPI (5 W/m?) and BoB (20 W/m?), and negative
values over AS (—10 W/m?) and EIO (—18 W/m?). These anomalies
correspond with rainfall increases of 0.7-1.0 mm/day over Western
India, the Western Ghats, and parts of Central and Northeastern India. In
contrast, rainfall decreased by —0.5 to —1.0 mm/day over NEI and SPI,
consistent with reduced MSE and moisture flux convergence.

Additionally, the patterns of MFC and vertically integrated moisture
flux (VIMFC) show that enhanced surface fluxes and oceanic warming
have intensified the land-sea moisture gradient, leading to spatially
heterogeneous rainfall trends. MSE and wind anomalies together
confirm an increase in vertical moisture transport and convective po-
tential, particularly over WI. These interlinked variations in SST, fluxes,
wind fields, and moisture transport confirm that the observed epochal
anomalies are not isolated trends but part of a dynamically coherent
response of the monsoon system to long-term ocean-atmosphere
coupling under climate change. While this study does not claim causality
in a modeling framework, the diagnostics demonstrate process-
consistent physical linkages between surface energy exchange and
monsoon behaviour. These findings offer a valuable observational
perspective on how warming-driven changes in land—ocean energetics
and circulation dynamics may shape future ISMR variability. However,
localized effects and internal variability introduce uncertainties that
merit further exploration using high-resolution regional models and
coupled ocean-atmosphere simulations. In addition to its scientific in-
sights, this work supports the UN 2030 Agenda by contributing to SDG
13, SDG 2, and SDG 6. The analysis of monsoon-related surface flux
variability offers valuable input for climate adaptation, food security,
and water management strategies. This aligns with the growing body of
scientific research supporting sustainability goals through climate di-
agnostics (Varotsos and Cracknell, 2020).
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