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Wim? 9fd /@y & #eg AT &9 & o1 15| SHF-CAPE Té1g &¥dl &1 Siso HeTq &9 & S &ral
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9:00 UTC W SHF-CIN & faT 0.1 & 0.2 do & ThRIcHS Tgase @ I, sEfh 21:00 UTC &
aReT 3=a GFRIeAF AT @ v 9:00 3R 21:00 UTC & LHF-CAPE & Tgdey A ddra &=t & faw
TFRIcHS Tgaeel cfid §1 Afe LHF-CIN & T T&RicAs Fgdser 9:00 3k 21:00 UTC & &Rk
TET & 7 3R 21:00 UTC & @ & 3iaceia &=t & emar |

ABSTRACT. This study investigates the spatial variation of surface sensible heat flux (SHF) and surface latent
heat flux (LHF), along with the Convective Available Potential Energy (CAPE) and Convective Inhibition Energy (CIN),
during the pre-monsoon season over East India (states of Odisha, West Bengal, and Jharkhand) from 2001-2021. The
results reveal that at 0900 UTC, the mean values of upward SHF increased over the inland regions in the interior parts of
East India, ranging from approximately 250 to 300 W/mZ2 At 2100 UTC Inland regions of Odisha and Jharkhand
experiences downward SHF with values ranging between 15-20 W/m2. The LHF variability shows high values during the
daytime and low values during the nighttime, with coastal regions exhibiting upward LHF values ranging from -10 to -50
W/m?, The Mann-Kendall trend (MKT) analysis indicates that at 0900 UTC, southwest and northeast parts of East India
show high positive trend values for SHF, approximately 2-4 W/m? per season/year. LHF exhibits a high positive trend in
only a few parts of Jharkhand and West Bengal, with a similar range. At 2100 UTC, lower SHF and LHF values are
present over the interior regions, displaying mixed trend patterns ranging between -0.2 and 0.2 W/m? per season/year.
SHF-CAPE demonstrates higher positive correlation values, ranging between 0.2 and 0.4 at 0900 UTC in many regions
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of the study area except coastal regions. At 2100 UTC majority of the regions exhibit negative correlation values. Inland
regions of Odisha exhibit positive correlation for SHF—CIN at 0900 UTC, ranging from 0.1 to 0.2, while higher positive
values were observed during 2100 UTC. The correlation values of LHF-CAPE at 0900 and 2100 UTC show positive
values for coastal regions. But for LHF-CIN positive correlations are seen for coastal regions during 0900 and 2100 UTC

and for inland regions in case of 2100 UTC.

Key words — Heat flux, Mann-Kendall test, East India, CAPE, CIN.

1. Introduction

Temperature and humidity are the primary drivers of
any convective event (Braham, 1952; Samanta et al.,
2020). Surface energy fluxes directly impact surface
temperature, humidity, and the thermodynamic behaviour
of the atmosphere (Tyagi et al., 2012). Sensible heat flux
(SHF) and latent heat flux (LHF) characterize the
turbulent exchange of heat between the land surface and
the atmosphere (Laird & Kristovich, 2002; Tyagi et al.,
2014). Latent heat in the atmosphere primarily arises from
two main contributors: evaporation and
evapotranspiration, driven by vapour pressure gradients
(Nordbo et al., 2011; Martinez-Alvarez et al., 2011). The
distribution of sensible and latent heat at the ground
surface offers insights into the strength of the interaction
between the atmosphere and the land (Martens et al.,
2020). Approximately half of the energy in the
atmosphere is derived from water vapour, provided
through latent heat, thus, connecting the energy budget to
the water cycle (Garstang, 1967). Surface SHF plays a
pivotal role in heat generation and has garnered significant
attention recently (Yang et al., 2011). Sensible heating
contributes to the initiation of convection, making it
essential to investigate surface fluxes to comprehensively
understand convective activity (Keenan et al., 1994,
Satyanarayana et al., 2014).

Surface heat fluxes have been studied over various
regions, e.g., Duan and Wu (2009) and Chen et al. (2014)
found a decrease in SHF and an increase in LHF over the
Tibetan Plateau over the years. (Benitez-Valenzuela and
Sanchez-Mejia 2020) highlighted the sensitivity of SHF
during the pre-monsoon and monsoon seasons, as well as
LHF during the pre-monsoon season near the coastal
lagoon of the Gulf of California. Over the Indian region,
Tyagi and Satyanarayana (2015) examined fluxes over
Ranchi, revealing that SHF dominates from sunrise to
sunset on days without convective activity, whereas both
fluxes have similar magnitudes on days with
thunderstorms. Gogoi et al. (2019) observed notable
changes in LHF and SHF when plant levels increased in
the Odisha region, reducing land surface temperature. A
study conducted at an Indian Council of Agricultural
Research (ICAR) farm in Delhi, India, found that during
the pre-monsoon season, SHF exceeds LHF, while during
the monsoon season, the opposite pattern is observed
(Danodia et al., 2018).
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The occurrence of thunderstorms not only changes
the surface fluxes but also marks significant variations in
the vertical atmosphere (Tyagi et al., 2011). The
most common thermodynamic indices used to
comprehend the progression of convection in any
region are Convective Available Potential Energy (CAPE)
and Convective Inhibition (CIN) (Murugavel et al., 2014;
Westermayer et al., 2017). Riemann-Campe et al., (2009)
presented global climatology of CAPE and CIN,
highlighting  that significant mean climatological
CAPE values are found over the ITCZ, while large CIN
values are observed in the subtropics. DeMott & Randall,
(2004) mentioned that multi decadal trends of CAPE
where positive trend is shown in Caribbean Sea and
western Pacific Ocean. Meanwhile (Zhang, 2002)
mentioned that CAPE changes are mainly driven by
boundary layer processes rather than free tropospheric
using modified quasi-equilibrium assumption for
midlatitude continental convection. (Murugavel et al.,
2012) showed that during the pre-monsoon season
and monsoon season over India there exists a belt of
high CAPE along east coast and southeast coast over
India. Previous studies like (Murthy & Sivaramakrishnan,
2006), (Bhat, 2001) studied CAPE trends across
various regions of India but only for short durations,
such as two months or one year (Roy Bhowmik et al.,
2008) but not for longer period. Sahu et al. (2022a)
provided insights into convective indices, seasonal
variations, and trend analysis over the East India region
during the pre-monsoon season for 20 years period.
Despite East India's susceptibility to various convective-
related natural disasters, there is a lack of studies
regarding fluxes in this region. Therefore, the primary
objective of this study is to comprehend the spatial
variations in surface energy fluxes and their correlation
with convective indices in East India. This study aims to
analyze both the mean and trend variations using the
Mann-Kendall Test for flux and thermodynamic variables
during the pre-monsoon season. Additionally, it seeks to
emphasize the spatial correlations between fluxes and
thermodynamic variables.

1.1. Study area

The study area for the present work comprises of
three states Odisha, Jharkhand, West Bengal, as portrayed
in Fig. 1, termed as East India. In the pre-monsoon
season (March - May), the region encounters frequent
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Fig. 1. Study region, East India with states Odisha, West Bengal, and
Jharkhand with their respective locations in India

thunderstorms called as ‘Kal Baisakhi’ or Nor’westers
(Sahu et al., 2020a; Sahu et al., 2020b; Tyagi et al., 2022).
The state of Odisha is on the shoreline which is nearly 480
km at the head of the Bay of Bengal (Patnaik et al., 2013). In
accordance with the Koppen’s Climate Classification, it
falls under ‘Aw’ which implies both tropical dry and wet
and is sometimes called tropical savanna climate (Peel et
al., 2007). West Bengal is situated alongside Odisha, with
some districts directly encountering the Bay of Bengal.
The state is bordered by Assam, Jharkhand, Odisha, etc.
among other different states. The Koppen's climate
classification ‘Aw’ and ‘As’ describes the state's climate
as humid subtropical in the north and in case of the south,
it is tropical savanna. Adjoining Odisha and West Bengal,
Jharkhand state, also known as “The land of forest”, is
also part of our study area. According to Koppen's
classification of climate, Jharkhand has a tropical dry and
wet climate (Aw and As) in the south-east and a humid
subtropical climate in the North.

2. Data and methodology

The present study utilizes European Centre for
Medium-Range Weather Forecast (ECMWF) reanalysis
data, ERA5, at two different times: 0900 UTC (2:30 PM
local time) and 2100 UTC (2:30 AM local time), from
2001-2021 pre-monsoon months (March-May). ERA5, the
fifth generation ECMWF reanalysis, incorporates data
from the last four to seven decades of global climate and
weather information (Hersbach et al., 2020). It is
distinguished by its use of 137 vertical levels, a feature
that sets it apart from other available reanalysis products
(Gensini et al.,, 2021). When compared to previous
reanalysis products, ERA-5 data excels in its ability to
accurately determine various meteorological parameters
such as maximum and minimum temperature, dewpoint
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temperature, and others across different regions of the
world (Mahto and Mishra, 2019). ERAS5, like other
reanalysis products, has certain limitations when it comes
to the Indian region. However, its precise estimation of a
wide range of meteorological parameters within the
gridded region provides strong motivation for its use in
the current research (Sahu et al., 2022b).

2.1. Spatial correlation

A measure of a monotonic connection between two
variables is defined as correlation, and if done spatially
between the two variables it is called spatial correlation. A
monotonic connection between two variables is one in
which either (a) the other variable's value increases as the
first variable's value increases, or (b) the other variable's
value decreases as the first variable's value increases
(Schober & Schwarte, 2018). The intensity and direction
of the relationship between two variables are indicated by
correlation coefficients. The stronger the relation is, the
higher the Pearson correlation coefficient's (r) absolute
value. In the present scenario we have considered a
minimum of 30 samples as a must for the correlation to
occur. The correlation coefficient is calculated using

I 01 (C e €/ 2)

S B ts-9° [ 6y9)

1)

Here x; and y; represent the timeseries values from
different variables at i™ and j™ grid point respectively and
the x and y represets the averages of the variables
timeseries. Stippling is done at 95% significance level
using t-test (Fisher, 1992) where the test statistic differs
which is given by

rvn-2
vi-r2

t= @)

where r is correlation coefficient and n is the number of
samples.

2.2. Mann-Kendall test

In the present analysis the Mann-Kendall trend
(MKT) test is used, which is one of the most popular
distribution-free tests for trend analysis (Mann, 1945). The
benefit of distribution-free tests is that the actual
data distribution has no bearing on their power or
significance (Hamed, 2009). This contrasts with
parametric trend tests that make the assumption that the
data follows the Normal distribution, such as the
regression coefficient test (Matalas &
Sankarasubramanian, 2003). The traditional MKT makes
the fundamental assumption that the data is uniformly
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Figs. 2(a-d). SHF mean spatial variation for (a) 0900 UTC, (c) 2100 UTC and MKT analysis for (b) 0900 UTC, (d) 2100 UTC

distributed and arbitrary, which is rarely the case in real-
world time series (Hamed, 2009). When several stations
are examined in a single study, the MKT is preferred
(Hirsch et al., 1991). MKT, non-parametric statistical test,
applied in the present work at 95% significance level
(p<0.05). It acknowledges the absence of any monotonic
patterns in a time series as the null hypothesis, and pattern
values can be either positive or negative (Vissa and Tyagi,
2021). Sen slope is used to obtain the trend values (Sen,
1968). When a set of observation are present for X where
X = X1, X2, X3..., X, then the statistic is formulated as

S = Xi<jaijbij ®)

where,

4)

1 Xj < Xj
a;; = sgn(x; — x;) 0 X = X

-1 x]' > Xj
If Y values are the time series for the associated X

values then we can consider then it would be a trend test
(Mann, 1945). Now the statistic in this case is given as

S = ZK]. a;; = ziq sgn(x; — x;) 5)

In order to identify the significance of the trends the
standardized test statistic which is Z is compared with the
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standard normal variate of the required or given
significance level (Hamed & Ramachandra Rao, 1998),
Where the Z test statistic is given by

N

Z= Jvar(S) (6)
Var(S) _ n(n-1)(2n+5) (7)

18

The Sen slope is calculated using Sen’s non-
parametric trend estimator as given by

®)

median (%) v i<j
3.  Results and discussion

3.1. Spatial variability and trend analysis of SHF,
LHF, CAPE and CIN

The provision of energy fluxes from the surface is
linked to the commencement of the thunderstorms (Tyagi
& Satyanarayana, 2015). We started looking into the
variable’s thermodynamic indices (CAPE and CIN) and
flux variables (SHF and LHF). Fig. 2 shows the mean and
trend values for SHF at 0900 and 2100 UTC, representing
the daytime upwards (negative values) and nighttime
downward motions (positive values) over the study
region. SHF values in Fig. 2 exhibit lower values at 0900
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Figs. 3(e-h). LHF mean spatial variation for (e) 0900 UTC, (g) 2100 UTC and MKT analysis for (f) 0900 UTC, (h) 2100 UTC

UTC (The 0900 UTC is the time associated with more
convection is expected) (Panel A) over coasts and regions
adjacent to the coasts (-50 — -120 W/m?) and high values
(-230 — -320 W/m?) at further inland. Gogoi et al. (2019)
suggested that an increase in the SHF is observed favoring
the warming of regions of Eastern Odisha, along with that
the trend values of NDVI are also very low during pre-
monsoon season. Meanwhile (Chakraborty et al., 2021)
mentioned that a strong temperature gradient present
between the interior and coastal regions especially in the
Odisha from west to east (which is again consistent with
the strong specific humidity) where western portion is
much warmer that eastern portion of Odisha in pre-
monsoon season. This could be the reason for the
observed increase in the SHF in the present case. Whereas
in the case of coasts and adjacent coastal regions the
values are lower than mentioned previously. MKT
analysis (Panel B) displays the sections of Odisha and
parts of West Bengal with higher positive trend values (~
4 W/m? per season/year) for SHF at 0900 UTC. An
increase in the trend of surface temperature from 1991 —
2010 was observed by (Gogoi et al., 2019). Whereas parts
of Jharkhand and West Bengal demonstrate low trend
values (~ -2 W/m? per season/year). Tirkey et al. (2018)
mentioned that a positive trend is observed for maximum
temperature in the northwestern parts of Jharkhand with a
moderate positive trend values in the northern and
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southwestern parts. However, at 2100 UTC (Panel C),
inland regions show (10-18 W/m?), but coastal areas
exhibit values between (-5-5 W/m?). SHF shows negative
trend patterns (as shown in Panel D) for many regions of
Odisha, Jharkhand and mixed trend pattern are observed
in different parts of West Bengal at 2100 UTC (~ -0.2-0.2
W/m? per season/year). This is to be expected as the SHF
is very less due to very little Short-Wave Radiation
(SWR) at 2100 UTC. But interestingly, SHF, for NE parts
of West Bengal are showing lower positive trend values
ranging between (~ 0.05-0.2 W/m? per season/year)
which still needs to be explored. Land Use Land Cover
(LULC) also plays a major role as the increase (decrease)
in the built-up areas leads to more SHF (LHF). LHF
variability has been shown in Fig. 3, with mean and trend
values at 0900 and 2100 UTC, representing the daytime
upwards motions (negative values) and nighttime
downward motions (positive values) over the study
region. The LHF values in (Panel E) exhibit higher values
in regions vicinity to the coasts (-250 — -350 W/m?) at the
coastal (West Bengal, Odisha and parts of Jharkhand) and
further inland regions (Odisha and Jharkhand interiors)
and very near coastal regions show lower values (-90 — -
150 W/m?) at 0900 UTC. This increase in the LHF could
be because of the land-sea contrast where moisture is
brought from sea to land and gets evaporated which could
lead to release in the latent heat. Interestingly the pattern
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Figs. 4(a-d). CAPE mean spatial variation for (a) 0900 UTC, (c) 2100 UTC and MKT analysis for (b) 0900 UTC, (d) 2100 UTC

here is nearly opposite to the SHF pattern at same UTC.
Higher LHF regions in the Odisha are associated in the
swamp regions as mentioned by Gogoi et al. (2019),
which could also lead to an increase in the LHF. LHF
trend (Panel F) exhibits higher trend values for parts of
Jharkhand and West Bengal (~ 4 W/m? per season/year),
but negative trend values are shown in other regions (~ -4
W/m? per season/year) and is almost opposite the SHF
trend pattern as observed over most regions of Odisha and
some regions of West Bengal. At 2100 UTC (Panel G),
the regions near the coasts exhibit high values of flux (-30
— -50 W/m?), but as moved further inland, the values start
to descend with values between (-10 — 2 W/m?). Here even
at 2100 UTC the SWR is absent, yet LHF is seen upwards
(negative values) especially the regions very adjacent to
coasts. For LHF at 2100 UTC, the trend pattern (Panel H)
is near zero for many regions with lower significance
levels (~ -0.2 — 0.2 W/m? per season/year). While the
trend values are positive and high at coastal regions but as
moved to inland regions the magnitude decreases.

Ghosh et al. (2004) suggested that strong convective
instability along with high moisture availability at lower
leels with triggering mechanisms are responsible for
thunderstorm development. Instability indices like CAPE
and CIN are helpful while accessing the behaviour of
convective systems. As mentioned by Arora et al. (2023),
CAPE is an index that signifies atmospheric instability
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throughout its depth. which helps in quantifying the
intensity of updrafts in the event of a developing
convective system. Fig. 4 portrays the CAPE at
0900 (Panel A), which reveals a decreasing pattern
while moving from coastal regions exhibiting higher
values (2500-3800 J/kg) to further Inlands showing
lower values (100-900 J/kg). Inland regions display a
trend close to zero for trend values of CAPE at 0900 UTC
(Panel B). Sahu et al. (2022a) mentioned that
CAPE values are positive over the coastal regions and the
magnitude decreased as moved to inland regions at 0000
and 1200 UTC. The coastal regions show a mixed pattern
involving both positively high (~ 4 J/kg per season/year)
and negative low trends (~ -2 J/kg per season/year) with
significance in coastal parts of Odisha and West Bengal.
For 2100 UTC (Panel C), a similar pattern is observed
where coastal and adjacent coastal regions vary in values
(2000-3500 J/kg), with the only difference being the area
covered. In the case of 2100 UTC trends (Panel D), most
inland regions oscillate at zero vicinity, but the coastal and
adjacent areas exhibit a considerable negative trend
(~ -13 J/kg per season/year). CAPE is modulated by
moisture and surface temperature (Gutzler, 1992). Hughes
& Veron (2018) suggested that the primary driving
mechanism for sea breeze is the temperature gradient
between land and ocean, resulting in alterations in
atmospheric pressure and humidity of air parcels, thereby
creating a circulation cell perpendicular to the coast with
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Figs. 5(e-h). CIN mean spatial variation for (e) 0900 UTC, (g) 2100 UTC and MKT analysis for (f) 0900 UTC, (h) 2100 UTC

diurnal variation. This leads to the influx of water vapor
from sea onto land. This would lead to an increase in the
Relative Humidity over the coastal regions. Which in turn
increases the CAPE values, especially regions adjacent to
coasts and this decreases as we further move into inland.

CIN shows a similar variability (Fig. 5) as CAPE at
0900 UTC (Panel E) with high values at coastal and
adjacent to coastal regions (400-600 J/kg) and experiences
a descent as one move further inland. In general, higher
CAPE values represent lower CIN values but here besides
CAPE, CIN values are also increasing. At 2100 UTC
(Panel F) the values exhibit higher CIN values at west and
southwest (400-650 J/kg) and descend towards the
northwest which is an interesting result. The CIN values
trends at 0900 UTC (Panel G), shows a mixed trend
pattern where most of the regions of Odisha show a high
positive trend (~ 2-4 J/kg per season/year). Still, parts of
Jharkhand and West Bengal are more closely associated
with trend zero or negative with lower significance
(Jharkhand). However, at 2100 UTC CIN trends (Panel
H), the coastal regions and parts of Odisha show a positive
trend (1-3 J/kg per season/year), while most areas in East
India show a low trend or less significance overall.
Similar kind of results were observed for CAPE and CIN
values by Sahu et al. (2022b) at 0000 and 1200 UTC
especially for CAPE, while CIN values are showing as
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decreasing trend from coastal regions to inland regions
only at 0900 UTC.
and

3.2. Spatial correlation between fluxes

thermodynamics variables

Fig. 6 shows the spatial correlations between SHF-
CAPE and LHF-CAPE for the study period. At 0900 UTC
(Panel A), most regions exhibit higher positive correlation
values ranging between 0.2-0.4 for SHF—CAPE, although
coastalregions exhibit negative values between -0.1- -0.3.
This might be because even though there are higher CAPE
values, the SHF values displayed are lower (dominant).
Nearly all regions exhibit negative correlation for SHF—
CAPE at 2100 UTC (Panel B), with values ranging from
(-0.1 — -0.4), while only a few locations exhibit slightly
positive correlation leveling between (0.1-0.2). This could
be because at the places where SHF is increasing CAPE is
decreasing and is vice-versa in the other places (most).
When it comes to LHF-CAPE at 0900 UTC (Panel C),
inland regions show a negative correlation with values
ranging from -0.4 — -0.1. Nonetheless, coastal areas
exhibit a minimal positive correlation with a maximum
value of 0.2. The increase could be attributed to the
increase observed for respective variables LHF and
CAPE. A similar pattern is observed in the case of the
SHF at 0900 UTC. However, the correlation response of
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LHF-CAPE is insignificant at 2100 UTC (Panel D), with
values ranging between -0.2 — 0.3, most inner most
regions showing a negative correlation. The lower positive
correlation can be seen mostly in the parts of West Bengal
and Jharkhand and also in Odisha. Higher positive
correlation values (0.2 — 0.4) are observed over coastal
regions. And vice versa is observed over inland regions in
the similar fashion as climatologies of CAPE and LFH are
gradually decreasing.

With values ranging from 0.2 to 0.4, inland regions
(Odisha) show a positive correlation for SHF—CIN (Panel
E) at 0900 UTC. This might be because of the higher
values of the SHF (could also be because the CIN values
are low). Meanwhile coastal and several other regions
show a negative correlation value ranging from -0.4 —-0.1,
as the CIN values are higher at coastal regions, but the
SHF values are decreasing. Some parts of West Bengal
and Odisha are experiencing zero correlation values as
well, which shows that the SHF might not be particularly
related to CIN variability. SHF—CIN at 2100 UTC (Panel
F) overall positive correlation values ranging between 0.2
— 0.4, in most of the regions. For the case of LHF-CIN at
0900 UTC (Panel G) lower correlation values are
observed for the inland regions with values ranging
between -0.1 — -0.3. Parts of Odisha along with coastal
regions, Jharkhand and West Bengal are experiencing
positive correlation with values ranging between 0.1-0.3.
The results suggest that the LHF does not show an impact
on CAPE and CIN at 0900 UTC over the region except
some parts and for the coastal regions. For the LHF-CIN
at 2100 UTC (Panel H), spatial correlations show an
improvement in the correlation values in most of the
regions with values ranging between 0.1-0.4. The south
most Odisha regions along with some interior regions of
West Bengal and Jharkhand shows either zero or negative
correlation values ~ 0.1. This is again an interesting result
because the CIN values are increasing most of the Eastern
India, but SHF values are decreasing as moved from
coastal to inland regions.

4. Conclusions

The primary objective of this study is to analyze the
variability of SHF and LHF over East India. As the study
experiences frequent thunderstorm occurrences during the
pre-monsoon season, correlations of SHF and LHF with
CAPE and CIN may be insightful for understanding the
flux relations with thermodynamics. The findings can be
summarized as follows:

(i)  The spatial variations of SHF show that values at
0900 UTC are low over coasts and regions adjacent to the
coasts (50-120 W/m?) and higher (230-320 W/m?) for
inland regions. For 2100 UTC, the values are reduced to
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10-18 W/m? (inland regions), and 0-5 W/m? (coastal
areas). The LHF exhibits higher values at 0900 UTC of -
250 — -350 W/m? (near coasts) and lower values (-90 — -
150 W/m?) for inland regions. The values reduced during
2100 UTC, with higher near coastal flux (-30 — -50
W/m?), and values between -10 — 2 W/m? over inland
regions.

(if)  Trend analysis for SHF shows that certain regions
of Odisha and West Bengal have significantly positive
trend values (~ 4 W/m? per season/year) at 0900 UTC,
whereas certain regions of Jharkhand and West Bengal
demonstrate low trend values (~ -2 W/m? per
season/year). The SHF trend values at 2100 UTC varies
between -0.2-0.2 W/m? per season/year. For LHF trend
values, at 0900 UTC, which are quite opposite to SHF
pattern, higher trend values exist over parts of Jharkhand
and West Bengal (~ 4 W/m? per season/year), but negative
trend values are shown in other regions (~ -4 W/m? per
season/year). There is no significant trend in LHF
variability for 2100 UTC with values varying between -
0.2 to 0.2 W/m? per season/year.

(iii) CAPE analysis conducted at 0900 and 2100 UTC
shows that mean values decrease as one move from the
coastal to inland regions. Inland regions exhibit trend
values that are nearly zero. However, at 0900 UTC,
coastal areas exhibit predominantly high positive trends,
but at 2100 UTC, a notable high negative trend is
observed. For CIN, the values are higher for the coastal
regions at 0900 UTC but substantially decrease as one
move inland. However, 2100 UTC CIN values are higher
than previously reported threshold values of 150 J/kg
(Tyagi et al., 2011) over the whole region, and do not
support thunderstorm activities in general. The CIN data
indicates a mixed trend pattern at 0900 UTC, however, by
2100 UTC, the coastal regions exhibit a positive trend,
while most places display a low or less significant trend.

(iv) A strong positive connection is observed at
0900 UTC between SHF-CAPE and most regions,
especially in inland regions. However, around 2100 UTC,
the results demonstrate a negative association. For
both 0900 and 2100 UTC, the LHF-CAPE correlations
are positive and low for coastal regions. But when
it comes to inland regions 0900 UTC shows
negative correlations, but 2100 UTC is showing
positive correlations. It is observed that inland areas,
especially Odisha, have a noteworthy positive correlation
between surface SHF and CIN around 0900 UTC.
Coastal regions and parts of West Bengal with a
few regions in Jharkhand exhibit a negative correlation
in this regard. At 2100 UTC, most regions exhibit
a positive correlation between SHF and CIN.
When comparing the correlation values of LHF-CIN at
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0900 UTC, it is observed that they exhibit opposite
correlation values to that of SHF-CIN mostly, at 2100
UTC, the LHF-CIN correlation values are good positive
for almost all regions.

(v) In this study, the analysis is constrained to
two specific UTC hours (0900 and 2100 UTC), selected
based on the typical diurnal variation in convective
activity, with a focus on time periods corresponding to
relatively stronger and weaker convection. Additionally,
the spatial domain is limited to regions more susceptible
to thunderstorm occurrences during the pre-monsoon
season. Furthermore, vertical atmospheric profiles have
not been considered in the present analysis.

(vi)  Another limitation of this study is the exclusion of a
detailed investigation into the influence of other
potentially relevant atmospheric variables.

(vii) Further analysis, including a broader set of
thermodynamic and dynamic parameters may provide
deeper insights into the mechanisms governing convective
variability.

(viii) The scope of the present study can be expanded in
future work to encompass additional seasons (e.g.,
monsoon and post-monsoon) and extended temporal and
spatial coverage across multiple years. Also incorporating
vertical ~structure information to enable a more
comprehensive understanding of convective processes.
Furthermore, the application of numerical weather
prediction models to simulate surface sensible and latent
heat fluxes, and thermodynamic variables-along with a
comparison against observational datasets-remains an
important avenue for future research.
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