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Key Points

1. Cyclones induce upper-atmosphere warming of 3–4°C during the
pre-monsoon season and 1°C during the post-monsoon season.

2. Large heat flux coupled with a strong updraft during pre-
monsoon season leads to the difference in the atmospheric
response in two seasons.

3. Difference in flux in two seasons is due to the difference in SSTs,
wind forcing, and moisture disequilibrium between ocean and
atmosphere.

Abstract

Cyclones in the north Indian Ocean evolve differently during the pre-monsoon
(April-June) and post-monsoon (October-December) seasons. While several
studies have investigated the near-surface ocean-atmospheric interactions, there
is a lack of understanding of the upper-atmospheric response during cyclones. In
the current study, we find that cyclones in this basin induce warming of 3–4°C
at the upper tropospheric levels (300–400 hPa) during the pre-monsoon season,
for the period 1982–2019. However, during the post-monsoon season, the upper-
level warming is only ~1°C. The contrasting atmospheric response to cyclones in
the two seasons is attributed to the contrasting ocean-cyclone-atmosphere cou-
pled interaction. In the pre-monsoon season, higher SSTs coupled with higher
wind forcing and moisture disequilibrium enhance the latent heat flux from the
ocean to the atmosphere during the cyclones. This enhances convection result-
ing in enhanced latent heat release and anomalous upper-level warming in the
atmosphere. During the post-monsoon season, the SSTs are cooler, and wind
forcing and moisture disequilibrium is less than in the pre-monsoon season. As
a result, the latent heat flux exchange is weak, leading to weaker convection,
reduced latent heat release and weak upper-level warming. The lower atmo-
spheric response to cyclones is also different in the two seasons, with enhanced
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evaporative cooling due to a drier lower atmosphere in the pre-monsoon season
as compared to the post-monsoon season. Since the Indian Ocean is warming
rapidly, it is essential to closely monitor the atmospheric temperature changes
accompanying the cyclones in this basin since they can potentially influence
largescale atmospheric dynamics and circulation.

Keywords: cyclones, north Indian Ocean, ocean-cyclone-atmosphere interac-
tion, upper atmospheric response, Arabian Sea, Bay of Bengal

1. Introduction

Sea surface temperatures (SSTs) play a dominant role in fueling tropical cyclones
worldwide. SSTs are crucial in determining the maximum potential intensity
a cyclone can reach during its lifetime (Demaria & Kaplan, 1994). The ocean
fuels the cyclones by providing energy through the exchange of enthalpy fluxes
between the ocean and the atmosphere (Emanuel, 1986; Ooyama, 1969). This
enthalpy flux transfer from the ocean to the atmosphere is proportional to SSTs
and the surface wind speed (Gao et al., 2016; Gao, Zhai, et al., 2017). Using
observational data from satellites for the Western North Pacific cyclones, Gao
et al. (2016) show that the contribution of the latent heat flux in cyclone in-
tensification is larger as compared to the sensible heat flux. This observation
is similar to other cyclones across different basins (Jaimes et al., 2015; Lin et
al., 2009; Shay & Uhlhorn, 2008; Uhlhorn & Shay, 2012). Various studies show
that the intensification of cyclones is accompanied by an increase in the ocean-
atmosphere latent heat flux (Bao et al., 2000; Li, 2004; Wu et al., 2005). Using
idealized model simulations, Murthy & Boos, (2018) show that the ocean to
atmosphere surface enthalpy fluxes is necessary for cyclone spin-up and its in-
tensification. There is a two-way ocean-atmosphere interaction during cyclones
(Emanuel, 1986). High SSTs favor an increase in the intensity of tropical cy-
clones through flux transfer from the ocean to the atmosphere (Emanuel, 1986).
On the other hand, the passage of a cyclone induces cold ocean wakes, which in
turn reduces the intensity of cyclones (Kaplan & DeMaria, 2003). This reduc-
tion in the intensity of cyclones is due to the decrease in the heat flux transfer
from the ocean to the atmosphere owing to cold ocean wakes, as shown by obser-
vational studies (Cione & Uhlhorn, 2003; Lloyd & Vecchi, 2011) and modeling
results (Bender & Ginis, 2000; Schade, 2000; Schade & Emanuel, 1999).

The north Indian Ocean, including the Arabian Sea and the Bay of Bengal, has
two cyclone seasons in a year, April–June (pre-monsoon season) and October–
December (post-monsoon season). It accounts for ~6% of global cyclone activ-
ity (Singh & Roxy, 2022). The ocean response to cyclones in the north Indian
Ocean is significantly different during the two cyclone seasons. In the Bay of
Bengal, on average, the cyclone-induced cooling in the pre-monsoon season is
2ºC-3°C (Krishna et al., 1993; Rao, 1987; Sengupta et al., 2008). However,
in the post-monsoon season, the average cooling is 0.5ºC-1ºC (Sengupta et al.,
2008). Similarly, cyclone-induced SST cooling in the Arabian Sea is more in
the pre-monsoon season than in the post-monsoon season (Neetu et al., 2012).
This varying ocean response to cyclones in the pre-monsoon and post-monsoon
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seasons is mainly due to the different ocean characteristics in the two seasons
(Neetu et al., 2012; Sengupta et al., 2008). In the Bay of Bengal, during the
pre-monsoon season, larger cyclone-induced cooling is mainly because of weaker
ocean stratification due to thin barrier layer which leads to higher ocean mix-
ing and enhanced cooling during cyclone passage (Li et al., 2017). On the
other hand, in the post-monsoon season, high fresh water influx into the basin
enhances the ocean stratification with fresh water at the surface and saline wa-
ter in the ocean sub-surface (Vinayachandran et al., 2002) which leads to the
formation of a shallow mixed layer and thick barrier layer (Thadathil et al.,
2007). The presence of a thick barrier layer inhibits the cyclone-induced mixing
and restricts the upwelling of colder sub-surface water to the surface resulting
in less cyclone-induced cooling as compared to the pre-monsoon season (Vissa
et al., 2013). In the Arabian Sea, larger cyclone-induced cooling during the
pre-monsoon season is due to higher cyclone wind power input (Neetu et al.,
2012). On the other hand, during the post-monsoon season, the presence of
ocean thermal stratification inhibits cyclone-induced cooling (Neetu et al., 2012;
Subrahmanyam et al., 2005).

Previous studies have focused on the ocean-cyclone interaction in the north
Indian Ocean with a focus on the ocean response to cyclones; however, these
studies have not highlighted the influence of cyclones on the atmosphere. The
transfer of heat flux from the ocean to the atmosphere is the major source of
energy for cyclones. The condensation of water vapor in the updrafts of cyclones
releases a large amount of latent heat, which is then transformed into kinetic
and potential energy (Hack & Schubert, 1986; Nolan et al., 2007). The amount
of latent heat released in a cyclone is directly proportional to the intensity of
cyclones (Wu et al., 2021). Observations of cyclones in the North Atlantic
Ocean show that the latent heat release in the eyewall of the cyclone plays an
important role in their rapid intensification (Rogers et al., 2013, 2015). Similarly,
for the Northwest Pacific Ocean cyclones, Yu & Yao, (2011) show that increased
latent heating with height near the cyclone’s inner core in the middle and upper
troposphere provides a conducive condition for the intensification of cyclones.
Anomalous warm temperatures at higher levels lead to higher pressure drop at
the surface in cyclones as compared to the warming at the lower-level ones due
to the amplification effects of the higher-level warming based on the hydrostatic
balance (Chen & Zhang, 2013; Hirschberg & Fritsch, 1993). Using dropsonde
data for nine cyclones from different basins, Durden (2013) reported that the
height of the warm core in cyclones varied from 760-250 hPa and the intensity
of cyclones is directly proportional to the strength and height of the warm core.

Similarly, theoretical studies suggested that the location of the release of the
latent heat within a cyclone is crucial in determining the extent of the intensi-
fication of cyclones (Hack & Schubert, 1986; Schubert & Hack, 1982). Hu et
al., (2019) show that in the Northwest Pacific Ocean, the latent heat released in
the cyclones varies with their lifecycle. During the developing stage of cyclones,
the latent heat is released mainly in the upper level of the atmosphere. On the
other hand, during the mature stage of cyclones, latent heat is mainly released
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in the lower level of the atmosphere (Hu et al., 2019). Observational data for
the Northwest Pacific Ocean cyclones during the period 2000–2009 show that
on average, the magnitude of the upper-level heating due to cyclones is about
2°C-2.5°C (Gao et al., 2019). A similar analysis using the Atmospheric Infrared
Sounder (AIRS) temperature profiles shows that the magnitude of upper-level
heating is found to be in the range of 10°C-12°C for category 4 and category 5
cyclones (Gao et al., 2017). A modelling study for Cyclone Wilma shows the
reduction in the SSTs by 1°C, significantly reduces the upper-level warm core
within the cyclone (Chen & Zhang, 2013). This is because cooler SSTs reduce
the convective instability and the convective available potential energy (Chen
& Zhang, 2013).

The latent heat is generally released in the middle to upper troposphere (Adler
& Rodgers, 1977; Kuo, 1965) and directly depends on the amount of condensate
in the clouds (Nolan et al., 2019; Yanai et al., 1973). Observational analysis
for super Cyclone Paka shows that the latent heat release processes vary with
height (Rodgers et al., 2000). In the lower level, convective processes are the
major source of latent heat release and in the middle to upper levels, cloud
ice microphysical processes play a dominant role in the latent heat release (E.
Rodgers et al., 2000). Modelling analysis for Cyclone Andrew (1992) shows that
warm rain processes in cyclone clouds play a major role in the total latent heat
release compared to the mixed-phase processes (Zhang et al., 2002). Using the
observational analysis for convective clouds, Tong et al. (1998) show that the
smaller contribution of freezing and melting to the total heating in a convective
cloud is due to the smaller value of latent heat of fusion. For cyclones, observa-
tion suggests that the distribution of type of precipitate in the cloud, especially
in the eyewall region, is significantly different from a convective thunderstorm
cloud (Black et al., 2003). They show that in a cyclone eyewall supercooled liq-
uid water exists even in the upper levels of the atmosphere (Black et al., 2003).
Contrary to the mid to upper-level heating in cyclones, evaporative cooling is
observed in the lower troposphere of the cyclone (Rodgers et al., 1998).

A large amount of latent heat release in cyclones amplifies the clouds buoyancy
and enhances the updrafts ascending motion within the cloud mainly in the mid
to upper level of the atmosphere (Jorgensen, 1984; Lord et al., 1984). Black
et al. (1994) documented very strong updrafts of magnitude 24 m s-1 at the
height of 5 km within the eyewall of Hurricane Emily (1987). Similarly, using
the aircraft data, Aberson et al. (2017) reported updrafts of magnitude 31
m s-1 in Hurricane Felix (2007) at 700 hPa. Based on aircraft and doppler
radar observations, Black et al. (1994) show that for Hurricane Emily (1987),
the maximum velocity of the updrafts in the eyewall is near the melting level.
These updrafts play a crucial role in determining the intensity of cyclones and
the system’s energy balance.

While several studies have investigated the upper-atmospheric response in the
northwest Pacific and North Atlantic oceans, a comprehensive understanding
of the atmospheric response to cyclones is lacking in the north Indian. Earlier
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studies have shown that the ocean-cyclone interaction in the Arabian Sea and
the Bay of Bengal differs in the two cyclone seasons (Neetu et al., 2012; Sengupta
et al., 2008). However, how the different ocean-cyclone interactions in the two
seasons can influence the atmospheric response to cyclones is unclear. Therefore,
the main objective of this study is to understand the atmospheric response to
cyclones in the north Indian Ocean during the pre-monsoon and post-monsoon
seasons.

2. Data and Methodology

2.1. Data

To understand the atmospheric response to cyclones in the north Indian Ocean,
we have analyzed the cyclones during the period 1982–2019. The cyclone data
for this period is obtained from Joint Typhoon Warning Center (JTWC) as
archived in the International Best Track Archive for Climate Stewardship (IB-
TrACS) cyclone dataset (Knapp et al., 2010). In the north Indian Ocean, we
have analyzed the atmospheric response to cyclones separately for the Arabian
Sea and the Bay of Bengal in the pre-monsoon and the post-monsoon seasons.
To understand the role of SSTs in the atmospheric response to cyclones, the
daily SST data for the above-mentioned period, at a spatial resolution of 0.25°
× 0.25° is obtained from the Optimum Interpolation Sea Surface Temperature
(OISST) dataset provided by the National Oceanic and Atmospheric Admin-
istration (NOAA) (Reynolds et al., 2007). Latent heat flux data at a spatial
resolution of 0.25° × 0.25° is obtained from the European Center for Medium
Range Weather Forecasts (ECMWF) fifth-generation global atmospheric reanal-
ysis (ERA5) dataset (Hersbach et al., 2020). A recent study by Pokhrel et al.
(2020) show that in the north Indian Ocean, the flux estimates by ERA5 are
the best among the various available reanalysis datasets. The convention of the
latent heat flux used in this study is — positive means the heat flux is trans-
ferred from the ocean to the atmosphere. To see the atmospheric response to
cyclones in the two cyclone seasons, various other atmospheric variables such as
atmospheric temperature, specific humidity, relative humidity, vertical velocity
at multiple atmospheric levels, and outgoing longwave radiation (OLR) are also
obtained from ERA5 at a spatial resolution of 0.25° × 0.25°. For the analysis
of various ocean-atmosphere parameters, daily anomalies are obtained by using
the daily climatology for the period 1982–2019. The student’s two-tailed t test
is applied to analyze the statistical significance of the results.

2.2. Methodology

We have analyzed the evolution of the composite of various ocean and atmo-
spheric parameters anomalies averaged over 1° × 1° grid area that is roughly
100 km radius around each cyclone center position. The evolution of ocean-
atmosphere parameters is studied before, during, and after the cyclone passage.
We considered cyclogenesis day as the day when the system has attained a
maximum sustained wind speed of 20 knots. We have excluded the days when
the cyclone has made landfall and its center is over the land. This is because
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land-cyclone interaction is different as compared to the ocean-cyclone interac-
tion due to the land induced friction and absence of moisture supply from the
ocean. We calculated the number of cyclone days from its genesis till landfall or
open ocean dissipation for every cyclone. Those cyclones that have crossed from
the Bay of Bengal into the Arabian Sea are considered Bay of Bengal cyclones
until landfall over India or Sri Lanka east coast. After these cyclones reemerge
into the Arabian Sea, they are considered as Arabian Sea cyclones. Using this
methodology, the total number of cyclone days in the Arabian Sea during the
pre-monsoon season is 154 and the post-monsoon season is 270, for the period
1982–2019. Similarly, the total number of cyclone days in the Bay of Bengal
during the pre-monsoon season is 182 and the post-monsoon season is 429. Gen-
erally, the ocean and atmosphere start getting affected by a cyclone from one to
two days before the cyclone center passes that location. We have analyzed the
evolution of the composite of ocean-atmosphere anomalies starting from seven
days before the passage of cyclones over each location on the track, as it will
help us to understand the prevailing pre-cyclone ocean-atmosphere conditions.
Day 0 is the day of passage of cyclones, day -7 to day -1 are seven to one days
before the passage of cyclones, and day +1 to day +16 are one to sixteen days
after the passage of cyclones.

Previous studies have shown that latent heat flux depends on the SST, surface
wind speed, and the difference in the specific humidity between the ocean and
the lower atmosphere (Gao et al., 2016; Jaimes et al., 2015). To estimate
the dominant factor contributing to the latent heat flux, we have used the bulk
aerodynamic formula for the latent heat flux which is given by equation 1 (Fairall
et al., 2003).

LHF = �LCEU(qs-qa) Equation 1

Where, � is the density of air having a value of 1.17 x 10-6 g m-3, and L is
the latent heat of evaporation of water having value of 2360 J g-1. CE is the
bulk transfer coefficient for latent heat flux, a unitless quantity, and its value
estimated for the Indian Ocean is 1250 (M. Roxy et al., 2013). U and qa are
the wind speed (m s-1) and specific humidity (g kg-1) respectively at a height of
10 m above the surface and qs is the saturation specific humidity at sea surface
temperature. The difference qs-qa is called moisture disequilibrium (Jaimes et
al., 2021), a key factor determining the intensity of the fluxes. Recent research
shows that among various reanalysis datasets, cyclones in the north Indian
Ocean are best represented in the ERA5 reanalysis dataset (Malakar et al.,
2020). Hence, the winds at 10 m along the track of the cyclone around 1°×1°
cyclone center are obtained from the ERA5 reanalysis dataset.

To estimate how close the air is to saturation, we computed the dew point
depression. It is derived by taking the difference between the actual atmospheric
temperature and the dew point temperature, as shown in equation 2 (Lawrence,
2005).

𝑇dd = 𝑇 − 𝑇𝑑 Equation 2
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Where Tdd is the dew point depression, T is the atmospheric temperature (K)
and Td is the dew point temperature (K). As the dew point depression increases,
the air becomes drier and relative humidity decreases. To compute the dew point
depression, first we calculated the dew point temperature (Td) using the esti-
mates of vapor pressure and saturation vapor pressure and Clausius-Clapeyron
relationship, as shown in Equations 3, 4, and 5.

𝑅𝐻 = 100% × ( 𝐸
Es ) Equation 3

According to an approximation of Clausius-Clapeyron equation:

𝑒 = 𝑒0 × exp [( 𝐿
𝑅𝑣

) × {( 1
𝑇0

) − ( 1
𝑇𝑑

)}] Equation 4

𝑒𝑠 = 𝑒0 × exp [( 𝐿
𝑅𝑣

) × {( 1
𝑇0

) − ( 1
𝑇 )}] Equation 5

Where RH is the relative humidity (%), e is the vapor pressure and e0 is the
saturation vapor pressure at a known temperature (T0), e0 = 0.611 kPa, (L/Rv)
= 5423 K (over the flat surface of water), T0 = 273.15 K, Td is the dew point
temperature (K) and T is the actual atmospheric temperature (K).

1. Results

(a) Ocean-cyclone coupled interaction

i. Contrasting SST response to cyclones in the two seasons

To understand the ocean-cyclone interaction, we analyzed the evolution of the
SSTs from day -7 to day +16 for the cyclones in the Arabian Sea and the Bay
of Bengal during the two cyclone seasons (Figure 1a,b). It can be seen from
Figure 1a that in the Arabian Sea, during the pre-monsoon season, the pre-
cyclone SSTs (average SSTs from day -7 to day -3) are ~30.0°C. Similarly, in
the Bay of Bengal, during the pre-monsoon season, the pre-cyclone SSTs are
29.9°C (Figure 1b). On the contrary, in the post-monsoon season, in both the
basins, the pre-cyclone SSTs are significantly (statistically significant at 99.99%
confidence levels) lower than the pre-monsoon season. The pre-cyclone SSTs in
the Arabian Sea and Bay of Bengal during the post-monsoon season are 28.2°C
and 28.5°C respectively (Figure 1a,b). This is in line with the previous study
by (Singh & Roxy, 2022), which shows that in the north Indian Ocean, the
pre-cyclone SSTs in the pre-monsoon season are warmer than the post-monsoon
season.

Similar to the actual SSTs, an analysis of the SST anomalies shows that during
the pre-monsoon season, in both basins, anomalous positive SST anomalies
persist before the passage of the cyclone (Figure 1c and d). From day -2 (2 days
before the passage of the cyclone), the SST anomalies start decreasing rapidly.
This SST decrease is mainly due to the interaction of the outer periphery of the
cyclone with the ocean, leading to the mixing and upwelling of cooler subsurface
water to the surface. By day 0, the SST anomalies decreases by 0.49°C in the
Arabian Sea and by 0.24°C in the Bay of Bengal, as compared to the SST
anomalies before the passage of the cyclone (average SST anomalies from day
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-7 to day -3). After the passage of the cyclone, the SSTs continue to decrease,
and the average post-cyclone (average SST anomalies from day +3 to day +7)
SST anomalies are 1.18°C and 1.09°C cooler than the pre-cyclone SSTs in the
Arabian Sea and the Bay of Bengal respectively (Figure 1c,d). The continued
decrease in SST even after the passage of cyclone is due to the upwelling, which
continues for a few days after cyclone passage. Similar continued cooling of
SSTs for a few days after the passage of cyclones is observed in other basins
globally (S. Wang & Toumi, 2021).

On the contrary, the SST anomalies before the passage of cyclone are signifi-
cantly lower (statistically significant at 99% confidence level) during the post-
monsoon season in both the Arabian Sea and the Bay of Bengal. Also, it can
be seen that in the Bay of Bengal, no positive SST anomalies are seen before cy-
clone which is in contrast to the pre-monsoon season. The average post-cyclone
SSTs anomalies are 0.63°C and 0.28°C cooler than the pre-cyclone SSTs in the
Arabian Sea and the Bay of Bengal respectively (Figure 1c,d). This shows that
in the Arabian Sea and the Bay of Bengal, the cyclone-induced SST cooling is
46.6% and 74.3% less than in the pre-monsoon season. The difference in the
cooling between the two seasons is statistically significant at 99% confidence
level. This difference in the cooling during the two seasons is in agreement with
the previous findings (Neetu et al., 2012; Sengupta et al., 2008). The main rea-
son for the contrasting ocean response in the two cyclone seasons is the presence
of a thick barrier layer in the Bay of Bengal during the post-monsoon season.
This inhibits cyclone-induced mixing and upwelling, resulting in less cooling
than the pre-monsoon season (Vissa et al., 2013). Whereas, in the Arabian Sea,
ocean thermal stratification inhibits cyclone-induced cooling (Neetu et al., 2012;
Subrahmanyam et al., 2005b).

1. Contrasting latent heat flux exchange during cyclones in the two seasons

Studies for different ocean basins have shown that the SSTs fuel the cyclones by
providing heat flux from the ocean to the atmosphere. Among the heat fluxes,
the latent heat flux plays a dominant role in energizing the cyclone compared
to the sensible heat flux (Jaimes et al., 2015; Lin et al., 2009). Therefore,
our analysis is focused on understanding the characteristics and evolution of
the latent heat flux exchange from the ocean to the atmosphere in the two
cyclone seasons. We have analyzed the evolution of the latent heat flux and the
latent heat flux anomaly along the track of cyclones averaged over a 1°×1° grid
area around the cyclone’s center from day -7 till day +16. However, only the
evolution of latent heat flux anomaly is presented here in figures 2 a and b. Our
analysis shows that during the pre-monsoon season, in the Arabian Sea, the
average latent heat flux exchange from the ocean to the atmosphere on the day
of cyclone (i.e. day 0) is 202.6 W m-2 which is 88.7 W m-2 more than normal
(Figure 2a). On the other hand, in the Bay of Bengal, the average latent heat
flux exchange from the ocean to the atmosphere on the day of cyclone is 196.6
W m-2 which is 96.4 W m-2 more than normal (Figure 2b). The magnitude
of latent heat flux transfer during the pre-monsoon season is similar to that
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reported during the cyclones in the Northwest Pacific Ocean (Gao et al., 2019).

On the contrary, the average latent heat flux during the post-monsoon cyclones
on day 0 for the Arabian Sea is 148.9 W m-2 which is 52.9 W m-2 more than
normal, and for the Bay of Bengal is 159.7 W m-2 which is 50.3 W m-2 more than
normal (Figure 2a and b). These results show that there is a sharp contrast in
the air-sea flux exchange in the two cyclone seasons. Significantly (statistically
significant at 99% confidence level) higher latent heat flux is transferred from
the ocean to the atmosphere in the pre-monsoon season as compared to the
post-monsoon season.

1. Mechanism driving the contrasting latent heat exchange in the two seasons

To see the mechanism leading to the higher latent heat flux exchange from the
ocean to the atmosphere during the pre-monsoon season, we utilized the latent
heat flux bulk formula, as shown earlier in equation 1. Studies have shown
that latent heat flux from the ocean to the atmosphere is directly proportional
to the SSTs (Gao et al., 2016; Gao et al., 2017). From equation 1, it can
be seen that two different mechanisms control the latent heat exchange during
cyclones. First is the mechanically driven heat uptake, which is an increase
in evaporation from the sea surface with the increase in the near-surface wind
speed. Second is the thermodynamically driven heat uptake caused by the
moisture differences between the sea surface and near the sea surface. For the
cyclones in the North Atlantic Ocean, it is observed that in the regions of high
wind speed of cyclone, even slight SST changes significantly alter the moisture
disequilibrium, which in turn changes the latent heat flux exchange from the
ocean to the atmosphere (Cione & Uhlhorn, 2003). This moisture disequilibrium
is mainly determined by the saturation specific humidity at the ocean surface
and is a function of SSTs rather than the near-surface atmospheric specific
humidity (Jaimes et al., 2015). Analyzing the North Atlantic Ocean cyclones,
Cione & Uhlhorn (2003) show that an increase in SSTs by 1°C increases the
flux exchange from the ocean to the atmosphere by 40%. An increase in the
moisture disequilibrium increases the latent heat flux from the ocean to the
atmosphere (Cione et al., 2013). Based on the bulk formula of the latent heat
flux as shown in equation 1, we have estimated the moisture disequilibrium
between the ocean surface and the near-surface for the cyclone day (i.e., at day
0) at each cyclone location averaged over 1°×1° region around the center of the
cyclone. The results are presented in Table S1. It can be seen from Table S1
that during the pre-monsoon season, the mean moisture disequilibrium in the
Arabian Sea and the Bay of Bengal is 6.33 g kg-1 and 6.92 g kg-1 respectively.
This moisture disequilibrium during cyclones in both basins is higher than in the
Northwest Pacific Ocean cyclones (Gao et al., 2016). This indicates the potential
of higher latent heat flux transfer during cyclones in the north Indian Ocean
as compared to the Northwest Pacific Ocean basin. On the other hand, during
the post-monsoon season, the mean moisture disequilibrium in the Arabian Sea
and the Bay of Bengal is 5.40 g kg-1 and 5.86 g kg-1 respectively. This shows
that in both the basins, the moisture disequilibrium is higher during the pre-
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monsoon season than the post-monsoon season. During the pre-monsoon season,
on the day of the cyclone, the correlation between the latent heat flux and the
moisture disequilibrium in the Arabian Sea and the Bay of Bengal is 0.30 and
0.23 respectively which is statistically significant at 99% confidence level (Figure
3a and c). Whereas, during the post-monsoon season, the correlation between
the latent heat flux and moisture disequilibrium in the Arabian Sea and the
Bay of Bengal is (r=0.13) (statistically significant at 95% confidence level) and
(r=0.32) (statistically significant at 99% confidence level) respectively (Figure
3b and d).

Gao et al. (2016) show that for the cyclones in the Northwest Pacific Ocean,
higher moisture disequilibrium between the ocean and atmosphere is due to
higher SSTs leading to increased latent heat flux transfer fueling the intensi-
fication of cyclones. In line with earlier studies, from the correlation analysis
in figure 4, we see a significant positive correlation between the moisture dise-
quilibrium and the SSTs in both the basins and seasons. The higher moisture
disequilibrium during the cyclones in the pre-monsoon season in both the basins
is attributed to the higher SSTs in this season compared to cyclones in the post-
monsoon season (Figure 1a, b).

The latent heat flux also depends on the near-surface wind speed i.e., winds at
10 m, as shown by equation 1. We find that the average observed wind speed
at 10 m on the day of cyclone (i.e., day 0) is 9.27 m s-1 during the pre-monsoon
season in the Arabian Sea, whereas in the Bay of Bengal, it is 8.23 m s-1 (Table
S1). On the other hand, the average observed wind speed at 10 m on the day
of cyclone is 7.99 m s-1 during the post-monsoon season in the Arabian Sea,
whereas in the Bay of Bengal, it is 7.90 m s-1. Since we are averaging over a
1°×1° region around the cyclone center, the cyclone’s wind speed will be less
than the maximum wind speed as per JTWC records. For comparison with
the observations, we estimated the average maximum winds of the cyclone as
archived by JTWC. The average maximum wind speed of cyclones during the
pre-monsoon season in the Arabian Sea is 35.9 m s-1 and in the Bay of Bengal
is 37 m s-1. Whereas, during the post-monsoon season, the cyclone’s average
maximum wind speed is 30.8 m s-1 and 31.2 m s-1 in the Arabian Sea and the
Bay of Bengal, respectively. Thus, it can be seen from the ERA5 and from the
JTWC observations that, on average, the wind speed at 10 m during cyclones
is higher during the pre-monsoon season than during the post-monsoon season.
The difference in the wind speeds between the two seasons for both the basins
on the day of cyclones is statistically significant at 99% confidence level. This is
in line with the previous study by Li et al. (2013) which show that on average
stronger cyclones form in the Bay of Bengal during the pre-monsoon season as
compared to the post-monsoon season.

From Figure 5, it can be seen that with the increase in the wind speed of
cyclones, there is a corresponding increase in the latent heat flux in both the
basins and seasons. During the pre-monsoon season, the correlation between
the latent heat flux and the wind speed at 10 m in the Arabian Sea and the Bay
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of Bengal is (r=0.85) and (r=0.90) respectively which is statistically significant
at 99% confidence level. During the post-monsoon season, this correlation for
the Arabian Sea and the Bay of Bengal is (r=0.82) and (r=0.87), respectively,
which is also statistically significant at 99% confidence level (Figure 5b and
d). Hence, it can be inferred that the latent heat flux exchange in both basins
strongly depends on the cyclone’s wind speed.

The analysis above shows that in the north Indian Ocean, the latent heat flux
exchange is directly proportional to the near-surface wind speed of the cyclone
and the moisture disequilibrium. Also, the moisture disequilibrium increases
with an increase in the SSTs. This is in agreement with a recent study on
cyclones in the North Atlantic Ocean (Jaimes et al., 2021). Further, in the
Arabian Sea and the Bay of Bengal, the SSTs, cyclone wind speed, and moisture
disequilibrium are higher during the pre-monsoon season than the post-monsoon
season. As a result, there is a higher latent heat flux exchange from the ocean
to the atmosphere in the former than in the latter season.

1. Atmospheric response to cyclones in the north Indian Ocean

(a) Changes in the atmospheric temperature in response to cyclones

In the earlier sections, we have seen that during cyclones in the Arabian Sea
and the Bay of Bengal, there are significantly high SSTs and latent heat flux
exchange from the ocean to the atmosphere in the pre-monsoon season, as com-
pared to the post-monsoon season. Such a contrasting ocean-cyclone interaction
in the two seasons can have significantly different atmospheric response too. To
understand the atmospheric response to cyclones in the two basins and the
two cyclone seasons, we first analyzed the atmospheric temperature anomaly at
different atmospheric levels for cyclone day at each cyclone location.

During the pre-monsoon season, in the Arabian Sea, on the day of the cyclone,
large anomalous warming is observed at the upper levels (200-400 hPa), with
maximum warming at 300 hPa (Figure 6a). The temperature anomalies at 300
hPa and 400 hPa are 3.74°C and 3.41°C respectively. Similarly, in the Bay
of Bengal, on the day of the cyclone, anomalous large upper-level atmospheric
warming is observed with temperature anomalies at 300 hPa and 400 hPa are
3.32°C and 3.11°C respectively (Figure 6b). In both the basins, anomalous
upper-level warming starts decreasing from day +2, that is, two days after the
passage of cyclone (figure not shown). This shows that anomalous upper-level
warming is tightly coupled with the cyclone. The upper-level cyclone-induced
warming observed in the Arabian Sea and the Bay of Bengal is similar to the
cyclone-induced upper-level warming observed in the North Atlantic Ocean and
Northwest Pacific Ocean basin (Gao et al., 2019; Zawislak & Zipser, 2014).
Further, the anomalous warm temperature anomalies at 300 hPa are consistent
with the theoretical estimate of Emanuel (1986).

During the post-monsoon season, the cyclones in the Arabian Sea and the Bay
of Bengal induce anomalous maximum warming at 300 hPa, similar to the pre-
monsoon season. However, in this season, the magnitude of the cyclone-induced
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upper-level warming is significantly less (statistically significant at 99% confi-
dence level) than in the pre-monsoon season (Figure 6a, b). The mean cyclone-
induced anomalous warming at 300 hPa in the Arabian Sea and the Bay of
Bengal is 1.27°C and 1.15°C respectively, which is just one-third compared to
the pre-monsoon season. In the next section, we will discuss the mechanism
driving this contrasting cyclone-induced upper-level warming in the two cyclone
seasons.

Contrary to the anomalous upper-level warming on the cyclone day in the north
Indian Ocean, there is an anomalous cooling at the lower levels from 850 hPa to
1000 hPa (Figure 6a and b). The low-level cooling is more intense during the pre-
monsoon season than the post-monsoon season. During the pre-monsoon season,
the maximum low-level cooling is observed at 850 hPa. Anomalous intense cool-
ing is observed in the Arabian Sea compared to the Bay of Bengal and the dif-
ference in cooling between the basins is 1.5°C at 850 hPa (Figure 6a, b). Similar
to the upper levels, there is also a contrast in the low level-cooling between the
pre-monsoon and the post-monsoon seasons. During the post-monsoon season,
the anomalous low-level cooling in both basins is significantly less (statistically
significant at 99% confidence level) than in the pre-monsoon season. In the Ara-
bian Sea, the maximum anomalous cooling of magnitude -0.29°C is observed at
850 hPa. Whereas, in the Bay of Bengal, maximum anomalous cooling of magni-
tude -0.43°C is observed at 1000 hPa. In general, the center of the cyclone (that
is, the eye region) has anomalous warmer temperatures due to the subsidence
occurring in the cyclone center (Willoughby, 1998). Since we are averaging over
a wider area that is 1°×1° around the center of the cyclone, it includes both
the eye of the cyclone and the eyewall region, which is the precipitation region.
Based on the aircraft observation of the cyclone in the Atlantic, Houze et al.
(2009) show that the precipitation from the cyclone clouds leads to evaporative
cooling beneath the base of clouds resulting in anomalous low-level cooling. In
the later section, we will analyze the role of evaporative cooling in anomalous
low-level cooling.

1. Mechanism driving the contrasting cyclone induced upper-level warming
in the two cyclone seasons

In the previous section, we see that, similar to the ocean response, the atmo-
spheric response to cyclones in the two cyclone seasons is also significantly dif-
ferent. Earlier, we have seen that during cyclones, the latent heat flux transfer
from the ocean to the atmosphere is significantly larger during the pre-monsoon
season compared to the post-monsoon season. The enhanced latent heat flux
exchange from the ocean to the atmosphere during the pre-monsoon season in-
creases the vertically averaged (averaged from 1000-500 hPa) specific humidity
(henceforth will be called as averaged lower to mid-troposphere specific humid-
ity) as shown in Figures S1a and b. During the pre-monsoon season, the aver-
aged lower to mid-troposphere specific humidity on the day of cyclone in the
Arabian Sea is 12.26 g kg-1, which is 4.77 g kg-1 above normal. Similarly, in
the Bay of Bengal, it is 12.29 g kg-1, which is 3.36 g kg-1 above normal. The
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anomalous higher specific humidity at low to middle levels is similar to the ob-
servation for cyclones in the Northwest Pacific Ocean (Gao et al., 2019). Gao
et al. (2019) show that in the Northwest Pacific Ocean, during cyclones, the
anomalous moisture in the atmosphere is injected by the anomalous high latent
heat flux exchange from the ocean to the atmosphere. Similar to the Northwest
Pacific Ocean, we observe that during the pre-monsoon season, there is a statis-
tically significant correlation between the anomalous latent heat and the specific
humidity at 850 hPa. The correlation is (r = 0.31) in the Arabian Sea and (r
= 0.52) in the Bay of Bengal. Since the maximum anomalous specific humidity
is observed at 850 hPa in both basins, the correlation with the latent heat flux
is shown only for this level. The positive correlation indicates that with the in-
crease in the latent heat flux exchange from the ocean to the atmosphere, there
is a corresponding increase in moisture in the lower atmosphere. This anoma-
lous moisture is then transported upwards by the cyclone secondary circulation
leading to an increase in moisture in the entire lower to middle atmospheric
column (Gao et al., 2019).

On the contrary, during the post-monsoon season, the lower to mid-troposphere
specific humidity is less as compared to the pre-monsoon season (Figure S1a-
d). In the Arabian Sea, it is 10.85 g kg-1 which is 11.5% less than the pre-
monsoon season. Similarly, in the Bay of Bengal, it is 11.24 g kg-1 which is
8.5% less than the pre-monsoon season. The difference in the average lower to
mid-troposphere specific humidity between the pre-monsoon and post-monsoon
seasons is statistically significant at 99% confidence level. Anomalous lower
specific humidity on the day of cyclone during the post-monsoon season as
compared to the pre-monsoon season is attributed to the anomalous lower latent
heat flux exchange in the former season than in the latter season (Figure 2a and
b).

We further analyzed the average OLR on the day of the cyclone (day 0), averaged
over a 1°×1° area around the cyclone center at each cyclone location. This
analysis is carried out to study the convection in the pre-monsoon and post-
monsoon seasons in the two basins. OLR is used as a proxy to study tropical
convection, anomalous high OLR denotes suppressed convection and anomalous
low OLR denotes enhanced convection (see for example (Lau & Chan, 1986). We
found that during the pre-monsoon season, the mean OLR on the day of cyclone
in the Arabian Sea is 164.8 W m-2 which is 108.8 W m-2 below normal and in the
Bay of Bengal, it is 140.6 W m-2 which is 107.5 W m-2 below normal. Whereas,
during the post-monsoon, the mean OLR on the day of cyclone in the Arabian
Sea is 186.4 W m-2 which is 72.1 W m-2 below normal and in the Bay of Bengal,
it is 162.9 W m-2 which is 65.9 W m-2 below normal (Table 1). The difference
in the OLR between the two seasons for both basins is statistically significant
at 99% confidence level. This shows that in both basins, the convection on
the day of the cyclone during the pre-monsoon season is more intense than the
post-monsoon season.

In the earlier section, we have seen that on the day of cyclone, the latent heat
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flux and mid to lower troposphere specific humidity are higher during the pre-
monsoon season as compared to the post-monsoon season. Young et al. (1992)
show that convection increases with an increase in the latent heat flux. Similar
to this, from the scatter plot shown in Figure S2, we find that with the increase in
the latent heat flux there is a corresponding decrease in OLR in both the basins.
This indicates an increase in the convection with an increase in the latent heat
flux. During the pre-monsoon season, the correlation between the latent heat
flux anomalies and OLR anomalies is (r = -0.35) in the Arabian Sea and (r
= -0.50) in the Bay of Bengal (Table 1). Whereas, during the post-monsoon
season, this correlation is (r = -0.41) in the Arabian Sea (Table 1). However,
in the Bay of Bengal, the correlation is weak (r = -0.24), which indicates that
the dependence of convection on the latent heat flux is weak as compared to
the Arabian Sea. The varying dependence of convection on the latent heat flux
in the two basins is out of the scope of this study. Despite this contrast, the
correlation between the latent heat flux anomalies and OLR anomalies in both
the basins and seasons is statistically significant at 99% confidence level. This
shows that atmospheric convection is directly proportional to the latent heat
flux exchange from the ocean to the atmosphere. Since the convection (OLR)
is directly dependent on the latent flux exchange, we see that the convection in
the cyclone is intense in the pre-monsoon season than the post-monsoon season
due to higher latent heat flux exchange during the former season as compared
to the latter season (Table 1).

On the day of cyclone during the pre-monsoon season, the intense convection
is simultaneously accompanied by intense updrafts (denoted by the negative
vertical velocity anomalies in Figures 6c and d) in both the basins. Strong
convergence in the eyewall of a cyclone at low levels and strong outflow at the
upper levels must be balanced by strong upward vertical motion between the
lower and upper levels (Houze, 2010). In the Arabian Sea, the peak in the
updraft velocity is observed at 600 hPa, whereas in the Bay of Bengal, the peak
is observed at 500 hPa (Figure 6c and d). The magnitude of the peak updraft
anomalous velocity is -0.77 Pa s-1 in the Arabian Sea and -0.57 Pa s-1 in the Bay
of Bengal (Figure 6c and d). These mid-level maxima in the updraft velocity
for the north Indian Ocean cyclones are similar to the aircraft observations
for the cyclones in the North Atlantic Ocean (Black et al., 1994; Frank, 1977;
Jorgensen, 1984). The higher updraft velocity in the mid-levels as compared to
the lower levels is because the largest virtual temperature anomalies exist above
the freezing level. Also, the latent heat released by freezing water droplets
and the growth of ice crystals enhances the cloud buoyancy, thus increasing
the updraft velocity in the mid-levels (Braun, 2002; Eastin et al., 2005; Houze,
2010).

Contrary to the pre-monsoon season, the updrafts are less intense during the
post-monsoon season in both the Arabian Sea and the Bay of Bengal (Figure
6c and d). In this season, the peak updraft anomalous velocity in the Arabian
Sea is -0.42 Pa s-1 and in the Bay of Bengal is -0.43 Pa s-1. In both the basins,
the difference in the intensity of peak updrafts between the two seasons is sta-
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tistically significant at 99% confidence level. We computed the average updraft
velocity at the pressure level where maximum updrafts are observed in both the
basins, that is, 500-600 hPa (Table 1). The correlation between the average
mid-level updraft and the OLR is moderate but is significantly positive (statis-
tically significant at 99% confidence level) for both the basins and the seasons
(Table 1). However, a moderate positive correlation indicates that the intensity
of updrafts is dependent not only on the strength of convection in the cyclone
but also on other factors. Since, on the day of cyclone, the pre-monsoon season
cyclones have stronger convection as compared to the post-monsoon season cy-
clones; therefore, the updrafts in the cyclone in the former season are stronger
as compared to the later season. A significant forcing that governs the updraft
intensity in a cumulonimbus cloud is the buoyancy across the updraft width,
which is largely determined by the virtual temperature anomalies, entrainment
rate, and water loading in the cloud (Houze, 2010; Lucas et al., 1994). The role
of these factors in governing the updraft variations during the cyclone between
the pre-monsoon and the post-monsoon season is out of the scope of this study.
We are averaging over 1°×1° area around the cyclone center, so the downward
vertical velocity in the eye (center) of the cyclone as noted by Schubert et al.,
(2007) cannot be distinguished in our study.

The intense convection during cyclones in the pre-monsoon season leads to en-
hanced latent heat release in the mid to upper atmosphere, as seen from the
air temperature anomalies. The generation of latent heat release above freezing
level is due to the ice microphysical processes (Rodgers et al., 1998). Our results
are in agreement with earlier studies for cyclones of other basins that the max-
ima in the latent heating are generally at mid to upper levels (Hack & Schubert,
1986; Nolan et al., 2007; Vigh & Schubert, 2009). Nolan et al. (2019), using
numerical simulation of cyclones in the North Atlantic Ocean, show that the
maxima of the total condensate in clouds of cyclone peaks at upper-levels 8-10
km, leading to maximum heating at these upper levels. As discussed earlier, the
maximum anomalous warming on the cyclone day is observed at the upper level
(300 hPa), similar to the findings for other basins. We have computed a correla-
tion between the OLR and upper-level (300 hPa) temperature anomalies (Table
1). It can be seen from Table 1 that there is a statistically significant correlation
between the OLR anomalies and the upper-level temperature anomalies in both
the basins and seasons.

From the scatter plot shown in Figure S3, it is seen that with the increase in the
latent heat flux anomalies, there is an enhancement of the anomalous upper-level
warming. During the pre-monsoon season, the latent heat flux and upper-level
temperature anomalies show a significant positive correlation (r = 0.57) in the
Arabian Sea and (r = 0.56) in the Bay of Bengal. A similar correlation is seen
during the post-monsoon season also. With the increase in the latent heat flux
and convection, there is an increase in the moisture transport from the ocean
to the atmosphere by the stronger updrafts and a large amount of latent heat
of condensation is released into the upper atmosphere leading to anomalous
warming. Earlier, we have seen that on the day of cyclone, the latent heat flux
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transfer from the ocean to the atmosphere and the convection is stronger during
the pre-monsoon season than the post-monsoon season. This results in enhanced
latent heat of condensation release in cyclones during the pre-monsoon season
compared to the post-monsoon season, leading to an enhancement of upper-level
anomalous warming during the former season compared to the latter season
(Figure 6a, b).

1. Mechanism driving the contrasting low-level cooling during cyclones in the
two seasons

Section 3.2.1 shows that on the day of cyclone, there is a contrasting response of
the atmospheric temperature between the upper and lower levels. Anomalous
warming is observed in the upper levels and anomalous cooling in the lower
levels, with a more pronounced signature in the pre-monsoon season than in the
post-monsoon season (Figure 6a, b). From the principles of thermodynamics,
it is well known that the rain falling through a drier atmosphere (low relative
humidity) tends to evaporate more as compared to the rain falling through a
humid atmosphere (high relative humidity) (Houze, 2010). A high rate of evap-
oration enhances evaporative cooling (Takemi, 1999). The dew point depression
can be used as an index to measure the dryness in the atmosphere and is com-
puted using equation 2. It shows the magnitude of temperature decrease that
must occur to achieve 100% relative humidity (condensation). A higher dew
point depression means that the difference between that actual temperature
and the dew point temperature is large, indicating less relative humidity and
dry atmosphere (Wang et al., 2019). Hence, to understand the possible factor
governing low-level cooling, we investigate the low-level relative humidity and
the dew point depression before cyclone.

Table S2 shows that before the cyclone (averaged from day -7 to day -3) the av-
erage relative humidity at 850 hPa is 47.51% in the Arabian Sea and 62.17% in
the Bay of Bengal. This difference in the relative humidity at 850 hPa between
the two basins is statistically significant at 99% confidence level. Also, from Ta-
ble S2, we see that among the lower levels the maximum dew point depression
is observed at 850 hPa in both the basins and seasons. During the pre-monsoon
season, the dew point depression at 850 hPa before the cyclone (averaged from
day -7 to day -3) in the Arabian Sea and the Bay of Bengal is 11.52 K and 7.38 K
respectively. The correlation between the lower atmosphere (850 hPa) tempera-
ture anomalies and the averaged dew point depression (averaged from day -7 to
day -3) at 850 hPa is (r = -0.38) in the Arabian Sea and (r = -0.33) in the Bay
of Bengal. This correlation is moderate but is statistically significant at 99%
confidence level. This negative correlation indicates that with an increase in the
dew point depression (increase in the dryness of atmosphere) the lower atmo-
sphere evaporative cooling increases leading to negative temperature anomalies.
However, a moderate correlation also indicates that atmospheric humidity is not
the only driver regulating the low-level evaporative cooling, and there might be
other factors involved too (discussed later in the discussion section). Since the
maximum dew point depression in the lower levels is observed at 850 hPa (Ta-
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ble S2), the evaporative cooling is also maximum at this level (Figure 6a and
b). In both the basins, the dew point depression gradually decreases from day
-7 to day 0 (Figure 7) and a corresponding increase in the relative humidity is
observed (figure not shown). This is due to the cyclone effect, the moisture in
the atmosphere increases, leading to a decline in the dew point depression and
an increase in the relative humidity. On the day of cyclone (day 0), the dew
point depression in both the basins reduces to less than 2 K. From Tables S2, it
can be seen that during the pre-monsoon season, dew point depression is higher
in the Arabian Sea than in the Bay of Bengal, leading to lower relative humidity
in the former than the latter basin. This results in enhanced evaporative cooling
on the day of cyclone in the Arabian Sea than in the Bay of Bengal.

During the post-monsoon season, in both the basins, the relative humidity at 850
hPa before the cyclone (averaged from day -7 to day -3, table 3) is significantly
higher than in the pre-monsoon season (Table S2), which is in agreement with
a previous study (Li et al., 2013). Li et al. (2013) show that in the Bay
of Bengal, climatologically post-monsoon season has higher low-level relative
humidity than the pre-monsoon season. The higher relative humidity in the
post-monsoon season is due to less dry air entrainment in the region as compared
to the pre-monsoon season. Further, we find that the dew point depression at
850 hPa before the cyclone (averaged from day -7 to day -3) in both the basins is
significantly lower than in the pre-monsoon season (Table S2). The correlation
between the dew point depression at 850 hPa (averaged from day -7 to day
-2) and the atmospheric temperature anomalies (850 hPa) is (r = -0.15) in the
Arabian Sea and (r = 0.14) in the Bay of Bengal. This shows that in the Arabian
Sea, the correlation is weak as compared to the pre-monsoon season. Despite
a weaker correlation, it is statistically significant at 95% confidence level. As
discussed earlier, a negative correlation indicates that with the increase in the
dew point depression the atmosphere becomes more drier leading to an increase
in evaporative cooling. In the Arabian Sea, since the lower atmosphere is moister
(relative humidity = 62.97% and dew point depression = 7.05 K) in the post-
monsoon season than the pre-monsoon season, it results in lesser evaporative
cooling in the former season. This reduced evaporative cooling results in less
negative temperature anomalies in the post-monsoon season (Figure 6a). In the
Bay of Bengal, no evaporative cooling (~0°C temperature anomalies at 850 hPa)
is observed at the 850 hPa (Figure 6b) and the role of dew point depression is
insignificant as shown by weak positive correlation (r = 0.14). Thus, a drier
lower atmosphere in the pre-monsoon season as compared to the post-monsoon
season leads to higher evaporative cooling in the former season than the latter
season. The evaporative cooling in the low levels observed for the north Indian
Ocean cyclones is similar to cyclones in other basins (Rodgers et al., 1998; Zhang
et al., 2002).

1. Discussion

In this study, we have analyzed the contrasting ocean-atmosphere interactions
and upper atmospheric response to the north Indian Ocean cyclones during the
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pre-monsoon and post-monsoon seasons for the period 1982–2019. We find that
the oceanic response to cyclones in the Arabian Sea and the Bay of Bengal is
different in the two cyclone seasons. Enhanced cyclone-induced SST cooling of
magnitude 1.2°C in the Arabian Sea and 1.1°C in the Bay of Bengal is observed.
However, during the post-monsoon season, the cyclone-induced SST cooling is
significantly less than the pre-monsoon season in both basins. This is in line
with previous studies, which show that this contrasting cyclone-induced SST
cooling during the two seasons is associated with the ocean surface and sub-
surface characteristics. In the post-monsoon due to the presence of thermal
stratification in the Arabian Sea and haline stratification in the Bay of Bengal,
the cyclone-induced SST cooling is weaker than the pre-monsoon season.

We find that, along with the ocean, the atmospheric response to the cyclones
in the two seasons is also different from each other (Figure 8). During the
pre-monsoon season, anomalous large cyclone-induced upper-level atmospheric
warming of magnitude 3-4°C is observed. On the contrary, during the post-
monsoon season, the cyclone-induced upper-level warming is about 1°C, which
is significantly smaller than the pre-monsoon season. This contrasting response
of the atmosphere to cyclones is due to the contrasting ocean-atmosphere cou-
pled interaction in the two seasons. During the pre-monsoon season, higher pre-
cyclone SSTs coupled with higher moisture disequilibrium between the ocean
surface and near-surface and stronger wind forcing during cyclones enhance the
latent heat flux exchange between the ocean and the atmosphere. Enhanced la-
tent heat flux transfer from the ocean to the atmosphere leads to the anomalous
higher moisture content in the lower levels of the atmosphere. This low-level
anomalous high moisture is then transported by the secondary circulation within
the cyclone and intense updrafts leading to enhanced convection, which in turn
releases a large amount of latent heat of condensation at the upper levels. This
leads to anomalous large upper-level warming during cyclones. On the other
hand, during the post-monsoon season, lower SSTs as compared to the pre-
monsoon season, coupled with weaker moisture disequilibrium and wind forcing
during cyclones leads to a weak latent heat flux exchange between the ocean
and the atmosphere. As a result, the convection during cyclones is weaker than
in the pre-monsoon season. This leads to weak anomalous upper-level warming
during the post-monsoon season cyclones. Earlier studies in other basins show
that the processes governing the latent heating within the cloud of cyclones vary
with height (Rodgers et al., 1998; Zhang et al., 2002). However, such analysis
for the north Indian Ocean cyclones is out of the scope of this study and will
be carried out in the future.

In sharp contrast to the anomalous cyclone-induced warming in the upper-levels,
anomalous cooling is observed in the lower levels. The low-level anomalous cool-
ing in both basins is more pronounced in the pre-monsoon season than in the
post-monsoon season. The drier lower atmosphere during the pre-monsoon sea-
son as compared to the post-monsoon season leads to enhanced evaporative
cooling of the rain falling through the lower atmosphere in the former than the
latter season. Higher evaporative cooling in the pre-monsoon season leads to
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stronger anomalous cooling in this season in the lower levels. Das & Subba
(1972) show that the rate of evaporative cooling beneath a precipitating cloud
also depends on the rain droplets’ size distribution and the rainfall intensity.
This is because, from the principles of thermodynamics, smaller rain drops have
a larger surface-to-volume ratio thus exposing greater surface area for evapora-
tion. Ankur et al. (2020) show that cyclones in the Bay of Bengal have higher
rain intensity as compared to the Arabian Sea. However, the seasonal variation
in the cyclone rainfall intensity and its size distribution is not yet understood.
Thus, the characteristics of cyclone-induced rainfall can also play a significant
role in the contrasting low-level cooling in the two cyclone seasons which need
to be explored in the future.

The cyclone-induced upper-level warming is significantly affected by the changes
in the SST and the latent flux exchange. Liu & Zhu, (2020) show that the
latent heat of condensation released by Cyclone Fani at the upper levels in
the Bay of Bengal has significantly altered the position of South Asian High
pressure location. This shows that the upper-level cyclone-induced warming
can significantly alter the heat budget balance in the atmosphere, which can
alter wind circulation. Further, the updrafts in the cumulonimbus clouds can
be significantly affected by the changes in the entrainment air in the cloud, low-
level forcing, and fractional dilution with the environment air (Ferrier & Houze,
1989). In addition, high aerosol concentrations and the amount of condensate in
clouds also affect the intensity of updrafts in the clouds with stronger updrafts
are observed during high aerosol loading and high condensate (Khain et al.,
2005; Zhang et al., 2002). Hence, the dependence of updrafts in the north
Indian Ocean cyclones on the above-discussed factors and its association with
changing SSTs needs to be further studied in detail in the future. The latent
heat release in the clouds of a cyclone is also directly dependent on the amount
of condensation and rainfall rate, and it increases with the cyclone rainfall rate
(Adler & Rodgers, 1977). The north Indian Ocean continues to warm at a rapid
pace (Roxy et al., 2015, 2019). With the continued warming of the north Indian
Ocean, climate models project an increase in the cyclone rain rate in this basin
(Knutson et al., 2020; Walsh et al., 2016). It needs to be seen how the latent
heat release within the cyclone and upper-atmospheric warming will change in
response to increasing SSTs and changing cyclone rain rates in the future.
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Arabian Sea Pre-monsoon Arabian Sea Post-monsoon Bay of Bengal Pre-monsoon Bay of Bengal Post-monsoon
Latent heat flux anomaly (W m-2) 88.7 52.9 96.4 50.3
OLR anomaly (W m-2) -108.8 -72.1 -107.5 -65.9
Air temperature anomaly (300 hPa; °C) 3.74 1.27 3.32 1.15
Vertical velocity anomaly (averaged from 500-600 hPa; Pa s-1) -0.76 -0.41 -0.56 -0.42
Correlation between latent heat flux and OLR anomaly -0.35 -0.41 -0.50 -0.24
Correlation between OLR and air temperature anomaly (300 hPa) -0.41 -0.47 -0.38 -0.27
Correlation between OLR and vertical velocity anomaly (avg. from 500-600 hPa) 0.29 0.45 0.33 0.32
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Table 1. Composite of anomalies of latent heat flux (W m-2), OLR (W m-2),
air temperature (300 hPa, °C) and vertical velocity averaged from 500-600 hPa
(Pa s-1) on the day of cyclone (day 0) averaged over a 1°x1° area around the
center of cyclone. Last three rows denote the correlation between the latent heat
flux and OLR anomalies, the correlation between the OLR and air temperature
anomalies (300 hPa) and the correlation between the vertical velocity averaged
from 500-600 hPa and OLR anomaly respectively for the Arabian Sea and the
Bay of Bengal during the pre-monsoon and post-monsoon seasons.

Figure 1. Composite evolution of SSTs (°C) from day -7 to day +16 with respect
to the cyclone passage averaged over a 1°×1° area around the cyclone center
for every cyclone location in the (a) Arabian Sea (b) Bay of Bengal during
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the pre-monsoon (blue line) and the post-monsoon (red line) seasons for the
period 1982–2019. Vertical bars long the line show the spread around the mean
computed from the lower and upper quartiles. (c-d) same as (a-b) except for
SST anomalies (°C).

Figure 2. Composite evolution of latent heat flux anomaly (W m-2) from day
-7 to day +16 with respect to the cyclone passage averaged over a 1°×1° area
around the cyclone center for every cyclone location in the (a) Arabian Sea (b)
Bay of Bengal during the pre-monsoon (blue line) and post-monsoon (red line)
seasons for the period 1982–2019. Vertical bars show the spread around the
mean computed from the lower and upper quartiles.
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Figure 3. Scatterplot of latent heat flux (W m-2) vs moisture disequilibrium (qs-
qa , g kg-1) on the day of cyclone (day 0) averaged over a 1°×1° area around the
cyclone center for every cyclone location in the (a) Arabian Sea pre-monsoon
season (b) Arabian Sea post-monsoon season (c) Bay of Bengal pre-monsoon
season (d) Bay of Bengal post-monsoon season. The values in the top left
corner of each panel shows the correlation between the latent heat flux and the
moisture disequilibrium (qs-qa). The correlation coefficients shown in black are
statistically significant at 99% confidence level and the correlation coefficient
shown in blue is statistically significant at 95% confidence level.
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Figure 4. Scatterplot of SST (°C) vs moisture disequilibrium (qs-qa, g kg-1)
on the day of cyclone (day 0) averaged over a 1°×1° area around the cyclone
center for every cyclone location in the (a) Arabian Sea pre-monsoon season (b)
Arabian Sea post-monsoon season (c) Bay of Bengal pre-monsoon season (d) Bay
of Bengal post-monsoon season. The values in the top left corner of each panel
shows the correlation between the SST and the moisture disequilibrium. All the
correlation coefficients are statistically significant at 99% confidence level.
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Figure 5. Scatterplot of latent heat flux (W m-2) vs wind speed at 10 m (m s-1)
on the day of cyclone (day 0) averaged over a 1°×1° area around the cyclone
center for every cyclone location in the (a) Arabian Sea pre-monsoon season
(b) Arabian Sea post-monsoon season (c) Bay of Bengal pre-monsoon season
(d) Bay of Bengal post-monsoon season. The values in the top left corner of
each panel shows the correlation between the latent heat flux and the wind
speed at 10 m. All the correlation coefficients are statistically significant at 99%
confidence level.
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Figure 6. Mean vertical profile of (a-b) atmospheric temperature anomaly (°C)
and (c-d) vertical velocity anomaly (negative values indicate updraft, Pa s-1)
during the day of cyclone (i.e at day 0) averaged over a 1°×1° area around
the center of cyclone in the Arabian Sea and the Bay of Bengal during the
pre-monsoon (blue line) and post-monsoon seasons (red line) for the period
1982–2019.
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Figure 7. Composite of dew
point depression (K) at 850 hPa from day -7 to day 0 averaged over a 1°×1°
area around the center of cyclone from every cyclone location in the (a) Arabian
Sea (b) Bay of Bengal during the pre-monsoon (blue line) and post-monsoon
(red line) seasons for the period 1982–2019. Vertical bars show the spread
around the mean computed from the lower and upper quartiles.
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Figure 8. Schematic of the atmospheric response to cyclones in the north In-
dian Ocean during pre-monsoon and post-monsoon cyclone seasons. During the
pre-monsoon season, warm sea surface temperatures (30°C), strong moisture
disequilibrium, and a strong cyclone wind forcing lead to high latent heat flux
exchange, enhancing the convection and updraft, resulting in high latent heat re-
lease and upper atmospheric heating (3–4°C). Dry lower-atmospheric conditions
during the pre-monsoon leads to a strong evaporative cooling at this level as
precipitation occurs. During the post-monsoon season, relatively weaker sea sur-
face temperatures (28.5°C), weak moisture disequilibrium, and a weak cyclone
wind forcing lead to low latent heat flux exchange, reducing the convection
and updraft, resulting in low latent heat release and upper atmospheric heating
(1°C). Moist lower-atmospheric conditions during the post-monsoon leads to a
weak evaporative cooling at this level as precipitation occurs.
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