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Abstract: Tropical cyclones (TCs) exert a significant influence on the upper ocean, leading to sea
surface temperature (SST) changes on a global scale. However, TC-induced SST responses exhibit
considerable variability in the northern Indian Ocean (NIO), and the general understanding of these
responses remains limited. This paper investigates the SST changes caused by 96 TCs over an 18-year
period in the NIO. Through a composite analysis utilizing satellite SST data, a comprehensive study
is conducted to examine the relationship between TC characteristics, including wind speed and
translation speed, and the associated SST changes. The overall findings reveal that within a radius of
300 km from the TC center, SST decreases were observed at 1702 (86%) locations, with an average SST
response to TC of −0.46 ◦C and a maximum decrease of −2.07 ◦C. The most significant reduction
in SST typically occurred two days after the passage of TCs, followed by a gradual recovery period
exceeding 15 days for the SSTs to return to their initial values. Consistent with findings in other ocean
basins, stronger and slower-moving TCs induced more substantial cooling effects. Conversely, at 279
(14%) locations, particularly associated with TCs of weaker intensities, SST increases were observed
following the TC passage. Notably, 140 of these locations were situated at low latitudes, specifically
between 8◦ N and 15◦ N. This study provides a quantitative analysis of the comprehensive SST
response to TCs in the NIO.

Keywords: tropical cyclone; sea surface temperature; northern Indian Ocean; oceanic responses

1. Introduction

A tropical cyclone (TC) is an intensive weather system that forms over the tropical or
subtropical ocean surface [1]. These natural phenomena are among the most destructive
events on Earth, characterized by powerful winds [2], extensive storm surges [3], and
heavy rainfall, leading to prolonged precipitation [4] and causing severe damage to coastal
communities [5].

The formation of a TC relies on specific thermodynamic conditions, including warm
sea surface temperatures (SSTs) exceeding 26.5 ◦C, the presence of moist air rising from
near the ocean surface, and unstable atmospheric conditions [6]. Additionally, a favorable
environment requires weak vertical wind shear in the lower atmosphere and the presence
of the Coriolis force [7]. Consequently, TCs predominantly occur at low latitudes, but they
avoid the equatorial regions [8].

The north Indian Ocean (NIO) accounts for 13% of the total annual TCs worldwide [9].
Unfortunately, due to densely populated areas and limited infrastructure for disaster
mitigation, more than 80% of global TC-related deaths occur in the NIO [10,11]. For
example, TC Nargis impacted approximately 1.5 million people in Myanmar and resulted in
over 130,000 deaths [12]. Recent observations indicate that TCs in the NIO are intensifying
at an alarming rate due to climate change [13] and are moving closer to coastal regions [14].
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TCs extract a substantial influx of heat from the ocean via sensible and latent heat fluxes,
enabling TCs to sustain and potentially intensify [15]. For example, TC Phailin, which
formed in the Arabian Sea, rapidly intensified from a cyclone storm to a severe TC within
a span of just 24 h [16]. Furthermore, Deshpande et al. [17] found an increase in both the
frequency and intensity of TCs in the NIO from 1980 to 2019. Understanding the dynamic
processes of TCs and accurately predicting their areas of impact are becoming increasingly
crucial for effective disaster prevention [18].

The prediction of TC impacts relies on a comprehensive understanding of their genesis
and development. As TCs involve strong interactions between the atmosphere and the
ocean, their intensity and trajectories are significantly influenced by the underlying oceanic
conditions, such as surface cooling [19]. TCs cool the ocean along their path and in
their vicinity through various processes, including Ekman pumping, which results from
large-scale flow divergence from the TC center, and vertical mixing induced by powerful
winds [8,20–22]. Observations and analysis of TC Chapala, for example, revealed that
the initial cooling of SSTs was primarily attributed to enhanced evaporation caused by
strong winds [23]. Subsequently, mixing and upwelling led to the redistribution of water
throughout the upper ocean or the upwelling of subsurface water to the surface, resulting in
significant cooling [23]. Multiple TC cases provide observational evidence of local cooling
exceeding 3 ◦C [24–27], although the degree of TC-induced cooling can vary significantly,
with super TC Odisha inducing cooling of up to 6 ◦C [28].

TC-induced SST cooling is closely linked to TC characteristics, specifically intensity
and translational speed [29,30]. During the initial stage of a TC, when a tropical disturbance
manifests as a significant change in wind speed [31], cooling effects are negligible. The
life cycle of a TC typically ranges from 3 to 8 days, with a maximum duration of 20 days
and a minimum of 1 to 2 days [1]. Greater cooling values are associated with more intense
TCs, particularly those with slower translation speeds [32–34]. Strong TCs can generate
powerful near-inertial internal waves and turbulence that penetrate to depths of 100–200 m
in the ocean, resulting in a remarkable decrease in SST [35,36]. Slow-moving TCs have a
longer duration to induce mixing and upwelling over the upper ocean, leading to a deeper
mixed layer and a larger SST anomaly (δSST) [37]. Notably, TC Nilofar, characterized by a
slow translation speed of 0.9–1.3 m/s, exhibited extraordinary cooling of 5 ◦C [38].

Previous studies on TC–ocean interactions have predominantly focused on the North-
west Pacific Ocean and the Atlantic Ocean [39]. Limited research has provided a general
description of TCs in the NIO, including their seasonal patterns and the factors influencing
TC-induced oceanic responses [40,41]. Moreover, analysis of TCs in the NIO have primarily
been based on individual cases [42,43], with a focus on TCs that had significant impacts
on the upper ocean. Although we possess a fundamental understanding of the response
of upper ocean parameters to TCs in the global ocean, numerous observations contradict
expectations due to the complex nature of ocean characteristics and variations among
individual TCs [44]. This article presents a comprehensive analysis of all TCs in the NIO
over the past 18 years to develop a quantitative understanding of TC-induced cooling. The
study further investigates the underlying mechanisms that determine oceanic responses
based on TC features and ocean conditions. Unusual cases of oceanic responses, such as
SST warming, are also identified to comprehend their temporal and spatial patterns. The
findings of this study contribute to a general understanding of TC-induced SST changes in
the NIO and enhance future prediction of TC impacts.

2. Materials and Methods
2.1. Dataset of Tropical Cyclones

The dataset for TCs consists of track data obtained from the Joint Typhoon Warning
Center (JTWC), which includes information such as the center location (longitude and
latitude), time, and maximum sustained surface wind data. The study covers a time span of
18 years, specifically from 1 January 2003 to 31 December 2020. The TC data obtained from
the JTWC are considered the most reliable for this study, as they contain comprehensive
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information on TCs in the NIO, particularly in the Arabian Sea 8. The dataset encompasses
the spatial range of the NIO, which extends from 0◦ N to 30◦ N and from 45◦ E to 105◦ E.

To assess the intensity of each TC along its track at 6 h intervals, the data include
categorization into one of seven categories (Table 1). The classification is based on the
maximum sustained surface wind speed (MSW) near the bottom center of the TC, following
the classification system provided by the Indian Meteorological Department (IMD) (http:
//www.imd.gov.in/, accessed on 1 September 2022) [45]. Additionally, the translation
speed of each TC is calculated by dividing the distance between the center points of adjacent
TCs by the time interval between them.

Table 1. Classification of TCs over the NIO.

Category IMD Intensity Scale MSW (m/s)

1 Depression (D) MSW < 14
2 Deep depression (DD) 14 ≤ MSW < 17
3 Cyclone storm (CS) 17 ≤ MSW < 24
4 Severe cyclone storm (SCS) 24 ≤ MSW < 32
5 Very severe cyclone storm (VSCS) 32 ≤ MSW < 46
6 Extremely strong cyclone storm (ESCS) 46 ≤ MSW < 61
7 Super cyclone (SC) MSW ≥ 61

The daily sea surface temperature (SST) dataset is compiled by merging satellite
observations obtained from the MW_IR of Remote Sensing System (https://remss.com/,
accessed on 1 April 2023) from 1 January 2003 to 31 December 2020. These observations
have a spatial resolution of approximately 9 km. The SST dataset covers the same time span,
and the daily climatology is calculated by averaging SST over 18 years for the corresponding
date [34]. The incorporate topographic information of the NIO, the 2 arc-minute global
relief model of Earth’s Topography and ocean bathymetry (ETOPO2) is utilized to derive
the necessary data. In order to determine the pre-storm mixed layer depth (MLD), the
monthly climatological profile of temperature is obtained from the gridded BOA-ARGO
datasets, which have a spatial resolution of 1◦ [46].

2.2. Composite Methods

During the study period, a total of 96 TCs were identified in the NIO. This corresponds
to 2250 TC locations recorded at 6 h intervals. Among these locations, 1981 are situated over
the ocean and were considered for analysis in this study. The lifespan of a TC is defined
from its initial identification until its termination. To capture the temporal evolution of the
TCs, a linear interpolation is employed, ranging from 0 to 1 throughout the duration. For
each TC location, the SST within a 300 km radius is used for composite analysis, following
established methodologies [34]. Specifically, SSTs are considered for a period of 15 days
before and after the arrival of the TC. The δSST is calculated at the pixel level by subtracting
the corresponding climatological average at each position on the given date. Furthermore,
the ∆SST is determined for each location by computing the disparity between the averaged
δSST over the 15 days following the TC’s arrival and the averaged δSST over the 15 days
preceding its arrival.

3. Results
3.1. General TC Features in the NIO

The spatial distribution of the climatologically averaged SST in the NIO reveals notable
variations in both zonal and meridional directions (Figure 1a). Lower SSTs, such as 26 ◦C or
lower, are predominantly observed in the western section, around the Arabian Peninsula
and off the Somali Peninsula. These areas correspond to the wind-driven upwelling
zone [47]. The difference in SST is more pronounced in the Arabian Sea compared to
the Bay of Bengal, where SST generally decreases with latitude. Offshore ocean regions,
specifically between 0◦–18◦ N and 60◦–94◦ E, typically exhibit average SST values ranging

http://www.imd.gov.in/
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J. Mar. Sci. Eng. 2023, 11, 2196 4 of 16

from 28 ◦C to 30 ◦C. The region around Sumatra Island experiences the highest SSTs,
reaching approximately 30 ◦C.

The track of the 96 TCs (Figure 1b) indicate that the majority of TC locations in the
entire Bay of Bengal basin and the eastern section of the Arabian Sea are characterized by
weaker intensities, typically falling under category 4 or lower. Stronger TCs, classified as
category 5 or stronger, are primarily observed in the western section of the Arabian Sea and
along the coastal area of the Bay of Bengal. The frequency of TC occurrence in the Arabian
Sea is lower compared to the Bay of Bengal. The highest density of TCs is concentrated
between 8◦ N and 20◦ N, particularly on the western side of the Bay of Bengal. The
climatological characteristics of the Arabian Sea and Bay of Bengal, including oceanic and
atmospheric environments, play a significant role in TC genesis within each sub-basins [48].
Vertical wind shear and relative humidity in the low- and middle-level troposphere are
two major contributing factors that determine TC genesis, with their relative importance
varying between the Arabian Sea and Bay of Bengal. This leads to variations in TC
occurrences in each region. Some TCs make landfall on the Indian Peninsula, resulting in
significant weakening of their intensity, while only a few of them cross land and regain
strength as they continue their propagation in the Arabian Sea. The average bathymetry in
the Arabian Sea is relatively deep, approximately 2491 m, while the Bay of Bengal has a
shallower average depth of 1291 m.
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Figure 1. (a) Averaged SST in the NIO along with 2500 m isobath (SL: Sri Lanka; SI: Sumatra Island);
(b) TC tracks in the NIO overlaid on topography. The color of the TC points indicates the intensity
category based on Table 1. The black and blue boxes delineate the highest densities of TCs in the
Arabian Sea (10◦–16◦ N and 62◦–74◦ E) and Bay of Bengal (10◦–16◦ N and 80◦–92◦ E), respectively.

The monthly averaged SSTs within the regions with the highest densities of TCs in the
Bay of Bengal and the Arabian Sea, as indicated by the boxes in Figure 1b, exhibit distinct
seasonal cycles with a weak semiannual cycle (Figure 2a). SST peaks are generally observed
in early spring, particularly in May, while a secondary peak occurs in fall, typically in
November. In the Arabian Sea, the SST reaches its highest value in May, around 30.3 ◦C,
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and its minimum in August, around 26.8 ◦C. This pattern closely aligns with the SST
variation in the Bay of Bengal, where the highest SST, approximately 30.2 ◦C, is recorded in
May, and the lowest, around 27.3 ◦C, is observed in January. A notable seasonal variation
in TC occurrence is also evident. Spring (March–May), summer (June–August), autumn
(September–November), and winter (December–February) account for 18.3%, 10.2%, 53.5%,
and 18.0% of the annual TC count, respectively (Figure 2b). Particularly, November expe-
riences over 28.0% of the TC occurrences. In contrast, no TCs were recorded in February,
March, or August over the 18-year period examined. Most TCs fall into category 1 and
category 3 storms, while intense TCs primarily occur in May, October, and November. Con-
sequently, a higher frequency of strong-intensity TCs is observed during autumn/winter
and late spring/early summer in the NIO.
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The wind speed of TCs generally increases during the early and middle phases of their
lifespan, meanwhile maintains a relatively stable translation speed (Figure 3a). To analyze
this, the lifespan of TCs was divided into 10 groups from the beginning to the end, and the
average wind speed and translation speed were calculated within each group. The average
wind speed reaches its maximum value, 29.7 m/s, immediately after the middle of a TC’s
lifespan. After this peak, the wind speed rapidly decreases. This rapid decrease may be
attributed to the fading of TCs as they make landfall, resulting in a short decaying phase.
Simultaneously, the translation speed of TCs rapidly increases from 3.2 m/s to 5.0 m/s.
Thus, TCs with faster translation speeds are typically associated with lower wind speeds.
On the other hand, slow-moving TCs can exhibit high or low wind speeds. This suggests
that the relationship between translation speed and wind speed is not straightforward,
and other factors may influence the wind speed of TCs. Figure 3b represents a scatterplot
of wind speed and translation speed corresponding to the positions of TCs. The wind
speed values are predominately within the range of 10–30 m/s, accounting for 73% of the
data. Meanwhile, the corresponding translation speeds are concentrated between 0 m/s
and 6 m/s.
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Figure 3. The averaged wind speed (black bars) and translation speed (dark green bars) during
different phases of TCs with (a) the average (bar) and standard deviation (vertical lines) during
different phases of TCs. The phases are denoted by numbers, with 0 representing the beginning
and 1 representing the end of a TC. The lifespan of TCs is divided into ten groups, and within each
group, the average wind speed and translation speed are calculated. (b) Scatterplot of wind speed
and translation speed for all TC locations. The color of the dots indicates the phases of the TCs.

The spatial distribution of areas affected by TCs is depicted by the cumulative du-
ration that a location remains within a 300 km radius of a TC position (Figure 4). This
representation aligns well with the TC tracks presented in Figure 1b. Significantly, there
are noticeable spatial variations, with the highest concentration of TCs observed in the
western section of the Bay of Bengal, specifically between 8◦ N and 20◦ N. In this region,
the maximum value reaches 245, corresponding to the densest TC tracks. Conversely, the
Arabian Sea exhibits a region with the largest number of TCs, totaling 137, and this area
tends to have higher-density locations along the eastern section, adjacent to the coast of the
Indian Peninsula.
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Figure 4. Spatial distribution of the frequency of areas impacted by TCs.

3.2. Impact of TC on SSTs

The influence of TCs on the ocean can be analyzed by examining the time series of
δSST at each TC position (Figure 5). To distinguish the impact of TC-induced changes, the
corresponding ∆SST was used to sort the results from the largest cooling to the largest
warming. The analysis revealed that a majority of locations, specifically 1702 (86%), ex-
perienced cooling effects, resulting in a decrease in SST. The maximum cooling observed
was more than −2.07 ◦C, indicating substantial cooling in some areas. While less common,
warming effects were observed in 279 locations, with the largest increase in SST recorded
at 0.58 ◦C. It is important to consider that the data used in this analysis were derived
from satellite observations, which may introduce some smoothing of minimum values due
to cloud coverage, particularly during TC passage. Additionally, it is worth noting that
warm anomalies were frequently observed prior to the passage of TCs. Furthermore, it
is important to mention that when comparing the merged dataset to individual infrared
instruments, the maximum cooling values appeared slightly smaller in the merged dataset.
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Figure 5. Time series of the δSST (shading) for different TC locations. The locations are arranged in
descending order based on the magnitude of TC-induced ∆SST; corresponding ∆SST is depicted by
the black curve. The gray dashed line indicates the passage of the TC.
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Among the TC locations exhibiting positive ∆SST values, 140 points lie within the
range of 8◦–15◦ N, constituting approximately 50.2% of the total number (Figure 6a).
Analysis of the corresponding TC tracks reveals a consistent pattern of warming occurring
as the TCs move offshore or approach the coast. Many of these tracks also exhibit a tendency
for zonal propagation. In terms of temporal distribution, the majority of positive ∆SST
instances are observed during late autumn/winter. Specifically, 177 cases (63.4%) occurred
in November and December when TC frequency is higher, and SST values reach their
peak during winter (Figure 2a). Lower wind speeds are conducive to the occurrence of
positive ∆SST (Figure 6b), with approximately 92.8% of instances recording wind speeds
below 25 m/s. The pre-storm SST values corresponding to these cases display significant
variability, ranging from a minimum of 25.9 ◦C to a maximum of 29.5 ◦C. When considering
other TC center points, approximately 84% of the associated wind speeds fall within the
range of 10 m/s to 40 m/s, while the corresponding SST values concentrate between 25.9 ◦C
and 31.4 ◦C (Figure 6c).
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Figure 6. (a) Tracks of TCs indicating their positions with positive ∆SST values. Scatterplots illustrate
the relationship between the wind speeds of TCs and the corresponding climatological SSTs for
locations with (b) positive ∆SST values and (c) other locations. In both scatterplots, colored points
are used to indicate the season of occurrence, e.g., red represents autumn, blue represents winter, and
green represents other seasons.
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To examine the temporal dependence of SST on TCs, the daily δSST values were
averaged over a period of 15 days before and after the passage of a TC, incorporating data
from all TC locations. This analysis aims to assess the temporal evolution and quantify the
magnitude of TC-induced ocean cooling (Figure 7). The results reveal a distinct pattern in
the temporal evolution of SST. The average δSST begins to decrease gradually four days
prior to the TC’s arrival. This early decline can be attributed to the TC’s wide coverage,
affecting the SST at a location before its center reaches that point. The cooling process
continues to intensify persistently until two days after the TC’s passage, reaching its peak
cooling extent at approximately −0.46 ± 0.01 ◦C. Subsequently, the δSST gradually relaxes,
indicating a recovery phase. However, even after 15 days from the TC’s passage, the SST
remains lower than the corresponding climatological values. Specifically, the average δSST
values before and after the TC are +0.08 ◦C and −0.38 ◦C, respectively, resulting an overall
∆SST of −0.46 ◦C.
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3.3. Factors Determining TC-Induced Cooling

The intensity and translation speed of TCs play significant roles in determining the
magnitude of TC-induced SST response. In fact, there is a clear relationship between the
wind speed of TCs and the corresponding ∆SST (Figure 8a). The correlation coefficient
between these variables is highly significant, measuring −0.96. For weak TCs, the average
∆SST is only around −0.3 ◦C, whereas strong TCs result in an average ∆SST exceeding
−0.70 ◦C. The TC-induced cooling exhibits a monotonically increasing trend with wind
intensity, and a linear regression analysis is employed to quantify the relationship between
the averaged ∆SST and wind speed. Furthermore, there is a strong correlation between
the translation speed of TCs and the averaged ∆SST (Figure 8b). The correlation coefficient
between these factors is 0.87. This finding aligns with previous studies, suggesting that
slow-moving TCs induce more substantial SST cooling in the NIO. Interestingly, when
TCs have a translation speed of less than 4 m/s, there is less variation in ∆SST, implying
that the translation speed has a relatively smaller impact on the magnitude of cooling in
these cases.



J. Mar. Sci. Eng. 2023, 11, 2196 10 of 16J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 8. Bins of (a) wind speed and (b) translation speed of TCs and the corresponding average 
and standard error (vertical bars) of ΔSST. Linear regressions (red lines) were performed to deter-
mine the relationship between the features of TCs and bin-averaged ΔSST. The offset and slope of 
the regression line are labeled in each panel. 

4. Discussion 
In this study, satellite observations were utilized with a composite method to quan-

tify the SST changes induced by TCs in NIO over an 18-year period. The findings generally 
align with previous studies [5,17], indicating that SST cooling is a common occurrence 
following most TCs in the NIO. The observed changes, as discussed in Section 3.2, are 
consistent with previous research. In particular, the TC-induced SST cooling was a prom-
inent feature throughout the NIO for the majority of TCs (Figure 5). The average reduction 
in SST was estimated to be 0.8 °C (Figure 7). The time series of TC-induced SST (Figure 7) 
presented a similar pattern to previous studies (e.g., [49–51]), although the calculated 
ΔSST values differed. For example, previous studies reported cooling values of up to 3 °C, 
which were generally higher than those obtained in this study. These discrepancies can 
be attributed to various factors, including the dataset used, the observation periods, and 
the spatial distance of the observations. One factor contributing to the differences in cool-
ing estimates is the timing of the observations. The largest δSST values were observed 
within two days after the TCs’ passage (Figure 7). However, ship measurements during 
this period were often hindered by harsh weather conditions, resulting in smaller reported 
values. Ship observations tended to capture SST rebound as the cruises were typically 
conducted during this phase [28]. Satellite observations, on the other hand, may be af-
fected by cloud coverage during TC passage [51]. To mitigate this impact, a substantial 
number of TC locations and merged satellite datasets were employed in this study to filter 
out the influence of clouds. In situ measurements, such as buoys and moorings, are less 
susceptible to weather conditions. However, TC tracks rarely pass directly over these in-
struments [52]. Additionally, Kuttippurath et al. [50] employed a narrower along-track 
strip (1° width) to assess TC-induced changes, resulting in larger cooling values compared 
to the results obtained in this study. This discrepancy could be attributed to the fact that 
SST cooling gradually declined from the center of the TC to its surroundings [34]. Focus-
ing on the small region around the TC centers would yield higher cooling values. There-
fore, a comprehensive analysis encompassing all TCs is necessary to accurately quantify 
the oceanic responses induced by TCs. 
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the relationship between the features of TCs and bin-averaged ∆SST. The offset and slope of the
regression line are labeled in each panel.

4. Discussion

In this study, satellite observations were utilized with a composite method to quantify
the SST changes induced by TCs in NIO over an 18-year period. The findings generally align
with previous studies [5,17], indicating that SST cooling is a common occurrence following
most TCs in the NIO. The observed changes, as discussed in Section 3.2, are consistent
with previous research. In particular, the TC-induced SST cooling was a prominent feature
throughout the NIO for the majority of TCs (Figure 5). The average reduction in SST
was estimated to be 0.8 ◦C (Figure 7). The time series of TC-induced SST (Figure 7)
presented a similar pattern to previous studies (e.g., [49–51]), although the calculated
∆SST values differed. For example, previous studies reported cooling values of up to
3 ◦C, which were generally higher than those obtained in this study. These discrepancies
can be attributed to various factors, including the dataset used, the observation periods,
and the spatial distance of the observations. One factor contributing to the differences in
cooling estimates is the timing of the observations. The largest δSST values were observed
within two days after the TCs’ passage (Figure 7). However, ship measurements during
this period were often hindered by harsh weather conditions, resulting in smaller reported
values. Ship observations tended to capture SST rebound as the cruises were typically
conducted during this phase [28]. Satellite observations, on the other hand, may be affected
by cloud coverage during TC passage [51]. To mitigate this impact, a substantial number
of TC locations and merged satellite datasets were employed in this study to filter out
the influence of clouds. In situ measurements, such as buoys and moorings, are less
susceptible to weather conditions. However, TC tracks rarely pass directly over these
instruments [52]. Additionally, Kuttippurath et al. [50] employed a narrower along-track
strip (1◦ width) to assess TC-induced changes, resulting in larger cooling values compared
to the results obtained in this study. This discrepancy could be attributed to the fact that
SST cooling gradually declined from the center of the TC to its surroundings [34]. Focusing
on the small region around the TC centers would yield higher cooling values. Therefore,
a comprehensive analysis encompassing all TCs is necessary to accurately quantify the
oceanic responses induced by TCs.
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To enhance the understanding of TC-induced oceanic responses in the NIO, a com-
prehensive evaluation was conducted using 1981 TC locations (Figure 1b). A consistent
calculation method was applied to ensure a reliable and objective assessment. A consistent
calculation method was applied to ensure a reliable and objective assessment. In compari-
son to some studies that primarily focus on post-landfall SST cooling on a single day [53],
our analysis considers variations in SST (Figure 5). This method provides a more compre-
hensive representation of the impact of TCs on SST and can be applied to capture the full
extent of changes induced by TCs in any ocean basin. To quantify the impact of a TC, it is
common practice to use ocean conditions preceding the TC as a reference. Previous studies
have shown variations in the initiation of SST changes, ranging from one week before the
TC to after the TC [54,55]. However, our results demonstrate that SST remains relatively
stable until approximately 4 days before the passage of the TC (Figure 7). Therefore, when
selecting a reference value, it is advisable to consider a timeframe of approximately one
week in advance of the TC passage to capture the baseline oceanic conditions. This allows
for a more accurate assessment of the changes induced by the TC.

The passage of a TC may occur over a relatively short period, but the strong wind
forcing associated with the TC has a direct impact on the local sea surface (Figure 3). This
leads to significant cooling of SST (Figure 5). The cold SST patches induced by TCs can
persist for a much longer duration and may not fully recover to the climatological values
even after 15 days (Figure 7). The recovery period of SST following TC-induced cooling can
vary. For instance, Vincent et al. [56], in a global-scale evaluation of temperature response
to TCs, found that surface cooling is typically restored within 30 days. However, Price
et al. [57] observed that the ∆SST induced by TC Fabian returned to its initial state within
a period of 5 days. These variations in recovery time may be influenced by regional and
seasonal ocean conditions, such as the specific time and location of TC occurrence [58].
It is worth noting that the recovery time can be affected by the presence or absence of a
thermocline. Jansen et al. [59] discovered that SSTs in regions where the thermocline has
been disrupted may persist at intersessional time scales. This persistence can contribute to
the recovery of ocean surface cooling induced by TCs.

TC-induced warming accounted for approximately 14% of the total locations, which
aligns with findings reported by other researchers [44,60,61]. The study further identified
that warming events typically occurred in the latitude range of 8◦–15◦ N (Figure 6). This
pattern of increasing TC-induced ∆SST can be attributed to two mechanisms. Firstly, the
advection of warm water from lower latitudes towards higher latitudes plays a role in gen-
erating positive ∆SST values [62]. This phenomenon is more prevalent during winter due to
the greater meridional SST difference, making it easier for TC-induced horizontal advection
to result in warming events [60]. During winter, TCs with positive ∆SST values were found
to have a deeper mixed layer compared to those with negative ∆SST values (Figure 9).
However, the mixing induced by these TCs does not always penetrate beyond the pre-storm
mixing depth. Additionally, the advected warm water replaces the previously lower SST
(Figure 2a). Secondly, there is a subsurface warm layer at the depth of 20–60 m in the Bay of
Bengal, primarily due to freshwater input from river discharge and monsoon rain [61]. The
shallow topography of the Bay of Bengal facilitates the formation of subsurface warm water
through coastal riverine discharge, which has higher density. When TC-induced mixing
occurs, the subsurface warm layer is mixed up, resulting in an increase in SST [20]. Previous
studies using in situ measurement and numerical models have extensively investigated
this feature and have shown that when mixing introduces subsurface warm water to the
surface, there is no cold wake phenomenon [61]. The existence of the pre-storm subsurface
warm layer has been confirmed through mooring observations during the passage of TC
Phailin [63].
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through the thermal inversion layer, these TCs lifted subsurface warm layers to the sur-
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Figure 9. Difference in pre-storm MLD between TC locations with (red box) positive and (blue
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whiskers extend from the quartiles to another 1.5 times the IQR, unless they exceed the maximum or
minimum values. The difference between the two categories for each season is significant at the 95%
confidence level.

All introductions of SST warming by all TCs are objectively analyzed in a comprehen-
sive manner to highlight their spatial and temporal patterns. The majority of TC centers
with positive ∆SST values were observed during autumn and exhibited wind speeds
ranging from 10 to 25 m/s. By employing the methodologies described in Rumyantseva
et al. [64] and Jiang et al. [65], the corresponding mixing depth induced by these TCs
was estimated to be approximately 30 m. During autumn, TCs were generally weaker
in intensity and passed over shallower MLDs (Figure 9). As a result, instead of breaking
through the thermal inversion layer, these TCs lifted subsurface warm layers to the surface.
This process triggered SST warming during the passage of the TCs [61]. It is worth noting
that this phenomenon of abnormal warming is not confined to the Bay of Bengal alone but
also in the Arabian Sea. The study sheds light on the need for further investigations to
explore the underlying dynamics driving TC-induced warming in the NIO.

In this study, a linear regression analysis was employed to depict the dependence of
TC-induced changes on the features of TCs (Figure 8a). However, it should be noted that
the actual relationship between these factors is nonlinear [53]. The regression analysis was
helpful in assessing the dependence, as the TC-induced responses exhibited a monotonically
increasing trend with TC intensity and a decreasing trend with translation speed. The
regression coefficients obtained in this study were larger than those reported in the eastern
North Pacific and South China Sea [34], indicating that the SST response in the NIO is more
sensitive to TC features. Similar results to Figure 8b were also presented by Pothapakula
et al. [66], although their study reported lower correlation coefficients between translation
speed and ∆SST compared to the results of this study. The difference in correlation could
be attributed to the use of different SST datasets. It is worth noting that TC-induced flow
can cause horizontal convergence near the coast, leading to downwelling that thickens
the upper mixed layer and reduces the downward heat flux in the subsurface layer. This
process results in warming of the upper-layer ocean [67,68]. Mei and Pasquero [69] found
that SST cooling decreased by 220% as TC translation speed increased, which is consistent
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with the findings of this study (Figure 8b). The utilization of a consistent dataset for
capturing oceanic features in this study enables a quantitative delineation of TC-induced
changes. This approach provides a means to assess the impact of TCs and offers valuable
insights into the relationships between TC features and their associated changes in SST.

5. Conclusions

This study primarily focuses on the distribution of TCs in the NIO and employs a
composite method to analyze the SST response to TCs. The study identifies two main
variables, namely wind speed and translational speed, as influential factors in determining
the variation in SST. The results provide a quantitative depiction of the overall changes
and characteristics of the SST response to TCs. The study finds that strong winds and
slow-moving TCs have a significant impact on SST. Moreover, the study highlights the
large ratio of TC-induced warming in the area, which can be attributed to the underlying
mechanisms and upper ocean structure. These conditions can sustain and intensify the TCs
over time [18]. Understanding these mechanisms and the characteristics of temperature
response to TCs is crucial for predicting the evolution of TCs.

Moving forward, it is recommended that future studies delve into individual basins in
more detail. This would allow for a better understanding of the specific characteristics of
temperature response to TCs, which can further enhance predictions of TC evolution. By
focusing on individual basins, researchers can uncover basin-specific dynamics and factors
that influence the temperature response, leading to more accurate forecasts and improved
understanding of TC behavior in different regions.
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