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Abstract: Marine Cold Spell (MCS) events are cold sea states with potentially devastating impacts on
marine environments and ecosystems. In this study, we analyzed different MCS types with various
severe categories in the Arabian Sea during 1994-2023. We found that all four types of MCS events
shared a similar spatial pattern in terms of frequency, mean duration, mean intensity, and total
days, but the frequency of 1-MCS events had a sharply decreasing trend compared with any other
type of MCS events, indicating that ocean warming mainly led to the significant disappearance of
short-period MCS events. Moreover, the MCS events in offshore Somalia had the highest occurring
frequency, longest duration, largest intensity, and maximal total days, and were significantly different
from those in other regions of the Arabian Sea. This is originated from that the cold-warm changes of
the Somali current make larger fluctuations in the sea surface temperatures of the waters off Somalia,
enhancing the occurring probability of MCS events, especially during the summers.
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1. Introduction

Global warming is one of the greatest threats to the global environment and ecosystem.
The main factor causing global warming is the increase in anthropogenic carbon emissions
from industrial and energy sectors since the Industrial Revolution. As of July 2024, the
concentration of carbon dioxide in the atmosphere has reached 422.9 ppm at the Mauna Loa
Observatory in Hawaii while the pre-industrial level was only 278 ppm [1]. The oceans, a
major component of the Earth’s climate system, cover more than 71% of the Earth’s surface
and provide a huge reservoir for the absorption and storage of excess heat and carbon
emissions in the atmosphere [2]. Over the last few decades, the oceans have played a key
role in slowing down the speed of atmospheric warming through absorbing more than
90% of excess heat in the atmosphere, but at the same time, it has also contributed to ocean
warming [3].

The Sixth Assessment Report (AR6) of the United Nations Intergovernmental Panel
on Climate Change (IPCC) indicated that sea surface temperatures have risen by about
0.9 °C since the industrial revolution [4]. Venegas et al. (2023) revealed further that global
sea surface temperature (SST) increased by 0.11 °C between 1950 and 2020 [5]. The World
Meteorological Organization’s State of the Climate in Asia 2023 report revealed that the
mean sea surface temperature in the Northwest Pacific in 2023 was the largest on record,
and that warming of the upper ocean (0-700 m) was particularly strong in the northwestern
Arabian Sea, the Philippine Sea, and east of Japan, and was more than three times the global
average [6]. Roxy et al. [7] found that sea surface temperatures in the Indian Ocean have
shown a persistent warming trend since the 1950s and were stronger than in most of the
tropical Pacific and Atlantic Oceans. In addition to anthropogenic forcing by direct radiation
from increasing carbon emissions, such persistent warming possibly relied on the localized
ocean—atmosphere coupling mechanisms in the Indian Ocean; some studies believe that
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warming has been exacerbated by weakened monsoons over the Indian Ocean, while others
have shown that weakened monsoons have accelerated the warming [8-10]. Pedro et al.
(2020) showed that a few degrees increase or decrease in global mean temperature can
trigger an imbalance in surface temperature in the equatorial regions of the Indian Ocean,
leading to a more variable climate and resulting in El Nifio and La Nifia phenomena [11].
Meanwhile, Du et al. (2009) revealed that El Nifio-Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD) have a significant role in modifying sea surface temperatures in the
tropical Indian Ocean [12].

The rate and magnitude of ocean warming vary considerably across spatial and
temporal scales, resulting in large variations in the occurrence and trends of extreme
marine heat/cold events. Under the scenario of continued warming, wide investigations
into marine heat waves have been carried out [13-16], while only very limited studies
on marine cold spells (MCS) have been conducted. Ibrahim et al. (2021) examined the
long-term evolutionary trends of MCS events in the southern North Sea over the past
four decades (1982-2021) and found a rapid decrease in the total days of MCS events
(—16.54 £ 9.06 days/decade) and a higher frequency of MCS events in only two of the
last two decades (2010 and 2013). These were attributed to the strong negative phase
of the North Atlantic Oscillation (NAO) [17]. Kumar et al. (2024) used a fully coupled
regional Earth system model to predict future tropical Indian Ocean MCS events and
found that under both RCP4.5 and RCP8.5, MCS events disappear first from the north
regions of the tropical Indian Ocean, and, finally, that MCS events will become rare in the
future [18]. Li et al. (2023) studied the temporal and spatial variations in oceanic cold and
heat events in the China seas, and found that during 1982-2020, the frequencies of cold
weather and MCS events dramatically decreased to 7.5 days/decade and 0.72 times/decade,
respectively, and severe MCS events became weaker, with trends of —0.24 °C/decade and
—2.80 days/decade, respectively [19]. Yao et al. (2022) examined the means and trends of
MCS events in coral reef zones and found that the total days of MCS events in most coral reef
zones decreased by more than 10 days/decade in 1982-2021. Mean duration increased in
southern Sumatra, northwestern Australia, and the Caribbean, with frequencies decreasing
at an average rate of —1.0 to —2.4 days/decade during 2022-2070 [20].

The Arabian Sea, located between India and the Arabian Peninsula, has a significant
feature of deep water that is maintained close to land. Meanwhile, the Arabian Sea plays a
core role in sea—air interaction processes through providing the water necessary for wet
storms and then contributing to a monsoonal climate in the surrounding regions. Therefore,
in this study, we focused on MCS events in the Arabian Sea during 1994-2023 and revealed
their spatial patterns, category distributions, and seasonal features.

2. Study Area and Data

The Arabian Sea (40° E-80° E, 0° N-25° N), covering a total area of about 3,862,000 km?,
is located in the northern Indian Ocean, east of Somalia in Africa, southeast of Arabia, and
west of India, bordered by Bahrain, India, Iran, Iraq, Kuwait, Oman, Pakistan, Qatar, Saudi
Arabia, Somalia, United Arab Emirates, and Yemen, and connected to the Red Sea through
the Gulf of Aden in the west, and to the Sea of Oman and the Persian Gulf in the east,
and the southern portion is directly connected to the vast Indian Ocean (Figure 1). Since
the maritime Silk Road in ancient China, the Arabian Sea has become an economically
important sea crossroad for transportation, and is rich in oil and gas. Due to its proximity
to the Suez Channel and the Persian Gulf, the Arabian Sea is known as the busiest shipping
lane in the world [21-23].

In the context of frequent extreme climate events, MCS events, such as extreme ocean
cold water events, have severe and long-lasting impacts on marine ecosystems, including
large-scale die-offs of fish and invertebrates [24], coral bleaching [25,26], changes in species
distribution (e.g., range shifts), and phenology (e.g., start of the growing season). In order
to investigate spatial patterns and evolution features of MCS events in the Arabian Sea, we
used the sea surface temperature observations from the Optimal Interpolation Sea Surface
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Temperature (OISST) V2.1 dataset of the National Oceanic and Atmospheric Administration
(NOAA). This dataset spans the period from 1 January 1994 to 31 December 2023 and has a
spatial resolution of 0.25° x 0.25° [27,28].

Strait of

Figure 1. Topography of the Arabian Sea.

3. Marine Cold Spells: Definition, Indicators, and Categories

Marine cold spells (MCS) events are discrete, persistent, abnormally cold events

occurring in a specific sea area. In this study, we adopted the qualitative definition of MCS
events proposed by Schlegel et al. (2021) [29], but extended it to consider different periods
of abnormally cold persistence:

>

7-MCS is an event in which the sea surface temperatures are below the 10th percentile
seasonally varying threshold for at least seven consecutive days; if two successive
events have a gap of three days or less, they are combined as a single event.

5-MCS is an event in which the sea surface temperatures are below the 10th percentile
seasonally varying threshold for at least five consecutive days; if two successive events
have a gap of two days or less, they are combined as a single event.

3-MCS is an event in which the sea surface temperatures are below the 10th percentile
seasonally varying threshold for at least three consecutive days; if two successive
events have a gap of one day, they are combined as a single event.

1-MCS is an event in which the sea surface temperatures are below the 10th percentile
seasonally varying threshold for at least one day.

All MCS events can be quantitatively characterized in terms of frequency, duration,

mean intensity, and total days of cold spells [29,30]. Their detailed description is shown in
Table 1.

The severe level of MCS events has significantly different impacts on marine climate

and environment. Four severity categories of MCS events, which are based on multiples
of the difference between the local climatological mean and 10th percentile [31], include
moderate (1-2, Category I), intense (2-3, Category II), severe (3—4, Category III), extreme
(>4, Category IV).
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Table 1. Definitions of Four Statistical Indices.
Index Definition Formulas Unit
Frequency Annual number of MCS events N Times
N
Duration Annual mean duration of MCS events Y. (D;)/N Days/time
i=1
N i [~
Mean-Int Annual mean intensity of MCS events » (T,-]- — Ti]-) /N °C/time
i=1j=1
N
Days Annual total days of MCS events Y. D; Days/times
i=1

For the iy, MCS event, D; is its duration, and Tjj and Tj; is the observed SST and associated climatological mean
for day j, respectively.

4. Results
4.1. Analysis of 7-MCS Events

The annual mean statistical indices for all 7-MCS events during 1994-2023 in the
Arabian Sea, including frequency, duration, mean intensity, and total days are shown in
Figure 2. Generally, 7-MCS events occurred 0.3-1.5 times every year over the whole Arabian
Sea. The high frequency of 7-MCS events appeared in offshore Somalia (1.2-1.5 times/year)
and offshore Oman, offshore Yemen, and offshore India (0.9-1.2 times/year), while the
lowest frequency appeared in the southeastern Arabian Sea (<0.3 times/year). The annual
mean duration of 7-MCS events was approximately 10-17 days over the whole sea. It
reached up to 17 days in the waters off Oman, Somalia, and Mumbai (India); however,
the frequency of 7-MCS events in the waters off Oman and Mumbai (India) was much
less than that in the waters off Somalia. The annual mean intensity of 7 MCS events was
about 1.0-1.5 °C in the central and eastern Arabian Sea and the strongest mean intensity
(2.2-2.5 °C) appeared in offshore Somalia. The annual mean total days of 7-MCS events
demonstrated similar spatial patterns to frequency and mean intensity. The longest total
days also appeared in offshore Somalia (1622 days).
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Figure 2. Spatial patterns of annual mean statistical characteristics of 7-MCS events during 1994-2023.

Regarding seasonal variabilities, Figure 3 demonstrates the spatial distribution of
seasonal average total days of 7-MCS events in four seasons of the period 1994-2023. In
spring, average total days in most of the Arabian Sea reached 1-3 days, and the eastern
Arabian Sea had slightly higher total days than the western Arabian Sea. However, in
summer, the average total days of 7-MCS events showed a clear spatial pattern of high in
the southwest and low in the northeast, with the highest value mainly occurring in offshore
Somalia (7-10 days). In the autumn, the average total days in most of the Arabian Sea were
about 1-4 days, except for the waters off Somalia and Mumbai in India (3-5 days). The total
days in winter demonstrated a similar pattern to those in autumn, but were slightly higher
in the waters off Somalia, Oman, and North India (4-6 days). In general, the seasonal
average total days had significant seasonal and spatial distribution differences, which were
large in summer and relatively smaller in spring, autumn, and winter, especially in the
western Arabian Sea. The longest duration of 7-MCS events appeared in summer, followed
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by autumn and winter, but the longest duration in the northeastern Arabian Sea appeared
in winter and summer, followed by autumn and spring.
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Figure 3. Seasonal variabilities in total days of 7-MCS events during 1994-2023.

Figure 4 demonstrates the annual trend of 7-MCS events during 1994-2023 in terms
of frequency, mean duration, mean intensity, and total days. The frequency of 7-MCS
events showed a decreasing trend (—1.2 to —0.2 times/decade) in most of the Arabian
Sea, except for some small regions in offshore Somalia (0.2-0.8 times/decade) and offshore
Oman (0-0.2 times/decade). The duration of 7-MCS events had a statistically significant
trend in most of the Arabian Sea (—3 to 3 days/decade). The mean intensity showed a
significant but slight trend (—0.2 to 0.2 °C/decade) in almost all of the Arabian Sea. The
annual trend for total days had a similar spatial pattern as that of the frequency. It was
dominated by a decreasing trend (—12 to —3 days/decade), except for offshore Somalia
(3-15 days/decade).
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Figure 4. Annual trends of four statistical indices for 7-MCS events during 19942023, where the dots
denote statistical significance at the p < 0.05 level.

Figure 5 demonstrates the probability of the occurrence of different categories of
7-MCS events in the Arabian Sea for the period 1994-2023. Over almost the whole Arabian
Sea, about 40-80% of 7-MCS events belonged to Category I and about 10-40% of 7-MCS
events belonged to Category II, especially in the northern edge of the Arabian Sea, almost
all 7-MCS events belonged to Category 1. The probability of Categories I and II was much
higher than that of Categories III and IV. Moreover, Category III occurred only in about
31% of the Arabian Sea, mainly located in the western and northern Arabian Sea, while
Category IV events rarely occurred.

In order to reveal seasonal differences, Figure 6 demonstrates the probability of occur-
rence of different categories of 7-MCS events in four seasons (spring, summer, autumn, and
winter) of 1994-2023. Since Category IV events rarely occurred, here we only investigated
Categories I-1Il. Compared with spring, autumn, and winter, Category I events occurred
more frequently in summer. Specifically, 50-70% of Category I events in the Western Ara-
bian Sea and offshore India occurred in the summer. Following summer, winter was the
second season with frequent Category I events. The probability of Category I events in
winter reached 40-50% in offshore India. In contrast to summer and winter, Category I
events occurred less frequently in spring and autumn. Moreover, there were no Category I
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events in the central Arabian Sea during autumn and in the northern edge and southeast of
the Arabian Sea during spring.
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Figure 5. Probability of different categories of 7-MCS events during 19942023 (blank areas indicate
that no 7-MCS events occurred).
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Figure 6. Probability of different categories of 7-MCS events in spring, summer, autumn, and winter
of 1994-2023.

Category II events occurred more frequently (>50% share) in offshore India during
spring, the western Arabian Sea during summer, offshore Yemen during autumn, and the
southeastern Arabian Sea during winter. It is worth noting that Category Il events rarely
occurred in the western Arabian Sea during spring. Category III events sparsely occurred
in all seasons. In offshore Somalia and Yemen, the frequency of Category III events was
higher in summer (>80%), followed by autumn (40-50%), and almost zero in spring and
winter. In some regions of the central Arabian Sea and offshore India, the frequency of
Category III events was higher in autumn (>60%), followed by summer and autumn, and
lowest in spring.
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4.2. Analysis of 5-MCS Events

We analyzed statistical indices of 5-MCS events in the Arabian Sea during 1994-2023
(Figure 7). In most of the Arabian Sea, 5-MCS events occurred on average 0.9-1.8 times every
year. The highest occurring frequency appeared in offshore Somalia (1.8-2.1 times/ year)
and offshore India (1.5-1.8 times/year). The mean duration of 5-MCS events in most
of the Arabian Sea was 9-12 days, and a high duration of 12 days or more appeared in
some waters off Somalia, Oman, and Yemen. The mean intensity of 5-MCS events showed
significant spatial variations, being high in the waters off Somalia, Oman, and Yemen
and low in the southeast; the mean intensity in offshore Somalia was over 2.5 °C. The
spatial pattern of total days was similar to that of frequency; significantly high total days
(20-28 days) occurred in offshore Somalia while significantly low total days (6-12 days)
occurred in the southeastern Arabian Sea. Overall, 5-MCS events in offshore Somalia were
demonstrated to be the highest frequency, longest duration, maximal intensity, and longest
total days, while those in the southeastern Arabian Sea had the lowest frequency, shortest
duration, minimal intensity, and shortest total days.

25°N

(b) Duration
: =

- 250
NIt 7700 B Poii
& ,;f‘,’,,wve\ {I o \
o ; A W o 159 R
e AU

(c) Meanlnt
= z

N
20°N ‘! &
.

15°N

10°N

5N A

0

- S X . W - :
40°E 48°E  56°E 56°E  64°E °E °E 40°E  48°E

5 T 9 11 13 15 17 1 L3 1.6 1.9 22 25 2.8 4 8 12 16 20 24 28
times days °c days

Figure 7. Spatial patterns of annual mean statistical characteristics of 5-MCS events during 1994-2023.

The seasonal variabilities of the total days of 5-MCS events in the Arabian Sea during
1994-2023 are shown in Figure 8. Among all four seasons, total days in spring had no
significant spatial variability throughout the whole Arabian Sea, while total days in summer
demonstrated the largest spatial variability with 9-10 days in offshore Somalia and 1-3 days
in the southeastern Arabian Sea. The spatial patterns of total days in autumn and winter
were similar to those in summer but were very different from those in spring. The longest
total days in autumn and winter also appeared in offshore Somalia but were shorter than
those in summer. The southeastern Arabian Sea had slightly longer total days in autumn
than in summer and winter, while the northeastern Arabian Sea had slightly longer total
days in summer and winter than in autumn.
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Figure 8. Seasonal variabilities in total days of 5-MCS events during 1994-2023.

The annual trend of 5-MCS events in the Arabian Sea during 1994-2023, in terms of
frequency, mean duration, mean intensity, and total days, is demonstrated in Figure 9. The
statistically significant trends in the frequency of 5-MCS events appeared only in offshore
Oman (up to 0.8 times/decade) and offshore Somalia (up to 1.2 times/decade). Although
the frequency of 5-MCS events in other areas of the Arabian Sea showed decreasing trends
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(—1.6 to —0.4 times/decade), these annual trends did not pass the statistical significance
test. Different from frequency, the mean duration of 5-MCS events was found to have
a statistically significant trend (—3 to 3 days/decade) in almost the whole Arabian Sea.
The mean intensity of 5-MCS events had similar trend patterns as mean duration, but
the trend magnitude was slight, except for offshore Somalia (up to 0.6 °C/decade). The
spatial pattern of the evolution trend in total days was similar to that in frequency. The
statistically significant trends in total days of 5-MCS events appeared only in offshore
Somalia (12-28 days/decade). Although decreasing trends (—12 to —6 days/decade) in
total days were detected in other areas of the Arabian Sea, these annual trends did not pass
the statistical significance test.
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Figure 9. Annual trends of four statistical indices for 5-MCS events during 19942023, where the dots
denote statistical significance at the p < 0.05 level.

The probability of Categories I-IV of 5-MCS events occurring in the Arabian Sea
during 1994-2023 is shown in Figure 10. Both Category I and II MCS events occurred in the
whole Arabian Sea, and the probability of Category I (50-90%) was much higher than that
of Category II (10-50%). Category IIl MCS events only occurred in approximately 36% of
the Arabian Sea and had a probability of <20%, and Category IV rarely occurred.
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Figure 10. Probability of different categories of 5-MCS events during 1994-2023 (blank areas indicate
that no 5-MCS events occurred).

We analyzed the seasonal difference in Category I-1II 5-MCS events (Figure 11). The
spatial variability in the probability of Category I events was relatively small for each
season. The probability of category I events (40-60%) in summer was much higher than
that in spring, autumn, and winter in the Arabian Sea, except for its south edge. A further
analysis of the southern Arabian Sea revealed that 40-50% of category I events occurred in
the southeast during autumn or spring and in the southwest during winter.

The probability of Category II events demonstrated significant spatial heterogeneity.
Approximately 50-80% of Category II events occurred in the spring in the northeastern
Arabian Sea, the summer of the western Arabian Sea, and the autumn/winter of the
southern Arabian Sea. It is worth noting that there were almost no Category II events in
spring in the western Arabian Sea. Category III events were relatively sporadic and had a
high probability in autumn and winter.
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Figure 11. Probability of different categories of 5-MCS events in spring, summer, autumn, and winter

of 1994-2023.

4.3. Analysis of 3-MCS Events

The spatial patterns of annual mean statistical characteristics of 3-MCS events during
1994-2023 are shown in Figure 12. 3-MCS events occurred mainly 1.8-3.2 times every
year, and more frequently in the water off Oman, Yemen, Somalia, and south India. The
highest frequency (3.2-3.6 times/year) appeared in offshore South India, while the lowest
frequency (1.8-2.4 times/year) appeared in the northern Arabian Sea. The mean duration of
3-MCS events was approximately 5-8 days in most of the Arabian Sea and the longest mean
durations (>8-10 days) appeared in the waters off Oman and Somalia, while the shortest
mean duration (4-6 days) appeared in the southeastern Arabian Sea. The mean intensity of
3-MCS events demonstrated significant spatial variabilities. The mean intensity was the
lowest (1-1.3 °C) in the southeastern Arabian Sea, gradually increased to the northern and
western Arabian Sea, and reached the highest (2.2-2.5 °C) in offshore Somalia. The total
days of 3-MCS events were approximately 10-17 days in most of the Arabian Sea, and were
significantly high in offshore Somalia (24-28 days).

Figure 13 demonstrates further the seasonal variabilities in total days of 3-MCS events
and their spatial pattern. The total days in spring were about 1-5 days in most of the
Arabian Sea, except for the waters off south India (5-7 days). The total days in summer
were about 3-7 days in most of the Arabian Sea but reached up to 7-9 days in the waters
off Oman and Yemen and 9-10 days in the waters off Somalia. The total days in autumn
and winter shared a similar pattern as that in summer, but had slightly lower values, e.g.,
approximately 6-7 days in autumn and 7-8 days in winter for the waters off Somalia.
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Figure 12. Spatial patterns of annual mean statistical characteristics of 3-MCS events during
1994-2023.
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Figure 13. Seasonal variabilities in total days of 3-MCS events during 1994-2023.

Figure 14 demonstrates annual trends of four statistical indicators for 3-MCS events
during 1994-2023. Decreasing trends in the frequency of 3-MCS events were found in
almost the whole of the Arabian Sea, especially —3.6 to —2 times/decade in the southeastern
Arabian Sea and —2.8 to —2 times/decade in the waters off north India. However, these
decreasing trends were not statistically significant. The increasing trends in frequency
appeared only in the waters off Oman and Somalia and passed the statistical significance
test. The mean duration of 3-MCS events showed a statistically significant trend (—3 to
3 days/decade) in most of the Arabian Sea. The mean intensity of 3-MCS events changed
slightly in the whole Arabian Sea, except in offshore Somalia (approximately 0.8 °C/decade).
For the total days of 3-MCS events, all decreasing trends (—12 to —24 days/decade) in
most of the whole Arabian Sea were not statistically significant, while increasing trends
(8-12 days/decade) in the water off Oman and Somalia were statistically significant.

(b) Duration
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Figure 14. Annual trends of four statistical indices for 3-MCS events during 1994-2023, where the
dots denote statistical significance at the p < 0.05 level.

The probability of Category I-IV of 3-MCS events during 1994-2023 is shown in
Figure 15. Category I and II events occurred throughout the Arabian Sea and the probability
of Category I events was very high (>70%), and that of Category II events was about 10-20%.
Category III events always sparsely occurred and category IV events sporadically occurred.
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Figure 15. Probability of different categories of 3-MCS events during 1994-2023 (blank areas indicate
that no 5-MCS events occurred).

In order to investigate seasonal differences, we analyzed the probability of different
categories of 3-MCS events in four seasons (Figure 16). The spatial variation of Category I
events was not significant in each season. The western and northern Arabian Sea tended to
have more 3-MCS events in summer than the other three seasons, and the southwestern
Arabian Sea tended to have more 3-MCS events in summer and winter than those in
spring and autumn. Compared with Category I events, the spatial variation of Category
II events in each season was significantly large. Category II events tended to occur in the
northeast Arabian Sea (spring), west Arabian Sea (summer), offshore Oman (autumn), and
southeast Arabian Sea (winter). Category III events were relatively sporadic and had a
high probability in autumn and winter.
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Figure 16. Probability of different categories of 3-MCS events in spring, summer, autumn, and winter
of 1994-2023.
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4.4. Analysis of 1-MCS Events

Figure 17 demonstrates the spatial pattern of the annual mean statistical characteristics
of 1-MCS events during 1994-2023. The annual frequency of 1-MCS events appeared
low in the north and high in the south. In detail, 1-MCS events occurred approximately
5 times/year in the north Arabian Sea, 7-8 times/year in the southwestern Arabian Sea, and
8-9 times/year in the waters at the southern end of the Indian Peninsula. The annual mean
duration was approximately 2-5 days, especially in offshore Oman (4-5 days), offshore
North India (4-5 days), and offshore Somalia (4-6 days). The annual mean intensity was
about 1-1.6 °C in most of the Arabian Sea and was especially high (1.6-2.5 °C) in offshore
Somalia. The annual number of total days of 1-MCS events was about 20-28 days in the
whole Arabian Sea, except for offshore Somalia (30-36 days) and offshore south India
(26-30 days).
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Figure 17. Spatial patterns of annual mean statistical characteristics of 1-MCS events during
1994-2023.
The seasonal differences in the total days of 1-MCS events are shown in Figure 18.
The total days in summer and winter were significantly higher than those in spring and
autumn. The total days of 1-MCS events in spring were about 3-7 days and demonstrated a
spatial pattern of even distribution compared with other seasons. It is worth noting that the
total days in offshore Somalia were significantly high (9-10 days) in summer and relatively
high (7-9 days) in winter and autumn.
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Figure 18. Seasonal variabilities in total days of 1-MCS events during 1994-2023.

Figure 19 demonstrates the annual trends of 1-MCS events in terms of frequency, mean
duration, mean intensity, and total days. The frequency of 1-MCS events was found to
have a decreasing trend with statistical insignificance in almost the whole Arabian Sea,
especially —8 to —6 times/decade in the southeastern Arabian Sea. However, the frequency
in offshore Oman and offshore Somalia was found to have a slightly increasing trend
(0-1 time/decade), which passed the statistical significance test. The mean duration of
1-MCS events was found to have a statistically significant trend (—3 to 3 times/decade),
specifically with a consistently increasing trend in the southwestern Arabian Sea. Similar
to the mean duration, the mean intensity also showed a trend of —0.2 to 0.2 °C/decade,
which was statistically significant in most of the Arabian Sea, but had a higher trend
(0.2-0.8 °C/decade) in offshore Somalia, and was not statistically significant. The spa-
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tial pattern of total days was similar to that of frequency, only the increasing trends
(8-12 days/decade) in offshore Somali and offshore Oman were statistically significant.
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Figure 19. Annual trends of four statistical indices for 1-MCS events during 1994-2023, where the
dots denote statistical significance at the p < 0.05 level.

The probability of Categories I-IV of 5-MCS events occurring in the Arabian Sea
during 1994-2023 is shown in Figure 20. Both Category I and II MCS events occurred in the
whole Arabian Sea, and the probability of Category I (50-90%) was much higher than that
of Category II (10-50%). Category IIl MCS events only occurred in approximately 36% of
the Arabian Sea and had a probability of <20%, and Category IV rarely occurred.
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Figure 20. Probability of different categories of 1-MCS events during 1994-2023 (blank areas indicate
that no 5-MCS events occurred).

The seasonal distribution of Category I-1II events is shown in Figure 21. The northern
Arabian Sea had 30-50% of Category I events occurring in summer and the southern
Arabian Sea had 30—40% of Category I events occurring in winter. Spatial variabilities in
occurring Category II events were more pronounced than those in Category I events. The
main locations and seasons where Category II occurred at a probability of >70% were the
northeastern Arabian Sea (spring), western Arabian Sea (summer), and offshore Oman
(Autumn). Category III events always occurred sparsely, and occurred more in sea areas in
autumn and winter than in spring and summer.
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Figure 21. Probability of different categories of 1-MCS events in spring, summer, autumn, and winter
of 1994-2023.

4.5. Similar Spatio-Temporal Modes in MCS Evolution

Figure 22 demonstrates the temporal evolution features of MCS events in the Arabian
Sea during the past 30 years (1994-2023). The frequency of 1-MCS events had a more
significant decreasing trend than that of 3-MCS, 5-MCS, or 7-MCS events. This means that
ocean warming mainly led to the significant disappearance of short-period MCS events.
The annual frequency of 3-MCS, 5-MCS, or 7-MCS events had similar oscillation modes,
especially after 2010. The mean duration of 1-MCS, 3-MCS, 5-MCS, and 7-MCS shared
similar oscillation modes, but had no significant trend during the past thirty years. The
average intensity of MCS events had similar oscillation modes at different scales, but
the internal difference among MCS events significantly increased, specifically, a larger
magnitude of fluctuation appeared in 7-MCS events since 2015. The total days of MCS
events showed similar decreasing trends and fluctuation features at all scales (1-MCS,
3-MCS, 5-MCS, 7-MCS), and their internal difference was very limited.

In order to further explore similarities and differences in spatial modes of MCS evolu-
tion (Figure 23), we considered eight typical areas in the Arabian Sea: offshore Somalia,
offshore Yemen, offshore Oman, offshore North India, offshore South India, South—-East
Arabian Sea, offshore Mumbai (India), and offshore Cape Comorin (the southernmost part
of India).

In terms of frequency, MCS events showed decreasing trends in almost all of the
typical sea areas. 5-MCS events and 7-MCS events had similar evolution trends in all eight
typical sea areas, and were very different from 1-MCS events and 3-MCS events. It is worth
noting that only the waters off Somalia demonstrated positive trends in 3-MCS, 5-MCS, and
7-MCS events. The largest decreasing trends always appeared in the southeastern Arabian
Sea (SEAS).

In terms of mean duration, the offshores of Somalia, North India, South India, and
Mumbai showed an increasing trend, specifically 1-MCS and 3-MCS events had small
magnitudes in increasing trend than those in 5-MCS events and 7-MCS events. The
offshores of Yemen, Oman, Cape Comorin, and the southeastern Arabian Sea showed
a decreasing trend, specifically, the largest decreasing trend appeared in offshore Oman.
It is worth noting that the mean duration of MCS events in the offshores of Oman and
Mumbai demonstrated opposite trends.
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Figure 22. Temporal evolution of MCS events under different scales in the Arabian Sea during
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Figure 23. Annual trends of frequency, mean duration, mean intensity, and total days of MCS events
in eight typical sea areas in during the last 30 years (1994-2023).

In terms of mean intensity, the difference in MCS events at all scales was demonstrated
to be very small in all of the eight typical sea areas. The offshore of Somalia was shown
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to have the largest increasing trends in mean intensity of the MCS events under all four
scales. The offshores of Yemen and Oman were also shown to be similar, but with smaller
increasing trends. Moreover, the shorter the MCS duration, the smaller the increasing trend
in mean intensity. However, the southeastern Arabian Sea demonstrated a significantly
decreasing trend in MCS events, and the shorter the MCS duration, the greater the decreas-
ing trend in mean intensity. For offshore Cape Comorin, the mean intensity of the longer
duration of MCS events had slightly increased trends, and that of the shorter duration of
MCS events had sightly deceased trends.

In terms of total days, all the typical sea areas showed a decreasing trend except for
offshore Somalia. Moreover, the 3-MCS, 5-MCS, and 7-MCS events in offshore Somalia
had almost the same increasing trends, and the 1-MCS events demonstrated almost no
change. Among all scales, except for offshore Somalia, 3-MCS events demonstrated the
largest decreasing trends and 1-MCS events demonstrated the smallest decreasing trends.

4.6. Teleconnection Mechanisms
4.6.1. Linked with South Asian Summer Monsoon

The South Asian Summer Monsoon (SASM) is a prominent monsoon system charac-
terized by prevailing westerly winds in the lower troposphere, and is considered one of the
most spectacular monsoon systems in the world. The onset of the South Asian Summer
Monsoon (SASM) is marked by a rapid reversal of prevailing winds and a sudden increase
in precipitation in South Asia, which typically occurs from late May to early June. The
South Asian Summer Monsoon Index (SASMI) proposed by Li and Zeng [32-34] is an
annual index to measure the interannual variability of the monsoons. It is defined as the
intensity of the area-averaged seasonality (June-September) of the wind field at 850 hPa
within the South Asian domain (5°-22.5° N, 35°-97.5° E). It can be downloaded from
http:/ /lijianping.cn/dct/page /65576 (assessed on 1 July 2024).

The correlation between the annual frequency of MCS events in the Arabian Sea
and the South Asian Summer Monsoon (SASM) Index is shown in Figure 24. The spatial
distribution of correlation degree between the SASM index and four types of MCS events
was similar. Except for the waters off Somalia, Yemen, and Oman, the South Asia Summer
Monsoon had positive impacts on MCS events and had larger degrees of impact on short-
period MCS events than long-period MCS events. The correlation coefficients could reach
0.4-0.6 in most of the southern Arabian Sea and offshore of South India and can pass
the statistical significance test at the level of 0.05. Compared with these, the SASM had
negatively correlated with MCS events occurring in offshore Somalia during the past thirty
years. Since its correlation coefficient with 7-MCS events could reach —0.6 and that with
1-MCS events was only —0.2, this means that long-period MCS events were easily affected

by SASM.
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Figure 24. Correlation of annual frequency of MCS events and the South Asian Summer Monsoon
Index, where the dotted area denotes statistical significance at p < 0.05 level.

The correlation between the mean duration of MCS events and the SASM index is
shown in Figure 25. Generally, the spatial distribution of correlation degree was negative in
the west and positive in the east. The largest negative correlation (—0.6 to —0.5) appeared
in offshore Somalia and the largest positive correlation (0.4-0.8) appeared in the offshore
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of south India. The difference in correlation coefficients for 1-MCS, 3-MCS, 5-MCS, and
7-MCS events was slight, indicating that SASM had almost consistent impacts on the mean
duration of both long-period and short-period MCS events. However, the SASM had
weaker impacts on mean duration than the frequency of MCS events at different scales.
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Figure 25. Correlation of mean duration of MCS events and the South Asian Summer Monsoon Index,
where the dotted area denotes statistical significance at p < 0.05 level.

The correlation between the mean intensity of MCS events and the SASM index is
shown in Figure 26. The SASM was shown to be consistently negatively correlated with the
mean intensity of MCS events throughout the whole Arabian Sea, with the largest negative
correlation coefficient appearing in the southeastern Arabian Sea. Similar to mean duration,
the difference in correlation coefficients for 1-MCS, 3-MCS, 5-MCS, and 7-MCS events was
also slight, indicating that SASM had almost consistent impacts on the mean intensity of
both long-period and short-period MCS events.
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Figure 26. Correlation of mean intensity of MCS events and the SASM Index, where the dotted area
denotes statistical significance at p < 0.05 level.

The correlation between the total days of MCS events and the SASM index is shown
in Figure 27. Generally, the spatial distribution of the correlation degree between total
days and SASM had a similar mode as that between frequency and SASM. The statistical
significance test revealed that SASM had stronger and broader impacts on short-period
MCS events than long-period MCS events.
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Figure 27. Correlation of total days of MCS events with SASM Index, where the dotted area denotes
statistical significance at p < 0.05 level.
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4.6.2. Linked with El Nifio

The El Nifio and the Southern Oscillation (ENSO) is the dominant mode of inter-
annual climate variability, affecting not only the Pacific Ocean but also the global cli-
mate [35,36], so here we investigated the link between El Nifio and MCS events in the
Arabian Sea. Here, we considered four Nifio indices: the Nifiol+2 Index captures SST
anomalies in the box 0°-10° S, 90° W-80° W; the Nifio 3 index captures SST anomalies
in the box 5° N-5° S, 150° W-90° W; the Nifio 3.4 Index captures SST anomalies in the
box 5° N-5° 5, 170° W-120° W; and the Nifio 4 index captures SST anomalies in the box
5° N-5° S, 160° E-150° W.

The frequency of MCS events in the northern Arabian Sea was positively correlated
with all Nifio indices (Figure 28), and the correlation degree with the Nifiol+2 index was
slightly high and that with the Nifio4 index was slightly lower. In the central and southern
Arabian Sea, a negative correlation with the Nifio indices appeared, with a significantly
high negative correlation in offshore Somalia and the Central Arabian Sea (—0.6 to —0.4).
Moreover, the correlation degree with the Nifiol+2 index was slightly high, and that with
the Nifio4 index was slightly lower. Moreover, the negative correlation degree with the
Nifio4 index was stronger than that with Nifiol+2, Nifio3, or Nifio 3.4.
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Figure 28. Correlation between frequency of MCS events and different Nifio indices: (a-d) Nifo1+2 in-
dex, (e-h) Nifo3 index, (i-1) Nifio3.4 index, and (m—p) Nifio4 index (dotted area indicates statistically
significant level at p < 0.05).
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The correlation of mean duration of MCS events and Nifio indices was positive in
both the northern and southwest Arabian Sea, and was negative in offshore Somalia and
the southeast Arabian Sea (Figure 29). These correlation degrees passed the statistical
significance test only in sporadic regions of the Arabian Sea. The correlation difference
among the different-scale MCS events (i.e., 1-MCS, 3-MCS, 5-MCS, 7-MCS) was small.
Similar to the frequency of MCS events, the negative correlation of mean duration and
the Nifio4 index was strongest in the southeastern Arabian Sea compared with Nifiol+2,
Nifo3, or Nifio 3.4.
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Figure 29. Correlation between mean duration of MCS events and different Nifio indices:
(a—d) Nifiol+2 index, (e-h) Nifio3 index, (i-1) Nifi03.4 index, and (m—p) Nifio4 index (dotted area
indicates statistically significant level at p < 0.05).

The mean intensity of MCS events was positively correlated (0-0.6) with various
Nifio indices almost throughout the whole Arabian Sea, and it was negatively correlated
(—0.4 to 0) only in the northern Arabian Sea (Figure 30). Moreover, the difference in



J. Mar. Sci. Eng. 2024, 12, 1439 20 of 24

correlation degrees among different types of MCS events was small. It is worth noting
that the correlation between mean intensity and the Nifio4 index passed the statistical
significance test in many regions of the central and southern Arabian Sea.
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Figure 30. Correlation between mean intensity and different Nifio indices: (a—d) Nifiol+2 index,
(e-h) Nifio3 index, (i-1) Nifio3.4 index, and (m-p) Nifio4 index (dotted area indicates statistically
significant level at p < 0.05).

For the total days, their correlations with Nifio indices were positive in the northern
Arabian Sea (0-0.4) and negative in the central and southern Arabian Sea (—0.6 to 0)
(Figure 31). The spatial distribution of the correlation degrees between total days and the
Nifio indices was similar to that between frequency and the Nifio indices. Moreover, the
negative correlation of total days and the Nifio4 index was strongest in the southeastern
Arabian Sea and offshore Somalia when compared with Nifiol+2, Nifio3, or Nifio 3.4.
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Figure 31. Correlation between total days and different Nifio indices: (a—d) Nifol+2 index,
(e-h) Nifo3 index, (i-1) Nifio3.4 index, and (m—p) Nifio4 index (dotted area indicates statistically
significant level at p < 0.05).

5. Conclusions

Our study focused on spatial patterns and evolution features of MCS events in the
Arabian Sea during the past three decades. We considered four types of MCS events
(7-MCS, 5-MCS, 3-MCS, 1-MCS) and four severity categories (I, II, III, IV) and gave a
detailed analysis of four statistical indices (frequency, mean duration, mean intensity, total
days) for different MCS type with various categories.

In the whole Arabian Sea, four types of MCS events (7-MCS, 5-MCS, 3-MCS, 1-MCS)
shared similar spatial patterns in terms of frequency, mean duration, mean intensity, and
total days. The MCS events in offshore Somalia had the highest occurring frequency,
longest duration, largest intensity, and maximal total days, demonstrating significant
differences from those in other regions of the Arabian Sea. The Somali current passing
through offshore Somalia is a cold current with upwelling during summers and a warm
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current during winters, while other currents in the Arabian Sea are all warm currents. The
cold-warm changes of Somali current make larger fluctuations in sea surface temperatures
in offshore Somalia, enhancing the occurrence probability of MCS events, especially during
the summers.

Mean duration and mean intensity were found to have statistically significant trends
in most of the Arabian Sea, and frequency and total days were found to have statistically
significant trends in limited waters off Somalia and Oman. Since 3-MCS and 1-MCS
occurred much more frequently than 5-MCS and 7-MCS during 1994-2023, we showed
that significantly large numbers of MCS events had only a duration of 1-3 days, and the
waters at the southern end of the Indian Peninsula had significantly more short-duration
MCS events. Moreover, the frequency of 1-MCS events had a more significant decreasing
trend than that of 3-MCS, 5-MCS, or 7-MCS events. This means that ocean warming mainly
led to the significant disappearance of short-period MCS events. It is worth noting that the
mean duration of MCS events in the offshore of Oman and Mumbai demonstrated opposite
trends and the difference in mean intensity of MCS events at all scales was shown to be
very small.

Among four severe categories, approximately 90% of MCS events in the Arabian Sea
during 1994-2023 belonged to Categories I and II. The spatial variation of Category I events
was not significant inside each season, but that of Category Il events was significantly large.
Category II events tended to occur in the northeast Arabian Sea (spring), west Arabian
Sea (summer), offshore Oman (autumn), and southeast Arabian Sea (winter). Category
III events always occurred sparsely and occurred more in sea areas in autumn and winter
than in spring and summer. The Category IV events occurred sporadically.

The evolution of MCS events in the Arabian Sea was found to be strongly linked
with the South Asian Summer Monsoon (SASM). The correlation coefficients between
frequency/mean duration/total days and SASM indices reached 0.4-0.6 in most of the
southern Arabian Sea and offshore of South India and passed the statistical significance
test at the level of 0.05, while the correlation between mean intensity and SASM indices
was negative. The evolution of MCS events in the Arabian Sea was found to be slightly
linked with ENSO. It is positively correlated in the northern Arabian Sea and negatively
correlated in the central and southern Arabian Sea.
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