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Abstract: Marine cold spells (MCSs) are extreme ocean temperature events impacting marine or-
ganisms, yet their characteristics and trends in the South China Sea (SCS) historical period re-
main unclear. This study systematically analyzes sea surface temperature (SST) and MCSs in
the SCS using satellite observation data (OISSTv2.1) from 1982 to 2022. The climatological mean
SST ranges from 22 ◦C near the Taiwan Strait to 29 ◦C near the Nansha Islands, showing notable
variations. Annual SST anomalies demonstrate a heterogeneous spatial trend of approximately
0.21 ± 0.16 ◦C/decade (p < 0.01) across the SCS, indicating an increase in SST over time. MCS
analysis uncovers spatial non-uniformity in frequency, with higher values near the Beibu Gulf and
Hainan Island, and longer durations in the northeastern coastal areas. Statistical analysis indicates
normal distributions for frequency and duration trends but skewness for intensity and cumulative
intensity, reflecting extreme values. Winter months exhibit larger MCS occurrence areas and higher
mean intensities, illustrating seasonal variability. Anticipated changes will significantly impact the
ecological structure and functioning of the SCS.

Keywords: marine cold spells; historical characteristics; spatial variability; satellite observations;
South China Sea

1. Introduction

The IPCC report highlights the rapid increase in global mean sea surface tempera-
tures (SST) in recent decades due to anthropogenic climate change [1]. This escalation
subsequently influences the frequency and intensity of various extreme events, encom-
passing droughts, typhoons, marine heatwaves (MHWs), and marine cold spells (MCSs),
among others [2,3]. The alterations in these extreme events induced by climate change
are intricately intertwined with human existence. Among them, research indicates that
these prolonged MCSs have significant impacts on marine ecosystems and fisheries and
subsequently affect human life [4].

Despite the extensive research on MCSs, there exists historical variability in the ter-
minology used to describe them. Previous studies have utilized a range of terms and
definitions to characterize MCSs, often reflecting regional or species-specific characteristics.
For instance, episodes of transient, widespread mortality among marine life linked to
MCSs have been labeled as “winter kills”, acknowledging that this phenomenon occurs
beyond high-latitude regions [5]. Furthermore, the concept of “degree cooling weeks”
has been proposed to delineate MCSs and has been applied in evaluating MCS-induced
coral bleaching events [6]. Additionally, considering the threat of cold stress syndrome
to manatees in prolonged extreme cold water, a temperature threshold of 20 ◦C has been
recommended for defining MCSs [7]. In summary, various definitions of MCSs have been
historically employed.
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MCSs disturb biological systems, eliciting responses that vary from minimal impacts to
acute ecological effects on organisms, communities, or ecosystems [8–13]. While MCSs may
not directly cause mortality in marine organisms, they often lead to sublethal impacts on
marine life, such as growth inhibition, metabolic stress, or reduced adaptability [14,15]. For
instance, the MCS event in Florida in 2003 significantly disrupted tuna fishing operations
along the East Coast of the United States and local recreational tourism enterprises [16].
Subsequent MCSs in the Taiwan Strait in 2008 resulted in extensive mortality of wild
coral reef fish [17] and cultured fish, leading to significant economic losses in the local
fishing industry [18]. In January 2010, Florida encountered its most severe recorded MCS,
persisting for approximately 12 days. During this MCS, extremely cold polar air masses
lowering below the survival thresholds of various coral species and tropical reef organisms
occurred, resulting in unparalleled and widespread coral mortality [19]. This incident has
led to fish stranding, metabolic stress in marine organisms, tissue damage, and cold shock,
affecting the survival of various marine organisms [20,21]. Lirman et al. [22] underscore
the coral mortality rate induced by this MCS, which surpasses the mortality rate observed
during previous summer MHWs by one to two orders of magnitude.

The adverse effects of MCSs on marine organisms exhibit seasonal differences, with
MCSs typically exerting detrimental impacts on marine life during the winter months
in most cases. For instance, from late January to early February 2008, the winter SST
rapidly decreased, dropping by approximately 11 ◦C within a month. The sustained
low temperatures ultimately led to significant mortality among coral reef fish and large
invertebrates near the Penghu Islands off the coast of Taiwan Island [23]. Although most
reports indicate that MCS impacts occur during winter, sometimes MCSs in summer may
also lead to severe ecological consequences [24,25]. In summary, MCSs can have significant
adverse impacts on marine ecosystems, including alterations in the distribution of marine
species, mass mortality events, coral bleaching, changes in species distribution, and shifts
in biological phenology [26–30].

The South China Sea (SCS), covering approximately 3.5 million square kilometers,
stands as one of the deepest and largest semi-enclosed marginal seas in the northwestern
Pacific Ocean (99–125◦E, 0–25◦N, Figure 1). Renowned for its rich coral reefs and abun-
dant fishery resources [31–34], the SCS boasts a dynamic environment characterized by
mesoscale eddies, internal waves, and various active processes, contributing to its complex-
ity and diversity [35–42]. Bordered by landmasses to the north, west, and south, the SCS is
delineated from the Pacific Ocean by the Philippine Islands and Taiwan Island to the east.
Additionally, it connects to the Sulu Sea, the Indian Ocean, and the Pacific Ocean through
the Mindoro Strait, Malacca Strait, and Luzon Strait, respectively. This complex network of
straits positions the SCS as a significant conduit for heat and freshwater exchange between
the Pacific and Indonesian seas [43–46].

Influenced by the Asian–Australian monsoon, significant air–sea interactions occur
within the SCS, not only modulated by the atmosphere but also impacting nearby weather
and climate variations [47–49]. With the influence of global warming, a noticeable upward
trend in SST has been observed in the SCS [50], potentially leading to a corresponding
reduction in MCSs in the region and impacting existing marine ecosystems. The SCS is a
crucial fishing area for neighboring nations. Changes in SST profoundly affect the marine
ecosystem, thereby resulting in significant economic ramifications for the surrounding
countries.

In the SCS, another extreme oceanic phenomenon, contrasting with MCSs, known as
MHWs, is gaining widespread attention due to its impacts on marine ecosystems [51–58].
However, there is relatively limited research on the characteristics and trends of MCSs.
To the best of our knowledge, currently, no published studies have conducted detailed
research on the characteristics and trends of MCSs in the historical period of the SCS.



Remote Sens. 2024, 16, 1171 3 of 18

Remote Sens. 2024, 16, x FOR PEER REVIEW 3 of 18 
 

 

For this study, 41 years (1982–2022) of satellite-based SST data were utilized to inves-
tigate three aspects: (1) the spatial distribution and trends of historical SSTs in the SCS; (2) 
the spatial–temporal distribution and long-term trends of MCS indicators, including fre-
quency, duration, mean intensity, and cumulative intensity; and (3) regional disparities in 
the mean values and trends of MCS indicators in the SCS. The remaining sections of the 
paper are organized as follows: Section 2 introduces the data and methods utilized. Sec-
tion 3 presents the primary findings, including the spatial distribution and the variance of 
SST, MCSs, and their historical trends. Section 4 discusses the characteristics of using fixed 
climate baseline and sliding baseline in detecting MCSs as well as the potential mecha-
nisms for the formation of MCSs. Finally, Section 5 provides a summary of the study�s 
findings. 

 
Figure 1. Topography of the South China Sea. Shading indicates water depth (units: m), with the 
black contour representing the 200 m isobath. Geographical locations are abbreviated as B.G. for 
Beibu Gulf, H.I. for Hainan Island, P.R. for Pearl River Estuary, T.S. for Taiwan Strait, T.I. for Taiwan 
Island, L.S. for Luzon Strait, L.I. for Luzon Island, X.I. for Xisha Islands, Z.I. for Zhongsha Islands, 
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Figure 1. Topography of the South China Sea. Shading indicates water depth (units: m), with the
black contour representing the 200 m isobath. Geographical locations are abbreviated as B.G. for
Beibu Gulf, H.I. for Hainan Island, P.R. for Pearl River Estuary, T.S. for Taiwan Strait, T.I. for Taiwan
Island, L.S. for Luzon Strait, L.I. for Luzon Island, X.I. for Xisha Islands, Z.I. for Zhongsha Islands,
N.I. for Nansha Islands, M.S. for Mindoro Strait, P.I. for Palawan Island, K.I. for Kalimantan Island,
S.S. for Sulu Sea, and C.S. for Celebes Sea.

For this study, 41 years (1982–2022) of satellite-based SST data were utilized to investi-
gate three aspects: (1) the spatial distribution and trends of historical SSTs in the SCS; (2) the
spatial–temporal distribution and long-term trends of MCS indicators, including frequency,
duration, mean intensity, and cumulative intensity; and (3) regional disparities in the mean
values and trends of MCS indicators in the SCS. The remaining sections of the paper are
organized as follows: Section 2 introduces the data and methods utilized. Section 3 presents
the primary findings, including the spatial distribution and the variance of SST, MCSs,
and their historical trends. Section 4 discusses the characteristics of using fixed climate
baseline and sliding baseline in detecting MCSs as well as the potential mechanisms for the
formation of MCSs. Finally, Section 5 provides a summary of the study’s findings.

2. Materials and Methods
2.1. OISST V2.1

In this study, we utilized the Optimum Interpolation Sea Surface Temperature dataset,
version 2.1 (OISST V2.1), provided by the National Oceanic and Atmospheric Administra-
tion (NOAA) [59–61], to identify MCSs and assess their characteristics across the SCS. The
dataset offers global coverage on a spatial grid of 0.25◦ and was analyzed in this study for
the period from 1982 to 2022. The SST data for the SCS were extracted from this compre-
hensive dataset, spanning a duration of 14,975 days (from 1 January 1982 to 31 December
2022). This dataset has been extensively utilized in research related to phenomena such as
MHWs, consistently validating its effectiveness [34,54,62,63].

2.2. Definition of Marine Cold Spells

In this study, we utilized the standardized method outlined in Schlegel et al. [3] to
define MCSs as anomalous cold-water events persisting for at least five days, with SST
below the 10th percentile threshold of seasonal variation for the same period (Figure 2).
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If a cold anomaly falls below the 10th percentile for less than five days, it is termed a
“marine cold snap”. The percentile exceedance threshold (green curve in Figure 2) is
quantified relative to the seasonally varying baseline climatology, ideally spanning 30 years
or more [3,64]. To establish the baseline climatology and thresholds for MCSs at each grid
point for every calendar day throughout the study period (1982–2022), we employed daily
SST data spanning the entire duration. The daily SSTAs were computed relative to the
seasonal climatology for each grid point. This was accomplished by subtracting the mean
SST of that specific day (e.g., 1 January 1982) across the entire study period from the SST of
each respective calendar day (e.g., 1 January).

Figure 2. Schematic representation of marine cold spells at an arbitrary point (115.125◦E, 12.125◦N)
in the South China Sea during 2018. The black curve denotes sea surface temperature, the blue curve
indicates the climatological average temperature from 1982 to 2022, and the green curve represents the
threshold curve for marine cold spell determination. “MCS1” and “MCS2” represent two instances of
marine cold spell events during the specified period.

We acknowledge that the selection of the baseline is subject to ongoing debate and
contingent upon the specific context of inquiry [65,66]. Some studies advocate for em-
ploying a moving baseline in trend analyses for extreme events like MHWs [67,68]. By
utilizing thresholds that adjust with the seasons and baseline climatology, the detection
of MCSs throughout the year is facilitated. However, in our study, we opted for a fixed
baseline (climatological period) for analyzing MCS trends. We chose the entire period for
climatology to mitigate potential biases that may arise from subselecting the base period.
Each selection method possessed its unique characteristics, with a more detailed discussion
available in the Section 4 of this paper. Additionally, similar to the definition of MHWs, we
considered the occurrence of two consecutive MCSs within a gap of no more than 2 days as
a single event.

We illustrate the definition of MCSs in the schematic diagram presented in Figure 2,
which depicts two MCSs and one marine cold snap. “MCS1” lasted from 1 July 2018 to
5 July 2018, for a total of 5 days, with a maximum intensity of −0.97 ◦C and an average
intensity of −0.89 ◦C. Similarly, “MCS2” persisted from 21 September 2018 to 25 September
2018, lasting 5 days, with a maximum intensity of −1.05 ◦C and an average intensity of
−0.90 ◦C. The marine cold snap occurred from 6 August 2018 to 8 August 2018, spanning
3 days, with a maximum intensity of −0.98 ◦C and an average intensity of −0.91 ◦C.

We utilized the MATLAB Marine Heatwaves (M_MHW) toolbox developed by Zhao
and Marin [69], following the approach outlined in Hobday et al. [64], to identify all MCS
characteristics. Once the MCSs were identified, four indices were utilized in this study
to represent the MCS characteristics: frequency (the number of MCS events in each year,
units: counts), duration (the total number of days with MCS occurrence in each year, units:
days), mean intensity (the average difference between SST and the climatological threshold
during MCSs units: ◦C), and cumulative intensity (the cumulative sum of the intensity of
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an MCS event multiplied by its duration within a year, units: ◦C days). It should be noted
that, as the intensity index of MCSs is based on temperature anomalies, the sign of MCS
intensity is defined as negative.

3. Results
3.1. Spatial Distribution and Temporal Trends in SST and Its Variability

The climatological mean SST serves as the background condition for MCS occurrence,
while the average 10th percentile threshold value indicates the maximum temperature for
MCS appearance. Additionally, the standard deviation of detrended SST reflects the degree
of temperature variability. Therefore, understanding the spatial distribution of these three
physical quantities is crucial for comprehending the characteristics and trends of MCSs.
To this end, Figure 3a–c depict the spatial distribution of the climatological mean SST, the
10th percentile SST (i.e., the threshold for computing MCSs), and the standard deviation of
detrended SST from 1982 to 2022 in the SCS.
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Figure 3. Climatological sea surface temperature from 1982 to 2022 (a), the 10th percentile sea surface
temperature (indicating the threshold for defining marine cold spells) (b), and the spatial distribution
of standard deviation of detrended sea surface temperature (c) in the South China Sea. The blue
curve represents the 200 m isobath, while the meanings of the abbreviated letters correspond to those
in Figure 1.

From Figure 3a, it is apparent that the climatological mean SST is influenced by the
presence of land boundaries, resulting in a northeast–southwest trending distribution. The
lowest average temperatures, approximately 22 ◦C, are observed near the Taiwan Strait in
the northeastern part of the SCS, while the highest average SST, reaching around 29 ◦C, is
found near the southern end of the Nansha Islands in the southwestern part of the SCS.
The mean climatological temperature of the entire SCS stands at 27.85 ± 1.23 ◦C, with a
median of 28.28 ◦C.

After removing annual cycles, the 10th percentile SST from 1982 to 2022 generally
remains above 27 ◦C in most areas of the SCS, with the lowest values (approximately 20 ◦C)
observed near the Taiwan Strait (Figure 3b). In the entire SCS, the average value of the
10th percentile SST is 26.85 ± 1.39 ◦C, with a median of 27.33 ◦C. Comparing the data in
Figure 3a,b reveals that the average of the 10th percentile threshold is typically about 1 ◦C
below the climatological mean. However, such temperature disparities are not uniform
across the SCS. In the shallow coastal areas of the northwestern part of the SCS, differences
are more pronounced close to the shore, while they diminish and in the southern regions of
the sea, the deeper waters, and the southern regions of the sea.
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The spatial variability is evident in Figure 3c, illustrating the standard deviations of
detrended SST across the study period. These values depict the overall SST variability not
explained by linear trends. Remarkably, the standard deviation exhibits significant spatial
variation, with maximum values exceeding 4 ◦C observed in the shallow shelf regions of
the northern SCS. In contrast, values in the southeastern SCS are less than 0.5 ◦C.

The annual variations in SSTAs, after removing the climatological mean (1982–2022),
reflect the overall background temperature changes in the SCS. Previous studies suggest
that with global warming, these anomalies are expected to increase annually. To verify
this viewpoint and determine the specific rate of increase, Figure 4 illustrates the annual
changes in SSTAs. In this study, we calculated the daily SSTAs relative to the seasonal
climatology for each grid point. The current temporal trend of SSTAs is approximately
0.21 ± 0.16 ◦C/decade, as indicated by the red dashed line in Figure 4. This spatial trend is
heterogeneous. In the Taiwan Strait and the coastal areas of the northeastern SCS, except for
the Pearl River Estuary, the rate of increase in the northern Beibu Gulf area is significantly
higher than in other regions, with maximum values exceeding 0.4 ◦C/decade. Notably, the
SSTA values in 1998 are notably higher than in other years, likely influenced by the El Niño
phenomenon. However, this aspect falls beyond the scope of the current study and will not
be further discussed herein.
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Figure 4. Annual variation trend of the sea surface temperature anomalies averaged over the South
China Sea, after removing the climatological mean (1982–2022). The black curve represents the
annual mean SST anomalies, while the red dashed line indicates the results after linear regression
fitting; “k” represents the slope of the fitted line (units: ◦C/decade), “R” indicates the coefficient of
determination, and “p” denotes the significance level.

Based on the monthly SST (Figure 5a) and SSTA (Figure 5b) trends over time, it be-
comes apparent that the rise in SST mainly involves a prolongation of the period with higher
temperatures. Specifically, the duration of time with temperatures exceeding 27.50 ◦C
shifted from occurring between April and November in 1982 to spanning from March to
December in 2022 (indicated by the dashed line in Figure 5a). The average temperature
within the 27.50 ◦C isotherm gradually increased from 28.42 ◦C in 1982 to 28.99 ◦C in 2022,
indicating a rise of 0.57 ◦C over the period. Similar conclusions can be drawn from the
annual variation curve of SSTAs (Figure 5b). The range of the −0.50 ◦C SSTA contour
shifted from approximately April to November in 1982 to March to December in 2022.

The variation in SST reflects the overall temperature trend in the SCS, while the
temporal changes in the standard deviation of SST represent the degree of temperature
variability. A higher value indicates greater temperature variability, larger fluctuations, and
a higher likelihood of extreme temperatures., while a lower value indicates the opposite.
From Figure 6, it is evident that the rate of change in the standard deviation of SST after
removing the linear trend is −0.01 ± −0.04 ◦C/decade (p < 0.01). This observation is
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also supported by the trends observed in Figure 5a, where the variability in temperature
decreases over time, leading to a corresponding decrease in variance.
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Figure 6. Temporal trend of detrended mean sea surface temperature standard deviation in the South
China Sea from 1982 to 2022 (units: ◦C/decade); “k” represents the slope of the fitted line (units:
◦C/decade), “R” indicates the coefficient of determination, and “p” denotes the significance level.

3.2. Spatial Distribution of MCS Characteristics

Figure 7 illustrates the annual average characteristics of MCSs in the SCS from 1982 to
2022, encompassing the spatial distribution of frequency (Figure 7a), duration (Figure 7b),
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mean intensity (Figure 7c), and cumulative intensity (Figure 7d). It is noteworthy that the
annual values of MCS characteristics utilized in the subsequent analysis were derived by
averaging these characteristics for each grid point annually. Particularly, from Figure 7a,
it is evident that within the SCS region, the annual average frequency exhibits a spatially
non-uniform distribution. Higher frequencies are observed in the Beibu Gulf area and
the waters surrounding Hainan Island. Specifically, the maximum frequency occurs on
the western side of Kalimantan Island (111.375◦E, 3.125◦N), reaching 2.81 counts/year,
while the minimum value is observed southwest of the SCS (105.125◦E, 3.125◦N), with only
1.51 counts/year.
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Figure 7. Spatial distribution of the MCS frequency ((a), units: counts), duration ((b), units: days),
mean intensity ((c), units: ◦C), and cumulative intensity ((d), units: ◦C days) of marine cold spells
from 1982 to 2022. The blue line represents the 200 m isobath, and the meanings of the abbreviated
letters are the same as in Figure 1.

Comparing Figure 7a,b reveals that regions with high frequencies typically do not
overlap with areas exhibiting prolonged durations of MCSs. For instance, many coastal
areas in the northeastern region, where the MCS frequency is relatively low, exhibit higher
durations (Figure 7b). The maximum duration of MCSs occurs in the nearshore waters
of the northeastern part of the SCS (116.126◦E, 22.875◦N), reaching 14.01 days, while the
minimum duration is observed in the southern part of the SCS (112.125◦E, 3.875◦N), with
only 6.95 days. Furthermore, comparing Figures 3c and 7c, it is evident that areas exhibiting
high mean intensity correspond to regions with significant SST variability. Specifically, the
strongest mean intensity is observed at (117.125◦E, 22.875◦N), reaching −2.47 ◦C, while
the weakest intensity of only −1.12 ◦C is found at (114.125◦E, 7.875◦N). It is worth noting
that the intensity of MCSs is represented by negative values; therefore, the smaller the
numerical value (the bluer the color in Figure 7c), the greater the intensity of the MCS. The
spatial distribution of MCS intensity exhibits a northeast-to-southwest directional pattern,
similar to the spatial distribution of detrended SST variance in Figure 3c. Additionally, this
directional pattern suggests a potential connection between MCS intensity and local SST
variations.
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Regarding the cumulative intensity of MCSs, it is known from its calculation for-
mula that it results from the combined effects of duration (Figure 7b) and mean intensity
(Figure 7c). As both of them exhibit enhanced distributions in the nearshore areas of the
northern SCS, the cumulative intensity in coastal regions is notably higher than in open
sea areas. The strongest cumulative intensity occurs at (115.625◦E, 22.875◦N), reaching
−39.55 ◦C days, approximately three times higher than that in the central open sea of
the SCS. Conversely, the weakest value is observed at (115.375◦E, 8.125◦N), only reaching
−8.35 ◦C days (Figure 7d). This spatial distribution pattern underscores the influence of
both duration and mean intensity on the cumulative intensity of MCSs, particularly in
coastal regions, where both factors are prominently enhanced.

For a clearer understanding of the quantitative characteristics of MCSs in the SCS,
Figure 8 presents the statistical histograms of the four attributes of MCSs. It is evident
from the figure that the spatially averaged frequency of MCSs in the SCS region exhibits
characteristics close to a normal distribution. The mean value is 2.21 counts/year, with a
median of 2.22 counts/year, suggesting minimal skewness (−0.13) in the data distribution
(Figure 8a). Similarly, the spatially averaged duration of MCSs in the SCS region also
demonstrates characteristics close to a normal distribution (Figure 8b), with a mean value
of 9.51 days and a median of 9.43 days. However, the average intensity of MCSs displays
a noticeable skewed (0.23) distribution (Figure 8c). With a mean value of −1.46 ◦C and a
median of −1.39 ◦C, it exhibits a skewness of −1.36. Likewise, influenced by the distribution
of mean intensity of MCSs, the cumulative intensity also shows a skewed distribution. The
mean value is −14.50 ◦C days, with a median of −14.22 ◦C days, resulting in a skewness of
−1.30. This observation underscores the non-normal distribution characteristics of MCS
intensity, suggesting a prevalence of certain extreme values in the dataset.
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3.3. Spatial Distribution Trends of MCS Characteristics

Figure 9 illustrates the spatial distribution of the four characteristic trends of MCSs.
Across the entire SCS, the comprehensive decreasing trend in frequency is evident, all of
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which pass the 95% confidence test (Figure 9a). The strongest negative trend in frequency is
primarily observed in the northeastern part of the SCS, away from the coastal boundaries,
decreasing at a rate of approximately −1.95 counts/decade. Conversely, the weakest
negative trend in MCS frequency occurs in the Beibu Gulf area, decreasing at a rate
of approximately −0.35 counts/decade. This comprehensive analysis underscores the
regional disparities in frequency trends across the SCS, shedding light on the varied
dynamics shaping MCS occurrence patterns in different geographical zones. The trend of
MCS frequency exhibits a robust negative correlation with SSTAs, indicated by a Pearson
correlation coefficient of −0.86, passing the 99% confidence test. However, there is no
significant correlation between the trend of MCS frequency and SST standard deviation
trends, with a correlation coefficient of only 0.11, failing to pass the 90% confidence test.
This suggests that variations in MCS frequency are primarily driven by SST. Consequently,
with further increases in SST, it is anticipated that the frequency of MCSs will continue to
decrease.
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Figure 9. Trends in characteristics of marine cold spells in the SCS between 1982 and 2022, specifically,
(a) frequency (units: counts/decade), (b) duration (units: days/decade), (c) mean intensity (units:
◦C/decade), and (d) cumulative intensity (units: ◦C days/decade). In all subplots, black dots indicate
trends that exceed the 95% confidence test (p <= 0.05). P.R. is the abbreviation for the Pearl River
Estuary.

The trend of duration differs in magnitude from that of frequency, exhibiting a spatial
distribution characterized by alternating positive and negative values (Figure 9b). Regions
with negative duration trends mostly pass the 95% confidence test, while positive trends
mostly do not. Hence, the overall trend of duration should demonstrate a decrease. More-
over, significant declines in duration align with the most rapid decreases in frequency,
especially near the nearshore areas in the northern part of the SCS. The region where
duration decreases most rapidly is located near Pearl River Estuary, with a significant
decline exceeding −2.67 ◦C days/decade (p < 0.05; Figure 9b). In contrast to the frequency,
the duration of MCSs displays a negative correlation with SSTA trends, with a Pearson
correlation coefficient of −0.45. Conversely, it demonstrates a positive correlation with
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changes in SST standard deviation, with a Pearson correlation coefficient of 0.32. Both
correlations were verified with a 95% confidence test, indicating that variations in SST and
its variance both impact the duration of MCSs.

Across the entire SCS region, a generally positive trend is observed in the mean
intensity of MCSs (Figure 9c). Specifically, positive trends in the mean intensity are observed
in the northeastern part of the SCS near the continental shelf areas, around Hainan Island,
the western and the southern part of Luzon Island, and the eastern coastal areas of Vietnam,
all of which pass the 95% confidence test. It is worth noting once more that MCS intensities
are represented as negative values. Thus, a positive trend in the mean intensity over time
indicates a weakening of MCSs. Additionally, the most significant weakening in the mean
intensity is observed in the east of the Hainan Island region and the north of the Palawan
Island region, reaching about 0.15 ◦C/decade. In the regions adjacent to the nearshore
areas of the Beibu Gulf, the Taiwan Strait, and the coastal upwelling zones off the eastern
coast of Vietnam, the most notable enhancement in the mean intensity is observed, with
approximate values of about −0.15 ◦C/decade. Therefore, it is anticipated that the MCSs
in these nearshore regions will progressively intensify in the future, with an expected
increasingly conspicuous impact on marine ecosystems. The trends in MCS mean intensity
exhibit weak Pearson correlations with the trends in SSTA and its standard deviation, with
coefficients of −0.26 (p = 0.10) and −0.05 (p = 0.76), respectively. This suggests that the
intensity of MCSs is not affected by changes in SST standard deviation.

The spatial distribution of cumulative intensity exhibits a pattern similar to that of
duration, characterized by alternating positive and negative values (Figure 9d). However,
regions where the rate of change in cumulative intensity is significant at 95% confidence
typically coincide with positive-value regions. Combining Figure 9b,c reveals that these
areas generally typically exhibit shorter duration and increased mean intensity, suggesting
that future MCSs will be shorter-lived and more intense. The Pearson correlation coefficients
between the trends in the cumulative intensity of MCSs and the trends in SSTAs and
SST standard deviation are not high, with values of 0.29 (p = 0.07) and −0.28 (p = 0.07),
respectively. This indicates the combined influence of MCS intensity and duration on the
cumulative intensity of MCSs. Moreover, the observed trends suggest potential shifts in
MCS dynamics, which could have implications for various environmental and ecological
processes in the SCS. While this is an intriguing scientific question, it falls beyond the scope
of the current study. Further investigation and discussion on this topic will be pursued in
future research endeavors.

Similarly, to gain a clearer understanding of the numerical characteristics of MCSs
in the SCS, Figure 10 provides statistical histograms for the trends in four characteristic
variables. Overall, they exhibit characteristics of a normal distribution. The average change
rate of frequency is −1.14 counts/decade, with a median of −1.16 counts/decade and a
skewness of 0.26 (Figure 10a). The average change rate of duration is −0.57 days/decade,
with a median of −0.59 days/decade and a skewness of −0.02 (Figure 10b). Among them,
20.27% of the data correspond to a positive trend in duration, but as indicated by Figure 9b,
most of these data do not pass the 95% confidence test.

Examining the statistical histogram of mean intensity trends in Figure 10c, it is ob-
served that the mean value of the intensity change rate is 0.02 ◦C/decade, with a median of
0.03 ◦C/decade and a skewness of −0.93. Approximately 75.54% of grid points correspond
to positive values of the intensity change rate, and considering Figure 9c, most of these grid
points pass the 95% confidence test. Given that the mean intensity of MCSs is negative,
positive change rates indicate a weakening trend in the mean intensity.

Furthermore, from the statistical histogram of cumulative intensity trends in Figure 10d,
it is observed that the mean value of cumulative intensity is 1.16 ◦C days/decade, with a
median of 1.16 ◦C days/decade and a skewness of 0.18. Similarly, 82.87% of grid points
exhibit positive values of the cumulative intensity change rate, and considering Figure 9d,
it is noted that most of these points pass the 95% confidence test.
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3.4. Seasonal Variations in Marine Cold Spells

Liu et al. [70], along with several other previous studies [71], indicate that the SST in
the SCS is regulated by seasonal variations in upper ocean circulation, exhibiting significant
seasonal cycles. Furthermore, MCSs exhibit noticeable seasonal variations in their adverse
effects on marine life, with most instances of MCSs negatively impacting marine organisms
occurring during the winter months [23]. Therefore, investigating the seasonal variations
in MCSs holds significant scientific significance.

Figure 11 illustrates the climatological average area of the occurrence of MCSs
(Figure 11a) and the monthly distribution of the average intensity in the SCS. The cal-
culation formula for the area ratio is determined by dividing the total number of MCS
occurrence points from 1982 to 2022 (with repeated points being counted each time they
appear) by the total number of grid points in the SCS during this period. This method
provides a quantitative measure of the spatial extent of MCS occurrences, facilitating a
comprehensive analysis of their distribution patterns and temporal variations.

As depicted in Figure 11a, the occurrence area of MCSs is notably larger in winter
than in summer. The peak occurrence area is observed in February, reaching 6.87% of the
total grid points in the SCS over the 41 years under study. Conversely, the smallest area
occurs in May, representing only 4.95% of the total grid points. Furthermore, it is worth
noting that there is a noticeable increase in the proportion of MCS areas in July. This could
be related to the observed decrease in SST around July in the SCS. From the perspective
of the mean intensity, it is also observed that MCSs are more intense during the winter
months. The most intense mean intensity occurs in February, reaching −1.35 ◦C. However,
the weakest intensity does not occur in the summer months but rather in the subsequent
autumn month of October, with a minimum intensity of only −1.13 ◦C. This observation
highlights the seasonal variability in the intensity of MCSs, with winter months typically
exhibiting stronger intensities compared to other seasons.
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4. Discussion
4.1. Selection of Climate Baseline Periods

MCSs are commonly defined as extreme temperature occurrences within a specific
climatic context, akin to MHWs. The identification of MCSs typically necessitates climatic
data spanning at least 30 years, ensuring a comprehensive assessment of temperature
anomalies over a significant timeframe. During the identification process, two main meth-
ods are employed: fixed climatic baseline periods and sliding climatic baseline periods.
The former entails utilizing consistent climatic data throughout, irrespective of the year,
which is suitable for studying marine organisms with limited environmental adaptabil-
ity. Conversely, the latter incorporates data from 15 years before and after the year of
MCS detection, aiming to represent genuine climatic conditions experienced by marine
organisms.

While disparities between the two methods may not be noticeable for brief historical
spans, caution is warranted when extending analyses to future periods. In particular, future
scenario studies often extend discussions to 2100, where the influence of climate change,
notably global warming, is evident. Notable disparities exist between climatic conditions of
preceding and subsequent 30-year periods; hence, utilizing the fixed 30 years as the climatic
baseline is suitable for studying marine organisms with sluggish temperature responses.
However, for marine organisms with rapid temperature responses, the continued utilization
of the fixed 30 years as the climatic baseline may not pose significant threats, resulting in
reduced significance in MCS studies.

In summary, while both fixed and sliding baseline periods have advantages and disad-
vantages, caution is necessary when projecting future periods, especially when employing
CMIP6 models for future scenario simulations, due to potential pronounced discrepancies
between the two methods.

4.2. Mechanisms of MCS Formation

From the expression of the oceanic heat budget equation, it is apparent that several
factors contribute to the formation of MCSs. These factors include thermodynamic forcing
from the atmosphere, such as a decrease in local air temperature directly leading to the
loss of SST. Dynamic forcing from the atmosphere, for instance, leads to an increase in
local wind speed, which enhances mixing, thereby bringing cold water from the lower
layers to the surface and causing a reduction in SST. Anomalies in oceanic advection
occur when there is a decrease in heat transported from the horizontal sides into the
area or an increase in heat transported out of the area, resulting in a decrease in the net
heat content of the area. Furthermore, the strengthening of local upwelling results in an
excess of cold water reaching the upper layers, consequently causing a decrease in SST [11].
Additionally, there may be some other unknown oceanic processes that can induce the
generation of MCSs.
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It is evident that diagnosing and analyzing the mechanism of MCS generation requires
the utilization of various atmospheric elements and three-dimensional oceanic data. How-
ever, using only the SST data in this study does not allow for the diagnosis and analysis
of the complex processes mentioned above. Relevant work will be undertaken in future
research endeavors.

5. Conclusions

Marine cold spells, known as extreme ocean temperature events, carry significant eco-
logical and societal implications, garnering attention in both regional and species-specific
research. These events cause disruptions in marine ecosystems, leading to widespread
impacts, including mass fish and invertebrate deaths, population declines, coral bleaching,
changes in species distribution, and shifts in phenology. Amid ongoing global oceanic
transformations, MCSs may act as barriers to the spread of non-native or invasive species,
potentially offering refuge for cold-adapted local taxa and modifying ecosystem structure
and functionality. Given their dual roles in shaping marine ecosystems and implications
for societal needs, identifying the timing and locations of prolonged MCS occurrences and
understanding their future changes is crucial for effectively managing and safeguarding
marine resources.

To address these concerns, our study explores the spatial distribution and variability
of SST from 1982 to 2022 while simultaneously assessing alterations in means and trends
among MCSs during this period. We examined annual variations in SSTs to understand the
background conditions for MCS occurrence. Spatially, the climatological mean SST ranges
from approximately 22 ◦C near the Taiwan Strait to around 29 ◦C near the Nansha Islands,
with an average of 27.85 ± 1.23 ◦C across the SCS. Notable variations exist in the 10th
percentile SST, generally remaining above 27 ◦C, while standard deviation values exhibit
significant spatial discrepancies, exceeding 4 ◦C in northern shelf regions and remaining
below 0.5 ◦C in the southeastern SCS.

Annual SSTAs, reflecting background temperature changes, were examined to assess
the impact of global warming, revealing a heterogeneous spatial trend of approximately
0.21 ± 0.16 ◦C/decade across the SCS. Over time, the monthly SST and SSTA data reveal a
prolonged period of higher temperatures in the SCS, with temperatures exceeding 27.50 ◦C
transitioning from April to November in 1982 to March to December in 2022. Correspond-
ingly, the average temperature within the 27.50 ◦C isotherm rises from 28.42 ◦C to 28.99 ◦C,
indicating a 0.57 ◦C increase over the period. Similarly, the range of the −0.50 ◦C SSTA
contour shifted from approximately April to November in 1982 to March to December in
2022. The declining standard deviation of SST in the SCS indicates reduced temperature
variability over time.

The annual average characteristics of MCSs in the SCS from 1982 to 2022 reveal spatial
non-uniformity in frequency, with higher values near the Beibu Gulf and Hainan Island.
Conversely, longer durations are observed in the coastal areas of the northeastern region.
The mean intensity displays a skewed distribution, influenced by SST variability, while
cumulative intensity is notably higher in coastal regions due to enhanced factors. Statistical
histograms depict characteristics close to a normal distribution for frequency and duration
but skewness for intensity and cumulative intensity, indicating a prevalence of extreme
values.

The analysis reveals a comprehensive decrease in MCS frequency across the SCS, with
the strongest decline observed in the northeast. Trends in duration vary, with some areas
showing decreases, notably near the Pearl River Estuary. The mean intensity generally
weakens, particularly in certain regions, while cumulative intensity trends fluctuate, align-
ing with duration and mean intensity patterns. Statistical histograms indicate normal
distributions for frequency and duration trends, while the mean and cumulative intensity
trends skew toward positive values, implying weakening MCSs overall. Winter months in
the SCS exhibit larger MCS occurrence areas, peaking in February and displaying higher



Remote Sens. 2024, 16, 1171 15 of 18

mean intensities compared to other seasons. However, the weakest intensity is observed in
October, indicating seasonal variability in MCS intensity.

Our study represents an attempt to quantify and compare long-term trends in MCSs
in the SCS. These findings serve as a roadmap for policymakers and managers, providing
insight into the locations and extent of MCS exposure in the ocean and the evolving nature
of this exposure over time.
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