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Abstract:

Global warming is increasing the frequency and intensity of marine heatwaves
(MHWs) in the South China Sea, while marine cold waves (MCWs) occur
intermittently. Both phenomena influence the air-sea CO2 flux (FCO2) at the air-sea
interface. This study uses inversion and reanalysis data, along with FCO2 diagnostic
methods, to assess their impact on FCO2 in the South China Sea from 2003 to 2019.
The results show that MHWs enhance CO2 release (+0.016 mmol/m?/d), whereas
MCWs reduce it (-0.14 mmol/m?/d). The variation in FCO2 is primarily controlled by
the sea-air partial pressure difference (ApCO2) during both MHWs and MCWs, with
the surface seawater CO2 partial pressure (pCO2sea) being the main factor
influencing ApCO2. Specifically, MHWSs increase pCO2sea, thus increasing ApCO2,
while MCWs decrease pCO2sea, lowering ApCO2. Additionally, temperature factors
were the primary drivers of changes in pCO2sea during both MHWs and MCWs, with
their impact gradually intensifying over time. The South China Sea serves not only as
a representative of a low-latitude marginal sea but also as a "mini-ocean," making

these findings valuable for broader oceanographic research.
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1, Introduction
Against the backdrop of global warming, the duration and frequency of global
marine heatwaves (MHWs) are increasing, leading to intensified impacts and

garnering widespread attention (Frolicher et al., 2018; Oliver et al., 2018; Hu et al.,



2021; Amaya et al., 2023; Oliver et al., 2021; Zhao et al., 2023). The concept of
MHW was introduced by Pearce et al., (2011) to describe an abnormal warming event
in seawater. Such events are typically defined as periods in which sea surface or upper
ocean temperatures persist above fixed thresholds, seasonal change thresholds, or
cumulative thresholds, for example, periods where temperatures remain above the
90th percentile for an extended period of at least five days (Hobday et al., 2016;
Scannell et al., 2016; Hobday et al., 2018). In contrast, marine cold waves (MCWs)
are defined as anomalously cold events characterized by sustained temperatures that
remain below the 10th percentile for an extended period (Hobday et al., 2016; Hobday
et al., 2018; Schlegel et al., 2021; Wang et al., 2022). It is important to note that these
events are known by various other names (Schlegel et al., 2021); however, in this
study, we will utilize the terms "marine heatwaves (MHWs)" and "marine cold waves
(MCWs)." Both MHW and MCW occur in regions such as the North Atlantic, North
Pacific, South China Sea, Mediterranean Sea, and other marine areas, leading to
significant ecological disasters and economic losses on a global scale (Scannell et al.,
2016, Smale et al., 2019; Wang et al., 2022; Smith et al., 2023; Li et al., 2024; Deser
et al., 2024; Lubitz et al., 2024). In recent decades, the rate of warming in the South
China Sea has significantly exceeded the global average, resulting in an increase in
the frequency and intensity of extreme high temperature events (Hobday et al., 2018;
Oliver et al., 2019; Li et al., 2022). Research indicates that the occurrence of MHWs
in the South China Sea displays pronounced spatial and seasonal variability, with the
anomalously strong Western Pacific Subtropical High (WPSH) identified as a key
factor influencing the incidence of MHWs during both summer and winter (Li et al.,
2022; Wang et al., 2022; Gao et al., 2023; Wang et al., 2023). Conversely, the
frequency of MCWs in the South China Sea is declining and characterized by a
spatially uneven distribution (Li et al., 2024).

MHWs and MCWs not only affect ecosystems but also exert a significant
influence on the marine carbon cycle (Zang et al., 2018; Li et al., 2024). Within the
global carbon cycle, the ocean functions as a major carbon sink, playing a crucial role

in regulating Earth's climate (Le et al., 2010; Laruelle et al., 2018; Friedlingstein et al.,



2022; Dong et al., 2022). Since the onset of the industrial revolution, the ocean has
absorbed approximately 25% of the anthropogenic carbon emissions (Raven and
Falkowski, 1999; Takahashi et al., 2009; Friedlingstein et al., 2022; DeVries, 2022;
Gruber et al., 2023; DeVries et al., 2023). Although marginal seas comprise only 8%
of the global ocean area, they contribute 28% of primary productivity, absorbing
approximately 0.2-0.4 Pg C of CO2 annually, thereby significantly impacting global
ocean carbon uptake (Borges et al., 2005; Chen and Borges, 2009; Dai et al., 2013;
Laruelle et al., 2018). The South China Sea, as a significant marginal sea, is an
integral component of the marine carbon cycle (Bopp et al., 2009; Le et al., 2010; Dai
et al., 2022). Various factors influence the carbon cycle across different SCS regions
of the South China Sea. For example, the South China Sea basin is predominantly
influenced by vertical and horizontal transport through the Luzon Strait, while the
northern coastal areas are impacted by the Pearl River, Kuroshio Current, Min-Zhe
coastal current, coastal upwelling, and phytoplankton growth (Dai et al., 2009, 2013;
Sun et al., 2014; Ye et al., 2017; Dai and Meng, 2020; Meng et al., 2024).

The exchange of CO; at the air-sea interface is a key process in the marine carbon
cycle (DeVries, 2022). Under the influence of MHW, the solubility of CO» in seawater
decreases, while the strengthening of monsoons limits the growth of phytoplankton,
reducing the effectiveness of the marine biological pump (Chen et al., 2024). These
changes affect the exchange of CO between the ocean and the atmosphere,
weakening the ability of the ocean to mitigate climate change by absorbing CO> and
potentially shifting the ocean from a CO; sink to a CO> source, whereas MCWs have
the opposite effect (Hobday et al., 2018; Zang et al., 2018; Aoki et al., 2021; Noh et
al., 2022; Mignot et al., 2022; Edwing et al., 2024; Li et al., 2024). The South China
Sea overall exhibits characteristics of a weak carbon source (Zhai et al., 2013; Li et al.,
2020). While studies have explored factors influencing the CO; flux between the sea
and air in the South China Sea, such as nutrient influx from northern rivers enhancing
phytoplankton carbon fixation (Hung et al., 2020; Zhao et al., 2021), intensified
upwelling of subsurface waters releasing CO; in the southeastern sea area off Taiwan

during winter (Zhai et al., 2013), and typhoons enhancing CO: emissions from the



South China Sea to the atmosphere (Yu et al., 2020; Meng et al., 2024), no research
has examined the impact of MHWs and MCWs on surface seawater CO; partial
pressure (pCO2sea) and air-sea CO> flux (FCOz) in the South China Sea. Therefore,
this study aims to quantify the changes in pCOazsea and FCO2 during MHWs and
MCWs in the South China Sea and explore their potential mechanisms. Using existing
pCO2ea inversion data (Song et al., 2023) and reanalysis wind field data, we
investigated the patterns of changes in pCOazsea and FCO2 from 2003 to 2019 during
MHWs and MCWs and attempt to elucidate the underlying mechanisms.

The remainder of this article is structured as follows: Section 2 provides an
overview of the data and analysis methods; Section 3 analyzes the changes in FCO»
and pCO; during MHWs and MCWs in the South China Sea and their causes; and

Section 4 summarizes the findings of this study.

2. Data and Methods

2.1 Data

This study utilized multiple datasets to investigate variables such as pCOasea,
FCO., atmospheric carbon dioxide partial pressure (pCOaair) , sea surface temperature
(SST), sea surface salinity (SSS), chlorophyll-a (chl-a) concentration, and wind speed
(U10). The details of the data are as follows:

Monthly mean pCOasea data, spanning from 2003 to 2019 with a spatial resolution
of 1 km, were provided by Song et al., (2023). The pCOz.ir data were sourced from the
National Oceanic and Atmospheric Administration (NOAA) National Centers for
Environmental Information, utilizing a combination of observational data and neural
network methods, with a spatial resolution of 1° X 1° (Landschiitzer et al., 2016).
SST data were obtained from the global Optimum Interpolation Sea Surface
Temperature (OISST) dataset, provided by NOAA, covering the period from
December 1981 to the present, with a spatial resolution of 0.25° X 0.25° (Reynolds
et al., 2007). The SSS data were sourced from the Copernicus Marine Environment

Monitoring Service (CMEMS) GLOBal-REANal. YSISPHY-001-030 product, with a



spatial resolution of 0.083° X 0.083° and monthly mean data from January 1993 to
the present. Chl-a data were obtained from MODIS-Aqua, with a spatial resolution of
4km, covering the period from July 2002 to the present. U0 data comes from the
ERAS dataset provided by the European Center for Medium-Range Weather Forecasts
(ECMWF), with a spatial resolution 0of 0.25° X 0.25° and a time span from January

1979 to the present.

2.2 MHW and MCW detection method

According to Hobday et al., (2016), an MHW is defined as an anomalously warm
event where the sea surface temperature exceeds the 90th percentile and persists for
five days or longer, while an MCW is defined as an anomalously cold event where the
sea surface temperature falls below the 10th percentile and persists for five days or
longer. To account for potential ecological effects of temperature variations in
different seasons, daily sea surface temperature anomalies were calculated by
removing the seasonal cycle (subtracting the long-term climatological mean sea
surface temperature for each day). This approach allows the thresholds to vary with
seasons, enabling the detection of summer MHW and winter warm spells, which is
crucial for studying the potential impacts of different seasons on ecosystems.
Furthermore, for each day of each year, climatological thresholds and means were
calculated using daily temperature values from all years and values within an 11-day
window centered on that day. Subsequently, a 31-day moving window was applied for
smoothing, which helped eliminate short-term noise and fluctuations and made the
data smoother and more reliable. Owing to the limitations of the existing pCOasea
inversion data, which comprise only monthly data from 2003 to 2019, we define
months in which the number of MHW days or MCW days exceeds 15 as MHW
months and MCW months, respectively. Our study focuses on these months, which
are characterized by significant MHW and MCW events.

Furthermore, the detection of MHW and MCW generally requires at least 30

years of SST data. To ensure the reliability and scientific validity of our analytical



results, we detected MHW and MCW using OISST data spanning January 1990 to
December 2019.

2.3 Diagnostic analysis method

The calculation of FCO, is as follows:

FCOZ = K X KH X (pCO2sea _pCOZair) ( 1 )

In the equation 1, K represents the gas transfer velocity, and Ky is the solubility
of CO; in seawater (Weiss, 1974, Wanninkhof, 1992). pCO2sa and pCOaqir are the
partial pressures of CO: in the ocean and the atmosphere, respectively. A positive
value of FCO; value indicates that CO. is transferred from the ocean to the
atmosphere, suggesting that the ocean is a source of CO; to the atmosphere.
Conversely, a negative value indicates that COxz is transferred from the atmosphere to
the ocean, suggesting that the ocean acts as a sink for COx.

To understand which factor ( A pCO2 (pCO2sea-pCO2air) or wind speed (I ))
dominates the FCO> anomaly during the MHWs, MCWs and normal conditions
periods, we decomposed the FCO; anomaly in the northern South China Sea. Each
flux component is considered the sum of its long-term mean and anomaly values

(Edwing et al., 2024), therefore, the decomposition is as follows:

FCO, = (MN)(ApCO, ) + (ApCO)(T") + (O2) 2

In Equation 2, the terms on the right-hand side represent the contributions of the
A pCO7 anomaly, wind speed anomaly, and a negligible higher-order residual term Oo.
The factor with the largest anomaly contribution is the primary driver of the FCO:

anomaly. Additionally, to separate the influence of SST (MHW) on the pCOasca

anomaly (pCOase'), we calculated the temperature-induced pCOased' (PCO,r ) and
non-temperature-induced pCOzsea’ (PCONT )

pCO,r = pCO, exp (0.0423(SST — SST)) — pCO, (3)



pCO,r = pCO, exp (0.0423(SST — SST)) — pCO, (4

In Equation 3 and 4, pCO, and SST represent the climatological baseline values
of pCO2cea and SST, respectively. The variability coefficient of pCOzsa Was set to
0.0423° C-!' (Takahashi et al., 1993, 2002). The temperature component represents
the pCOasea’ driven by SST changes, whereas the non-temperature component includes
pCO2ea' caused by dissolved inorganic carbon (DIC), total alkalinity (TA), and SSS.
The factors influencing the non-temperature component include biological activity
(Cao et al., 2020; Signorini et al., 2013), physical transport and mixing (Cao et al.,
2020; Jiang et al., 2008), and air-sea gas exchange (Cai et al., 2020).

3. Results

3.1 Detection of MHWs and MCWs in the South China Sea from 2003 to
2019
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Fig. 1. (a) Monthly durations of MHWs and MCWs, and (b) monthly SST anomalies from 2003 to
2019. The black dashed line marks the 15-day threshold, and the purple dashed line shows the

trend in SST anomalies. Spatial distribution of SST anomalies in the South China Sea during (c)



the MCW in April 2011 and (d) the MHW in January 2016.

Fig. la indicates an increasing frequency of MCWs, whereas the frequency of
MHWs decreases. This trend was further emphasized by SST anomalies. As depicted
in Fig. 1b, the SST anomaly in April 2011 was the highest for the MCW months from
2003 to 2019, and the SST anomaly in January 2016 was the highest for the MHW
months from 2003 to 2019. Additionally, Fig. 1¢ and d illustrates that SST anomalies
were more pronounced along the southern coast of Vietnam during these extreme
anomaly periods. During the extreme MCW period, SST anomalies were also more
significant in the Bashi Channel and northern part of the Gulf of Tonkin. Furthermore,
to investigate the response of FCO; to MHWs and MCWs in the northern South China
Sea, we focused on the MHW in January 2016 and the MCW in April 2011. By
studying the variations in FCO: during these two extreme events, we can gain an

initial understanding of the impacts of MHWs and MCWs on FCOx.
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Fig. 2. (a) Anomalies of ApCO2 and U10. Contributions of ApCO2 and U10 to the anomalies of
FCO2 during (b) the MCW in April 2011 and (c) the MHW in January 2016. Red bars represent
MHWs, while blue bars represent MCWs.

During the MCW in April 2011, as shown in Fig. 2a, A pCO> decreased by 6.02
patm, while wind speed increased by 0.56 m/s. Conversely, in January 2016, A pCO2
decreased by 1.50 patm, accompanied by a decrease in the wind speed of 0.91 m/s.

Fig. 2b and c indicate that during the April 2011 cold wave event, FCO2 driven by A



pCO: decreased, whereas FCO» driven by U10 increased. In contrast, during the heat

wave event in January 2016, both A pCOs-driven FCO; and wind-driven FCO>

decreased.

3.2 Variations in the impact of MHWs and MCWs on FCO: in the South China
Sea from 2003 to 2019

Over the 17-year period from 2003 to 2019, the average FCO: in the South China
Sea was positive—approximately 1.2 mol C m d"! during MHWs, 1.3 mol C m? d!
under normal conditions, and 0.9 mol C m? d! during MCWs—indicating that the
South China Sea generally acted as a weak source of atmospheric CO;. Furthermore,
as shown in Fig. 3a-c, the changes in FCO> during MHWs and MCWs revealed a
mean FCO: anomaly of +0.1530 mmol/m?/d, which is higher than the mean FCO;
anomaly of -0.0082 mmol/m?/d under normal conditions. This suggests that MHWSs in
the South China Sea lead to an increase in FCO>, thereby enhancing the capacity of
the sea to release CO». Conversely, during the MCWs, the mean FCO» anomaly was
-0.1561 mmol/m?d, which is lower than the mean FCO: anomaly under normal
conditions. This indicates that the MCWs in the South China Sea led to a decrease in

FCO., thereby reducing the capacity of the sea to release COs.
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Fig. 3. The Impacts of MHWs and MCWs on FCO; in the South China Sea from 2003 to 2019.



Contributions of ApCOz and U10 (I') to FCO; anomaly during (a) Normal conditions, (b, d)
MHWs and (c, ¢) MCWs from 2003 to 2019. The red dashed line represents the trend of FCO,
anomalies driven by ApCO», while the black dashed line represents the zero value line.

To further distinguish the contributions of A pCO: and U10 to the variations in
FCO; during MHWs and MCWs in the South China Sea, we quantified their mean
contributions to FCO: from 2003 to 2019. As shown in Fig. 3a-c, during normal
conditions, the variation in FCO> driven by A pCO; was -0.02 +0.62 mmol/m?/d, and
the variation driven by U10 was +0.004 £=0.50 mmol/m?d. However, during MHWs ,
the variation in FCO; driven by A pCO: was +0.38 £ 0.45 mmol/m?/d, while that
driven by U10 was -0.20 = 0.32 mmol/m?/d. In contrast, during MCWs, the variation
in FCO; driven by A pCO; was -0.16+0.67 mmol/m?/d, and that driven by U10 was
+0.06 £ 0.36 mmol/m?d. This indicates that during MHWs, changes in A pCO»
enhance the emission of CO; from the South China Sea, while changes in wind speed
weaken this process, with the opposite occurring during MCWs. Furthermore, prior to
May 2018, the South China Sea alternated between being a carbon source and a
carbon sink during MHWs, but predominantly acted as a carbon source afterwards.
This transition is likely related to increased A pCO», which is possibly associated
with ocean warming. During MCWs, the South China Sea acted as a carbon sink.
Overall, ApCO> was the dominant factor influencing FCO: variation relative to wind
speed. MCWs reduce COz release in the South China Sea, whereas MHWs increase
COz release.

As illustrated in Fig. 3d and e, during MHWs, changes in FCO; driven by A
pCO: exhibited an increasing trend, indicating that variations in ApCO; enhanced the
CO; emissions from the South China Sea. Conversely, during MCWs, there was a
decreasing trend in FCO: changes driven by A pCO, suggesting that A pCO:
variations reduced CO> emissions in the South China Sea. Notably, between May
2008 and October 2011, during the MCWs, the rate of negative change in FCO:
driven by A pCO: diminished, which may be associated with ocean warming.
Additionally, during MHWs, the correlation coefficient between the ApCO:-driven

variation of FCO; and the total variation of FCO; is 0.5950, while the correlation



coefficient between the U10-driven variation of FCO> and the total variation of FCO-
is 0.5185, indicating a similar level of impact. In contrast, during MCWs, the
correlation coefficient between the ApCO»-driven variation of FCO; and the total
variation of FCO, was significantly higher at 0.8761, compared to the correlation
coefficient between the U10-driven variation of FCO; and the total variation of FCO»,
which is 0.1206. This suggests that the impact of A pCO; on FCO; was more
pronounced during MCWs than during MHWs.

3.3 Variations in the impact of MHWs and MCWs on pCOQOzsea in the South China
Sea from 2003 to 2019
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Fig. 4. Anomalies of pCOazsea and pCOzqir during normal conditions, MHWSs, and MCWs in the
South China Sea.

The change in A pCO; was determined using the values of pCOzair and pCO2sea.

were primarily influenced by variations in pCO2sea.
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Fig. 5. The impacts of MHWs and MCWs on pCOasea in the South China Sea from 2003 to 2019.
Anomalies of pCOzsea caused by temperature and non-temperature factors during (a) normal
conditions, (b, d) MHWs and (c, €) MCWs. The red dashed line indicates the trend of pCO>

changes attributed to temperature factors, while the black dashed line represents the zero value
line.
Furthermore, we investigated the main factors affecting pCOazsea during MHW s
and MCWs in the South China Sea. As shown in Fig. 5, during normal conditions, the

impacts of temperature and non-temperature factors on pCOazea anomalies were

changes in pCOasea during both MHWs and MCWs, with their impact gradually

increasing over time.

4, Discussion
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Fig. 6. Anomalies of (g) U10 and (h) chl-a during normal conditions, MHWs, and MCWs
from 2003 to 2019.

As shown in Fig. 6a, wind speed during MCWs increased (+0.05m/s) compared
to normal conditions, but decreased significantly during MHWs (-0.45 m/s). Reduced
wind speed can weaken the surface wind stress, thereby suppressing vertical mixing
and physical transport in the upper ocean (DeVries, 2022; Meng et al., 2024). This
promotes stronger stratification, limits nutrient supply, and reduces the upwelling of
deep DIC, typically leading to a decrease in pCOasea in surface waters. Moreover,
reduced wind speed can also decrease the heat exchange between the ocean and
atmosphere, lowering latent and sensible heat fluxes transferred from the ocean
surface to the atmosphere, which may result in an increase in sea surface temperature.

MHWs and MCWs may also affect the growth of surface phytoplankton, which
consume CO; at the sea surface (Chen et al., 2024). To explore this further, we
investigated the changes in surface chl-a concentration during these two periods. As
shown in Fig. 6b, compared to normal conditions (0 mg/m?), the concentration of
chl-a during MHWSs (-0.02 mg/m?®) decreased, potentially reducing CO, consumption
at the sea surface and indirectly an increasing in pCOzsa. Meanwhile, lower wind
speeds during MHW s could have led to reduced physical transport and mixing, which
may have resulted in a decrease in the pCOosea. Conversely, during MCWs, chl-a
concentrations (+0.01 mg/m?) increased, likely enhancing CO; consumption at the sea
surface and indirectly decreasing pCOasea. Additionally, the increased wind speeds
during MCWs may have enhanced physical transport and mixing, contributing to the
observed increase in the pCOasea. Thus, the primary factor influencing the

non-temperature-driven pCOasea during both MHWs and MCWs is more likely related



to physical processes, such as seawater mixing and advection.

5. Conclusion

As a marginal sea, the findings from the South China Sea may provide important
insights into the impacts of MHWs and MCWs on FCO: in the global ocean. Using
inverted data, we conducted the first investigation into the effects of MHWs and
MCWs on FCOz in the South China Sea from 2003 to 2019. Our findings indicate that
the South China Sea functions as a weak carbon source during this period and is
frequently subjected to MHWs while occasionally experiences MCWs, both of which
affect the air-sea CO; flux:

1. The capacity of the South China Sea to release CO: tends to increase during
the MHWs and decrease during the MCWs, with FCO» rising during MHWSs and
falling during MCWs.

2. These changes in FCO; during MHWs and MCWs were primarily driven by
A pCOz rather than by wind speed, with variations in pCOazsea playing a crucial role.

3. During MHWs and MCWs, temperature played a dominant role in
influencing pCOasea, driving an increase during MHW:s and a decrease during MCWs,
with its impact gradually increasing over time.

In future research, we will investigate the combined effects of various extreme
weather events on the CO» absorption in the South China Sea. Additionally, we will
employed numerical model simulations to explore the dynamic mechanisms driving
the impact of MHWs and MCWs on CO; absorption across different regions of the

South China Sea, analyzing potential regional differences and their underlying causes.
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