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The oceanic surface pressure of CO2 (pCO2) is an essential parameter for understanding the global and regional carbon cycle and the oceanic carbon uptake capacity. We constructed a three-dimensional physical-biogeochemical model with a high resolution of 1/30° for the South China Sea (SCS) to compensate for the limited temporal coverage and limited spatial resolution of the observations and numerical models. The model simulated oceanic surface pCO2 from 1992 to 2021, and the empirical orthogonal function analysis (EOF) of the model results is conducted for a better understanding of the seasonal and interannual variations of oceanic surface pCO2 in this region. The model results showed that the SCS serves as an atmospheric CO2 source from March to October and a sink from November to February, with a domain-averaged climatological oceanic surface pCO2 value that varies between 357 and 408 μatm, and the temporal variation was positively correlated with the variation of sea surface temperature (SST). The majority of the SCS showed a long-term increasing trend for oceanic surface pCO2 with a value of (1.19±0.60) μatm/a, which is in response to the continuously rising atmospheric CO2 concentration. The first EOF mode is positively correlated with the Niño 3 index with a correlation coefficient of 0.51 when the Niño 3 leads 5 months, and the second EOF mode is correlated with the PDO index when the PDO leads 7 months, which suggests an influence of climate variability on the carbonate system. Moreover, it was found that the long-term trend rate of oceanic surface pCO2 was mainly controlled by total CO2 (TCO2) through the decomposition of influence factors, and SST variation took a dominant role in seasonal variations of pCO2. With rapid global warming and continuous release of CO2, the carbonate system in the SCS may change leading to calcite and aragonite saturation.
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1 Introduction

Total anthropogenic CO2 emissions have accelerated in the past few decades, and the oceanic CO2 sink increased from 1.1 ± 0.4 GtC yr-1 in the 1960s to 2.8 ± 0.4 GtC yr-1 during the 2010s, which accounts for 23.9% and 26.4%, respectively, of the total CO2 emissions for the same periods (Friedlingstein et al., 2022). Oceans in mid to high latitudes are a major sink zone for CO2 due to the low temperature and high wind speed, which consequently leads to a higher gas exchange rate with a mean uptake rate of approximately 0.7 PgC yr-1 in the northern hemisphere. The mean uptake rate in the Northwest Pacific (NWP), for instance, is estimated to be approximately 0.5 PgC yr-1 and the capability of CO2 absorption is increasing in the age of global warming (Takahashi et al., 2009; Sutton et al., 2017; Ji et al., 2022). In the absence of a clear sign of a decrease in atmospheric CO2 concentration, the oceanic sink for CO2 is expected to continue growing in pace with atmospheric CO2 (McKinley et al., 2020). Oceans absorb anthropogenic CO2 through the air-sea exchange, which shows stronger regional and seasonal variations than atmospheric CO2 due to the direct impact of water properties (Takahashi et al., 2002; Cai et al., 2006; Chai et al., 2009). The physical and biological variables alter with the influences of solar radiation, riverine inputs, circulation pattern, wind stress, and biological production and remineralization. Essential variables such as sea surface temperature (SST), sea surface salinity (SSS), total alkalinity (TALK), total CO2 (TCO2), and chlorophyll concentration change and consequently affect the variability of oceanic pCO2 (Xiu and Chai, 2014). On the seasonal time scale, oceanic surface pCO2 is positively correlated with SST and TCO2, whereas oceanic pCO2 is negatively correlated with biological productivity. The climatological oceanic pCO2 is generally high in summer and low in winter mainly due to thermodynamics, and TCO2 contributes to the increase of oceanic surface pCO2 in winter as a result of strong vertical transport processes that bring subsurface total inorganic carbon (TIC) to the upper layer. Upper layer TCO2 and TALK levels are changed with biological cycles through production and remineralization, which in the end leads to variations of oceanic surface pCO2 (Takahashi et al., 2002; Cai et al., 2004; Xiu and Chai, 2014). Moreover, on interannual and decadal scales, such long-term trend of oceanic pCO2 varies on the basin scale and shows correlations with climate patterns (Wong et al., 2002; Dore et al., 2009; Sheu et al., 2010; Tian et al., 2019). It is challenging to determine the control factors of the oceanic surface pCO2 due to the complex interactions among all variables.

The South China Sea (SCS) is one of the largest marginal seas in the NWP and is characterized by tropical and subtropical climates. It connects with the Pacific and the Indian Ocean through several water channels, and shares physical-biogeochemical features through upper layer exchange with the Kuroshio current and overflows at a deeper layer (Hu et al., 2000; Zhu et al., 2016). The contribution of the Kuroshio intrusion to the thermal state and ocean circulation is unneglected, which strongly affects oceanic surface pCO2 in the northern to central SCS (Nan et al., 2015); Xu and Oey, 2015). The SCS has a complicated topography and a vast continental shelf system in the northern (Gulf of Tonkin) and southern (Gulf of Thailand and Sundan shelf) boundaries and a deep basin with a maximum depth of over 5000m (Figure 1). The SCS exhibits strong monsoon-related seasonal cycles and ENSO-related interannual patterns (Chao et al., 1996; Wong et al., 2007; He et al., 2015). Since SST makes a positive contribution to the increase of oceanic surface pCO2, variability of the thermal state of the upper layer is crucial in understanding variations in the carbon cycle. Apart from the increased surface net heat flux, SST shows a linear warming trend since the 1990s in the SCS basin that is highly related to anomalous anticyclonic ocean circulation caused by wind stress curl (Xiao et al., 2019).




Figure 1 | Bathymetry of the South China Sea model (unit: m). Five physical-biogeochemical domains are shown in the black/gray boxes (D1: the coast of China; D2: the Gulf of Tonkin; D3: the southern coast of Vietnam; D4: the west of Lvzon Island, and D5: the SCS basin).



Previous studies have shown great efforts in understanding the carbon cycle by studying CO2 flux and its control factors through observations and numerical modeling (Marinov et al., 2008; Chen et al., 2013; Laruelle et al., 2017; Tian et al., 2019; Li et al., 2020; Li et al., 2020; McKinley et al., 2020; Wang et al., 2020; Ko et al., 2021). Li et al. (2020) summarized seasonal variations of oceanic surface pCO2 and regional features of air-sea CO2 fluxes over the SCS based on observations from 2000 to 2018. Chai et al. (2009) used a physical-biological coupled model with a 50km resolution and concluded that SST was a dominant factor in the seasonal variation of oceanic surface pCO2, and the influence of biological activities was also significant over the SCS. However, due to the limits of time coverage and spatial resolution of the observations and numerical models, previous studies fail to present a detailed long-term variation trend of oceanic surface pCO2, and uncertainties remain in understanding drivers of oceanic surface pCO2 variations on seasonal and interannual time scales over the SCS. With complex geographical and environmental conditions in the SCS, a high-resolution numerical model can help reconstruct coastal and basin-scale physical and biogeochemical status to remedy the insufficient capability for observing long-term trends of essential variables that control oceanic surface pCO2. The physical-biological processes are complex in this region, therefore, understanding the carbon cycle in the SCS makes a positive contribution to understanding the role of marginal seas in the global carbon system and its response to climate change.

The present study is organized as follows: datasets and model settings are introduced in Section 2; the seasonal and interannual variations of oceanic surface pCO2 are described in Section 3; the long-term trend rate of oceanic surface pCO2 and its controlling factors are analyzed and discussed in Section 4; and conclusions are presented in section 5.




2 Data and model



2.1 Data

We introduced four sets of data in this study for model validation and long-term trend analysis of oceanic surface pCO2. These included two sets of quality-controlled in-situ observation datasets to examine the capability of faithfully capturing features of oceanic surface pCO2 variations of the model.

The monthly oceanic pCO2 satellite dataset with a spatial resolution of 1°×1° was obtained from the Japan Meteorological Agency (JMA, datasets are accessible from their website https://www.data.jma.go.jp/gmd/kaiyou/english/co2_flux/co2_flux_data_en.html). The oceanic pCO2 field was calculated from satellite observations of SST, SSS, and surface chlorophyll-a concentration (Iida et al., 2020).

Monthly in-situ observations of ocean surface pCO2 were obtained from the dataset of Global Ocean Surface Carbon, which was provided by the E.U. Copernicus Marine Service Information (DOI: 10.48670/moi-00047). The data were with a resolution of 1°×1°, and the time coverage used in this study was from January 1990 to December 2021 (Chau et al., 2022).

Monthly modeled ocean surface pCO2 came from the Global Ocean Biogeochemistry Hindcast dataset obtained from the E.U. Copernicus Marine Service Information (DOI: 10.48670/moi-00019). The datasets were based on the PISCES biogeochemical model with a resolution of 0.25°×0.25°, whose time coverage was between 1 January 1993 and 31 December 2020.

Monthly in-situ observations of atmospheric CO2 concentration from Mauna Loa Observatory (MLO) (19.5°N, 155.6°W) were obtained from the Scripps Institution of Oceanography (Scripps CO2 Program) from 1990 to 2021 (Keeling et al., 2005).




2.2 Coupled physical-biogeochemical model settings

The physical model in this study was based on the Regional Ocean Model System (ROMS) v3.7 (svn trunk revision 874 released in 2017) (Shchepetkin and McWilliams, 2005). The model configuration follows Zhu et al. (2022) in the study of the comparison and validation of ocean forecasting systems over the SCS. The model domain in this study covers 0° to 25°N and 100° to 125°E (as displayed in Figure 1) with a horizontal resolution of 1/30°, and vertical levels of 50 in σ coordinate in the upper 300m for a more sufficient resolution to resolve the thermocline well. The land-sea grid was redistributed for a better fit to the complex SCS coastline. The bathymetry was derived from the General Bathymetric Chart of the Oceans (GEBCO) global continuous terrain model for ocean and land with a 30 arcsec spatial resolution. The atmospheric forcing uses the ERA5 reanalysis dataset that has higher resolution in both spatial and temporal resolutions, and the method adopts the COARE3.0 bulk algorithm (Fairall et al., 2003) to calculate the air-sea momentum. More details about the SCS physical model configuration and simulation ability are introduced by Zhu et al. (2022).

The Carbon, Silicate, and Nitrogen Ecosystem (CoSiNE) model was used for biogeochemical stimulation in this study. Fifteen state variables were considered: four nutrients (ammonium, nitrate, silicate, and phosphate), two phytoplankton groups (picophytoplankton and diatoms), two zooplankton groups (microzooplankton and mesozooplankton), two types of chlorophyll-a, two types of detritus for simulating sinking and suspending, dissolved oxygen, TALK, and TCO2. In addition, light input was considered. All the abovementioned variables used in the CoSiNE model can affect the carbonate system, which is also affected by physical processes concurrently. More detailed settings can be found in Chai et al. (2002) and Xiu and Chai (2013).

To reach a climatologically steady state of circulation model, the physical circulation model was run for a 26-year climatology state before being coupled with the biogeochemical model, and then the CoSiNE model was coupled with the physical model on the same model grid. The time step was set as 5 seconds for the external mode and 150 seconds for the internal mode.




2.3 Determining control factors of oceanic surface pCO2

Oceanic surface pCO2 shows a distinct positive correlation with atmospheric CO2 concentration when the influence of anthropogenic CO2 is taken into consideration. In addition, the variation of oceanic surface pCO2 is also related to changes in SST, SSS, TALK, and TCO2 according to previous studies (Takahashi et al., 2002; McKinley et al., 2006; Takahashi et al., 2009; Ji et al., 2022). To further estimate drivers of the variation rate of oceanic surface pCO2 on the interannual time scale, we used the formula as follows to linearize the change of oceanic surface pCO2 (Takahashi et al., 1993; McKinley et al., 2006; Xiu and Chai, 2014; Ji et al., 2022):



To isolate variables and evaluate the influence of each control factor on the , while calculating , only the interested one control variable changes and other variables were set to their long-term mean values on the right-hand side of the above equation.





3 Results



3.1 Model validation

The SCS model was examined and validated before further analysis. Three sets of monthly oceanic pCO2 datasets were used to compare with the SCS model result, namely, the Global Ocean Biogeochemistry Hindcast (hereinafter referred to as CMEMS_Model), the Global Ocean Surface Carbon in-situ observations (hereinafter referred to as CMEMS_Obs), and the satellite observations from the Japan Meteorological Agency (hereinafter referred to as JMA_Satellite). According to the time coverage of datasets, the validation period was between 1993 and 2019.

The temporal variations of monthly mean oceanic surface pCO2 anomaly at the SEATS station (18°N, 116°E) from January 1993 to December 2019 obtained from the SCS model, CMEMS model, CMEMS observation, and JMA satellite data were compared (Figure 2). All datasets showed increasing trends of the oceanic surface pCO2 in the SCS. The standard deviations of the increasing rates of the SCS model and CMEMS model were both low with a value of 11.60, which indicates that the SCS model can ably reconstruct and simulate the oceanic surface pCO2 (Table 1). Validation results showed that the SCS model fits well with the temporal patterns with a generally increasing trend over time. The SCS model appeared to be greater than the observations and CMESM model, which may be related to a stronger upwelling simulation performance of the physical model.




Figure 2 | The temporal variations of the oceanic surface pCO2 at SETAS from January 1993 to December 2019. The black line represents the SCS model output, the green line represents the CMESM model output, the blue dots represent CMESM in-situ observation, and the purple line represents the JMA satellite datasets, units: μatm.




Table 1 | The increasing rates of oceanic surface pCO2 calculated with different datasets in the SCS from January 1993 to December 2019, units: μatm a-1.



The spatial distributions of the climatological oceanic surface pCO2 obtained from the datasets and the SCS model all showed strong regional characteristics that the pCO2 level is higher in the south and lower in the north, especially along the continental shelf regions (Figure 3). High pCO2 values appear in the estuary areas (i.e., the Pearl River estuary, Red River estuary, and Mekong River estuary) due to the input of river discharge that contains a large number of nutrients and dissolved inorganic carbon (DIC) (Figures 3C, D). Due to the differences in spatial resolution of datasets, SCS model outputs showed more detailed variations in the spatial distribution of climatological oceanic surface pCO2. Factors that influence variation and changing rate of oceanic surface pCO2 will be discussed in the following sections. In general, the SCS model can ably reproduce variations of oceanic surface pCO2.




Figure 3 | The spatial distribution of the climatological oceanic surface pCO2 in the SCS from January 1993 to December 2019, units: μatm. (A) JMA satellite datasets; (B) CMEMS in-situ observation; (C) CMEMS model outputs; (D) SCS model result.






3.2 Seasonal variation of oceanic surface pCO2

The spatial distributions of oceanic surface pCO2 and surface chlorophyll concentration, the temporal variations of atmospheric pCO2, oceanic surface pCO2, SST, and surface chlorophyll concentration in the SCS will be analyzed in this section, as well as the climatological seasonal variations that were obtained from the SCS modeled monthly mean values from January 1992 to December 2021. In this study, four seasons were set as follows: spring (averaged from March-April-May), summer (averaged from June-July-August), autumn (averaged from September-October-November), and winter (averaged from December-January-February).

The modeled climatological oceanic surface pCO2 showed strong seasonal variability and regional characteristics in terms of spatial distribution (Figure 4). The regions with pCO2 value higher than 400 μatm gradually spans from concentrating in the Karimata Strait in winter to covering the entire SCS in summer.




Figure 4 | The spatial distributions of seasonal variations of the climatological oceanic surface pCO2 (units: μatm, shown in upper panel) and chlorophyll concentration (units: mg·m-3, shown in bottom panel). (A, E) spring, (B, F) summer, (C, G) autumn, and (D, H) winter.



The oceanic surface pCO2 decreased with the latitude from 378 μatm near the west coast of Borneo to 332 μatm on the coast of China in winter. As the annual mean atmospheric pCO2 was 381μatm, which is derived from the MLO observations, the SCS serves as a CO2 sink in this season. The biological productivity was more active in winter than during the other three seasons as a result of lower SST and stronger mixing process (Figures 4E–H), which consumes a massive amount of TCO2 in water and thus intensifies the decrease of pCO2 in the surface water (Figure 4D).

The spatial mean oceanic pCO2 showed a slight increase to 388 μatm in spring along with the rise of seawater temperature, which suggests the SCS, in general, turns into a weak source of CO2 in this season (Figure 4A). However, along the coast of China, the oceanic pCO2 level was relatively low with an average value of 365 μatm in the north of 20°N, and compared to the other parts, the CO2 fluxes were from the air to the sea in this region.

In summer, the oceanic pCO2 reached a domain-mean value of 400 μatm, and the maximum value of 425 μatm was spotted in the Gulf of Tonkin (Figure 4B). However, a relatively low value appeared near the southern coast of Vietnam with an oceanic pCO2 level of 387 μatm, which was the result of the combined influence of monsoon-induced upwelling and biological productivity (Chai et al., 2009). Summer monsoon strengthens upwelling in such regions thus transporting cold water and nutrients to the surface, which enhances biological production near the coast of Vietnam; therefore, with the consumptions of TIC, the oceanic surface pCO2 in this region appears to be lower than adjacent areas. Since the minimum value was still higher than atmospheric pCO2, the entire SCS acts as a CO2 source to the atmosphere in summer.

Similar to the distribution pattern in spring, the oceanic pCO2 decreased with the increasing latitude in autumn, with an average value of 388 μatm (Figure 4C). The narrow west coast off of Borneo was with a higher value of 398 μatm; while in the northern shelf of the SCS, oceanic pCO2 was relatively low at 377 μatm, an area that is the CO2 sink of the SCS in autumn. Overall, the climatological oceanic surface pCO2 spatial distribution showed strong seasonal disparity, and the regional distribution difference was in agreement with the findings by Chai et al. (2009). The mechanisms of variations of oceanic surface pCO2 will be discussed in section 4.2.

In terms of the temporal variations of the associated oceanic surface variables, the domain-averaged climatological values of atmospheric pCO2, oceanic pCO2, SST, and chlorophyll-a concentration were compared and analyzed (Figure 5). The monthly mean oceanic pCO2 varied between 357 and 408 μatm and peaked in June. After the peak, the decreasing rate of oceanic pCO2 showed a slight inflection point in September (with a value of 395 μatm), with accelerated decreases afterward. The annual mean climatological atmospheric pCO2 was around 381 μatm, indicating the SCS is a source of CO2 into the atmosphere from March to October and a sink from November to February, which is in agreement with the findings by Wong et al. (2007). A resemblant pattern was detected in the temporal variation of SST, whose monthly mean varied between 25.6 and 29.4°C. The highest value occurred in June, followed by a slight inflection point in September (29.0°C). The seasonal cycles of SST and oceanic pCO2 were closely linked, indicating seawater temperature positively correlates with the variation of oceanic pCO2.




Figure 5 | The seasonal cycles of climatological SST (units: °C, red dash line), oceanic surface pCO2 (units: μatm, black solid line), chlorophyll-a concentration (units: mg·m-3, blue dotted line), and atmospheric pCO2 (units: μatm, magenta dotted line).



On the contrary, a reverse relationship between oceanic pCO2 and chlorophyll-a concentration was observed. Monthly mean chlorophyll-a concentration varied between 0.08 and 0.27 mg m-3, with a maximal value in January and a minimum value in May. The reason for the reverse patterns of chlorophyll-a concentration and oceanic pCO2 is that the most active biological productivity exists in winter in the SCS, which benefits from enriched nutrients and DIC in the upper layer from the strong mixing process, therefore, more CO2 is removed from the water by photosynthesis, thus decreasing the oceanic pCO2; while in late spring to early summer, chlorophyll-a concentration drops to the bottom indicating the photosynthesis is limited by the nutrient supply. With less CO2 being removed and higher SST, oceanic surface pCO2 reaches the peak value in June. The modeled oceanic variable patterns were in agreement with previous studies (Liu et al., 2002; Cao et al., 2019).

The positive correlation between oceanic pCO2 and SST and the negative correlation between oceanic pCO2 and chlorophyll-a concentration suggest that the seasonal cycle of oceanic surface pCO2 was decided by variations of SST and biological productivity in the SCS. Therefore, related variables (SST, TCO2, TALK, and SSS) were isolated to further examine their individual effects on controlling oceanic surface pCO2 variation, as will be discussed in section 4.




3.3 Interannual variation of oceanic surface pCO2

Interannual and decadal variations of oceanic surface pCO2 were examined using the Empirical Orthogonal Function (EOF) analysis. EOF analysis was first conducted on normalized oceanic surface pCO2 without the linear trend being removed. Under such circumstances, the first EOF mode for oceanic surface pCO2 explained 81.73% of the total variance with an increasing trend over the entire SCS (figure not shown). The correlation coefficient between the first principal component (PC1) and deseasonalized atmospheric CO2 was 0.92, which indicates that the atmospheric CO2 uptake significantly contributed to the increase of oceanic surface pCO2 since the 1990s with an accelerating increase of anthropogenic CO2 emissions. The correlation coefficients between the PC1 and normalized SST and TCO2 were 0.69 and 0.74, respectively, which indicates tight links between oceanic pCO2 and the abovementioned variables. The normalized oceanic surface pCO2 and SST both showed significant increases from the year 1997 to 1998 and from 2015 to 2016, which may link with the extreme warming events in the SCS in the corresponding period (Xiao et al., 2017; Xiao et al., 2020).

As this mode explained over 80% of the total pCO2 variance, the linear trend was removed to further examine correlations between oceanic surface pCO2 and climatic indexes. Monthly modeled outputs from 1992 to 2021 were deseasonalized and detrended with the linear long-term trend, and the Niño 3 index and the PDO indices were introduced into the analyses to link with climate variability for a further understanding of interannual and decadal variations of oceanic surface pCO2.

The first EOF mode of the detrended oceanic pCO2 appeared to be positive over the entire region, especially in the Gulf of Tonkin and the central to the southern part of the SCS, which explains 44.17% of the total variance (Figure 6A). The minimum values were distributed along the northern coast of the SCS, especially around the Pearl River plumes, which is consistent with the findings by Li et al., 2020 and Wang et al. (2020). The PC1 showed a positive response to the Niño 3 index with a correlation coefficient of 0.51 with the Niño 3 leads 5 months, which indicates an interannual modulation of oceanic surface pCO2 by SST, and a strong influence of ENSO on the carbonate system in the SCS. The second EOF mode explained 8.16% of the total variance and exhibited a clear north-south dipole distribution (Figure 6B). The PC2 after the three-point smooth was significantly correlated with the PDO index (R=0.62) with PDO leads 7 months, which indicates there is a strong influence of the PDO on the decadal variation of the oceanic pCO2 in the SCS. The third EOF mode explained approximately 4.48% of the total variance showing a meridional structure centered around 114°E and it could possibly relate to a mixed modulation of climate variations that need to be further investigated (Figure 6C).




Figure 6 | The three dominant EOF modes of the detrended oceanic surface pCO2 (left panel) and their associated principal components (right panel). (A) EOF1 detrended and PC1 with the Niño3 index (5-month lag) superimposed on the PC1 mode (blue dotted line), (B) EOF2 detrended and PC2 with the PDO (7-month lag) superimposed on the PC2 mode (blue dotted line), (C) EOF3 detrended and PC3.







4 Discussion



4.1 The trend rate of oceanic surface pCO2

In this section, long-term trend rates of oceanic surface variables (SST, TCO2, TALK, and SSS) were calculated and analyzed to examine their correlations with the trend rate of oceanic surface pCO2. Due to the strong regional disparity of the abovementioned variables, the SCS was separated into five domains based on physical-biogeochemical conditions and previous studies to further explore geographical features of the various rates (Yu et al., 2019; Li et al., 2020; Wang et al., 2020). The domains were (D1) the coast of China (21.8°~24.7°E, 110.3°~120°N), (D2) the Gulf of Tonkin (17°~22°E, 105°~110°N), (D3) the southern coast of Vietnam (7°~12°E, 103.5°~109°N), (D4) the west of Lvzon Island (16.8°~18.8°E, 118.5°~121°N), and (D5) the SCS basin (12°~15°E, 112.1°~117°N). Detailed physical-biogeochemical descriptions of domains are displayed in Table 2 The water channels and confluent areas of large runoffs (here it refers to regions around the Pearl River estuary, the Red River estuary, and the Mekong River estuary) were removed from calculation to diminish the impact of runoff when examining the oceanic surface variables. The range of influence of SSS variation was limited around the estuary zone and did not show any significant regional changing trend (average value was less than 0.01 psu/a), therefore its spatial distribution is not shown in Figure 7.


Table 2 | Summary of the five physical-biogeochemical domains in the SCS.






Figure 7 | The spatial distributions of the long-term trend rates of the change of oceanic surface variables in summer (upper panel) and in winter (bottom panel). (A, D) oceanic surface pCO2 change rate distribution, units: μatm·a-1; (B, E) SST change rate distribution, units: °·a-1; (C, F) TCO2 change rate distribution, units: mmol·m-3·a-1. The five physical-biogeochemical domains are shown in black dotted boxes in (A).



Since oceanic surface pCO2 was mainly decided by variations of SST and biological productivity, the trend rate of oceanic pCO2 was controlled by the balance of water temperature change, upwelling and removing of TCO2, and TALK concentration variation. Besides seasonal variations of net heat flux, carbon cycle, seawater temperature, and accompanied chlorophyll-a concentration variations were also associated with the coastal currents and upwelling physics in the SCS, meaning the East Asian Monsoon plays a vital role in regulating the variation of oceanic pCO2 in this region in summer and winter (Hu et al., 2003; Xie et al., 2003; Anderson et al., 2009; Liu et al., 2010).

The modeled oceanic pCO2, SST, and TCO2 over the entire SCS all showed positive long-term rates of change with a domain-averaged value of 1.19 ± 0.60 μatm/a for oceanic pCO2, 0.018 ± 0.004°C/a for SST, and 0.62 ± 0.34 mmol·m-3/a for TCO2, which were all under the influences of global warming and the increase of anthropogenic CO2 emissions in the latest decades. A positive long-term trend rate of TALK was also observed (figure not shown); with the neglection of river discharge in this study, the TALK variation was mainly regulated by ocean currents (Yang and Byrne, 2022).

D1 and D2 are typical shelf marine systems and share common seasonal variations along the shorelines from the Taiwan Strait to the Gulf of Tonkin. The modeled SST trend rate was high in summer and low in winter in both regions (Figures 7B, E; Table 3) with a peak value among all five regions of 0.029 ± 0.005°C/a in summer in D1, and a runner-up value of 0.021 ± 0.006°C/a appearing in D2, which is in agreement with the findings by Yu et al. (2019). The warming trend leads to an intensification of stratification of the water column, therefore inhibiting the increase of TCO2 in return, so the trend rate of TCO2 was lower in summer than in winter in both regions (Figures 7C, F; Table 3). Under the combined influences of a strong warming trend of SST and a weak increasing trend of TCO2, the oceanic surface pCO2 trend rates were much higher in summer than in winter in both regions, the differences between the two seasons were 0.35 μatm/a and 0.43 μatm/a, respectively (Figures 7A, D; Table 3). Therefore, in the shelf system, SST makes a greater contribution to the increase of oceanic surface pCO2 in summer, and TCO2 accounts for a positive trend in both seasons.


Table 3 | Long-term trend rates of oceanic surface pCO2, SST, TCO2, and TALK in summer and winter in the five physical-biogeochemical domains.



In D3, owing to the prevailing monsoon system over the SCS, oceanic variables showed pronounced seasonality. In summer, the southwesterly monsoon strengthened the upwelling near the shoreline, and the increasing trend of TCO2 and TALK were both observed in summer in this region (Table 3), which is under the influence of monsoon-induced upwelling that brings cold water, TCO2, and nutrients in the subsurface layer up to the upper layer (Xie et al., 2003; Jing et al., 2016). Whereas, the modeled SST exhibited a “cold gyre” showing a slightly decreasing trend (Figure 7B), which may be related to the Vietnam cold eddies induced by monsoon and land topography (Yuan et al., 2005; Hu et al., 2011; Valsala and Murtugudde, 2015). In winter, with the prevailing wind turning northeasterly, upwelling along the Vietnam coast was weakened, which brought a relatively warmer trend of SST in the extended area (Table 3). With the inhibiting effect of high SST and consumption from biological production and remineralization, TCO2 and TALK as a result showed weak increasing rates (Figure 4H; Table 3). The oceanic pCO2 maintained a high increasing trend rate in the summer and low in the winter, which suggests it is dominated by the variation of TCO2 (this will be further illustrated in section 4.2).

The northeasterly monsoon wind promoted upwelling effects in D4 and D5 in winter; nutrients and TCO2 were transported to the upper layer, which contributed to the increase in the trend rate of TCO2 (Chen et al., 2022). In addition, the intrusion of the Kuroshio current in the SCS peaks from the fall to January, which contributes to a higher increasing rate of SST from Lvzon Strait to the west of the SCS in winter (Xue et al., 2004; Nan et al., 2015). However, the trend rate of TCO2 around the west off Lvzon Island (D4) was lower in winter even with the positive influence of monsoon-induced upwelling (Table 3), and the reason is that the biological productivity is significant (the average value of chlorophyll-a concentration is over 0.3 mg/m3), and it balances out the positive effect of upwelling, resulting in a weakened TCO2 increase in winter; while the promoting effect of monsoon-induced upwelling gradually recedes in summer, which benefits the increasing trend of TCO2 due to the weakened biological productivity in D4. The long-term trend rates of oceanic variables were relatively stable in D5 as an abysmal region (Table 3).

Overall, among the five typical regions, the trend rate of oceanic surface pCO2 was mainly controlled by the balance between SST variations, and input and removal of TCO2. Therefore, control factors for long-term oceanic surface pCO2 trend rate will be discussed through influence factor decomposition in the next section by focusing on the effects of SST and TCO2 from region to region.




4.2 Drivers for long-term oceanic surface pCO2 trends in different regions

Control factors including SST, TCO2, TALK, and SSS were examined to determine the critical factor influencing the long-term trend rate of oceanic surface pCO2 following Equation (1). The contributions from each variable were analyzed, and negative values of pCO2-TALK and pCO2-SSS were detected in most of the regions (Table 4). The effects of pCO2-TALK and pCO2-SSS were mainly the reflections of precipitation, evaporation, riverine inputs, and biological removal (Huang et al., 2015; Huang et al., 2021). By comparing to influences of pCO2-SST and pCO2-TCO2, their contributions to the change rate of oceanic pCO2 were insignificant (Xiu and Chai, 2014; Sutton et al., 2017), therefore only drivers of pCO2-SST and pCO2-TCO2 in summer and winter are shown in Figure 8.


Table 4 | Long-term trend rates of pCO2 under influences of SST, TCO2, TALK, and SSS in summer and winter in the five physical-biogeochemical domains.






Figure 8 | The spatial distributions of the long-term trend rates of change of pCO2 in summer (upper panel) and in winter (lower panel), units: μatm·a-1. (A, D) pCO2; (B, E) pCO2-SST; (C, F) pCO2-TCO2. The five physical-biogeochemical domains are shown in black dotted boxes.



δpCO2 showed an increasing trend in the SCS with a domain-average value of 0.54 μatm/a in summer and 0.45 μatm/a in winter. The δpCO2 had a higher increasing rate in the north to the central SCS in summer; while in winter, the high trend value was mainly distributed in the shallow waters along the shorelines of China (Figures 8A, D). All five domains showed higher values of δpCO2 in summer than in winter, which corresponded to the long-term trend rate of pCO2. The trend of δpCO2 in the Gulf of Tonkin achieved the maximum value within the five domains with values of 0.735 ± 0.191 μatm/a in summer and 0.636 ± 0.159 μatm/a in winter, which indicates that the ocean releases more CO2 to the air in this region.

The contribution of SST to the trend rate of oceanic pCO2 was consistent with the trend rate of SST in most regions, whose influence on the trend rate of oceanic pCO2 was 33.85% in summer and 34.86% in winter. The positive trend rate of pCO2-SST covered most of the regions in both seasons (Figures 8B, E), and negative trend rates were seen in the Taiwan Strait and around the west of Lvzon Island in winter, which indicates a decreasing trend of oceanic pCO2 due to the reduction of SST trend rates (Figures 7E, 8E). The contribution of TCO2 dominated the SCS in both seasons, whose influence on the trend rate of oceanic pCO2 was 83.67% in summer and 87.93% in winter, indicating that TCO2 is the major driver for the long-term trend of oceanic surface pCO2 (Figures 8C, F).

In D1, the correlation coefficient between the trend rate of oceanic pCO2 and the trend rate of pCO2-SST was 0.23 in summer and 0.20 in winter, while the correlation coefficient between the trend rate of pCO2 and the trend rate of pCO2-TCO2 was 0.46 in summer (accounting for 65.98% of oceanic pCO2) and 0.86 in winter (accounting for 74.85% of oceanic pCO2). Hence, the trend rate of pCO2-TCO2 was more decisive than the trend rate of pCO2-SST in the shelf marine system, where the trend rate of oceanic pCO2 was mainly influenced by coastal currents and coastal upwelling effects.

The domain D2 was with the largest trend rate value of oceanic pCO2 in the five domains with a value of 0.735 ± 0.191 μatm/a, and the trend rate of pCO2-TCO2 accounted for 0.689 ± 0.151 μatm/a, suggesting its predominant function. On the other hand, the influence of SST was low in summer, which only accounted for 29.39% of the trend rate of oceanic pCO2 (Table 4). The possible mechanisms are not certain yet, one possible cause may link with a high frequency of typhoon landing in this region in summer, with strong wind stress, heavy rainfall, intensified mixing effects, and accelerated air-sea exchange (Potter et al., 2017; Ko et al., 2021), hence resulting in a low contribution of pCO2-SST and a high contribution of pCO2-TCO2. Further analysis and investigation are required on this subject in the future.

In D3, the seasonal variations of the trend rate of pCO2-SST and pCO2-TCO2 were dominated by the East Asian Monsoon and had similar seasonal patterns as the variations of the trend rates of SST and TCO2. The pCO2-TCO2 accounted for 94.55% of the trend rate of oceanic pCO2 in summer and 89.17% in winter, indicating the predominance of TCO2 in controlling the long-term trend rate of pCO2 (Table 4).

The influence of TCO2 in D4 and D5 was significant in winter, pCO2-TCO2 accounted for 101.97% in D4 and 105.68% in D5, as a result of the strong positive impact of monsoon-induced upwelling on TCO2 (Table 4). Gyre structures distributed in the west of Lvzon Island were spotted (Figures 8E, F), which indicates abnormal values appeared for the trend rate of pCO2-SST and pCO2-TCO2 in winter. This may correspond to mesoscale eddies or anomalous wind stress curl over the region (Guo et al., 2015; Xiao et al., 2019), and it is worth further analyzing the relationships between oceanic surface pCO2 and mesoscale structures in future research work.





5 Conclusion

This study simulates oceanic surface pCO2 in the SCS based on a three-dimensional physical-biogeochemical model for a better understanding of the seasonal and interannual variations of oceanic surface pCO2, and drivers that regulate the variations in this region. Based on the results from the SCS model between 1992 and 2021, a stable increasing trend of oceanic surface pCO2 was detected over the entire SCS, and the trend was tightly linked with global warming and the increase of atmospheric CO2 emissions. The temporal variation of climatological oceanic surface pCO2 varied between 357 and 408 μatm, and results showed that the SCS serves as a source of CO2 from March to October, and a sink of CO2 during the rest of the year. The oceanic surface pCO2 showed a positive correlation with SST and TCO2 and a negative correlation with chlorophyll-a concentration. On the interannual time scale, the Niño 3 index and the PDO index correlated with the first and second principal components of the detrended oceanic pCO2, which indicates the influences of ENSO and other climate variations on the oceanic pCO2 variation.

The trend rate of oceanic surface pCO2 was mainly affected by SST variations and input and removal of TCO2. In the shelf system (D1 and D2), the variation of oceanic pCO2 was more strongly correlated with SST (especially in the summer) as a result of a stronger warming trend of SST and a weaker increasing trend of TCO2 in summer, and TCO2 was positively correlated with oceanic pCO2 variation in both summer and winter. In areas dominated by the East Asian monsoon (D3, D4, and D5), the monsoon-induced upwelling promoted the increase of TCO2 in the surface water, and the change of the trend rate of oceanic pCO2 was mainly controlled by the input and removal of TCO2.

The positive trend rate of δpCO2 was detected in the whole region with a higher value in summer and a lower value in winter. It was found that TCO2 and SST both contribute positively to the increase of the trend rate of δpCO2, while TALK and SSS show negative contributions in most domains through the influence factor decomposition. The influence of TCO2 on δpCO2 was significantly greater than that of SST in all domains, which indicates that TCO2 is the major driver for the variation of the long-term trend rate of oceanic surface pCO2.

The seasonal and interannual variations of oceanic surface pCO2 and drivers that regulate the variations were analyzed. The analyses showed that the oceanic pCO2 is mainly controlled by TCO2 on the seasonal scale and responds to ENSO and other climate variability on the interannual scale. Furthermore, the atmospheric CO2 uptake makes a significant contribution to the increase of oceanic pCO2 on decadal timescales, therefore understanding the carbon cycle in the SCS helps to better explain the role of marginal seas in the global carbon system in the age of climate change. With more uncertainties that climate change brings, the carbonate system in the SCS may continue to change, and it is worthy of further investigation and research.
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