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CO, exchange in the Northern
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Gang Guo and Haiyan Zhang

Tianjin Key Laboratory for Marine Environmental Research and Service, School of Marine Science and
Technology, Tianjin University, Tianjin, China

A three-dimensional (3-D) physical-biogeochemical-carbon cycle coupled
model is used to investigate the interannual variability of the air-sea carbon
dioxide (CO,) flux (FCO,) in the Northern Yellow Sea (NYS) from 2009 to 2018.
The verification of the model indicate that the simulation results for multiple
variables exhibit consistency and fit well with the observed data. The study show
that although the multi-year average FCO, in the NYS is close to the source-sink
balance, there are obvious interannual differences between different years. In
particular, a relatively strong source of atmospheric CO> (1.0 mmol m=2 d™%) is
exhibited in 2014, while a relatively strong sink of atmospheric CO, (-0.7 mmol
m~2d™!) emerges in 2016. Mechanism analysis indicates that the abnormally high
temperature is the main controlling factor for the relatively high CO, efflux rate in
the NYS in 2014, while the abnormally low dissolved inorganic carbon (DIC)
concentration is the main factor contributing to the relatively high CO, influx rate
in 2016. Further analysis reveals that the primary reason for the low DIC
concentration since the onset of winter in 2016 is the high net decrease rate
of DIC in the NYS in 2015, influenced by net community production in the
summer and advection processes during the autumn. The abnormally high
primary production during the summer of 2015 results in the excessive
reduction of DIC concentration through biological processes. In addition, due
to the strong northeasterly wind event in November 2015, low-concentration-
DIC water from the Yellow Sea (YS) extends into the Bohai Sea (BS). This further
leads to higher DIC flux from the NYS into the BS in the upper mixed layer and
increases the inflow of low-concentration-DIC water from the Southern Yellow
Sea (SYS) into the NYS. These ultimately result in the abnormal reduction of DIC
concentration in the upper mixed layer of the NYS during the autumn of 2015.
This study enriches our understanding of interannual variability of FCO; in the
NYS, which will not only help to further reveal the variations of FCO, under
human activities and climate change, but also provide useful information for
guiding the comprehensive assessment of the carbon budget.
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1 Introduction

The ocean can absorb approximately 25% of the anthropogenic
carbon dioxide (CO,) emissions (Friedlingstein et al., 2023), playing
a crucial role in addressing global warming and achieving carbon
neutrality. Although continental shelf seas only account for 10% of
the global ocean area, they contribute over 30% of primary
production and store 40% of the ocean’s carbon. Continental
shelf seas are the regions with the most intense ocean-land-
atmosphere interactions (Bauer et al., 2013; Laruelle et al., 2013;
Gruber, 2014, 2015, 2018), and they are evidently influenced by
human activities. Therefore, quantifying the air-sea CO, flux
(FCO,) in continental shelf seas and studying its underlying
mechanisms remain key issues in current research. They are
crucial for understanding the role of the global carbon cycle in
climate change (Bauer et al, 2013; Wang and Zhai, 2021; Dai
et al., 2022).

The biogeochemical cycles result in significant spatiotemporal
variations in coastal FCO,. In high-latitude continental shelf seas
such as the West Antarctic Peninsula, seasonal and interannual
variations are driven by both vertical mixing and primary
production. The FCO, in this region overall acts as a sink for
atmospheric CO,. During spring and summer, primary production
reduces dissolved inorganic carbon (DIC) concentration, making it
a net sink for atmospheric CO,. In contrast, during autumn and
winter, physical mixing and net heterotrophy increase DIC
concentration in the surface water column, causing it to become a
net source of atmospheric CO, (Legge et al.,, 2015, 2017). In the
northern Gulf of Mexico and the western Florida shelf, the temporal
and spatial variations of the FCO, are also primarily influenced by
primary production, as well as river discharge, temperature, and
coastal water circulation. In this region, it acts as a net sink for
atmospheric CO, during winter and a source during summer (Hu
etal., 2018; Robbins et al., 2018; Kealoha et al., 2020). The North Sea
acts as a net CO, sink annually. In previous studies, the North Sea is
often subdivided into two biogeochemical regimes, a deeper and
stratified northern part and a shallower, permanently mixed
southern part. The northern region acts as a strong sink for
atmospheric CO,, exporting carbon through the continental shelf
pump (Tsunogai et al., 1999) to the deeper Atlantic Ocean (Thomas
et al, 2004; Wakelin et al., 2012). In the southern region, the
impacts of organic production and decomposition on air-sea CO,
exchange largely offset each other, resulting in a carbon source-sink
balance at an annual scale (Thomas et al., 2004; Schiettecatte et al.,
2007; Prowe et al.,, 2009; Burt et al.,, 2016). It is evident that the
underlying mechanisms of FCO, in different continental shelf seas
are diverse, thus it needs to be studied according to specific regions.
Recent research also emphasizes that understanding the
mechanisms of coastal FCO, variations is the foremost
component in predicting future trends in carbon cycling systems
(Keenan et al., 2012; Lauvset et al., 2017).

The Northern Yellow Sea (NYS) is a semi-enclosed and high-
productivity continental shelf shallow sea in the northwest Pacific.
The NYS serves as a channel for material and energy exchange
between the Bohai Sea (BS), adjacent coastal areas, and the open
ocean. The NYS is characterized by the East Asian monsoon.
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Its most prominent hydrological features include the northward-
flowing Yellow Sea Warm Current (YSWC) in winter, the NYS Cold
Water Mass (NYSCWM), and the significant upwelling along the
shelf front (Bao et al., 2009). The thermohaline properties of the
NYSCWM are relatively stable. It begins to develop in spring, forms
completely in summer, subsides in autumn, and disappears in
winter (Ren and Zhan, 2005; Yu et al., 2006).

Numerous research cruises have previously been conducted to
investigate the FCO, in the NYS. Based on four survey voyages
conducted between 2006 and 2007, Xue et al. (2012) concluded that
the NYS served as a net source of atmospheric CO, throughout the
year. On the contrary, based on four surveys conducted by the State
Oceanic Administration of China (SOA) in 2009, the Bulletin of
Marine Environmental Status of China in 2009 (State Oceanic
Administration, 2010) reported that the NYS exhibited a near-
balanced annual carbon source-sink state. However, based on four
surveys conducted during 2011 - 2012, State Oceanic
Administration (2013) showed that the NYS acted as a net
annually weak sink for atmospheric CO,. In light of the 21 fixed-
location sampling surveys conducted between 2011 and 2013, the
northwestern corner of the NYS (38°40’ N, 122°10" E) was
considered a weak sink of atmospheric CO, on an annual scale
(Xu et al., 2016). According to 10 mapping cruises conducted
between 2011 and 2018, Wang and Zhai (2021) also suggested
that the NYS represented one of the weakest marine CO, absorbers
among various continental shelf CO, sinks. There are interannual
differences in the understanding of the FCO, in the NYS, and
whether there is obvious interannual variability in the FCO, in the
NYS remains to be further studied.

The source-sink pattern of the FCO, in the NYS is controlled by
multiple factors. Thus, on a seasonal scale, a variety of source-sink
patterns still existed. These source-sink transitions occurred not
only between different seasons but also within the same season in
different survey years (State Oceanic Administration, 2010, 2013;
Xue et al., 2012; Xu et al., 2016; Wang and Zhai, 2021). Previous
studies indicated that during winter, the FCO, in the NYS primarily
functioned as a sink for atmospheric CO, (State Oceanic
Administration, 2013; Xu et al., 2016; Wang and Zhai, 2021), but
occasionally behaved as a carbon source (Zhang et al., 2008; Xue
et al.,, 2012; Xu et al., 2016). The source-sink pattern in winter was
mainly controlled by the antagonistic effects of low temperature and
vertical mixing (Xue et al., 2012; Xu et al., 2016; Wang and Zhai,
2021). In spring, the NYS mainly acted as a carbon sink (State
Oceanic Administration, 2010, 2013; Xu et al., 2016; Wang and
Zhai, 2021), although a few survey results indicated that it could
also be a carbon source (Song et al., 2007; State Oceanic
Administration, 2010; Xue et al., 2012). Springtime FCO, was
mainly influenced by biological processes, nutrient inputs from
riverine and atmospheric dry/wet deposition (Zhang, 1994; Shi
et al, 2012; Tan and Wang, 2014), high DIC water and sediment
input from riverine, and warming processes (Xue et al., 2012; Xu
et al,, 2016; Wang and Zhai, 2021). In summer, the NYS mainly
served as a carbon source (State Oceanic Administration, 2010; Xue
and Zhang, 2011; Xue et al., 2012; Xu et al., 2016; Wang and Zhai,
2021), with a minority of surveys indicating it as a carbon sink
(State Oceanic Administration, 2013; Xu et al., 2016; Wang and
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Zhai, 2021). The source-sink pattern in summer was primarily
influenced by high temperature, reduced biological processes, and
water column stratification (State Oceanic Administration, 2010;
Xue and Zhang, 2011, 2013; Xue et al., 2012; Xu et al., 2016; Wang
and Zhai, 2021). In autumn, the NYS mainly served as a carbon
source (Zhang et al, 2009; State Oceanic Administration, 2010,
2013; Xue et al., 2012; Wang and Zhai, 2021), with only Xu et al.
(2016) suggesting it behaved as a carbon sink. The autumn FCO,
was influenced by increasing vertical mixing and biological
processes (Zhang et al., 2009; State Oceanic Administration, 2010,
2013; Xue et al, 2012; Xu et al, 2016; Wang and Zhai, 2021).
Consequently, observation data from the cruises indicate that the
NYS primarily acts as an atmospheric CO, sink during winter and
spring, while it serves as a source of atmospheric CO, in summer
and autumn. This matches Yu et al. (2023) findings on the NYS’s
multi-year seasonal carbon dynamics using semi-mechanistic and
machine learning methods.

In summary, surface water temperature, biological processes,
terrestrial inputs, and hydrodynamic conditions are key factors
controlling the source-sink variations of FCO, in the NYS (Zhang
et al,, 2008, 2009; Xu et al., 2016; Wang and Zhai, 2021). Due to
these complex physical and biogeochemical processes, the temporal
and spatial variations of FCO, in the NYS are obvious. As a
consequence, different research cruises often lead to conflicting
understanding of the source-sink patterns of FCO, in the NYS
during the same season (Zhang et al., 2008, 2009; State Oceanic
Administration, 2010, 2013; Xue and Zhang, 2011; Xue et al., 2012;
Xu et al, 2016; Wang and Zhai, 2021; Ko et al, 2022). The
contrasting understanding of the source-sink carbon patterns can
be attributed to various factors. On the one hand, it’s worth noting
that all previously published research on the FCO, in the NYS have
different sampling times and layouts of stations. This implies that
using limited seasonal “snapshot” data to extrapolate the seasonal
source-sink status of the NYS may introduce some uncertainties.

10.3389/fmars.2024.1412798

This highlights the limitation of observation data, but it can be
addressed by using well-validated three-dimensional (3-D) regional
ocean models. On the other hand, the contradictory understanding
of the source-sink patterns of FCO, may also stem from the
existence of interannual variability in FCO, in the NYS.
Currently, research on FCO, in the NYS mainly focuses on
seasonal variations, lacking insights into interannual variability.
Therefore, it is particularly important to further enhance our
understanding of the interannual variability of FCO, in the NYS.
Hence, the hindcast simulation from 2009 - 2018 of a 3-D physical-
biogeochemical-carbon cycle coupled model will be used to analyze
the interannual variability of FCO, in NYS. Moreover, The model
results will further investigate the influencing factors and
underlying mechanisms of anomalous years.

2 Data and methods

2.1 Introduction of the coupled physical-
biogeochemical-carbon cycle modeling

We use a 3-D physical-biogeochemical-carbon cycle coupled
model in this study. The physical model is based on the Regional
Ocean Modeling System (ROMS), which has been widely applied in
various research studies (Shchepetkin and McWilliams, 2005; Xiu
and Chai, 2010). The simulation domain includes the BS, Yellow Sea
(YS), and northern East China Sea (ECS) (Figure 1A), with a
horizontal resolution of 2.2 — 4 km and a vertical sigma coordinate
with 30 layers and enhanced resolution near the surface and bottom.
The initial temperature and salinity are obtained from the World
Ocean Atlas 2013 (WOA13) (https://www.nodc.noaa.gov/OC5/
woal3/), and the initial velocity and sea level are set to zero. The
boundary conditions for temperature, salinity, velocity, and sea level
are obtained from the Hybrid Coordinate Ocean Model (HYCOM)
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FIGURE 1

Bathymetric schematics of the model area (A) research area map of the Northern Yellow Sea (NYS) (B). The green dashed lines indicate the
boundaries between the NYS and the Bohai Sea (BS), and between the NYS and the Southern Yellow Sea (SYS). The black lack dots in (A) represent

the nine rivers included in the model.
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(https://www.hycom.org/). Atmospheric forcing (wind stress,
shortwave radiation, net heat flux, and freshwater flux) is obtained
from the European Centre for Medium-Range Weather Forecasts
(ECMWE) (https://www.ecmwi.int/).

The biogeochemical scheme is based on the Carbon, Silicate,
and Nitrogen Ecosystem (CoSiNE) model (Chai et al., 2002; Xiu
and Chai, 2011), which includes major ecological and carbon
chemistry processes. The main ecological forecast variables
include four nutrients (silicate, nitrate, phosphate, and
ammonium), DIC, total alkalinity (TALK), two phytoplankton
groups (diatoms and dinoflagellates), two zooplankton, two
detritus types (nitrogen-containing detritus and silicate-
containing detritus), and dissolved oxygen (DO). For model
configuration, the initial for nitrate, phosphate, and silicate are
obtained from the climatological data of WOA13 for January, while
DIC and TALK are sourced from the Copernicus Marine
Environment Monitoring Service (CMEMS) database (http://
marine.copernicus.eu). The values of nitrate, phosphate, silicate,
DIC, and TALK at the open boundaries are obtained from the
CMEMS database, and atmospheric partial pressure of CO,
(pCO,,) data is obtained from the Global Monitoring Laboratory
of the National Oceanic and Atmospheric Administration (NOAA).

2.2 Calculation of derived parameters of
the carbonate system

In the carbon cycle calculations, DIC and TALK are considered
state variables, while the partial pressure of CO, in the sea surface
(pCO,) and the FCO, are treated as diagnostic variables. The
control equation for DIC in the carbon cycle is as follows:

apIC] _ dv(a[mc]) d iﬁ(a[mc]) + bio (a[ch])

ot ot ot ot
+ atm(a[DIC]) (1)

ot

where adv and diff are terms due to advection and diffusion,
respectively. The bio is a term due to biological processes, and atm
represents air-sea CO, exchange. The unit of these terms is mmol C
m™ d™. The advection term (adv) primarily describes the transport
of substances due to water movement, while the diffusion term (diff)
encompasses the diffusion and mixing processes driven by
concentration gradients of substances. The advection term is the
sum of vertical advection (vadv) and horizontal advection (hadv).
The diffusion term can be categorized into vertical mixing (zdf) and
lateral mixing (Idf). Since the water selected for the budget analysis
in the subsequent text is within the upper mixed layer, the lateral
mixing is several orders of magnitude smaller than the vertical
mixing, thus lateral mixing can be neglected. The biological
processes (bio) refer to net community primary production. In
the water column, the biological processes related to DIC include
net phytoplankton photosynthesis, zooplankton respiration, and
organic matter mineralization. The effect of calcium carbonate
formation and dissolution is not included in the biological
processes of the current model. There is limited information on
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the abundance and distribution of planktonic calcifying organisms.
Future modeling efforts will consider additional groups of
organisms. Therefore, the DIC budget is mainly controlled by
four factors: advection (adv), net community production (bio),
vertical diffusion (zdf), and air-sea CO, exchange (atm).

Before exploring the interannual variability of FCO, in the NYS,
it is necessary to understand the FCO, calculation method in the
model, the formula for calculating FCO, is as follows:

FCO, =k x a x (pCO, — pCO,,) (2)

where k represents the CO, gas transfer rate at the air-sea
interface, it is mainly affected by wind speed (Takahashi et al., 2002;
Wanninkhof, 1992; 2014). The o is the solubility of CO, gas in
seawater, which is mainly affected by temperature (Weiss and Price,
1980). And pCO, and pCO,, represent the partial pressure of CO,
in surface seawater and the atmosphere, respectively. The sign of
their difference determines the direction of CO, transfer and also
represents the positive or negative of FCO,. A positive FCO, value
represents net CO, efflux, whereas a negative flux value indicates
net CO2 influx. The positive or negative value of FCO, is primarily
determined by the pCO,. This is because the spatiotemporal
variability of partial pressure of CO, in the atmosphere is
relatively small compared to that in the surface seawater
(Tsunogai et al., 1997).

According to the CO2SYS program proposed by Lewis and
Wallace (1998), the pCO, can be calculated using temperature,
salinity, DIC, and TALK. Among these parameters, salinity and
TALK are relatively conservative. In the subsequent exploration of
the impact of controlling temperature on pCO,. In the calculations,
the salinity, DIC, and TALK values are based on the regional
averages for the NYS from 2009 to 2018. The specific values are
as follows: salinity is 32 Practical Salinity Units (PSU), DIC is 2111
umol kg™', and TALK is 2304 umol kg™".

In addition to the methods mentioned above, the factors
affecting the variation in pCO, can be divided into thermal and
non-thermal effects (Takahashi et al., 1993, 2002). Among them, the
thermal effect refers to the thermodynamic regulation of
temperature on the pCO,. As the temperature rises, the pCO,
increases slightly. Takahashi et al. (1993, 2002) proposed that the
sensitivity of pCO, to temperature follows the relationship:

oIn (pCO,)

=0.0423 °C! 3
5T (3)

We deform Equation 3 to obtain Equation 4 as below. This
implies the amount of pCO, change caused by temperature is:

ApCO, 1 = ("™AT —1)pCO, (4)

2.3 Model validation

The model used in this study runs from 2006 to 2018, After the
model is stable, data for the ten years from 2009 to 2018, are selected
to analyze the interannual variations of FCO, in the NYS. The tidal,
flow field, temperature-salinity, chlorophyll-a, pH, and nutrient
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simulations of the ROMS-CoSiNE model have been thoroughly
evaluated in previous studies (Luo et al., 2019; Zhang et al., 2020; Li
et al,, 2021; Guo et al,, 2022; Zhang et al.,, 2022). These evaluations
indicate that the ROMS-CoSiNE model effectively reproduces the
spatiotemporal distribution characteristics of physical and
ecological environmental factors in the Bohai and Yellow Seas.
Moreover, this coupled model has been extensively utilized in
studies of the physical ecological systems in the Bohai and Yellow
Seas (Zhang et al., 2020; Li et al.,, 2021; Guo et al,, 2022; Zhang
et al., 2022).

In this paper, the model validation area includes the NYS and its
adjacent seas, since the DIC advection flux is influenced by the DIC
concentration in the northern and southern parts of the NYS. The
data used for model validation in this paper are detailed in Table 1.
We first use the data to evaluate the spatial distribution and seasonal
variations of simulated DIC and pCO, (Figures 2, 3). Additionally,
we use these data to analyze the variations of DIC and pCO, in the
NYS over the past few years (Figures 4A, B).

In order to further evaluate the reliability of the model, we
analyze the multi-year variations of FCO, in the NYS based on the
historical data (State Oceanic Administration, 2010; Xu et al., 2016;
Wang and Zhai, 2021) collected from 2009 to 2018 (Figure 4C).
Additionally, we evaluate the model’s chlorophyll-a by using
satellite remote sensing data from the Ocean Colour Climate
Change Initiative (OC-CCI, http://www.esa-oceancolour-cci.org)

10.3389/fmars.2024.1412798

project covering 2009 - 2018 (Figure 4D). Through assessing
simulated DIC, pCO,, FCO,, and chlorophyll-a, we optimize
model parameters to enhance the simulation accuracy of the
ROMS-CoSiNE model for the carbon cycle in the NYS. These
provide reliable data support for a better understanding of the
dynamic changes in the marine carbon cycle.

2.3.1 Data and processing methods

The data used for the model’s DIC concentration and pCO,
validation in this study consists of observation data from 15 cruises
in the Bohai and Yellow Seas from 2011 to 2018 (Table 1). The
sampling period, distribution region, literature and data sources for
the cruise data are shown in detail in Table 1. Table 1 includes 2
winter cruises, 3 spring cruises, 6 summer cruises, and 4 autumn
cruises, with 8 cruises in the BS, 12 cruises in the NYS, and 12
cruises in the South Yellow Sea (SYS).

During the processing of sampling station data from 15 cruise
surveys for DIC concentration and pCO,, the observed and model
data are processed as follows: first, the model results corresponding
to the sampling dates of the observation data are selected for
comparison. Then, the model results are interpolated to match
the spatial coordinates of latitude, longitude, and water depth
corresponding to the sampling locations of the observation data.
This ensures temporal and spatial consistency between the observed
and model data. After obtaining point-to-point matched data

TABLE 1 Observation data of dissolved inorganic carbon (DIC) and partial pressure of CO, in the sea surface (pCO,) of the Bohai Sea (BS) and the

Yellow Sea (YS) from 2011 to 2018.

Sampling period Regions Reference Data source
2011/06/13 - 2011/06/24 YS Wang and Zhai, 2021 https://doi.org/10.6084/m9.figshare.11962161.v1
2011/08/23 - 2011/08/25 BS Zhai et al., 2012, 2019 https://doi.org/10.6084/m9.figshare.9248822.v3
https://doi.org/10.6084 figshare.9248822.v.
2012/05/03 - 2012/05/20 BS, Y5 Zhai et al,, 2014; Zhai, 2018, 2019; Wang and Zhai, 2021 ttps://doi.org/10.6084/mS figshare.9248822.v3
https://doi.org/10.6084/m9.figshare.11962161.v1
2012/08/23 - 2012/08/27 BS Zhai et al.,, 2019 https://doi.org/10.6084/m9.figshare.9248822.v3
ic Administration, 2013; X 1., 2016; Zhai, 2018; https: i.org/10.6084, figshare.9248822.v.
2012/11/02 - 2012/11/19 BS, YS State Oceanic c.imlmstratlon 013; Xu et al : 016; Zhai, 2018 ttps //d().l org/10.6084/m9.figshare.9248822.v3
Zhai et al,, 2019; Wang and Zhai, 2021 https://doi.org/10.6084/m9.figshare.11962161.v1
https://doi. 10.6084/m9.figshare.9248822.v3
2015/08/17 - 2015/09/05 BS, YS Zhai, 2018; Zhai et al., 2019; Wang and Zhai, 2021 ps://doi.org/ /m9-figshare v
https://doi.org/10.6084/m9.figshare.11962161.v1
https://doi. 10.6084/m9.figshare.9248822.v3
2016/01/15 - 2016/01/30 BS, YS Zhai, 2018; Zhai et al, 2019 Wang and Zhai, 2021 psi//doi.org/ /m9-figshare !
https://doi.org/10.6084/m9.figshare.11962161.v1
https://doi. 10.6084/m9.figshare.9248822.v3
2016/06/29 - 2016/07/15 BS Zhai et al.,, 2019; Wang and Zhai, 2021 psi//dot.org/ /m9 figshare X
https://doi.org/10.6084/m9.figshare.11962161.v1
https://doi.org/10.6084/m9.figshare.9248822.v3
https://doi.org/10.6084/m9.figshare.12630101.v1
2017/08/22 - 2017/09/24 BS, YS Zhai et al,, 2019; Li and Zhai, 2021; Wang and Zhai, 2021 ps:iicoLorg Tro-gs are v
https://doi.org/10.6084/m9.figshare.12630212.v1
https://doi.org/10.6084/m9.figshare.11962161.v1
2017/10/13 - 2017/11/07 YS Xiong et al,, 2020 https://doi.org/10.6084/m9.figshare.12630335.v2
2017/12/18 - 2018/01/08 YS Xiong et al., 2020 https://doi.org/10.6084/m9.figshare.12630335.v2
2018/03/28 - 2018/04/16 YS Xiong et al., 2020 https://doi.org/10.6084/m9.figshare.12630335.v2
2018/05/09 - 2018/05/30 YS Xiong et al., 2020 https://doi.org/10.6084/m9.figshare.12630335.v2
2018/07/12 - 2018/08/05 YS Xiong et al,, 2020 https://doi.org/10.6084/m9.figshare.12630335.v2
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The comparison between observation and simulation of the sea surface dissolved inorganic carbon (DIC) concentration in the Northern Yellow Sea
(NYS) and its adjacent seas; (A—C) winter, (D—F) spring, (G-I) summer, (J—L) autumn. The first column is the observed data. The second column is
the simulated data corresponding to the observed spatiotemporal points. The third column is the scatter plot of the observed and simulated data,
with the x-axis for observations and the y-axis for simulations. The green dashed lines in the first and second columns of the figures represent the
NYS boundary. R represents the Pearson correlation coefficient; p represents the confidence in statistical significance tests; RMSE represents the

Root Mean Square Error; CF represents the Cost Function.

between the model and observations, the observation data
belonging to the same season are merged into one table, divided
into four parts: winter, spring, summer, and autumn. The model
data are processed in the same way. Next, both the observed and
model data are separately gridded onto a 0.2-degree grid. The
gridding principle is that each data sample can only belong to
one grid. If a grid contains more than three samples, the three times
standard deviation principle is applied to identify and eliminate
outliers. Finally, the value of each grid is the average value of the
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valid sample data within that grid. This data processing workflow
provides reliable data foundations for model validation and
comparative analysis.

During the validation of the model FCO, in the NYS, the data
processing procedure is as follows. From 2009 to 2018, there were
only 35 observed FCO, data in the NYS: 4 from State Oceanic
Administration (2010), 10 from Wang and Zhai (2021), and 21
from Xu et al. (2016). Among them, the FCO, data from State
Oceanic Administration (2010) and Wang and Zhai (2021)
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FIGURE 3

The comparison between observation and simulation of the sea surface partial pressure of CO, (pCO5) in the Northern Yellow Sea (NYS) and its

adjacent seas; (A—C) winter, (D—F) spring, (G-1) summer, (J—L) autumn. The first column is the observed data. The second column is the simulated
data corresponding to the observed spatiotemporal points. The third column is the scatter plot of the observed and simulated data, with the x-axis
for observations and the y-axis for simulations. The green dashed lines in the first and second columns of the figures represent the NYS boundary.

represent the monthly average data of the NYS in a specific year.
Therefore, the model’s average FCO, results in the NYS for the
corresponding years and months are used for comparison. The data
from Xu et al. (2016) are collected at the A4HDYD station (38°40’
N, 122°10" E) in the NYS, so the model grid data closest to this
station are selected for comparison.

In Luo et al. (2019), the spatial distribution and seasonal
variation of chlorophyll-a in the model have already been
validated. To further validate the interannual variation of
chlorophyll-a from 2009 to 2018, this study uses satellite remote
sensing chlorophyll-a data from the Ocean Colour Climate Change
Initiative (OC-CCI, https://www.oceancolour.org/). Firstly, the
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satellite data is interpolated to the model grid. As the missing
satellite data in different years is inconsistent, it is necessary to mark
the missing data regions in the satellite data from 2009 to 2018,
similar treatment is performed on the simulated values to ensure
that the coverage area of the model data and the satellite data are
completely the same for comparison. Finally, the annual average
values of chlorophyll-a for both satellite and model data are
obtained. The standard deviation for each year is calculated using
the results of all 12 months within that year. The anomaly of
satellite chlorophyll-a is calculated as the chlorophyll-a value of a
specific year minus the multi-year average chlorophyll-a value of
the satellite. Similarly, the anomaly value of simulated chlorophyll-a
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FIGURE 4

The annual mean and standard deviation of observed and model values in the in the Northern Yellow Sea (NYS), (A) dissolved inorganic carbon (DIC),
(B) partial pressure of CO; in the sea surface (pCO,), (C) air-sea CO, flux (FCO,), (D) chlorophyll-a anomalies. The colored texts in (A—C) represent

the seasonal information of the data contained in each year

is calculated as the model’s chlorophyll-a value of a specific year
minus the model’s multi-year average chlorophyll-a value. Finally,
the interannual variability of chlorophyll-a anomalies is compared.
Comparing anomalies can better reflect interannual differences.
This comparative approach can better evaluate the model’s ability to
simulate interannual variations in chlorophyll-a.

The cost function (CF) is used as an objective indicator to
evaluate model performance in model validation. CF is the sum of
the absolute values of the differences between observations and
models, divided by the product of the number and the standard
deviation of observations. The formula is as follows:

Eﬁl |M0d,' - Obsi |
NO—Obs

CF = (5)

Mod; represents the model results, Obs; represents the observed
results, N is the number of observations, and G, represents the
standard deviation of the observed data (Equation 5). CF quantifies
the goodness of fit between the observed and model results, with the
following standard ranges: 0 — 1 (excellent/very good), 1 - 2 (good),
2 - 3 (reasonable), > 3 (poor/not good) (Radach and Moll, 2006).

2.3.2 Validation of dissolved inorganic carbon
Overall, the ROMS-CoSiNE model shows good consistency
with the simulated and observed results of DIC concentration
(Figure 2) in the NYS and its adjacent seas. From Figure 2, it can
be observed that the Pearson correlation coefficients between the
model and observations are mainly in the in the range of 0.62 - 0.77
(p< 0.001), indicating a strong correlation. Meanwhile, the root
mean square errors (RMSE) for all four seasons range from 36 to 42
umol kg™, The CF values for spring, summer, and autumn are
within the range of 0.57 to 0.70. These results suggest that the model
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has relatively small deviations between the model results and the
observed values. Considering the results of the above model
evaluation indicators, it further validates the relatively good
performance of the ROMS-CoSiNE model in simulating DIC
concentration in the NYS and its adjacent seas. The model can
capture the seasonal and spatial variations of the observed data
relatively accurately. In terms of spatial distribution, DIC
concentration displays a pattern of higher levels in the north and
lower levels in the south, with the BS having a higher DIC
concentration compared to the NYS and the northern part of the
SYS. In the NYS and its adjacent seas, DIC concentration exhibits a
nearshore-high and offshore-low distribution pattern. The results of
Wang and Zhai (2021) also indicated that DIC concentration
gradually increased from south to north, indicating a consistent
spatial distribution of DIC concentration between the model and
observations. Overall, the distribution of DIC in the NYS and its
adjacent seas ranges from 2000 to 2200 pumol kg™'. In the NYS, the
ranges of the simulation DIC concentrations for each season closely
match those observed. Seasonally, DIC concentration is relatively
higher in winter and spring, and lower in summer and autumn, with
the lowest DIC concentration occurring in summer, which is
consistent with the seasonal variation of DIC described in Wang
and Zhai (2021). During dry seasons (winter and spring) DIC
concentration tend to be higher, while during wet seasons (summer
and autumn) have lower DIC concentration. The correlation
coefficient for DIC in winter is relatively low, and the CF is
slightly greater than 1. This may be due to the limited number of
observation samples for winter DIC validation, which affects the
reliability of the validation results.

To further evaluate the simulation performance in different
years, Figure 4A compares the annual mean values and standard
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deviations of the observed and simulated DIC concentration in the
NYS. Notably, the spatiotemporal information of the observed and
simulated data is well matched by statistical analysis. The seasonal
information of the data contained in each year is also shown in
Figure 4A. The data for 2011 and 2015 only includes summer, 2012
includes spring and autumn, 2016 comprises winter and summer,
2017 encompasses summer and autumn, and 2018 covers all four
seasons. The R and CF values marked in the upper right corner of
Figure 4A are calculated using all the corresponding station data in
the NYS from observations and model simulations across these
years. The Pearson correlation coefficient is 0.76 (p< 0.001) and the
CF value is 0.55 (Figure 4A). This indicates that the model performs
well in simulating DIC concentration. Figure 4A further
demonstrates that the observed and simulated annual mean DIC
concentrations in the NYS are similar, and the interannual variation
trends are consistent. Notably, the DIC concentration in the
summer of 2015 is lower than in the summer of 2011. However,
due to differences in seasonal coverage of observation data across
different years, direct comparison of annual mean values can not
accurately reflect the real interannual variations. Nevertheless, this
comparison is still very important. By comprehensively considering
multi-year data, the model can still reveal the general trend of
interannual variations in DIC concentration, even with incomplete
seasonal information. This phenomenon not only aids in our deeper
understanding of the interannual variations in the carbon cycle of
the NYS, but also further demonstrates the robust simulation
capability of the ROMS-CoSiNE model for DIC concentration.

2.3.3 Validation of the sea surface partial
pressure of CO,

The verification results of surface pCO, are shown in Figure 3.
From Figure 3, it can be observed that all correlation coefficients
between the model and observations are between 0.44 and 0.71 (p<
0.001). Moreover, the RMSE for all four seasons ranges from 37 to
59 patm. The CF values for all four seasons are all less than 1. These
results indicate a high level of fit between the model and the
seasonal variations of pCO,. In terms of spatial distribution, the
simulated results of pCO, show a high similarity to the observed
data, showing a pattern of higher values near the coast and lower
values in offshore areas. Overall, the simulated and observed pCO,
values in the NYS and its adjacent seas are generally distributed in
the range of 300 to 500 patm. In the NYS, the ranges of the
simulation pCO, are relatively consistent with the observations
across all seasons. Specifically, pCO, is relatively higher in summer
and autumn, while it is relatively lower in winter and spring,
following the pattern of summer > autumn > spring > winter in
terms of pCO, variations. A further assessment of the model’s
performance in simulating the pCO, of the NYS for different years
is conducted (Figure 4B). The spatiotemporal information for both
the model and observation data is well matched for statistical
analysis. Due to difficulties in obtaining observation data, the data
for 2011 and 2015 only includes summer, 2016 only includes winter,
2012 comprises spring and autumn, 2017 includes summer and
autumn, and 2018 covers all four seasons. The R and CF values
marked in the upper right corner of Figure 4B are also calculated
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using all the corresponding station data in the NYS from
observations and model simulations across these years. The
Pearson correlation coefficient is 0.62 (p< 0.001) and the CF value
is 0.63 (Figure 4B). This indicates that the model performs well in
simulating pCO,. By comprehensively considering multi-year data,
even with incomplete seasonal information, the observed and
simulated annual mean pCO, in the NYS are similar, and the
model can capture the interannual variability observed. Despite
certain limitations, this comparison enhances the reliability of the
model in simulating pCO,.

2.3.4 Validation of air-sea CO, flux and
chlorophyll-a

The seasonal information of the data contained in each year is
already shown in Figure 4C. The R and CF values marked in the
upper right corner of Figure 4C are calculated from the 35 observed
values and the 35 corresponding simulated values of FCO, over
these years. From Figure 4C, it can be observed that the correlation
coefficient is 0.68 (p< 0.001) and the CF value is 0.63 (Figure 4C).
And if we only use the 14 average regional data from the NYS
provided by State Oceanic Administration (2010) and Wang and
Zhai (2021), the correlation coefficient will be 0.92 (p< 0.001) and
the CF value will be 0.43. From Figure 4C, it can be seen that the
annual mean FCO, values from observation and model are
relatively close, and the range of annual FCO, standard
deviations is also similar. The source-sink patterns of the NYS in
the model are generally consistent with the observations. However,
in 2013, the observed value in the NYS indicates a sink, while the
model value indicates a source. The FCO, data for 2013 come from
Xu et al. (2016) and include six values for March, May, July,
September, November, and December. Only the source-sink
patterns in July and November of 2013 are opposite between the
observations and the model. In summer (July), the FCO, result
from Xu et al. (2016) is =0.5 mmol m~2 d”!, while the model result is
0.8 mmol m > d"". In autumn (November), the FCO, result from
Xu et al. (2016) is -8.1 mmol m~2 d™', while the model result is 12.5
mmol m™ d™'. However, most of the previous studies indicate that
the NYS behaves as a source during summer and autumn (Zhang
et al., 2009; State Oceanic Administration, 2010; Xue et al., 2012;
Wang and Zhai, 2021; Yu et al,, 2023). These comparison results
indicate that the model performs well in simulating FCO,.

In addition, we also assess the interannual variations of
chlorophyll-a anomalies using the OC-CCI satellite remote
sensing data and model data (Figure 4D). The annual variations
of chlorophyll-a anomalies in OC-CCI data and model data are
generally consistent, with a CF value of 0.93 between them
(Figure 4D). Since this value is less than 1, it indicates that the
error between the model’s simulated values and the OC-CCI data is
relatively small. Therefore, it can be concluded that the model is
able to adequately fit the annual variation characteristics of
chlorophyll-a anomalies.

In conclusion, the model exhibits high consistency and fits with
observation data in terms of seasonal variations and spatial
distribution of DIC and pCO,. Furthermore, the model also can
capture the interannual variation characteristics of DIC, pCO,,
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FCO,, and chlorophyll-a anomalies. These indicate that the model
can be effectively applied to further analyze the interannual
variability of FCO, in the NYS, as well as mechanism analysis.

3 Results

3.1 Interannual variations of air-sea CO,
flux in the Northern Yellow Sea

The results of FCO, in the NYS from 2009 to 2018 are shown in
Figure 5. The multi-year average results for each season show a clear
carbon source/sink transformation with seasonal variations. The
FCO, values for winter, spring, summer, and autumn are -2.4
mmol m™d™", -3.4 mmol m™>d™", 2.5mmol m~>d™!, and 3.7 mmol
m™>d"', respectively (Figure 5A). These results fall within the range
of FCO, variations reported in previous studies. It is worth noting
that the NYS acts as a carbon sink during winter and spring, which
is consistent with previous research (State Oceanic Administration,
2013; Xu et al., 2016; Wang and Zhai, 2021; Yu et al., 2023). On the
other hand, it acts as a carbon source during summer and autumn,
which aligns with previous studies (State Oceanic Administration,
2010; Xue and Zhang, 2011; Xue et al.,, 2012; Wang and Zhai, 2021;
Yu et al., 2023). Overall, the carbon source-sink patterns in the four
seasons of the NYS are consistent with previous research.

Overall, the multi-year average results indicate that the FCO, in
the NYS is 0.1 mmol m™ d™" (Figure 5A), suggesting a close-to-
balanced carbon source-sink equilibrium and a very weak carbon
source. During the simulated period from 2009 to 2018, the FCO, in
the NYS exhibits obvious interannual variations and multiple
transitions in source and sink patterns. Specifically, in 2014, the
NYS exhibited a relatively strong source of atmospheric CO,, with
an annual average carbon source intensity of 1.0 mmol m™> d™*
(Figure 5A), which is 0.9 mmol m=>d’! (Figure 5B) higher than the
multi-year average FCO,. In contrast, 2016 is characterized by a

10.3389/fmars.2024.1412798

relatively strong sink of atmospheric CO,, with a carbon sink
intensity of -0.7 mmol m2 d! (Figure 5A), which is 0.8 mmol
m™ d™' (Figure 5B) lower than the multi-year average FCO..

Further analysis of the interannual variations in each season
reveals that, except for weak source signals in the winter of 2014 and
2015, the NYS acts as a sink for the rest of the years. The winter of
2016 stands out as an anomalously strong sink (-5.6 mmol m>d™"),
which is 3.2 mmol m™ d™' weaker than the multi-year winter average
(Figure 5A). In contrast, the interannual variations in spring indicate
that the NYS has consistently acted as a sink for atmospheric CO,
throughout the decade, with the spring of 2016 being an abnormally
strong sink at -4.9 mmol m™ d™ (Figure 5A). And this value is 1.5
mmol m™ d™" lower than the multi-year spring average (Figure 5B).
In addition, the interannual variations in summer indicate that the
NYS acts as a source of atmospheric CO, over the past decade.
However, the carbon source intensity in the summer of 2015 is
obviously weaker than the multi-year summer average, with a
reduction of 1.5 mmol m™ d™* (Figures 5A, B). Moreover, the
interannual variations in autumn also show the NYS as a source of
atmospheric CO,, with the autumn of 2014 being an abnormally
strong source at 5.4 mmol m™ d™ (Figure 5A).

The interannual variations reveal complex changes in FCO, in
the NYS, especially in anomalous years of carbon source-sink
transitions. Further research is needed to help understand the
controlling factors and driving mechanisms.

3.2 Interannual variations of the sea
surface partial pressure of CO, in the
Northern Yellow Sea

The results of pCO, in the NYS from 2009 to 2018 are shown in
Figure 6. The seasonal variations of the pCO, in the NYS are very
obvious. The pCO, values for winter, spring, summer, and autumn
are 386 patm, 381 patm, 446 patm, and 441 patm, respectively
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FIGURE 5

Interannual variations of air-sea CO, flux (FCO,) in the Northern Yellow Sea (NYS) from 2009 to 2018; (A) each color block’s value represents the
grid area-weighted average of FCO, for the NYS region, (B) each color block’s value represents the grid area-weighted average of FCO, anomalies
for the NYS region. FCO, anomalies are the difference between the FCO, in a given season or year and its multi-year average. The first row in

(A, B) represents annual averages, and the second, third, fourth, and fifth rows represent results for winter, spring, summer, and autumn, respectively.
For winter, the results are based on the average of December of the previous year and January and February of the current year. Each column
represents a year, and the last column represents the multi-year average results from 2009 to 2018. Large black solid dots represent the multi-year
maximum values, while small black solid dots represent the multi-year minimum values.
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Interannual variations of sea surface partial pressure of CO, (pCO,) in the Northern Yellow Sea (NYS) from 2009 to 2018; (A) each color block’s

value represents the grid area-weighted average of FCO, for the NYS region,

(B) each color block's value represents the grid area-weighted average

of FCO, anomalies for the NYS region. The pCO, anomalies are the difference between the pCO, in a given season or year and its multi-year

average. The first row in (A, B) represents annual averages, and the second, t
and autumn, respectively. For winter, the results are based on the average of
current year. Each column represents a year, and the last column represents
dots represent the multi-year maximum values, while small black solid dots r

(Figure 6A). With other conditions remaining unchanged, lower
pCO, usually results in a lower FCO, values, while higher pCO,
generally leads to a higher FCO, values. This is also consistent with
the conclusion in Figure 5A that the FCO, in the NYS acts as a sink
in winter and spring, and as a source in summer and autumn.

On the multi-year average results, the pCO, in the NYS exhibits
an interannual variation. Specifically, from 2009 to 2018, the highest
pCO, is 423 patm, and in 2014, the pCO, of the NYS is the second
highest at 421 patm (Figure 6A). Moreover, as shown in Figure 5,
2014 is also a year with relatively high FCO, (Figure 5).
Additionally, the pCO, in 2016 is lower than the multi-year
average results (Figure 6A), and the FCO, in 2016 is also
relatively lower than the multi-year average (Figure 5). Further
analysis of the interannual variations in each season reveals that, in
the autumn of 2014, the pCO, reaches the highest value among
multi-year autumns, 25 patm higher than the multi-year autumn
average (Figure 6B). Furthermore, the FCO, in the autumn of 2014
is also the highest among all autumn seasons (Figure 5). Moreover,
in the winter and spring of 2016, pCO, was abnormally low
(Figure 6), and the NYS also act as an abnormally strong carbon
sink during the same period (Figure 5). In the summer of 2015,
pCO, is 12 patm lower than the multi-year summer average
(Figure 6B). This is also consistent with the obviously reduction
of carbon source intensity in the summer of 2015 (Figure 5).

4 Discussion

4.1 Analysis of the influencing
factors of the carbon source-sink
interannual variation

The FCO, is a parameter reflecting the CO, exchange between the
ocean and the atmosphere. It is calculated as the product of the gas
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hird, fourth, and fifth rows represent results for winter, spring, summer,
December of the previous year and January and February of the

the multi-year average results from 2009 to 2018. Large black solid
epresent the multi-year minimum values.

transmission rate, the solubility of CO, in seawater, and the partial
pressure difference of CO, between the ocean and the atmosphere
(Equation 2). Since the first two parameters are strictly positive, they
only affect the intensity of FCO, and do not cause the change of in the
source-sink pattern (Gray et al,, 2018; Gruber et al., 2019). However,
from 2014 to 2016, there was a shift in the source-sink pattern of
FCO,, indicating that the third parameter, the CO, partial pressure
gradient at the ocean-atmosphere interface, is the key factor driving
the change of the source-sink pattern during this period. Compared
with the temporal and spatial variability of pCO,, the spatiotemporal
variability of pCO,, is relatively small (Tsunogai et al, 1997).
Therefore, the main factor causing the source-sink transition of
FCO, from 2014 to 2016 is the pCO,. The variation of pCO, can be
attributed to the effects of thermal and non-thermal factors. The
thermal effect refers to the thermodynamic adjustment of pCO, by sea
temperature, where pCO, increases slightly with the increase of
temperature. The non-thermal effect is mainly influenced by
parameters of the carbonate system, such as DIC and TALK, with
TALK being relatively conservative and exhibiting small temporal and
spatial variations, hence pCO, is primarily influenced by DIC. Jiang
et al. (2013) also indicate that the net changes in pCO, depend on the
balance between SST and DIC variations, which may offset each other.
Additionally, Omar et al. (2019) found that DIC is the main driving
factor for the interannual variability of pCO, in the North Sea, while
temperature has a secondary effect.

Figure 7 analyzes the interannual variations of the two main
factors influencing FCO,: temperature anomalies and DIC
anomalies. The interannual variability in temperature anomalies
shows that the year with the highest temperature is 2014
(Figure 7A). The average temperature in 2014 is 0.5° higher than
the multi-year average (13.1°C). Particularly in spring and summer,
the temperature in 2014 reaches the highest value in 2009 - 2018,
exceeding the multi-year average by 0.8°C and 0.3°C, respectively.
Additionally, the temperature in winter and autumn are obviously
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higher than the multi-year average temperature of each season,
rising by 0.8° and 0.3°C, respectively. Since 2014 is a year of
abnormally high temperatures in the NYS, and it is also the year
of relatively high FCO, (Figure 5), it is preliminarily speculated that
the relatively high FCO, in 2014 is caused by the abnormally high
temperatures. The following sections will quantitatively analyze the
impact of temperature increase using the empirical formulas
proposed by Takahashi et al. (1993, 2002) and the CO2SYS
program proposed by Lewis and Wallace (1998). Furthermore,
2016 is the year with the highest winter temperatures among all
winters, with temperatures exceeding the long-term average by
0.8°C. Similarly, 2015 has the highest autumn temperatures
among all autumns, with a temperature increase of 0.5° compared
to the multi-year average for autumn.

The interannual variation of DIC (Figure 7B) indicates that
2016 is a year of minimum DIC. The average DIC in 2016 is 13
mmol m > lower than the multi-year average. Specifically, the DIC
values in the winter and spring of 2016 are the lowest compared to
the multi-year averages, with decreases of 21 mmol m™ and 18
mmol m™>, respectively. Additionally, the temperature in 2016 was
0.3° higher than the multi-year average (13.1°C) (Figure 7A). The
decrease in DIC leads to lower FCO,, while the higher temperature
results in higher FCO,. The changes in these two factors have
opposite effects on FCO,, and the relatively low FCO, in 2016
(Figure 5) suggests that the decrease in DIC is greater than the
impact of the increase in temperature. Therefore, the anomalously
low DIC in 2016 is the main controlling factor for the relatively low
FCO, in that year. The following sections will further explain the
controlling mechanisms behind the anomalously low DIC in 2016
through DIC budget analysis, among other methods. Furthermore,
Figure 7B also shows that the DIC values in the summer and
autumn of 2015 are the lowest from 2009 to 2018, with decreases of
9 mmol m™ and 11 mmol m™>, respectively. This phenomenon is
consistent with the findings of Wang and Zhai (2021), whose results
indicated that the DIC concentration range in the NYS in August
2015 was 1992 + 47 umol kg™', obviously lower than the results for
June 2011 (2041 + 31 umol kg') and July 2016 (2059 + 49
umol kg™).
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4.2 Mechanism analysis of the relatively
strong source of air-sea CO, flux in the
Northern Yellow Sea in 2014

Analysis from Section 2.2 indicates that the main factor causing
the source-sink transition of FCO, from 2014 to 2016 is the pCO,.
Additionally, the abnormally high temperature in 2014 may be the
main controlling factor for the relatively strong carbon source in
that year. Therefore, a quantitative analysis is conducted on the
impact of increasing temperature on pCO, (Table 2). Then compare
the obtained changes in pCO, with the actual changes in pCO, to
validate the effect of temperature.

The average pCO, from 2009 to 2018 (pCO,_gecade) is 413 patm.
And the average pCO, in 2014 (pCO,_50;4) is 421 patm, so the actual
ApCO, change (ApCO, »vy) is 8 patm. Meanwhile, the average
temperature in 2014 is 0.5° higher than the decade’s average. This
provides the values for the two parameters on the right side of Equation
4, specifically: AT = 0.5°C, pCO;_gecade = 413 patm. Inserting these
values into the Equation 4 mentioned above, the theoretical ApCO,
value (ApCO,_tv) due to the warming effect is calculated to be 9 patm
(Table 2). And this value is very close to ApCO,_p,r, = 9 patm calculated
through the CO2SYS program. Furthermore, the changes in pCO,
derived through both methods, ApCO, iy and ApCO, o, both
closely match the ApCO,_4v. This indicates that the relatively strong
source in 2014 was dominated by the effect of rising temperatures.
Specifically, the average temperature in 2014 was 0.5° higher than the
multi-year mean (Figure 7A), leading to an increase of 0.9 mmol m™>
d™' in FCO, compared to the multi-year average (Figure 7B).

4.3 Mechanism analysis of the relatively
strong sink of air-sea CO, flux in the
Northern Yellow Sea in 2016

The analysis in section 4.1 reveals that the relatively low FCO,
in 2016 is mainly influenced by non-thermal effects. The
anomalously low DIC is the primary factor for the relatively low
FCO, in 2016. Previous studies have shown the significant role of

B
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TABLE 2 Two methods to explore the quantitative impact of
temperature changes on partial pressure of CO, in the sea
surface (pCO,).

Method Reference Input Output
AT = 0.5°
Thermal Takahashi et al. ¢ ApCO, Thy =
PCO2_decade = -
effect (1993, 2002) 9 patm
413 patm
CO28YS Lewis and Tro14 = 13.6°C ApCO;_pro =
program Wallace (1998) Tgecade = 13.1°C 9 patm

DIC in regulating the interannual variability of FCO, (Le Quere
et al,, 2000; Lovenduski et al., 2007; Doney et al., 2009; Omar et al.,
2019; Menviel et al., 2023). Wang and Zhai (2021) suggested that
the seasonal variations of sea surface pCO, are influenced by the
surface DIC concentration. And because the changes in DIC
concentration are influenced by both biological processes (net
community production) and physical processes (advection,
vertical mixing, air-sea CO, exchange). Therefore, in order to
further investigate the main reasons for the abnormal change in
DIC concentration, we analyze the interannual variations of the
DIC budget components in the NYS upper mixed layer based on
Equation 1, as shown in Figure 8.

The upper mixed layer is the top of the seasonal thermocline,
where the water properties are relatively homogeneous. The
exchange of energy, momentum, and matter between the ocean
and the atmosphere primarily occurs within the upper mixed layer
(Sun et al., 2007). Thus, selecting the ocean upper mixed layer to
investigate the mechanisms of FCO, variability is of great
significance. Figure 9 shows the minimum value, average value,
and standard deviation of the shallowest mixed layer depth from
2009 to 2018. It can be seen from Figure 9A that the minimum value
of the shallowest mixed layer depth in the center of NYS over
multiple years is approximately 10 m, and the multi-year average of
the shallowest mixed layer depth is slightly greater than this value
(Figure 9B). The multi-year standard deviation is less than 4 m
(Figure 9C). To avoid the influence of stratification depth and other,
and to ensure consistency in the selected water column for the
budget analysis, we chose the water within the minimum value of
shallowest upper mixed layer depth in Figure 9A as the upper
mixed layer.

Additionally, Figure 8 shows the interannual variations of each
component of the DIC budget in the upper mixed layer of the NYS
from 2009 to 2018. To further illustrate, Figure 8B represents the
interannual variations of the annual DIC budget, while the remaining
five subplots show the interannual variations of the DIC budget
anomalies (Figures 8A, C-E). The anomalies for each component are
calculated by subtracting the average value of that component
respectively. The purpose of this approach is to highlight which
component’s abnormal change is the main factor for driving the
interannual changes. The annual results show that the biological
processes generally exhibit a negative contribution to DIC
concentration, while vertical mixing commonly exhibits a positive
contribution to DIC concentration (Figure 8B). It should be noted
that the effect of calcium carbonate formation and dissolution is not
included in the biological processes of the current model, because of
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limited information on the abundance and distribution of planktonic
calcifying organisms. Future modeling efforts will consider additional
groups of organisms.

Below, we will conduct a further analysis of the anomaly results
(Figures 8A, C-E). Figure 7B shows that the DIC concentration in
2016 was the lowest in the multi-year period. However, based on the
annual average anomaly results, it can be observed that the net rate
of DIC change within the upper mixed layer of the NYS in 2016
exhibited a positive anomaly compared to the multi-year average,
indicating a net increase in DIC replenishment compared to the
multi-year average (Figure 8A). This suggests that the abnormally
low DIC concentration in 2016 is not caused by interannual
variations but rather stems from an initially low DIC
concentration in the winter of 2016. Figure 7B also illustrates the
lower winter DIC levels in 2016. Furthermore, Figure 7B reveal that
before the winter of 2016, the DIC concentration in the summer and
autumn of 2015 is already unusually low compared to the multi-
year average. According to the seasonal cycle adopted in this study
(winter-spring-summer-autumn), it can be concluded that the low
initial DIC concentration in winter 2016 is influenced by the DIC
variation in 2015. The DIC concentration in the initial winter of
2015 is higher than the multi-year winter average (Figure 7B).
While the net rate of DIC change within the upper mixed layer of
the NYS in 2015 exhibits a negative anomaly compared to the
multi-year average (Figure 8A), indicating an overall net decrease in
DIC concentration in 2015. Therefore, the abnormally low initial
DIC concentration in 2016 results from the processes occurring in
2015. In summary, an analysis of the interannual variations in DIC
budget anomalies reveals the abnormally low DIC concentration in
2016 is not influenced by processes within that year, but instead is
due to its abnormally low initial concentration. This initial state in
turn is affected by the net community production in the summer
and the advective processes in the autumn of 2015. Further
analysis follows.

4.4 The mechanisms of abnormally low
initial DIC concentration in 2016

According to the analysis results from the previous section, the
abnormally low initial DIC concentration in the NYS in 2016 can be
attributed to the decrease in DIC during 2015. Combining
Figures 8C-E, it can be observed that the net rate of DIC
concentration change during the winter and spring of 2015 is
positively anomalous compared to the multi-year average, while
during the summer and autumn, it is negatively anomalous. This
indicates that the anomalous decrease in DIC is primarily
controlled by processes during the summer and autumn of 2015.
It is worth noting that the net rate of change in DIC during the
summer net community production in 2015 shows the most
pronounced relative change compared to the multi-year summer
average, with a difference of -0.5 mmol m> 4! (Figure 8E).
Furthermore, compared to other components, the net rate of
change in DIC during the autumn advection processes in 2015
shows the most distinct change relative to the multi-year autumn
average, with a difference of -0.6 mmol m™ d™" (Figure 8F). To
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further investigate the influence of these two processes, the primary
production, water fluxes, and DIC fluxes in and out of the NYS in
2015 are analyzed (Table 3; Figure 10).

First, to examine the impact of the summer net community
production in 2015, the interannual variations of primary
production anomalies in the NYS from 2009 to 2018 (Figure 11)
are analyzed using model results. From Figure 11, it can be seen that
the average primary production anomaly in 2015 is high, and the
primary production during the summer of 2015 is the highest
among summers in multi-year. Specifically, during the summer of
2015, the primary production is 0.7 mmol m™ d™" higher than the
multi-year average for summers. This will lead to a higher
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consumption of DIC due to biological processes, consistent with
the understanding of the lower DIC concentration during the
summer of 2015 (Figure 7). Furthermore, Wang and Zhai (2021)
also indicated that in August 2015, the NYS exhibited abnormally
high DO saturation and low CO, fugacity compared to other survey
years. Therefore, the higher level of phytoplankton primary
production during the summer of 2015 results in increased DIC
consumption, contributing to the lower DIC concentration in the
NYS during that season.

To further explore the impact of advection processes, the BS -
NYS section and the SYS - NYS section (as shown in Figure 1) are
selected for the analysis of water fluxes and DIC fluxes (Table 3;
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Figure 10). To maintain consistency with the previous budget
analysis, the flux calculation is confined to the upper mixed layer.
The water flux is calculated by multiplying the grid velocity by the
grid cross-sectional area, and then summing up the entire section,
while the DIC flux is calculated using the same method, but it
requires multiplying the DIC concentration of each grid section.
The results show that in the BS - NYS section, the water and DIC

fluxes during the autumn of 2015 exhibit a net outflow anomaly
compared to the multi-year autumn average, with increases of
33.63% and 33.20% in the outflow water and DIC fluxes,
respectively (Table 3). In contrast, in the SYS-NYS section, the
autumn of 2015 exhibits a net inflow anomaly compared to the
multi-year autumn average. Although the DIC flux inflow increases
by 27.05% compared to the multi-year average, it is mainly due to

TABLE 3 Water flux and dissolved inorganic carbon (DIC) flux in the upper mixed layer on the Bohai Sea (BS) — Northern Yellow Sea (NYS) section and
the Southern Yellow Sea (SYS) — NYS section.

the BS —NYS section Autumn 2015 Multi-year Autumn
autumn average 2015 anomaly
Water flux (107 Sv) 0.89 0.81 £0.23 0.08
Influx DIC flux (10 kmol C s’l) 1.90 1.73 £ 0.49 0.16
DIC concentration (mmol C m™) 2135 2136 -1
Water flux (107> Sv) -1.51 -1.13 £ 0.36 -0.38
Efflux DIC flux (10 kmol Cs™") -321 -2.41 £ 0.76 -0.8
DIC concentration (mmol C m™>) 2126 2133 -7
Water flux (107 Sv) -0.62 -0.32 £ 0.19 -0.29
Net
DIC flux (10 kmol C s’l) -1.31 -0.68 + 0.40 -0.64
the SYS - NYS section Autumn 2015 Multi-year autumn average Autumn 2015 anomaly
Water flux (1072 Sv) 4.86 3.80 + 0.60 1.07
Influx DIC flux (10 kmol Cs™") 10.23 8.06 + 1.25 2.18
DIC concentration (mmol C m™) 2105 2121 -16
Water flux (107 Sv) -5.26 -5.10 + 0.58 -0.16
Efflux DIC flux (10 kmol C s’l) -11.12 -10.81 + 1.26 -0.31
DIC concentration (mmol C m™) 2114 2120 -6
Water flux (107 Sv) -0.40 -1.30 + 0.61 0.91
Net
DIC flux (10 kmol C s™") -0.89 -2.76 + 1.31 1.87

The positive and negative values for Autumn 2015 and the multi-year autumn average indicate inflow and outflow into the NYS, respectively. The anomalies in autumn 2015 represent the

difference in water and DIC fluxes compared to the multi-year autumn average. (1 Sv = 10° m
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) and dissolved inorganic carbon (DIC) flux (10 kmol C s7%) in each month of autumn 2015,

including inflow, outflow, and net flux anomalies. (A—C) The Bohai Sea (BS) — Northern Yellow Sea (NYS) section, (D-F) the Southern Yellow Sea
(SYS) — NYS section. (A, D) September anomalies, (B, E) October anomalies, (C, F) November anomalies.

the inflow of more low-concentration-DIC water. The water volume
increases by 28.15% relative to the multi-year average, while the
DIC concentration decreases by 16 mmol C m™ compared to the
average (Table 3). Furthermore, as indicated by Figure 2 and survey
results (Wang and Zhai, 2021), the autumn DIC concentration in
the BS and the NYS generally exhibited a north-high and south-low
spatial distribution pattern. The enhanced water transport from the
SYS to the NYS introduces more low-concentration-DIC water.
These results indicate that the abnormally high DIC reduction in
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FIGURE 11

Interannual variations of the primary production anomalies in the
Northern Yellow Sea (NYS) from 2009 to 2018. Large black solid
dots represent the multi-year maximum values, while small black
solid dots represent the multi-year minimum values.
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the autumn advection process of 2015 is mainly due to the increased
influx of low-concentration-DIC water from the SYS into the NYS
and the increased outflow from the NYS into the BS.

To further investigate the cause for the anomalous fluxes, an
analysis of the average flow field for the autumn of 2015 is conducted,
revealing no obvious anomalies in the flow field. When specifically
analyzing the inflow, outflow, and net flux anomalies of water and
DIC fluxes in each month of autumn 2015 (Figure 10), it is found that
November is the key month responsible for the pronounced
reduction in the advection processes and the high DIC anomalies.
In both the BS — NYS section and the SYS — NYS section, the net flux
anomalies of water and DIC in November are markedly higher than
in September and October. In the BS — NYS section, the net flux
anomalies of water and DIC in November are —0.5 x 107> Sv and -
1.09 x 10 kmol C 5", respectively. In the SYS — NYS section, the net
flux anomalies of water and DIC in November were 2.67 x 107> Sy
and 5.59 x 10 kmol C s, respectively. This indicates that the
advection in November 2015 plays a key role in reducing the DIC
concentration in the NYS during the autumn.

Wan et al. (2015) showed that strong wind events can evidently
affect the circulation and water exchange capacity in the BS (Wan
et al,, 2015). Figures 12A, B indicate that in the BS - NYS section,
wind stress abnormally intensifies, and the wind direction shifts
towards the northeast. Due to the Coriolis force and Ekman
transport, the flow field anomaly at the section shifts westward,
leading to an increase in water flowing from the NYS to the BS. In
the SYS - NYS section, there is an eastward shift in wind stress
anomalies, causing the flow field anomalies to shift northward. The
flow from the SYS to the NYS obviously increased, leading to an
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(A) Wind stress anomalies in November 2015, (B) Current field anomalies in November 2015. The green dashed lines represent the Bohai Sea (BS) —
Northern Yellow Sea (NYS) section and the Southern Yellow Sea (SYS) — NYS section in this study.

increased influx of low-concentration-DIC water from the SYS into
the NYS. Li et al. (2015) also pointed out that strong wind events
increased the water exchange between the Bohai and Yellow Seas,
leading to a deeper intrusion of YS water into the BS.

In conclusion, net community production in the summer of
2015 and advection processes in the autumn combine to result in
abnormally low initial values of DIC concentration in 2016. The
anomalous decrease in DIC during the summer of 2015 is mainly
attributed to the abnormally high level of phytoplankton primary
production. The impact of the advection processes in the autumn of
2015 is primarily reflected in the strong northeasterly wind event
and the anomaly of the flow field in November 2015, which causes a
deeper intrusion of YS water into the BS and an enhanced flow from
the SYS into the NYS. The DIC concentration exhibits a spatial
distribution that gradually increases from south to north. These
ultimately lead to higher DIC flux from the NYS into the BS in the
upper mixed layer and increase the inflow of low-concentration-
DIC water from the SYS into the NYS. All of these finally lead to the
abnormally low initial DIC concentration in 2016.

5 Conclusions

The continental shelf seas play a pivotal role in the air-sea CO,
exchange. However, due to the complex spatio-temporal variations
and sparse field observations, there is a lack of understanding of the
interannual variability of FCO,. In this study, the hindcast simulation
of the 3-D physical-biogeochemical-carbon cycle coupled model is
used to analyze the underlying mechanism behind the abnormal
carbon source/sink pattern in the NYS. The simulation results reveal
the significant interannual variability in the NYS’s FCO,. Specifically,
the NYS acts as an abnormalCO, source in 2014 and transitions into
an anomalous sink in 2016. The relatively strong CO, source in 2014
is attributed to abnormally high temperatures, while the relatively
strong CO, sink in 2016 is due to the abnormally low DIC
concentration. Further investigation reveals that the cause of the
low DIC concentration in the NYS in 2016 is the initial low DIC
concentration. The low initial DIC concentration results from the
combined effects of high primary production in the summer of 2015
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and advection processes in the autumn of 2016. Net community
production increase DIC consumption due to abnormally high
primary production in the summer of 2015. Advection processes
reduce more DIC due to the strong northeasterly wind event and
anomalous current patterns. These further increase higher DIC flux
from the NYS into the BS in the upper mixed layer and increase the
inflow of low-concentration-DIC water from the SYS into the NYS.
This study deepens the understanding of the interannual variability of
the FCO, in the NYS. It also reveals that physical and biological
processes are crucial not only for seasonal variability but also for
interannual variability in sea-air CO, source and sink dynamics. This
is of great significance for better assessing the carbon sink capacity of
the continental shelf seas under future climate change.
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