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Abstract The drivers governing the air-sea CO, exchange and its variability in the coastal ocean are poorly
understood. Using a global ocean biogeochemical model, this study quantifies the influences of thermal
changes, oceanic transport, freshwater fluxes, and biological activity on the spatial and seasonal variability of
CO, sources/sinks in the global coastal ocean. We identify five typical coastal behaviors (dominated by
biological drawdown, vertical transport, land imprint, intracoastal alongshore currents, and weak CO, sources
and sinks coastal regions) and propose a new processed-based delineation of the coastal ocean based on the
quantification of these controlling processes. We find that the spatiotemporal variability of CO, sources/sinks is
dominated by strong exchanges with the open ocean and intracoastal processes, while continental influences are
restricted to hotspot regions. In addition, where thermal changes appear to drive the seasonal CO, variability, it
often results from compensating effects between individual non-thermal terms, especially biological drawdown
and vertical transport.

Plain Language Summary Large progress has been made to further our understanding of the
exchange of CO, between the atmosphere and the global coastal ocean. The complex interplay of physical and
biogeochemical processes controlling these CO, fluxes as well as their variations in time and space are still,
however, poorly quantified. This knowledge gap limits our understanding of how coastal regions respond to
anthropogenic perturbations. This study aims at assessing the extent to which the spatial and seasonal variability
of the CO, exchange between the global coastal ocean and the atmosphere is controlled by exchanges with the
adjacent open ocean, the imprint of land inputs, or intracoastal processes. After a careful evaluation against an
observation-based product of coastal air-sea CO, fluxes, the global biogeochemical model MOM6-COBALT is
used to quantify the respective contributions of thermal changes, biological activity, freshwater influence as
well as oceanic transport on the spatial and seasonal air-sea CO, dynamics for the coastal ocean worldwide. We
identify five typical behaviors within coastal systems and delineate regions under the imprint of land, dominated
by intracoastal alongshore currents, biological drawdown, vertical transport, and weak CO, sources/sinks
coastal regions.

1. Introduction

Globally, the coastal ocean acts as a sink of carbon dioxide (CO,) by taking up between 0.19 and 0.45 Petagrams
of carbon from the atmosphere each year (Pg C yr_], Borges, 2005; Borges et al., 2005; Cai, 2011; C. T. A. Chen
& Borges, 2009; C. T. A. Chen et al., 2013; Dai et al., 2013; Laruelle et al., 2010), with the latest estimates
pointing toward the lower estimates (Dai et al., 2022; Regnier et al., 2022; Resplandy et al., 2024; Roobaert
et al., 2019). This global uptake is the cumulated effect of strong coastal CO, sinks in temperate regions and at
high latitudes, partially compensated by weak coastal CO, sources in sub-tropical and tropical regions (e.g.,
Borges et al., 2005; Cai, 2011; Cao et al., 2020; C. T. A. Chen et al., 2013; Dai et al., 2022; Laruelle et al., 2010,
2014; Resplandy et al., 2024; Roobaert et al., 2019). This large-scale latitudinal gradient suggests that sea surface
temperature (SST) is a first order control on the sea surface partial pressure of CO, (called hereafter pCO,) and
hence on the coastal air-sea CO, flux (FCO,) (e.g., Laruelle et al., 2014). However, strong variability at a smaller
spatial scale, within a given latitudinal band, indicates that SST works in conjunction with other processes, such as
the supply of dissolved inorganic carbon (DIC) by upwelling or the DIC consumption by biological activity, to
control pCO, and FCO, (e.g., Laruelle et al., 2014).

ROOBAERT ET AL.

1 of 22


https://orcid.org/0000-0002-4168-5494
https://orcid.org/0000-0002-1212-3943
https://orcid.org/0000-0003-2869-4713
mailto:alizee.roobaert@vliz.be
https://doi.org/10.1029/2023GB007799
https://doi.org/10.1029/2023GB007799
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023GB007799&domain=pdf&date_stamp=2024-03-20

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007799

While the spatial distribution of the coastal FCO, is now relatively well constrained thanks to the significant
increase in field measurements (19 million of coastal pCO, data in the last release of the Surface Ocean CO, Atlas
data product, SOCATv2022, Bakker et al., 2022) and the popularization of advanced interpolation techniques
allowing the production of data driven spatially continuous monthly pCO, climatologies (Chau et al., 2022; Fay
et al., 2021; Landschiitzer et al., 2020; Laruelle et al., 2017; Roobaert et al., 2024), on seasonal timescale its
variability is less known at the global scale and only recently started to be investigated (e.g., Cao et al., 2020; Dai
et al., 2022; Laruelle et al., 2014; Resplandy et al., 2024; Roobaert et al., 2019). At first order, FCO, seasonal
amplitude is large at temperate and high latitudes and decreases equatorward. This seasonality in coastal FCO, is
mainly governed by changes in pCO, although wind speed and sea-ice cover can also play an important role in
some coastal regions, in particular at temperate and high latitudes (e.g., Arruda et al., 2015; Frankignoulle &
Borges, 2001; Nakaoka et al., 2006; Roobaert et al., 2019; Shadwick et al., 2010, 2011; Turi et al., 2014;
Yasunaka et al., 2016). In light of this emerging understanding, an important knowledge gap remains in the
identification and quantification of the different processes and mechanisms responsible for these variations.

Quantification of the physical and biogeochemical processes that control the coastal pCO, and hence CO,
sources/sinks and their seasonal variations has only been investigated regionally (e.g., Cao et al., 2020; Turi
et al., 2014), and remains an open challenge at the scale of the global coastal ocean. The annual average and
seasonal variations in pCO, have mostly been investigated through the decomposition into a thermal effect tied to
SST changes and a non-thermal effect (combining the influences of changes in Alkalinity (ALK), sea surface
salinity (SSS) and DIC), which is quantified as the residual between the thermal effect and the net change in pCO,
(see Takahashi et al., 1993). Using this method, studies relying on observational time-series from 10 buoys
located along the U.S coasts (S. Chen & Hu, 2019), from global but discrete pCO, data from the SOCAT database
(Cao et al., 2020) or from a global continuous monthly resolved pCO, climatology derived from in situ sea surface
CO, observations (Laruelle et al., 2017), have suggested that the coastal pCO, seasonality broadly follows that of
the neighboring open ocean. These analyses suggested that non-thermal effects control pCO, seasonality at
temperate and high latitudes, whereas the thermal effect is the main controlling factor at low latitudes (tropical
and subtropical regions), except in coral reef ecosystems and river and upwelling dominated shelves where non-
thermal processes are the main control (e.g., Cao et al., 2020; S. Chen & Hu, 2019; Laruelle et al., 2017).

To investigate non-thermal effects further, Cao et al. (2020) and Dai et al. (2022) established a simple mass
balance equation allowing to distinguish two distinct regimes in the CO, flux dynamics: the river-dominated
ocean margins (“RiOMar”), where the carbon fluxes are primarily controlled by terrestrial loads and thermo-
dynamics effects associated with change in SSS (see e.g., Abril et al., 2021), and ocean-dominated margin
(“OceMar”) where the carbon fluxes are primarily controlled by exchanges with the surrounding open ocean. In
RiOMar systems (McKee et al., 2004; Rabouille et al., 2001), the CO, flux dynamics results from the ratio
between terrestrial nutrient loads (which promote biological photosynthetic activity) relative to terrestrial dis-
solved organic matter loads (which promotes biological remineralization). In OceMar (Dai et al., 2013), the CO,
flux dynamics result from open ocean nutrient and DIC inputs via horizontal circulation and vertical exchanges
(mixing and upwellings). This method has successfully been applied to three coastal regions in Cao et al. (2020)
and to seven coastal regions in Dai et al. (2022) and provides a semi-quantitative view of the underlying processes
driving the CO, dynamics but groups the ocean-dominated shelves into a single category although distinct be-
haviors have been documented (e.g., Fennel & Wilkin, 2009; Frischknecht et al., 2018; Laruelle et al., 2015). The
CO, flux dynamics in the coastal ocean was also investigated by Cai et al. (2006) and Cai (2011) using a
conceptualization of the coastal ocean into three types of coastal systems (Western and Eastern boundary currents
and polar coastal region) and seven provinces (Antarctic, Arctic, eutrophic, mesotrophic, low-latitude Western
boundary current, low and mid-latitude Eastern boundary current). These provinces were defined using both
physical and biological properties (e.g., difference in ocean circulation, latitude, morphology, primary produc-
tivity) which potentially influence DIC dynamics as suggested in prior work (e.g., Ducklow & McCallister, 2004;
Walsh, 1988; Wollast, 1998). With this approach, Cai et al. (2006) and Cai (2011) aimed to provide a reliable
estimation of global coastal FCO, through the collection and synthesis of available data-driven local FCO, es-
timates in each type of system and their extrapolation over the surface areas of each province.

K. Liu et al. (2010) proposed a finer classification accounting for climatic conditions and boundary currents,
dividing the coastal ocean into polar, subpolar, and tropical shelves, Eastern boundary currents, Western
boundary currents, monsoon dominated shelves and marginal coastal seas. However, the geographical limits of
each class were not clearly defined, and the segmentation mostly relied on physical criteria. This classification
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was subsequently used as a basis of the MARCATS segmentation (for MARgins and CATchments Segmentation,
Laruelle et al., 2013), which divides the global coastal ocean into 45 units based on hydrological, climatic, and
geomorphological properties. The MARCATS segmentation has been used since then to investigate for example,
the residence time of coastal waters (e.g., X. Liu et al., 2019) and to investigate the carbon dynamics of the coastal
ocean (e.g., Bourgeois et al., 2016; C. T. A. Chen et al., 2013; Dai et al., 2022; Lacroix et al., 2020; Laruelle
et al., 2014; Roobaert et al., 2019) despite still not being constrained by the spatiotemporal distribution of the
physical and biogeochemical processes controlling the carbon and CO, dynamics in the global coastal ocean. For
instance, Roobaert et al. (2022) identified a significant biogeochemical heterogeneity within individual MAR-
CATS and the broad shelf classes by K. Liu et al. (2010).

In parallel to these efforts to construct global conceptual coastal typologies capturing the different CO, dynamics,
process-based models of the global coastal ocean carbon cycle have been developed over the last two decades.
Conceptual box models were first developed (e.g., Mackenzie et al., 2002, 2012; Rabouille et al., 2001; Ver
et al., 1999) to investigate the long-term evolution of the global coastal FCO,, suggesting a shift from a net CO,
source under pre-industrial conditions to a present-day net CO, sink induced by atmospheric CO, increase and the
impact of enhanced nutrient inputs from the land on the coastal biological carbon pump (e.g., Mackenzie
et al., 2002). However, the response of the biological carbon pump was highly uncertain in these highly idealized
simulations (Regnier et al., 2013), ignoring the highly heterogeneous character of the global coastal ocean. In
recent years, global ocean biochemical models have increasingly been applied to resolve the global coastal ocean
carbon cycle (Bourgeois et al., 2016; Lacroix et al., 2020, 2021a, 2021b; Mathis et al., 2022; Roobaert
et al., 2022). These models overall revealed much stronger exchanges with the open ocean, leading to signifi-
cantly shorter water residence times on the shelves (Lacroix, Ilyina, Laruelle, & Regnier, 2021; X. Liu
et al., 2019) than previously found with box-models, and a weaker imprint of the land on the coastal carbon
dynamics. In addition, long-term simulations hint at a weaker anthropogenic perturbation, suggesting that the
global coastal ocean may already have been a CO, sink during pre-industrial times (Lacroix, Ilyina, Laruelle, &
Regnier, 2021; Regnier et al., 2022).

These global ocean biogeochemical model simulations provided useful insights into the underlying physical and
biogeochemical processes responsible for the century-scale evolution of the air-sea CO, exchange. However, they
did not address the extent to which the same processes control the spatial and seasonal variability in the global
coastal CO, fluxes. Only regional scale model applications (e.g., Arruda et al., 2015; Turi et al., 2014; Yasunaka
et al., 2016) have decomposed the pCO, seasonality into changes induced by thermal effects, biological activity,
oceanic circulation, and the air-sea CO, exchange itself. For instance, Turi et al. (2014) found that coastal pCO,
seasonality in the California Current was dominated by the oceanic circulation while Arruda et al. (2015) found
that the thermal effect and biological activity dominate the seasonal signal in the Patagonian shelf.

This study aims to fill the gaps in our understanding of the different drivers that govern the CO, spatial and
seasonal variability for the coastal regions worldwide. More specifically, our objectives are three-fold:

¢ Quantify the respective contributions of freshwater inputs, ocean circulation and biological activity by
determining the spatial variability in global coastal CO, sources/sinks

¢ Quantify the respective contributions of thermal effects, freshwater inputs, ocean circulation and biological
activity on the seasonal variability of the global coastal CO, exchange

e Propose a new delineation of the global coastal ocean based on the quantification of the internal control
mechanisms of the coastal CO, dynamics.

To do so, we leverage the method described in Roobaert et al. (2022), which refines the traditional Takahashi
et al. (1993) decomposition to more robustly capture the highly variable CO, dynamics encountered in coastal
waters. We evaluate the global ocean biogeochemical model MOM6-COBALT against the observational pCO,-
based product of Laruelle et al. (2017). We then use it to simulate the spatiotemporal FCO, coastal dynamics and
its decomposition into the underlying physical and biogeochemical processes driving the exchange, as illustrated
by Roobaert et al. (2022) for three well studied coastal regions. This study provides a spatiotemporally explicit
global application of this approach, allowing for the quantification of the different processes and mechanisms
responsible for the FCO, variability in the global coastal ocean.
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2. Methods
2.1. Coastal Air-Sea CO, Exchange

We use simulations obtained from the Geophysical Fluid Dynamics Laboratory global ocean/sea-ice Modular
Ocean Model version 6 (MOMS6, Adcroft et al., 2019) coupled to the biogeochemical module Carbon Ocean
Biogeochemistry And Lower Trophics version 2 (COBALTV2, Stock et al., 2014, 2020) to simulate the coastal
ocean FCO, at a nominal horizontal resolution of 0.5° globally (0.5° for longitude, 0.25°-0.5° for latitude). The
ocean carbonate chemistry in COBALTV2 uses the Model the Ocean Carbonate System (Mocsy 2.0, Orr &
Epitalon, 2015). A detailed description of the model can be found in Text S1 of Supporting Information S1 as well
as in Liao et al. (2020) and Roobaert et al. (2022). Our model results are evaluated against a coastal FCO, product
derived from the monthly 0.25° continuous pCO, coastal product of Laruelle et al. (2017). This observation-based
climatology was generated by a two-step artificial neural network interpolation technique relying on 13.6 million
measurements extracted from the SOCATv4 database (Bakker et al., 2016) for the 1998-2015 period. For both
products, FCO, (mol C m™2 yr™") is calculated using the following formulation:

FCO, = k Ky (1 — fie)APCO, €))

where ApCO, is the air-sea pCO, difference (atm), K, is the SST- and SSS-dependent CO, solubility constant
(mol C m™> atm™"), f,.,. is the sea-ice fraction coverage (no unit) and k is the wind speed dependent gas exchange
transfer velocity (m yr~', see Text S2 in Supporting Information S1 for a detailed description). Positive FCO,
values are a CO, source to the atmosphere. The modeled FCO, uses ApCO, computed by MOM6-COBALT
(regridded to the 0.25° observation-based FCO, grid) and is calculated online, that is, ApCO, and the wind
speed dependent gas exchange transfer velocity term are updated at each time step of the model and thus coupled
to one another. A larger value of k reduces the pCO, gradient at the air-water interface and thus the CO, flux. The
observation-based FCO, is however calculated offline and there cannot be any compensatory effects between the
different terms in Equation 1. The monthly FCO, maps calculated online using MOM6-COBALT are the inte-
gration of shorter time scale calculations by the model, while the calculations performed using the observation-
based product rely on monthly mean values. However, to minimize the bias possibly associated with this dif-
ference, both observation-based and modeled FCO, are calculated using the same k-relationship versus wind
speed that is, the one from the model which is based on the parameterization of Wanninkhof (1992) and the wind
speed from JRAS55-do v1.3 (Tsujino et al., 2018). K, is computed using observed SST and SSS in the observation-
based FCO,, while it is computed using simulated SST and SSS in the model (see Text S2 in Supporting In-
formation S1). The sea-ice cover is from observed sea-ice (Cavalieri et al., 1996) for the observation-based FCO,,
while it is modeled by the sea-ice model SIS2 in MOM6-COBALT (Adcroft et al., 2019). For the modeled FCO,,
the atmospheric pCO, is derived from the latitudinally and -temporally varying atmospheric pCO, dataset from
the Earth System Research Laboratory (ESRL, Joos & Spahni, 2008). For the observation-based FCO, product,
the atmospheric pCO, is derived from the SeaFlux product (Fay et al., 2021). The difference in atmospheric pCO,
between the product used for the model calculation (ESRL) and the observation-based calculation (SeaFlux) is
however very small and significantly smaller than the magnitude of the pCO, gradient used to calculate FCO,.

The coastal domain is defined here following Laruelle et al. (2017) using a global mask that excludes estuaries and
inland water bodies and covers a total surface area of 77 million km>. The outer limit of the coastal domain is set
by whichever point is the furthest from the shoreline between the 1,000 m isobath and a fixed 300 km distance
(roughly the outer edge of territorial waters). The spatiotemporal differences observed between the model and the
observation-based FCO, product (see Sections 3.1 and Figure S2 in Supporting Information S1) can be largely
attributed to differences in ocean pCO, since we use the same k-parameterization and wind product (see Text S2
in Supporting Information S1). In contrast, the influence of other parameters (e.g., the sea-ice coverage, K, see
Equation 1) is small compared to the one associated with pCO, (see Text S2 and Figure S3 in Supporting In-
formation S1; e.g., Roobaert et al., 2018, 2024; Wanninkhof, 2014).

The model performance and its ability to simulate the spatiotemporal pCO, dynamics is extensively discussed in
Roobaert et al. (2022) in which a detailed model-data comparison at global scale and for each of the 45 units of the
MARCATS segmentation of Laruelle et al. (2013) is presented. This comparison was performed against raw
pCO, data from the SOCAT database as well as the observation-based pCO, of Laruelle et al. (2017). The model
performance was also evaluated against in situ observations for several environmental parameters that are known
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to control pCO, and thus the CO, flux such as SST, SSS and sea surface nutrients (i.e., silicates, phosphate, and
nitrate). Results from Roobaert et al. (2022) showed that for most coastal regions, the model reproduces the spatial
and temporal variability of pCO, and environmental variables. In this manuscript, the model was further eval-
uated against DIC and ALK data (see Text S3 and Figures S4-S6 in Supporting Information S1).

Based on several evaluation criteria (i.e., annual average pCO, mismatch <20 patm, Pearson correlation coef-
ficient >0.5 on their pCO, seasonal cycles, and seasonal pCO, amplitude mismatch <20 patm), Roobaert
et al. (2022) identified regions of agreement and strong mismatch between MOM6-COBALT and the
observation-based annual mean pCO, and seasonal cycles using the MARCATS segmentation (dotted regions in
Figure S7 of Supporting Information S1 correspond to strong mismatch, see Roobaert et al. (2022) for details).
Regions of strong mismatch mainly correspond to semi-enclosed seas, also defined as marginal seas in the
classification of K. Liu et al. (2010), for example, the Baltic Sea, the Mediterranean Sea, or the Sea of Japan, for
which a strong mismatch was also observed between the model output and some other environmental variables
(i.e., SSS, SST, sea surface nutrients; see Roobaert et al., 2022). Due to these strong model-data disagreement and
the complex nature of these semi-enclosed seas which are particularly difficult to simulate for a global oceanic
model such as MOM6, we decided to not discussed these regions when investigating the respective contributions
of the different processes determining the annual mean and seasonal FCO, variability (i.e., the Hudson Bay, the
Baltic, the Mediterranean, the Black, and the Red seas, the Persian Gulf, the Sea of Japan, and the Sea of
Okhotsk). 6 other MARCATS regions were characterized by Roobaert et al. (2022) as regions of strong model-
data pCO, mismatch: the Peruvian upwelling current, the West Arabian Sea, the Bay of Bengal, the Sea of
Labrador, the New Zealand, in the Tropical East Pacific and SE of Asia. These regions should be considered with
caution, but we decided to include them in the process of decomposition analysis since it is difficult to assess if the
mismatch between the model and the observation-based product really corresponds to poor performance of the
model itself or weakness of the data product in data-poor areas (Roobaert et al., 2022). Indeed, most of these
regions are scarcely sampled in the SOCAT database (see Figure S7 in Supporting Information S1) and/or
represent regions of complex dynamics of biogeochemical settings (e.g., upwelling, sea-ice coverage, ...) for
which the observation-based pCO, suffers from poor performance (Laruelle et al., 2017; Roobaert et al., 2022).

2.2. Contribution of Ocean Processes to the Coastal CO, Response

Surface ocean pCO, responds to changes in DIC, ALK, SST, and SSS associated with physical and biological
processes (Sarmiento & Gruber, 2006; Wolf-Gladrow et al., 2007). We use the decomposition method developed
by Liao et al. (2020) and adapted for coastal regions in Roobaert et al. (2022) to quantify how ocean processes
influence the oceanic CO, response (noted “CResponse”):

opCO,
oDIC

0,pCO, — ( 0,DIC, ﬂux)

CResponse

opCO,
~ o ogr (OSST, + ST, +0,SST,)
thermal
apCoO, apCoO, apCoO, apCO, apCO,
+( “pic ODIChio + = 2OALKy, | + (5 FODIC, + 2O ALK, + o FOSSS,
bio Vcirc
vert. biophysical dyn.
apCO, apCO, apCO, apCO, apCO, apCO,
0,DIC ——=0,ALK ———=0,5SS 0,DIC,, + ———=0d,ALK| d,SSS
+<0DIC Pt ALK O F 5gss P [ Gpie AP F ALK Mt osss O
Fw Hcirc

FW and lateral trans.

@
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The Left-Hand Side (LHS) of Equation 2 represents the oceanic CO, response (“CResponse,” see Table S1 in

Supporting Information S1) which includes two contributions: (a) the air-sea CO, flux (%%a,mccoz flux) Which

acts to compensate for changes in DIC by exchanging with the atmosphere, and (b) the residual pCO, change over
the period considered (d,pCO,) which arises from the fact that the ocean and the atmosphere are not equilibrated on
seasonal timescales (CO, equilibration timescale of ~10 months for a Mixed Layer Depth (MLD) of 50 m, see
Sarmiento & Gruber, 2006). On average between 1998 and 2015, the air-sea flux almost equilibrates the changes in
pCO, tied to the Right-Hand Side (RHS) (i.e., 0,pCO, = 0) and the CO, response therefore nearly equates the air-

. pCO,
= DIC

annual variability. On seasonal timescales, however, both the air-sea CO, flux and d,pCO, contribute to the CO,

sea CO, flux (CResponse 0,DICc0), f4x), the small difference between the two being explained by inter-

response.

The RHS of Equation 2 represents the ocean processes that affect pCO, through changes in ALK, DIC, SSS,
and SST. The thermal effect (noted “thermal”’) includes changes in SST associated with horizontal oceanic
transport (advection, and diffusivity in the meridional and zonal directions, noted 9,SST),), vertical oceanic
transport (vertical advection and diffusivity, 9,SST,) and the effect of the surface heat flux (9,SST,). The
thermal effect here includes all processes influencing temperature in the ocean. This contrasts with other
decomposition methods (e.g., Lauderdale et al., 2016) in which the thermal effect is defined as the influence
of air-sea heat flux alone, while thermal changes due to ocean circulation are combined into a residual with
other terms. Separating air-sea heat fluxes from ocean heat transport in their effect on DIC overestimates the
impact of thermal changes as the two processes largely compensate each other (for instance, mixed-layer
warming due to advection/mixing is rapidly compensated by air-sea heat loss to the atmosphere e.g., Liao
et al., 2020).

The term noted “bio” denotes the DIC and ALK changes induced by biological processes (photosynthesis/
respiration, calcium carbonate dissolution/precipitation and denitrification/nitrification). Changes in chemical
species (DIC, ALK, and SSS) associated with the vertical oceanic transport (advection and mixing) are
represented by the term noted “Vcirc.” Grouped together, the sum of bio and Vcirc represents the net
changes in chemical species by vertical biophysical dynamics (noted “vert. biophysical dyn.”) and provides
insight on whether the biological drawdown or the vertical supply control this local balance. Changes in
DIC, ALK, and SSS associated with lateral transport and dilution/concentration effects by freshwater (i.e.,
precipitation/evaporation, river runoff and sea-ice formation/melting) are represented by the “Hcirc” and the
“FW” terms, respectively. We grouped together these two terms (noted “FW and lateral trans.”) to isolate
the influence of the thermal effect and the vertical biophysical dynamics from the other processes. Further
details about the method including the coefficients used for the pCO, dependency on DIC, ALK, SST, and

apCO, apCO, IpCO, 4pCO,
SSS (Gpic gatk osst> and Ssss

method can be found in Text S1 of Supporting Information S1 as well as in Liao et al. (2020) and in
Roobaert et al. (2022).

), the model configuration, spin-up, simulation protocol and decomposition

The contribution of the different mechanisms on the RHS of Equation 2 to the oceanic CO, response was
quantified on the 0.25° grid. All variables were averaged between the sea surface and the MLD, defined here as
the depth where the water density is 0.01 kg m™> denser than the water at the surface (minimum MLD of 5 m). On
annual timescales, the relative contribution between the thermal effect, the vertical biophysical dynamics and the
freshwater and lateral transport is calculated as the fraction of the CO, response associated with each process. On
seasonal timescales, we first perform linear regressions of the monthly seasonal anomaly of process x onto the
monthly seasonal anomaly of the CO, response and evaluate the slopes f for each process (e.g., finermar fOI the
thermal contribution). Our simple linear regression method shows that over 83% of the coastal grid cells, the 7% of
the dominant process is >0.5 (see Figure S8 in Supporting Information S1). Due to the nonlinear dependence of
the different terms used in Equation 2, however, the sum of the three fs is not perfectly equal to 1. We thus
quantify the relative contribution of each process by normalizing the sum of the three absolute values of  to 1 and
recalculate the relative contribution of each of the three processes (see Figure S9 in Supporting Information S1).
Next, we associate the dominance of one process or the co-dominance of two or the three processes based on a
color ternary diagram with a threshold of 30%. Based on this reconstructed ternary plot, each pixel is associated
with its corresponding color.
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Figure 1. Annual average air-sea CO, flux (FCO,, mol C m~ yr_l) (a) simulated by the MOM6-COBALT model and (b) based on observations. Seasonal FCO,
amplitude (root mean square, RMS, of their monthly anomalies, mol C m~2 yr™") in the (c) model and the (d) observation-based product. Further information on their
comparison can be found in Figure S2 of Supporting Information S1 and in Section 3.1.

3. Results
3.1. Coastal Air-Sea CO, Exchange Spatial and Seasonal Variability in Model and Product

The MOM6-COBALT model reproduces the spatial distribution of the annual average air-sea CO, flux (FCO,)
obtained from the observation-based pCO, product coastal SOM-FFN (Figures la and 1b). In both the MOM6-
COBALT model and the observation-based product, the global coastal CO, flux amounts to —0.6 Pg C yr™'
(negative flux into the ocean) over the 1998-2015 period and an extended coastal area of 77 x 10° km?. Note that
the observations-based FCO, value of —0.6 Pg C yr~!is larger than the one calculated by Roobaert et al. (2019,
value of —0.2 Pg C yr™') because of the larger coastal area (77 x 10° km? here vs. 28 X 10° km? in Roobaert
et al., 2019) and the different wind speed and gas exchange coefficient parameterization used here (see Text S2
and Figure S1 in Supporting Information S1 for further details). Coastal CO, sources are largely located in the
tropics and subtropics (40°S—40°N), while CO, sinks are found at temperate (between 40° and 60° of latitude) and
high (poleward of 60°) latitudes in both hemispheres (Figures 1a and 1b), in agreement with prior studies (e.g.,
Borges et al., 2005; Cai, 2011; C. T. A. Chen et al., 2013; Dai et al., 2022; Laruelle et al., 2010, 2014; Resplandy
et al., 2024; Roobaert et al., 2019). The strongest CO, sources (FCO, values > 0.5 mol C m™2 yr™") are mainly
encountered along upwelling currents, while the strongest sinks (FCO, values <—0.5 mol C m~2 yr~") mainly
occur in temperate and high latitudes of the Northern Hemisphere, along river plumes (e.g., the Amazon River) as
well as along intracoastal alongshore currents (e.g., the Gulf stream). The weak sources/sinks (absolute FCO,
values <0.5 mol C m~2 yr™') are mainly found along the tropical band and at high latitudes of both hemispheres.
In most of the coastal domain (72% of the coastal surface area), the absolute difference between the model and the
observation-based air-sea CO, flux density is smaller than 1 mol C m™> yr~' and large differences
(>2 mol C m™2 yr~") occur in poorly monitored regions such as the Peruvian upwelling Current, the Sea of
Okhotsk, or in the Hudson Bay (Figures S2a—S2c in Supporting Information S1).

The model also captures seasonal variations in FCO, (estimated by the root mean square (RMS) of monthly
values) similar in magnitude to the coastal observation-based pCO, product (absolute model-product RMS
mismatch <0.5 mol C m™2 yr~! over 62% of the coastal area, Figures lc and 1d; Figures $2d—S2f in Supporting
Information S1). In particular, the model reproduces the general pattern of large amplitudes in temperate and high
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latitude regions (seasonal RMS >0.8 mol C m™2 yr™ ") compared to low latitudes (<0.8 mol C m™2 yr™'), also in
line with prior work that highlighted this latitudinal contrast in coastal seasonality (e.g., Roobaert et al., 2019).
Large seasonal amplitudes are also simulated by the model along upwelling currents and at the mouth of several
rivers such as the Amazon plume. The model also generally captures the observed seasonal timing of FCO, in
71% of coastal grid cells (Pearson correlation coefficients >0.5 between modeled and observation-based seasonal
cycles), with some notable exceptions such as in Southeast Asia and along sections of the eastern boundary
upwelling systems in the South Pacific and South Atlantic Ocean (Figure S2g in Supporting Information S1).
These regions of phase mismatch, however, generally have very small seasonal amplitudes (e.g., RMS
<0.1 mol C m™? yr~! in Southeast Asia, Figures S2d and S2e in Supporting Information S1) and/or poor
observational coverage in the SOCAT database (lower than 30%, Figure S7 in Supporting Information S1),
suggesting that these apparent model-product differences either have a small influence on the coastal carbon
dynamics or are poorly constrained by available observations. Nevertheless, the potential limitations of both the
model and the pCO, product in eastern boundary upwelling systems should be kept in mind. Although the spatial
resolution of our model (0.25°-0.5°) cannot explicitly resolve small-scale circulation processes, the relatively
good match between the model and the data product found on annual average and on seasonal timescales lends
confidence in its ability to capture the processes controlling the coastal CO, dynamics worldwide.

3.2. Coastal Systems Classification Based on the Internal Control of the CO, Dynamics

We examine the processes that control the spatial and seasonal patterns of the coastal ocean CO, response
(referred as the CResponse), which includes all pCO, changes, those equilibrated by the air-sea CO, flux and
those remaining as residual pCO, changes (see Equation 2). We quantify the influence of vertical biophysical
dynamics (vert. biophysical dyn.), freshwater and lateral transport (FW and lateral trans.) and thermal changes
(see Equation 2) on annual and seasonal timescales (Figures 2 and 3).

The vertical biophysical dynamics term groups together changes in coastal pCO, resulting from biological ac-
tivity (bio) and vertical transport (Vcirc) of chemical species (DIC, ALK and SSS), which are intimately linked
and largely offset each other (annual average in Figure 2c and seasonality in Figure 3c, see Texts S4 and S5 in
Supporting Information S1). Indeed, on an annual average, biological activity reduces the CO, response
everywhere by consuming DIC (global median coastal value of bio = —292 patm yr~', Figure 2¢), while the
vertical transport of chemical species increases the CO, response globally due to the supply of DIC to the mixed
layer (global coastal median value of Veirc = 4225 patm yr~', Figure 2g). Vertical transport also supplies nu-
trients that sustain biological activity, further reinforcing the link between these two terms (see Text S4 in
Supporting Information S1 for further details). Similarly, on seasonal timescales, the variability associated with
the transport of chemical species by vertical circulation is intimately linked with biological activity (contrast
Figures 3e and 3g). We also consider the combined contributions of freshwater and lateral transport (FW and
lateral trans., Figures 2d and 3d), which include dilution/concentration effects (e.g., evaporation, precipitation,
runoff, fresh water (FW) term) and horizontal transport of chemical species (Hcirc). It should be noted that lateral
transport can propagate local anomalies tied to other processes (e.g., bio, Vcirc, ...) to surrounding areas through
horizontal circulation. For instance, freshwater fluxes and lateral transport are intimately linked to one another in
regions where low pCO, values tied to runoff discharge and dilution are transported to the surrounding regions by
horizontal circulation (see Figures 2f, 2h, 3f, and 3h). Finally, we consider thermal changes (thermal), which only
have a marginal impact on the oceanic CO, response on annual timescales (median thermal effect of
—0.2 patm yr~' on global coastal annual CO, response, Figure 2b) but influence the seasonality via spring/
summer warming and fall/winter cooling (Figure 3b and Text S5 in Supporting Information S1). Note that the
CO, response shown in Figure 2a equates the mean air-sea CO, flux (FCO,) when averaged on annual timescales
(pCO, changes are equilibrated on annual timescales, see method Section 2.2). From this process-based analysis,
we identify five coastal systems, namely (a) coastal regions under the imprint of land, (b) intense coastal sources
dominated by vertical biophysical dynamics (upwelling systems), (c) intense coastal sinks dominated by vertical
biophysical dynamics (subpolar and polar systems), (d) intense coastal sinks dominated by lateral transport
(intracoastal currents) and (e) weak coastal CO, sources and sinks, that we describe in Sections 3.2.1-3.2.5.

3.2.1. Coastal Regions Under the Imprint of Land

From our annual average process-based analysis (Figure 4a), we first isolate coastal regions that are under the
influence of land-derived inputs using the annual maximum extension of low salinity river plumes (i.e., cells with
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Figure 2. Annual average (a) oceanic CO, response (CResponse, includes changes in surface ocean pCO, and the associated
air-sea CO, flux), contributions to this CO, response from the thermal change (thermal, b), the vertical biophysical dynamics
(vert. biophysical dyn., c), which represent the sum of biological activity (bio, e) and the vertical transport of chemical
species by oceanic circulation (Vcirc, g). The contribution of freshwater and lateral transport (FW and lateral trans., d)
represents the sum of the dilution/concentration from freshwater fluxes (FW, f) and the transport of chemical species by
horizontal circulation (Hcirc, h). The residual between CResponse and the sum of processes (b, e—h) can be found in Figure
S10 of Supporting Information S1. Positive values (red colors) indicate an increase in CO, response and an outgassing to the
atmosphere. All Panels are expressed in patm yr—'. See Text S4 in Supporting Information S1 for a description of the figure.

SSS anomalies 95% below the values of adjacent cells using a moving mean SSS calculated on a 20° longitude by
20° latitude window). These regions under strong land influence represent less than 10% of the global coastal
surface area (6 million km?, Figure 4b), a surface area slightly larger (some SSS anomalies may be a consequence
of seasonal sea-ice melt) than the one calculated by Kang et al. (2013) using a similar approach to evaluate the
global cumulated surface area of river plumes (between 3 and 5 million km? depending on the season). Examples
of river plume regions include the northern Bay of Bengal, the mouth of the Amazon River, the mouth of the
McKenzie River as well as the high latitude coastal regions located along the largest Eurasian rivers. These
regions are generally intense CO, sinks (FCO, < —0.5 mol C m~2 yr™" in Figure 1a) in which the contributions of
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patm month!

Figure 3. Amplitude of the variability on seasonal timescale (root-mean-square (RMS) of the monthly anomalies, in

patm month™") for (a) the CO, response (CResponse), (b) thermal change, (c) the vertical biophysical dynamics (vert.
biophysical dyn., sum of bio (e) and Vcirc (g)) and (d) freshwater and lateral transport (FW and lateral trans., sum of FW
(f) and Hcirc (h)). See Text S5 in Supporting Information S1 for a description of the figure.

both freshwater and lateral transport and vertical biophysical dynamics are important (gray colors when both
contributions are of similar magnitude, Figure 4b). In these systems, the freshwater discharge (Figure S11b in
Supporting Information S1) dilutes seawater and hence increases the CO, uptake (e.g., typical FW values around
—200 patm yr~' but that can reach —3,028 patm yr~' very near river mouths such as in the Amazon plume,
Figure 2f and Figure S12 in Supporting Information S1). Rivers also supply nutrients enhancing primary pro-
ductivity as well as CO, uptake (e.g., bio value < —500 patm yr~' in Amazon River plume, Figure 2e), a result
consistent with previous studies (e.g., Araujo et al., 2017; Lefévre et al., 2010; Louchard et al., 2021; Valerio
et al., 2021).

On a seasonal timescale, the variability of coastal regions under the influence of large riverine plumes is also
generally dominated by seasonal changes in the freshwater and lateral transport and the vertical biophysical

ROOBAERT ET AL.

10 of 22

85UB017 SUOWLLIOD 3A 11810 3deol|ddle Ly Aq pausencb ae sspoie O ‘8sh Joss|nl 10} Aeiqi8UlIUO A1 UO (SO IPUOD-pUE-SWLRY W0 A8 | 1M AeIq 1 BU1|UO//SANL) SUOIIPLOD PUe SWie | 38U 885 *[7202/60/02] U0 A%eiq18ulluo A8|IM ‘66.20099€202/620T 0T/I0p/wod"fe|im: AreiqijpuluosqndnBe//sdny wouy papeojumod ‘€ %202 ‘¥2e6tr6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007799

Int SOURCes & Intense sinks dominated
by vert. biophysical dyn. g by vert. biophysical dyn.

Intense sinks domina
by FW and lateral trans.

1' Weak CO, sinks/sources

et st gy

vert. biophysical dyn.

: FW and lateral trans.
i A |

L L i Rl

Figure 4. Processes controlling the annual average coastal ocean CO, response in the mixed layer depth (CResponse, which includes all pCO, changes whether they are
equilibrated by the air-sea CO, flux or not, see Equation 2) in (a) the global coastal ocean and (b-f) in the five coastal systems identified in this study. Specifically, in
(b) regions under imprint of land, (c) strong CO, sources dominated by the vertical biophysical dynamics, (d) strong CO, sinks dominated by the vertical biophysical
dynamics, (e) strong CO, sinks dominated by the freshwater and lateral transport and (f) weak coastal CO, sources and sinks. Colors indicate the relative contributions
from vertical biophysical dynamics (vert. biophysical dyn., in blue, balance between biological activity and vertical transport of chemical species), and the freshwater
and lateral transport (FW and lateral trans., in purple, sum of dilution/concentration effects and lateral transport of chemical species). The thermal effect is not
represented since its contribution to the annual average is near-zero (see Section 3.2 and Figure 2b). Results on all panels are averaged at 1° spatial resolutions for
visibility. Black circles show the 20 largest annual average river runoffs.

dynamics (gray colors in Figure 5b). For instance, in the Amazon plume, pCO, and consequently the CResponse
decreases from January to May (ACResponse = —54 patm, Figure 6b) due to the increase in river discharge,
which peaks in May-June (Figure S13b in Supporting Information S1 and e.g., Liang et al., 2020) and leads to a
dilution effect. This local pCO, anomaly tied to runoff is then horizontally transported offshore extending over the
plume region (Figure 6d). Note that an important seasonal change in biological activity is also observed locally in
the plume (Figure 3e) in response to seasonal changes in nutrient delivery.

3.2.2. Intense Coastal Sources Dominated by Vertical Biophysical Dynamics—Upwelling Systems

We then isolate regions that are strong CO, sources (FCO, >0.5 mol C m~2 yr!, Figure 1a) where vertical
biophysical dynamics is the main controlling term of the annual average CO, response, with contributions that
exceed the freshwater and lateral transport by about 70% (blue colors, Figure 4c). In these strong CO, sources,
mainly located in tropical coastal regions, vertical dynamics exceed the biological drawdown (vert. biophysical
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Figure 5. Processes controlling the seasonal cycle of the coastal ocean CO, response in the mixed layer depth (CResponse) in (a) the global coastal ocean and (b—f) in the
five coastal systems identified in this study. Specifically, in (b) regions under imprint of land, (c) strong CO, sources dominated by the vertical biophysical dynamics,
(d) strong CO, sinks dominated by the vertical biophysical dynamics, () strong CO, sinks dominated by the freshwater and lateral transport and (f) weak coastal CO,
sources and sinks. Colors indicate the relative contributions from vertical biophysical dynamics (vert. biophysical dyn., in blue, balance between biological activity and
vertical transport of chemical species), freshwater and lateral transport (FW and lateral trans., in purple, sum of dilution/concentration effects and lateral transport of
chemical species) and thermal changes (thermal, in yellow). Results on all panels are averaged at 1° spatial resolutions for visibility. Black circles show the 20 largest

annual mean river runoffs.

dyn. >0, Figures 2c, 2e, and 2g). Most of these tropical source regions correspond to upwelling systems, including
the Californian, Peruvian, Moroccan, and South West Africa eastern upwelling Currents as well as the monsoon-
driven upwelling system in the western Arabian sea (Figure 4c). In the Californian upwelling, for instance, the
intense supply of deep carbon-enriched waters by vertical circulation yields an annual average increase in the CO,
response of +347 patm yr~' (spatially averaged median value of the vert. biophysical dyn. in Figure 2c). In this
case, the upwelling-driven increase in pCO, (+956 patm yr~! for Veire, Figure 2g) is partly compensated by the
photosynthetic activity enabled by the upwelling of nutrient-rich waters, which decreases the CO, response by
—609 patm yr~' (bio in Figure 2e), and by the effect of freshwater and lateral transport, which further decreases
pCO, by —103 patm yr~' (+46 and —149 patm yr~"' for FW and Hcirc, respectively) (Figures 2f and 2h). As a
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Figure 6. (a) Location of the different regions where we examine the seasonal cycle of the coastal ocean CO, response in the
mixed layer depth. (b—cc) Seasonal cycle of CResponse and processes for seven coastal regions. The violins (10-90th
percentile) represent the intra-spatial variability of each process within the region for each month. The medians and means
are represented by circles and stars, respectively. A positive value corresponds to an increase in the CResponse. Winter
corresponds to January (July), February (August), and March (September) in the Northern (Southern) hemisphere.

result of these physical and biological processes, the pCO, increases by +126 patm yr~ ! over the course of the
entire year, sustaining the intense outgassing of CO, in this region (Figures la and 4c).

The seasonality in upwelling systems can be controlled by either of the three processes (thermal, vert. biophysical
dyn., FW and lateral trans.) and the balance between them can be spatially heterogeneous (Figure 5c). In several
upwelling systems, the vertical biophysical dynamics control the seasonality (e.g., in the northern of the Cali-
fornia Current or in the Peruvian upwelling Current, blue colors in Figure 5c). For instance, in the northern
Californian Current, the winter-to-summer increase in pCO, between January and July (ACRes-
ponse = +85 patm, Figure 6f) follows the vertical biophysical dynamics (Figure 6g and blue colors in Figure 5c)
in agreement with past studies (e.g., Brady et al., 2019; Turi et al., 2014). In this region, the vertical biophysical
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dynamics shows a winter-to-summer increase in pCO,, indicating that the vertical supply of carbon dominates
over the biological drawdown associated with the upwelling event. In other upwelling regions or when the
seasonal amplitude is low in upwelling systems, the pCO, seasonal change associated with the vertical bio-
physical dynamics can be compensated by the seasonal change in pCO, associated with other processes such as
the seasonal change in freshwater and lateral transport inducing a dominance of the thermal effect. For instance,
in the Western Arabian Sea, the summer Southwest monsoon upwelling increases pCO, (vert. biophysical dyn.,
Figure 6k) but is largely offset by the reduction in pCO, tied to the alongshore transport of low pCO, waters
(reduction in FW and lateral trans. term, Figure 61). Because of this near complete compensation, the seasonality
of the carbon response in this region largely follows the biannual SST peaks taking place in the spring and fall
inter-monsoons (April and October, Figure 6m). In particular, pCO, decreases in summer due to the strong
summertime upwelling of cold waters in the Western Arabian Sea (Schott & McCreary, 2001).

3.2.3. Intense Coastal Sinks Dominated by Vertical Biophysical Dynamics—Subpolar and Polar Systems

We then isolate coastal regions that are annual strong sinks (FCO, <—0.5 mol Cm™2 yr~', Figure 1a) where vertical

biophysical dynamics is the main controlling term of the annual mean CO, response. These systems mainly regroup
coastal regions located at subpolar and polar latitudes in the Northern Hemisphere. The behavior of the shelves
surrounding Antarctica departs from the one described for northern polar systems. Indeed, this region falls into the
category of weak CO, sources and sinks in this study and is thus discussed in Section 3.2.5. In polar and subpolar
latitudes of the Northern Hemisphere, the biological drawdown exceeds the supply of CO, by vertical dynamics
(vert. biophysical dyn. <0, Figure 2c, and blue color in Figure 4d). In South Greenland, for instance, biological
activity yields a pCO, drawdown of —571 patm yr~' (Figure 2e), which is only partly offset by the 4275 patm yr™'
increase tied to the supply of carbon-rich water during winter mixing (Figure 2g). In this case, the freshwater and
lateral transport play a minor role (—11 and + 6 patm yr™' for FW and Hcirc, respectively).

These polar and subpolar sink regions of the Northern Hemisphere are generally characterized by large seasonal
flux amplitudes (root mean square, RMS, FCO, value >0.8 mol C m™2 yr™') except at locations under sea-ice
coverage (Figure 1c). The seasonality evolves from being purely controlled by vertical biophysical dynamics
in polar systems (blue colors in Figure 5d) to being controlled by a combination of vertical biophysical dynamics
and thermal changes in subpolar systems (blue and yellow colors in Figure 5d). For instance, in the polar South
Greenland, which is a CO, sink throughout the year (spatially average FCO, value of —4 mol C m™2 yr™"), the
winter-to-summer decline in pCO, (ACResponse = —64 patm from January to June, Figure 6n) is entirely
explained by the vertical biophysical dynamics drawdown associated with the phytoplankton bloom in spring/
early summer (Avert. biophysical dyn. = —78 patm month™' between January and June, Figure 60), and later
compensated by an increase associated with vertical mixing and a reduction in photosynthesis in fall/early winter
(ACResponse = +74 patm from July to December, see e.g., Mann & Lazier, 2013; Sarmiento & Gruber, 2006;
Sigman & Hain, 2012). The larger importance of thermal changes in subpolar regions, particularly in the
Northern Hemisphere (RMS values of the thermal effect generally >20 patm month™', Figure 3b and Text S5 in
Supporting Information S1), is consistent with the larger SST variations at these latitudes, up to 20°C between
winter and summer, compared to low and high latitudes regions (median RMS of generally <15 patm month™")
where seasonal SST variations can be as little as ~5°C at the equator.

3.2.4. Intense Coastal Sinks Dominated by Lateral Transport—Intracoastal Currents

We then isolate coastal regions that are characterized by annual average strong sinks
(FCO, < —0.5 mol C m™2 yr™!, Figure 1a) primarily controlled by the fresh water and lateral transport term on
annual average (purple color, Figure 4e). These features are mainly found in coastal regions with strong intra-
coastal currents, such as along the East and West coast of Australia, the East coast of the U.S., the coast of South
East Africa as well as the East coast of China. These regions are characterized by intense intracoastal alongshore
currents (Gulf stream, East Australian, Kuroshio, Leeuwin, and Agulhas Currents) that transport waters with a
deficit in surface pCO, compared to local conditions. The intracoastal transport of water masses explains the
atmospheric CO, uptake in these regions, for instance, when water that cooled traveling poleward did not have
enough time to equilibrate with the atmosphere and therefore presented a pCO, deficit.

These regions show strong seasonal variability (RMS >0.8 mol C m™2 yr™') but the processes controlling this
seasonality vary across regions (Figure Se). For instance, along the East coast of China, the vertical biophysical
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dynamics tend to dominate the seasonal variability (blue colors, Figure 5e), while along the East and West coast of
Australia as well as along the coast of South East Africa, the seasonal variability of the CResponse is driven by a
mix between thermal change influence, change in horizontal circulation and the spring biological uptake, as
exemplified along the East Australian Current (Figures 6r—6u).

3.2.5. Weak Coastal CO, Sources and Sinks

Finally, the fifth region type includes coastal regions with weak annual average fluxes (either sources or sink,
absolute value FCO, < 0.5 mol C m2 yr_l) and low seasonal amplitudes (RMS <0.8 mol C m™2 yr_l) that are
generally found at tropical latitudes (Figures 1a and 1c). In these weak annual flux tropical regions, freshwater and
lateral transport are either the main driver (purple color in Figure 4f) or are contributing equally with vertical
biophysical dynamics to the annual average CO, response (gray colors in Figure 4f), while the weak seasonality is
primarily controlled by thermal changes (yellow colors in Figure 5f). For instance, in the North of Australia, the low
seasonal variability of the freshwater and lateral transport (possibly controlled by seasonal rainfall events) is
compensated by the effect of vertical biophysical dynamics, and the low seasonal amplitude of the FCO, cycle
(ACResponse = 18 patm from July to October, Figure 6v) therefore mimics that of the thermal changes both in
timing and amplitude (Figure 6y). The thermal effect results from a typical seasonal SST rise throughout spring and
summer, which decreases the CO, solubility and increases the surface water pCO,, while the decrease in SST in
autumn and winter leads to a CO, solubility increase and a decrease in surface water pCO, (e.g., Takahashi
etal., 2009). Notable exceptions of coastal regions that are weak sources/sinks but exhibit different controls are the
low CO, flux regions along the Antarctic shelf and at high latitudes of the Northern Hemisphere. The high latitude
regions of the Northern Hemisphere, typically under sea-ice coverage all year round, tend to have the same behavior
as intense polar coastal sink regions, a dominance of the biological uptake on both the annual average and seasonal
FCO, variability (blue colors in Figures 4f and 5f). In contrast, the annual average CO, dynamics along the
Antarctic shelf are controlled by the freshwater and lateral transport (purple color in Figures 4e and 4f). Here, the
vertical biophysical dynamics term is very small (spatially averaged vert. biophysical dyn. = +48 patm yr~',
Figure 2c) because of the quasi compensation between the biological drawdown of pCO, (bio = —628 patm yr~")
and the contribution of vertical transport (Vcirc = +677 patm yr~") associated with winter mixing and summer
upwelling events in the Weddell, Ross and Kerguelen Plateau gyres (see e.g., Vernetet al., 2019). As aresult of this
weak effect of the vertical biophysical dynamics, the freshwater and lateral transport dominate the annual mean
CO, flux in the shelves surrounding Antarctica, in response to the sea-ice dynamics (formation, transport and
melting) and runoff effects (ice-shelf and iceberg melt, Figure S11b in Supporting Information S1). The seasonality
of the Antarctic shelves is largely controlled by vertical biophysical dynamics, similar to the northern polar shelves
(blue color in Figures Se and 5f). Specifically, the seasonality in the Weddell gyre follows an intense and short-lived
decline in pCO, in early summer due to the phytoplankton spring bloom (—45 patm month™! in December,
Figures 6z—6aa). In contrast to for instance the South Greenland case, however, pCO, in the Weddell gyre increases
in summer/fall in response to vertical biophysical dynamics (+25 patm month™" in April, Figure 6aa), likely due to
the deepening of the mixed layer and local upwelling events that bring deep carbon rich water to the upper layer
(e.g., Vernetetal.,2019) but only have a small influence of biological drawdown due to the light and iron limitation
of phytoplanktonic growth (e.g., Martin et al., 1990).

4. Discussion

This study shows that the spatial distribution of coastal CO, sources and sinks, their intensities, and variability on
a seasonal timescale result from the complex interplay between biological activity, oceanic circulation, thermal
change, and freshwater influences (e.g., compensation between processes, indirect influence of one process on
another, “memory” effects induced by lateral transport) in line with previous studies (e.g., Borges, 2005; Borges
et al., 2005; Cai, 2011; Cai et al., 2006). We also show that the processes controlling the coastal surface ocean
pCO, and air-sea CO, flux depend on the time scale (annual average vs. seasonal) and/or the region studied.
However, we find patterns in the behavior of coastal systems that emerge from this complexity and can be used to
identify distinct coastal regimes using a consistent quantitative approach across the global coastal ocean.

The model results echo with the concept of Cao et al. (2020) and Dai et al. (2022) in which the world's coastal
ocean CO, flux dynamics can be organized into river-dominated ocean margins where the carbon fluxes are
primarily controlled by terrestrial loads (“RiOMar's,” McKee et al., 2004; Rabouille et al., 2001) and ocean-
dominated margins where the carbon fluxes are primarily controlled by exchanges with the surrounding open
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Figure 7. (a) Division of the coastal ocean into five coastal systems that present different key controls on the coastal CO, dynamics in the mixed layer depth (MLD). For
each of these five categories is associated a sketch (b—f) that presents the main control on the annual average CO, sources/sinks and the variability on the seasonal
timescale (red stars) in the MLD. Flux into the MLD increases CResponse.

ocean (“OceMar's,” Dai et al., 2013, 2022). Coastal regions where the biogeochemical dynamics result from
intense interactions with the adjacent open ocean have already been identified in the past and include the U.S East
coast (e.g., Fennel & Wilkin, 2009; Laruelle et al., 2015) or the California Current (e.g., Frischknecht et al., 2018).
The same is true for coastal regions influenced by the imprint of riverine plumes (e.g., the Amazon plume;
Louchard et al., 2021). However, we find that the CO, dynamics is only clearly impacted by riverine inputs in a
tiny portion of the global coastal area (<10%), which can consistently be mapped across the global ocean. As a
result, and even if some of the regions act locally as very strong sinks (e.g., the mouth of the Amazon River), the
overall global scale coastal CO, dynamics is not driven by these river-dominated ocean margins, which is in line
with previous studies (e.g., Cai et al., 2006; Cotrim da Cunha et al., 2007; Wollast, 1998). In contrast, our results
reinforce the conceptual view of the coastal CO, dynamics vastly dominated by strong exchanges with the open
ocean or by the carbon dynamics within the coastal region itself. Based on a quantitative approach of the internal
processes driving the FCO, dynamics, we thus divide the global coastal ocean into five types of coastal systems
that, we believe, are more relevant in the light of the key external (both from the land and open ocean) and internal
controls of the coastal CO, dynamics identified in this study. Indeed, in spite of their merits, the classification of
K. Liu et al. (2010) for instance only defined generic types of climatology based coastal settings and the units of
the MARCATS segmentation were delineated using first order physical and geomorphological static boundaries,
both of which were static and not constrained by the spatiotemporal distribution of the physical and biogeo-
chemical processes controlling the CO, dynamics in the global coastal ocean.

Our first category includes river plumes under land influence (using a SSS criteria), while the four other coastal
types are defined based on the signs of their CO, flux (sources/sinks), their intensities (weak vs. strong sources/
sinks) and the dominance of the vertical biophysical dynamics or the freshwater and lateral transport on annual
average (Figure 7). Based on these criteria, the CO, dynamics in the coastal ocean is dominated by the imprint of
land (coastal regions with important SSS anomalies compared with the adjacent open ocean, in green in
Figure 7a), the biological drawdown (intense CO, sinks dominated by vertical biophysical dynamics, in blue), the
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vertical transport (intense CO, sources dominated by vertical biophysical dynamics, in red), and intracoastal
alongshore surface currents (intense CO, sinks dominated by freshwater and lateral transport, in orange). The
last category groups weak CO, sources and sinks coastal regions dominated by freshwater and lateral transport
and/or the vertical biophysical dynamics (in yellow). We also assign a class for coastal regions that do not fit into
any of these categories (in brown, 2% total coastal surface). It should be noted that the classes described below
cover the entirety of the global coastal ocean (excluding marginal seas) regardless of the performance of the
model. As a consequence, regions where a significant mismatch exists between the FCO, simulated by the model
and that calculated using the data product should be considered with caution. For instance, such regions include
several temperate and sub-polar shelves located in the Northern Hemisphere (Figure 1), many of which are intense
CO, sinks dominated by vertical biophysical dynamics as well as the Peruvian upwelling current, the West
Arabian Sea, the Bay of Bengal, the Sea of Labrador, the coasts of New Zealand, Tropical East Pacific shelves and
South East Asia, which had already been identified in Roobaert et al. (2022). Future model improvements may
reveal even more complex dynamics in these areas and lead to an update of our classification.

Coastal regions under the imprint of land represent <10% of the coastal ocean and correspond to coastal regions
under the strong influence of the land-derived inputs via river discharges such as the Amazon Plume, the
Mackenzie River, or the Siberian coastal regions (green colors in Figure 7a). For most of these regions, the model
simulates intense CO, sinks on their annual mean and their CO, response (annual average and seasonal vari-
ability, Figure 7b) resulting from the combined effects of (a) freshwater via dilution and the transport of these
anomalies by horizontal circulation, and (b) biological uptake (e.g., at the mouth of the Amazon Plume) due to
riverine nutrient inputs. Note that the use of SSS alone to determine the spatial extent of the influence of riverine
inputs on the coastal ocean implies that this delineation is mostly determined by physics rather than the combined
effect of physics and biogeochemistry, as is the case for the other classes. This approach may underestimate the
full extent of the true influence of terrestrial inputs in some regions by ignoring the potential long-range transport
and recycling of terrestrial nutrients and organic matter. A better constraint on these processes would require
model sensitivity experiments without terrestrial influences.

Coastal sinks dominated by the biological drawdown correspond to intense CO, sinks (FCO,
<—0.5 mol C m~2 yr™") in “polar” and “subpolar” (following K. Liu et al., 2010) coastal regions (20% of coastal
surface area; Figures 7a and 7c). Their intense annual average sink is controlled by the vertical biophysical
dynamics, that is, the imbalance between biological activity and vertical transport. In polar regions, there is a clear
dominance of biologically induced CO, uptake versus vertical carbon supply, while in subpolar coastal regions,
the behavior is more heterogeneous but biologically induced CO, uptake versus vertical carbon supply tends to
also dominate, as in polar regions (Figures 7a and 7c). Their seasonal variability is controlled by vertical bio-
physical dynamics in polar coastal regions but by a combination of vertical biophysical dynamics and thermal
changes in subpolar coastal regions. Note that coastal regions located at high latitudes in the Northern Hemi-
sphere and around Antarctica, which are characterized by weak CO, flux intensity (due to the presence of sea-ice
most of the year or to large compensation between processes), are not included in the polar and subpolar cate-
gories described here but in the weak sources and sinks category (see details below).

Coastal sources dominated by the vertical transport correspond to intense CO, sources in coastal upwelling
systems (10% of coastal surface area; Figures 7a and 7d), specifically regions known as Eastern boundary currents
(“EBCs”) and the northwestern Indian Ocean Arabian Sea's dominated by intense coastal upwelling during the
summer monsoon. Similar to polar and subpolar regions, their CO, response is controlled by the vertical bio-
physical dynamics, but in this case the vertical transport exceeds the biological drawdown (Figures 7a and 7d). On
seasonal timescales, the vertical biophysical dynamics also dominates but with a significant contribution of
thermal changes and to a lesser extent lateral transport, although in some cases thermal changes can have a
stronger impact. For instance, for the low source and low seasonal variability of the upwelling of the Arabian
Sea's, due to the compensating effects of vertical and lateral exchanges, their seasonal dynamics is small and
regulated by the thermal component that follows the biannual monsoon on a seasonal time scale.

Coastal regions dominated by intracoastal alongshore currents (17% total coastal surface area) broadly corre-
spond to the Western Boundary Currents systems (“WBC”) and the Leeuwin Current. They all reveal a strong
annual average sink (e.g., the Agulhas Current, the East Australian Current, the Kuroshio Current) driven mostly
by alongshore lateral transport (Figures 7a and 7e) suggesting that the coastal CO, dynamics is significantly
controlled by non-local processes occurring upstream. The seasonal dynamics is also dominated by lateral
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transport although at these shorter timescales, the local contribution of biology and thermal effects have a larger
share in explaining the CO, air-sea exchange.

Weak CO, sources and sinks coastal regions (43% of the coastal surface area) are those corresponding to the
“tropical” category in the K. Liu et al. classification (32% of coastal surface area) and to high latitude regions with
very low flux intensity due to sea-ice coverage or compensation between opposing processes (11% of the coastal
surface area). These regions are characterized by different dynamics, but they are grouped together here because
of their small impact on the annual and seasonal variations in the atmospheric CO, budget (weak sources/sinks
with weak seasonality). Overall, we note that the tropical regions falling in this category have their annual average
CO, dynamics nearly equally dominated by the freshwater and lateral transport and the vertical biophysical
dynamics. At the seasonal scale, their effects on the air-sea CO, exchange mirror each other in such a way that the
seasonality is dominated by thermal changes despite being much dampened in these low latitude regions. Note
that although we report the dominance of a thermal signal in the tropical coastal CO, seasonality, it should be
remembered that most of these regions are characterized by a very small seasonal amplitude in this CO, signal.
This finding should therefore rather be interpreted as another evidence of the nearly balanced dynamics between
the vertical biophysical dynamics and the freshwater and lateral transport exchanges of carbon in the model. This
category also includes coastal regions located at high latitudes of the Northern Hemisphere and the Antarctic shelf
due to their low CO, fluxes on an annual average. In the northern hemisphere regions, the CO, seasonal and
annual mean dynamics follow the one of polar regions, that is, a dominance of biological drawdown while the
Antarctic shelf is mostly controlled by internal processes along the Antarctic circumpolar current.

This analysis of the CO, dynamics sheds a new light on the global coastal carbon cycle. First, our results further
strengthen the notion that the coastal CO, dynamics are strongly linked to that of the open ocean. We advocate for
instance that the coastal CO, dynamics in many polar regions and EBCs merely reflect the general ocean cir-
culation, which involves vast exchanges through the deep open ocean. Furthermore, the analysis of the seasonal
dynamics reveals that excluding regions with very small seasonal amplitude in the CO, dynamics such as the
tropics, thermal changes are only significant contributors in subpolar regions and, to a lesser extent, in EBCs in
some specific case of strong compensation between the other terms (e.g., the Arabian Sea).

5. Conclusions

Using the global ocean biogeochemical model MOM6-COBALT and the Takahashi et al. (1993) decomposition
refined by Roobaert et al. (2022) to more robustly capture the highly variable coastal CO, dynamics, this study
provides a global quantitative analysis of the mechanisms governing the distribution of the sea surface CO,
sources and sinks, their intensities and seasonal variability in coastal regions worldwide. While the spatial res-
olution of the model can still not capture all small-scale ocean circulation processes, its ability to properly
reproduce the CO, dynamics in vast portions of the global coastal ocean is demonstrated through a comparison
with fluxes calculated using a state-of-the-art FCO, data product (Laruelle et al., 2017; Roobaert et al., 2019). We
then quantified the respective contributions of freshwater inputs, biological activity as well as vertical and
horizontal ocean transport to elucidate the spatial variability of the annual average CO, source/sink nature of the
global coastal ocean. Moreover, we quantified the respective contributions of these same processes along with
thermal effects to explain the seasonal variability of the global coastal CO, exchange. This study shows that the
coastal CO, dynamics is vastly dominated by strong exchanges with the open ocean or by the internal carbon
dynamics within the coastal region itself, the regions under strong imprint from the land only contributing locally.
Based on our quantitative approach, a new delineation of the global coastal ocean was proposed, where five broad
categories were mapped using the identified control mechanisms of the annual mean and seasonal CO, dynamics.
Note that this new delineation of the coastal ocean into five categories covers the entire coastal domain (except
marginal seas which were not investigated in this study) although some spatiotemporal model-data discrepancies
are observed on the CO, flux and pCO, (Roobaert et al., 2022). Additional data should be collected in the future in
regions void of data (e.g., in Indian ocean margins, upwelling currents) or periods of the years that are not covered
to be evaluated if the data-model mismatch results from a poor performance of the model or the observation-based
pCO, product against which the model is evaluated.

Our results also help speculate on the extent to which the coastal FCO, might have been impacted by changing
nutrient inputs from the land, the main driver of a stronger anthropogenic perturbation in the shallow portion of
the ocean than in the open ocean in box-model studies (e.g., Mackenzie et al., 2002; Rabouille et al., 2001; Ver
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et al., 1999). Consistent with previous observational work (e.g., Dai et al., 2022; Roobaert et al., 2019), the
present-day global coastal CO, sink is strongly dominated by polar regions, and we suggest that these coastal
sinks dominated by the biological drawdown have so far only marginally been perturbed by changing nutrient
inputs from the land (Lacroix, Ilyina, Mathis, et al., 2021; Terhaar et al., 2019). In the tropics, except for highly
localized regions under direct influence of land-derived nutrient inputs, the weak CO, sources appear mostly
driven by exchanges with the open ocean through vertical and horizontal transport, suggesting that their long-term
CO, dynamics could have only marginally been altered by a changing biology. WBCs are mostly located in
temperate regions, the latitudinal band that has experienced the largest relative increase in land-derived nutrient
inputs over the last century. In these systems, however, we speculate that the dominance of strong intracoastal
alongshore currents could significantly decrease the efficiency by which the enhanced biological carbon fixation
can be exported to the deep. Overall, these patterns collectively support the hypothesis of a weak response of the
coastal CO, uptake to changing nutrient inputs at the global scale (Lacroix, Ilyina, Laruelle, & Regnier, 2021;
Regnier et al., 2013, 2022). In the future, our model-based approach could provide further insights into the extent
to which anthropogenic perturbations have impacted the air-sea CO, exchange of the global coastal ocean. This
will require extending our analysis of the physical and biogeochemical drivers of the coastal air-sea CO, ex-
change over longer timescales, from inter-annual variability to trends over the entire historical period (1850—
present).
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The FCO, simulated by the MOM6-COBALT model use ApCO, from the difference between the surface ocean
pCO, simulated by MOM6-COBALT and the latitude-temporal varied pCO, ,;, dataset from the ESRL (Joos &
Spahni, 2008). The observation-based FCO, is calculated using ApCO, from the difference between the
continuous monthly pCO, coastal-product of Laruelle et al. (2017) generated by a two-step artificial neural
network interpolation technique (the Self Organizing map and Feed Forward Neural networks method) and
observations extracted from the Surface Ocean CO, Atlas database version 4 (SOCATv4, Bakker et al., 2016).
The pCO, ,;, derived from the SeaFlux product (Fay et al., 2021). For both products, FCO, is calculated using the
k-relationship calculated in the model based on the quadratic parametrization of Wanninkhof (1992) and wind
speeds from JRAS55-do v1.3 (Tsujino et al., 2018). The sea-ice cover is from the monthly mean of the daily 0.25°
dataset of Cavalieri et al. (1996) for the observation-based FCO,, while it is modeled by the sea-ice model SIS2 in
MOMG6-COBALT (Adcroft et al., 2019).
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