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Key Points:

e A new high-resolution monthly air-sea CO, flux climatology implies a global coastal ocean
carbon sink of -0.20 + 0.02 Pg C yr™.

e The zonal mean pattern of the air-sea CO, flux in coastal seas follows that of the adjacent open
ocean except for river influenced regions.

e The seasonality of the coastal air-sea CO, exchange is largely driven by variations in seawater
pCO; and temperature.
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Abstract

In contrast to the open ocean, the sources and sinks for atmospheric carbon dioxide (CO,) in the coastal
seas are poorly constrained and understood. Here, we address this knowledge gap by analyzing the
spatial and temporal variability of the coastal air-sea flux of CO, (FCO;) using a recent high-resolution
(0.25 degree) monthly climatology for coastal sea surface partial pressure in CO, (pCO,). Coastal
regions are characterized by CO, sinks at temperate and high latitudes and by CO, sources at low
latitude and in the tropics, with annual mean CO; flux densities comparable in magnitude and pattern to
those of the adjacent open ocean with the exception of river dominated systems. The seasonal variations
in FCO, are large, often exceeding 2 mol C m™ yr', a magnitude similar to the variations exhibited
across latitudes. The majority of these seasonal variations stems from the air-sea pCO, difference,
although changes in wind speed and sea-ice cover can also be significant regionally. Globally
integrated, the coastal seas act currently as a CO; sink of -0.20 + 0.02 Pg C yr’', with a more intense
uptake occurring in summer because of the disproportionate influence of high latitude shelves in the
Northern Hemisphere. Combined with estimates of the carbon sinks in the open ocean and the Arctic,
this gives for the global ocean, averaged over the 1998 to 2015 period an annual net CO; uptake of -1.7
+0.3PgCyr'.

1 Introduction

Globally, the ocean is currently taking up each year about 2.4 + 0.5 Petagrams (Pg) of the extra
(anthropogenic) carbon added to the atmosphere as a consequence of fossil fuel burning, cement
production and land-use change (Le Quér¢ et al., 2018). While this global ocean uptake is well
established on the basis of many independent methods (e.g., Gruber et al., 2009, 2019; Keeling &
Manning, 2014; Landschiitzer et al., 2014; Manning & Keeling, 2006; Rdédenbeck et al., 2015;
Takahashi et al., 2012), the net carbon dioxide (CO;) source/sink characteristic of the coastal ocean (a
term equivalent to continental shelves in the present study) is still poorly known and subject to intense
scientific debates. The discussion was launched two decades ago when Tsunogai et al. (1999)

suggested, on the basis of an extrapolation of a single local study, that the coastal ocean takes up CO,
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from the atmosphere at a rate in excess of 1 Pg C yr’' (note that by convention, a negative flux value
corresponds to a CO; transfer from the atmosphere to the sea surface). Subsequent studies brought the
coastal ocean uptake flux considerably down, with most estimates ranging from -0.45 Pg C yr' (Borges
et al., 2005) to -0.21 Pg C yr' (Laruelle et al., 2010). The most important improvements consisted of a
more adequate regional aggregation of the local/regional estimates before they were upscaled to the
globe (Borges, 2005; Borges et al., 2005; Cai, 2011; Chen et al., 2013; Chen & Borges, 2009; Dai et al.,
2013; Laruelle et al., 2010). But these estimates were still characterized by large uncertainties (Bauer et
al., 2013; Regnier et al., 2013), primarily due to the limited number of observations (typically less than
a hundred) available to derive local estimates of the coastal air-sea flux of CO, (FCO,). A further
important limitation was the relatively low granularity of the aggregation used in most upscaling
studies, thus neglecting potentially important regional differences in the coastal air-sea CO, fluxes.
Laruelle et al. (2014) overcame some of these limitations by using a fine aggregation level of 150
regional units, and computed globally an average coastal FCO; of -0.19 Pg C yr''. They improved the
data coverage by taking advantage of the more than 3 million coastal measurements of the sea surface
partial pressure of CO, (pCO;) contained in the global database of the Surface Ocean CO, Atlas
(SOCAT v2.0, Pfeil et al., 2013). Further, they used various upscaling methods depending on data
coverage in the different regions. However, despite these improvements, the still rather poor sampling
in many regions made such an aggregation-based upscaling method inherently uncertain, thereby
limiting the constraints of these estimates, especially when considering the contribution of the coastal
ocean to the global ocean carbon sink (Gruber, 2015). Further, the low spatial resolution of the Laruelle
et al. (2014) estimates in many coastal regions did not allow them to evaluate consistently the spatial
variability in the coastal environments, and the FCO; seasonal cycle could only be assessed for a
restricted number of areas, mostly limited to the Atlantic basin.

Recently, Laruelle et al. (2017) generated a continuous high spatial resolution (0.25 degree) sea surface
pCO; product for the coastal regions at monthly timescales for the period 1998-2015. They used a
statistical interpolation method developed for the open ocean (Landschiitzer et al., 2013) and applied it

for the first time in coastal regions. This method is based on neural network-inferred statistical

3
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relationships between pCO; and a number of environmental variables (i.e., sea surface temperature,
wind speed, bathymetry, ...) that are known to control the pCO; variability in both time and space. This
approach has the large advantage over the previously used aggregation methods in that it estimates
relatively reliable pCO; values also in data poor regions, as long as other well sampled regions exist that
have similar biogeochemical conditions permitting the neural network to be trained for such conditions
(see also Rodenbeck et al., 2015). Relative to the work by Laruelle et al. (2014), the new product by
Laruelle et al. (2017) also benefited from a substantial improvement of the data coverage in the
SOCATV4 product (now 13.6 coastal million observations, Bakker et al., 2016; Sabine et al., 2013).
This new high-resolution gridded monthly pCO, product for coastal regions provides the basis for a
revised estimate of the global and regional coastal CO, sink/source characteristics at hitherto
unprecedented resolution in time and space.

In addition to determining the global coastal carbon sink, we are particularly interested in the seasonal
dynamics of the coastal air-sea CO; fluxes, as this provides insight into the sensitivity of these fluxes to
environmental change. The few studies that attempted to identify and quantify the main processes
driving the seasonality of FCO, remained, however, regional (Arruda et al., 2015; Frankignoulle &
Borges, 2001; Nakaoka et al., 2006; Shadwick et al., 2010, 2011; Turi et al., 2014; Yasunaka et al.,
2016) or were limited to a single oceanic basin (i.e., the Atlantic, Laruelle et al., 2014). In addition, with
few exceptions (i.e. Yasunaka et al., 2016), most regional studies focused mainly on the seasonal
variability of pCO,, neglecting the potentially important contribution of changes in the atmospheric
pCO,, the gas transfer velocity and the sea-ice coverage. In the present study, we analyze for the first
time the FCO; variability both in time and space in the global coastal ocean. We also quantify the major
trends associated to the contribution of the sea-ice cover, the wind speed and the pCO, gradient

variability.
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2 Methodology

2.1 Air-sea gas exchange flux calculation

The air-sea gas exchange rate of CO, at the air-water interface (FCO,, mol C m™ yr'') is calculated
using the diffusion-limited stagnant film model by Deacon (1977) given by:

FCO, =k K, (1 —Ice) ApCO, (1)
A positive FCO; value corresponds to a transfer of CO, from the sea towards the atmosphere (i.e.,
source of CO, for the atmosphere) and a negative value corresponds to that from the atmosphere into
the ocean (a sink of CO;). K represents the sea surface temperature (SST) and salinity (SSS) dependent
solubility of CO, in water (mol C m™ patm™) and is calculated following Weiss (1974). A4pCO; (patm)
is the difference in the partial pressure of CO, between the surface seawater (CO2 water, called hereafter
pCO,) and the atmosphere (pCO,,ir). Ice is a dimensionless coefficient corresponding to the fraction of
the air-water interface (between 0 and 1) covered by sea-ice. K is the gas exchange transfer velocity of

CO, (m yr'") calculated following Wanninkhof et al. (2009):

2)

where Kggo represents the gas exchange transfer velocity of CO, normalized to a temperature of 20 °C

i)—l/Z

(for a SSS of 35) and is a function of the wind speed measured at 10 meters above the sea surface (Ujp).
Several coastal studies proposed Kggo-relationships based on empirical methods for the CO, exchange in
coastal seas (i.e., Jacobs et al., 1999; Kuss et al., 2004; Nightingale et al., 2000; Weiss et al., 2007) but
these formulations were usually developed and calibrated locally or regionally (Roobaert et al., 2018).
For our study, we use the quadratic formulation of Ho et al. (2011) with respect to wind speed (k¢go =
cU%, where ¢ is a constant value) which was calibrated with an extensive collection of k estimates in
coastal environments. The Schmidt number (Sc, dimensionless) is calculated using the equation and
parameterization given in Wanninkhof (2014):

Sc = A+ B(SST) + C(SST)? + D(SST)® + E(SST)* (3)
where A, B, C, D and E have constant values for CO, (for a SSS of 35) of 2116.8, -136.25, 4.7353, -
0.092307, 0.0007555 respectively, and where SST is given in units of degrees Celsius.

5
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2.2 Data

We compute the air-sea CO; flux (equation 1) for each 0.25 degree grid point in the coastal regions and
for each month over the period 1998 to 2015 using the following data products: For pCO; we employ
the monthly gridded product by Laruelle et al. (2017) at 0.25 degree resolution for coastal seas. This
product was derived from 13.6 million coastal pCO, data contained in the Surface Ocean CO, Atlas
version 4 (SOCATv4, Bakker et al., 2016; Sabine et al., 2013) and in LDEOv2015 (Takahashi et al.,
2016) using a two-step artificial neural network interpolation technique (SOM-FFN), which allows one
to produce contiguous high-resolution pCO; maps based on incomplete datasets. The SOM-FFN
method generates pCO; values based on numerical relationships between independent environmental
variables (i.e., SST, wind speed, bathymetry, ...) and pCO; observations (see Landschiitzer et al., 2013,
2014, 2016 and Laruelle et al., 2017 for details regarding the method). The atmospheric partial
pressures of CO, (pCO,4ir) are calculated from the dry air mixing ratio of CO; provided by the NOAA
Marine Boundary Layer reference product assuming 100 % humidity

(https://www.esrl.noaa.gov/gmd/ccgg/mbl/) and using the NCEP reanalysis total pressure at sea level

(Kalnay et al., 1996). The monthly CO, solubility in seawater (Ko) is calculated following Weiss (1974)
using monthly mean 0.25° SST and SSS derived respectively from the daily NOAA OI SST V2
(Reynolds et al., 2007) and the daily Hadley center EN4 SSS (Good et al., 2013) datasets. To calculate
k, we use the monthly second moment of the 6 hour 0.25° global atmospheric reanalysis ERA-interim
wind product (Dee et al., 2011) and the equation proposed by Wanninkhof (2014) for the Schmidt
number (SC) combined with the transformed SST field. The sea-ice cover is from the monthly mean of
the daily 0.25° dataset of Reynolds et al. (2007) which is derived from Cavalieri et al. (1996) and
Grumbine (1996). We use the most recent versions of these data sets, which cover our entire analysis
period (1998-2015). Note that their referencing corresponds to the original release of these databases.
From the full time series, we then compute a monthly climatology of the coastal FCO, and of all other

relevant parameters (SST, etc).



148

149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

173

Confidential manuscript submitted to Global Biogeochemical Cycles

2.3 Spatial analysis and comparison with the open ocean

Following Laruelle et al. (2013, 2014), the outer limit of the coastal region corresponds approximately
to the shelf break. Estuaries and inland water bodies are not considered in this study and the total
surface area of the coastal domain is 28 million km?. FCO, and spatially integrated FCO, (Tg C yr™)
are also analyzed regionally using a division of the continental shelves into 45 regions. This delineation
is based on the Margins and CATchment Segmentation (MARCATS, Laruelle et al., 2013) which
describes coastal regions characterized by similar climatic and hydrological settings. These 45
MARCATS, represented in Figure 1, can also be grouped into 7 major classes based on hydrology and
climate following the classification proposed by Liu et al. (2010): (1) Eastern and (2) Western
Boundary Currents (EBC and WBC respectively), (3) tropical margins, (4) subpolar and (5) polar
margins, (6) marginal seas and (7) Indian margins. For each MARCATS, our results are compared to
those calculated in previous studies based on observational data (Laruelle et al., 2014) and on results
from an Oceanic General Circulation/Biogeochemical Model (Bourgeois et al., 2016). These two
studies use the same definition of the coastal region and take into account the effect of the sea-ice cover

in their FCO, calculations.

The air-sea CO; exchange dynamics in the coastal region is also compared to the climatological air-sea
CO; fluxes of the open ocean for the 1998-2015 period. Monthly FCO, values are calculated for the
open ocean following the same protocol as for the coastal seas (see section 2.1) except for the spatial
resolution, which is limited to 1° x 1°, identical to that of the oceanic pCO; climatology of
Landschiitzer et al. (2017) (see Landschiitzer et al., 2016 for the method) and for the calculation of the k
value. The datasets used for monthly sea-ice cover, wind speed, SST, SSS and pCOy ,ir are the same as
those used for the coastal calculations. These latter ones are aggregated into the 1° x 1° cells of the open
ocean product by performing surface weighted averages of the 16 0.25° cells comprised within each 1°
x 1° cell. We use a quadratic Kggo-formulation developed for a global scale FCO; calculation based on

the "“C inventory method (Sweeney et al., 2007; Takahashi et al., 2009; Wanninkhof, 1992, 2014) to
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calculate k. Because the '*C inventory method is applied to the entirety of the global ocean, it is suitable
to derive k for the open ocean but not for the coastal seas where other regional process than wind driven
turbulence may disturb the gas exchange at the air-water interface. In order to limit uncertainties on Kk
associated to the wind product at its specific spatio-temporal resolution (Roobaert et al., 2018), we
rescale the coefficient C to fit to a global average gas exchange transfer velocity of 16 cm h’
(Wanninkhof et al., 2013) for the period of our study. The open ocean domain is delineated by a land-
sea mask from Landschiitzer et al. (2017) excluding the Arctic Ocean basin and coastal regions. Cells
overlapping both oceanic and coastal domains are removed from the open ocean. The resulting open

ocean covers a total surface area of 311 x 10° km?.

2.4 Seasonality analysis

To explore the drivers of the seasonal FCO; variability in the coastal regions, we follow the strategy
developed by Doney et al. (2009) and Couldrey et al. (2016) and construct, for each climatological
month, spatial maps of the FCO, anomaly (FCO;). For each grid cell, the monthly FCO, anomaly is
calculated as the difference between the FCO, for a given month and the climatological annual mean
FCO, :

FCO}, = FCO, — FCO, 4)
where FCO; and FCO, represent the anomaly and the air-sea CO, exchange rate calculated for each
month, respectively.

A positive FCO;, for a given month implies that the FCO, is a stronger source or a weaker sink of CO,
for the atmosphere during that month compared to the 1998-2015 mean FCO; while a negative value
implies a stronger sink/weaker source. In our seasonal analysis, winter consists of the months of
January, February and March in the Northern Hemisphere and of July, August and September in the
Southern hemisphere. We then decompose the drivers of the seasonal FCO; variability following the
procedure described by Couldrey et al. (2016) to isolate the contributions of the different factors to the
total FCO, variability. Using a Reynolds decomposition for turbulent flow, the monthly variability of a

term Z which is a function of 3 forcing components (z = wxy) can be expressed as:

8
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z' = (wxy)' (%)
z' = W'Ey) + wx'y) + wxy) + [(w'x'y —wx'y') + (Wx'y —w'x'y) + (Wxy —w'xy') +

(wx'y" —wx'y")] (6)
In this study we apply this decomposition to equation 1. z and z’ thus represent FCO, and its anomaly
calculated for each month, respectively. The terms W and X correspond to the sea-ice cover and ApCO;

drivers, respectively. The term y corresponds to the combined effects of k and Ky, which isolates the
Sc ;

wind speed driver since the product of cU%, (%) K, is invariant with temperature (Etcheto &

Merlivat, 1988; Wanninkhof, 2014). Equation 6 can then be expressed as:
FCoy = ((1 — ice)'ApCO,(kKy)) + ((1 — wce)ApCO4(kKy)) + ((1 — 1ce)ApCO, (kKy)') +

|((1 = ice) apCOy (kKy)' — (1 = 1ce) ApCO;(kKo)') +

((1 = ice) apCO;kKy) — (1 — 1ce)' ApCO; (kK ) +

((1 — ice) ApCO,4(kKy)' — (1 — 1ce)'ApCO, (kKy)') +

(T =1ce)apCo; (kKy)' — (1 — 1ce)ApCO; (kKo)' )] (7)
The first three terms on the right hand side of equation 7 represent the seasonal FCO; anomaly from a
long-term annual mean induced by the variability of the sea-ice cover ((1 — ice)’ApC0,(kK,), term 1),

of the air-sea pCO, gradient ((1—1ce)ApCO;(kK,), term 2) and of the wind speed

((1 — 1ce)ApCO,(kK,)', term 3), respectively. Terms comprised between the large brackets correspond
to the cross-correlation between the three drivers and are treated as a single term (term 4, sum of the
four terms) in this study. The sum of all terms on the right-hand side of equation 7 is identical to the
seasonal FCO; anomaly calculated in equation 4.

In order to evaluate how much a driver contributes to the monthly FCO;, we calculate, for each grid
cell, the slope () of a simple linear regression between monthly FCO; and monthly values resulting
from the different drivers (terms 1 to 4 in equation 7). For example, for the contribution to the FCO,

induced by the seasonal variability of the wind speed, f is calculated as follows:
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dFCO}
d(1—-1ce)ApCO,(kKy)'

= Bwind (®)
A value of f equal to 1 means that the term analyzed explains entirely the FCO, anomaly while a value
of 0 means that FCO, is insensitive to that term. When f is greater than 1, the particular term produces
larger anomalies than FCO;, which are compensated by anomalies of opposite sign and are attributed to

other terms. The sum of all the f terms adds up to 1, when including the cross-correlation terms.
2.5 Uncertainty analysis

For both the open ocean and coastal regions, the FCO; uncertainty stems from the combination of the
uncertainties associated with the different terms of equation 1 used to calculate FCO; : (1) the air-sea
pCO;, gradient constrained by the water pCO; field generated by the SOM-FFN interpolation method
(0pcoz» Landschiitzer et al., 2014, 2018; Laruelle et al., 2017), (2) the choice of the Keso-formulation for
the gas exchange transfer velocity (oy) and (3) the choice of the wind product (o,;,4, Roobaert et al.,
2018). Considering that these three sources of error are independent from each other and following the
strategy used in Landschiitzer et al. (2014, 2018), we calculate the total error (o) as the square root of

the sum of the three squared errors:

o= \/0sz02 +0f + 02 ina )

We estimate the flux uncertainty associated to the wind product (o,,;,,4) as the standard deviation of the
CO; flux obtained using three different wind products, namely the ERA-interim (Dee et al., 2011), the
Cross-Calibrated Multi-Platform Ocean Wind Vector 3.0 (Atlas et al., 2011) and the NCEP/NCAR
reanalysis 1 (Kalnay et al., 1996). We exclude the widely used NCEP/DOE AMIP-II Reanalysis
(Kanamitsu et al., 2002) climatology from our analysis because of its lesser constrained values at the
air-water interface (Roobaert et al., 2018; Winterfeldt & Weisse, 2008). Calculations are performed for
each wind product following the method described in sections 2.1 and 2.2 to produce three sets of

FCO,. For the open ocean, the fluxes are calculated by adjusting the value of ¢ for each wind product

10
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(see Roobaert et al., 2018, for further details). gy, is estimated, for both the open ocean and the coastal
regions, as the FCO, standard deviation resulting from the use of four Kggo-formulations applied to the
same wind field (ERA-interim). We apply the formulations of Ho et al. (2011), Sweeney et al. (2007),
Takahashi et al. (2009) and Wanninkhof (2014), all of which are suitable for global-scale applications.
There exist numerous formulations of K in coastal environments which but those are designed from and
for regional studies (Roobaert et al., 2018). We thus decided to follow the same strategy and equations
(other than the one from Ho et al., 2011) for our uncertainty analysis in the coastal ocean as the strategy
applied to the open ocean for the sake of consistency. The uncertainty of the pCO, gradient across the
air water interface (0,co2) is the result of the uncertainty in both the oceanic and atmospheric pCO,.
However, the uncertainty of atmospheric pCO, is much lower than that of the oceanic pCO;
(Landschiitzer et al., 2018) permitting us to assume that the uncertainty associated to the pCO; gardient
at the air-water interface can be entirely attributed to that of oceanic pCO; (6,¢02). The latter can be
decomposed into 3 sources of uncertainty: 6,4, (the uncertainty obtained by comparing the pCO;
products derived from the SOM-FFN with gridded observations from the SOCAT database), 64,4 (the
uncertainty resulting from the gridding of the original SOCAT observations into a 1° open ocean grid
and a 0.25° coastal grid) and 6,,, (the experimental uncertainty associated to pCO, measurements in
the field). For a given region (i.e., MARCATS or oceanic basin), each source of uncertainty is divided
by the square root of its degree of freedom, which is equal to the number of pCO, samples (N) collected

in the region, except for 8,,,,, for which N is corrected using the lag 1 autocorrelation coefficient to

ap»
evaluate the effective sample size (N.), following a procedure described in Landschiitzer et al. (2018).
The calculation of the lag 1 autocorrelation coefficient involves the random selection of 1000 data
points within each region. In order to generate the most robust uncertainties possible, the procedure is

repeated 10 times and the final value of N is the median generated by these 10 ensemble runs.

11
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_ Oobs 2 egrid 2 <9map )2

Hpcoz_j(m) +(m) + JNerf (10)
In our calculations, 6,4, is calculated as the root mean squared deviation between the pCO field and
the gridded observations from SOCAT over the region of interest. 64,4 is considered to be 5 patm
following the estimate of Sabine et al. (2013) for the open ocean. We assume the same value for the
coastal ocean in spite of the different spatial resolutions (i.e., 1 degree and 0.25 degree for the open and

coastal oceans, respectively). 6, is considered to be 2 patm following Pfeil et al. (2013). Finally, the
uncertainty on the FCO2, gp¢p, (in mol C m? yr'') resulting from the uncertainty on the pCO, field
(0pco2, In patm), is obtained by applying equation 1 to the global 6),¢¢, field. Globally, the averaged
biaises between pCO, generated by the SOM-FFN algorithm and observations are null for the open
ocean and coastal seas (Landschiitzer et al., 2014; Laruelle et al., 2017). At the scale of MARCATS,
however, a few regions with significant biaises have been identified in coastal seas (i.e., the Peruvian
upwelling, MARCATS 4, the Moroccan upwelling, MARCATS 22, as well as along the western
Arabian Sea, MARCATS 27; Laruelle et al., 2017). However, considering their relatively small
cumulated surface area compared to the global coastal ocean ( ~ 1 %), the influence of theses biaises on

the global coastal FCO; is negligible and no biais correction was performed.

3 Results

3.1 Spatial distribution
In the climatological annual mean (Figure 2a), about two-thirds of the coastal 0.25° x 0.25° grid points
act as sinks for atmospheric CO,, while the remaining one-third are sources or are near-neutral. The
CO; sink regions are mainly found at temperate and high latitudes (i.e., poleward of 30°) and the
strongest sources occur in the tropics. Globally, the dominance of sinks over sources leads to a sizeable
average uptake FCO; density of -0.58 mol C m? yr', which amounts to a global uptake of -195 Tg C
yr'! (-0.20 Pg C yr'') over the 1998 through 2015 period. Our global mean flux density is very close to

12
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the -0.51 mol C m™ yr'! estimate of Laruelle et al. (2014) once their original value (-0.7 mol C m™ yr’")
is adjusted for the presence of sea-ice.

The global pattern of the coastal air-sea CO, fluxes becomes clearer when the fluxes are integrated by
MARCATS regions (Figure 3a and Table S1). As already indicated by the grid point level analysis
above, the vast majority of the MARCATS (31 over 45, 71 % of the total surface area of the coastal
seas) act as a sink for atmospheric CO,. The strongest and most consistent sink regions are found in the
polar and subpolar coastal seas. The South Greenland region (MARCATS 15) has the highest sink
strength, taking up annually -2.90 mol C m™ yr™', closely followed by the Norwegian basin (MARCATS
16). On average, the marginal seas also act as sinks, but the spread among them is very large with three
regions presently acting as sources, i.e., the Gulf of Mexico (MARCATS 9), the Red Sea (MARCATS
28) and the Persian Gulf (MARCATS 29). On the other hand, the Black Sea (MARCATS 21) has the
second largest uptake flux density of MARCATS regions. All Western Boundary Current (WBC)
regions are sinks, but with a relatively modest average flux density. The Eastern Boundary Current
(EBC) regions are also moderate sinks, but with a somewhat larger spread as well as one region
emitting CO; to the atmosphere (Moroccan upwelling, MARCATS 22). In this region, the SOM-FFN
technique underestimates the observed pCO; because of the scarcity in data to train the algorithm
(Laruelle et al., 2017). The resulting FCO; yields thus only a weak source of CO, for the atmosphere
while observations suggest a more intense evasion (Laruelle et al., 2014). The remaining 31 % of the
MARCATS that release CO, into the atmosphere are all located in the tropical coastal regions and in the
Indian Ocean, except for the West Arabian Sea, MARCATS 27. The strongest source is observed in the
Persian Gulf (MARCATS 29) with a FCO; value of 0.85 mol C m™ yr'. The 31 MARCATS sink
regions absorb altogether -219 Tg C yr' while the 14 MARCATS source regions release only 25 Tg C
yr''. The most important contribution to the global sink (Figure 3b) is provided by the polar/subpolar
margins (-143 Tg C yr'! over 14 MARCATS), followed by the marginal seas (-43 Tg C yr'! over 9
MARCATS). The WBCs and the EBCs also act as CO; sink with integrated FCO, values of -19 Tg C
yr'' (5 MARCATS) and -9 Tg C yr'' (6 MARCATS), respectively. The tropical margins (15 Tg C yr', 7
MARCATS) and the Indian margins (4 Tg C yr', 4 MARCATS) act as sources.

13



322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

347

Confidential manuscript submitted to Global Biogeochemical Cycles

3.2 Comparison with the open ocean

The spatial distribution of the mean FCO; for the 1998 through 2015 period from the Landschiitzer et
al. (2017) pCO; product for the open ocean is overall remarkably similar to that found along the
continents (Figures 2a and 2b). As discussed by Landschiitzer et al. (2014), the strong outgassing in the
tropical regions are overcompensated by the strong uptake in the temperate regions and the high latitude
North Atlantic (see also Takahashi et al., 2009; Gruber et al., 2009). Globally, the open ocean acts as a
net sink of CO, for the atmosphere with a global mean FCO; of -0.37 mol C m™ yr'. This value is 36 %
lower than that calculated here for the coastal regions (-0.58 mol C m™ yr').

There are a few regions, however, where the coastal flux densities diverge quite substantially from those
in the adjacent open ocean (Figures 2a and 2b). Most of these differences correspond to regions
influenced by large rivers which include, in the Atlantic basin, the mouths of the two large Argentinean
estuaries (the Rio de la Plata and the Bahia Blanca) which act as sources in opposition to negative FCO,
values recorded in the surrounding adjacent open ocean. In contrast the Amazon plume acts as a sink (<
-1 mol C m? yr') while the adjacent open ocean is a source. In the Indian basin, differences are
observed near the mouths of Zambezi and Pungwe rivers (southeast of Africa) and along part of the
coast of Madagascar. Conversely, in Southeast Asia, coastal seas are generally FCO, sources while the
surrounding open ocean takes up CO,. In the Pacific basin, negative FCO, values are observed along
the coast and near the Baja California Peninsula coast while FCO; is positive in the adjacent open
ocean. Two other regions, namely in the western Arabian Sea and in the Peruvian upwelling current
(MARCATS 27 and 4, respectively), also present contrasted differences with the open ocean. But these
differences need be considered with caution due to limitations of the neural network technique of
Laruelle et al. (2017) in regions where only limited data are available for calibration, and for which no
other region with similar biogeochemical conditions can be found for training. These two regions are
characterized by strong upwelling that are known to create very high and variable pCO; values (see e.g.,
Friederich et al. (2008) for the Peruvian upwelling). Yet, the neural network estimates of Laruelle et al.

(2017) suggest very low pCO; values, creating sinks in the coastal regions, whereas the adjacent open
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ocean in both the western Arabian Sea and eastern tropical Pacific are strong sources. We thus regard
the coastal flux estimates in these two upwelling regions as questionable.

To emphasize the similarity of the air-sea CO, fluxes in the open ocean and in the coastal regions, we
analyze the zonal mean profiles in Figure 4a. For both open and coastal ocean, Northern latitudes (> 40°
N) are characterized by intense sinks(< -1 mol C m™ yr'') followed by an increase of FCO, towards
values close to equilibrium with the atmosphere. With the exception of the latitudinal bands comprised
between 60°- 45° in both hemispheres where the coastal regions are more intense CO; sinks than the
open ocean, FCO; is higher in the open ocean than in the coastal regions at most latitudes. In the
tropics, the coastal and the open ocean are both sources of CO, for the atmosphere. However, the
latitudinal band where the open ocean releases CO;, (15° N - 15° S) is more restricted compared to that
of the coastal ocean which expands from 30° N to 20° S. Around the equator, however, coastal seas
exhibit FCO; values close to the equilibrium while the open ocean displays its strongest source (1.29
mol C m™ yr") mainly driven by the equatorial Pacific upwelling. At more austral latitudes, both the
coastal and the open ocean act as CO, sinks, with a progressive increase in FCO; until 40° S. South of
60° S, FCO; values are close to equilibrium with the exception of a pronounced source around 60° S.
Although the meridional distribution of the average flux density FCO; is relatively similar between the
open and coastal ocean, the integrated FCO; shows very different patterns (Figure 4b and c). This
results primarily from the large differences in the surface areas. Due to the wide distribution of the
coastal regions north of 60° N (7.1 million km” which represents 25 % of the total surface area of the
coastal seas) and to the presence of intense FCO; sinks there, more than one-third of the global coastal
ocean uptake is provided by these regions, taking up -98 Tg C yr' (Table 1). In contrast, only a small
fraction (6 %, -87 Tg C yr'") is provided by the open ocean regions > 60° N, almost entirely due to the
small surface area of the open ocean in those regions (1 %). Another sink is located in the coastal seas
along the Pacific basin where -54 Tg C yr'! is taken up (when the seas of Japan and Okhotsk are
included) followed by the Atlantic basin (-27 Tg C yr”', Gulf of Mexico included). Marginal seas (-18
Tg C yr'"), and the coastal in the Southern Ocean (south of 45° S, -17 Tg C yr'") and in the Indian Ocean
where the latter represents a source of CO, (10 Tg C yr™'), contribute to less than 10 % to the global
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uptake. By combining the open ocean and coastal fluxes estimated using the two pCO; climatologies of
Landschutzer et al. (2017) and Laruelle et al. (2017) respectively, we can now assess, for the first time,
the true global ocean uptake flux of CO, (Table 1). To this end, we also need to account for the uptake
flux in the Arctic ocean basin which is not included in the pCO; climatology of Landschiitzer et al.
(2017). Using an estimate of -0.12 + 0.06 Pg C yr'' for the Arctic basin by Schuster et al. (2013) which
excludes the Baffin Bay and Nordic seas, the global net uptake of CO, by the entire ocean for the 1998
to 2015 period amounts to -1.7 = 0.3 Pg C yr'l. At the basin scale, the combined continental
coastal/open ocean estimate reveals that all oceans act as a CO; sink for the atmosphere with a relatively
equal contribution between the Atlantic (-393 Tg C yr', 25 % of the global uptake), the Pacific (-386
Tg C yr', 25 %) and the Indian (-322 Tg C yr™', 20 %) followed by the Southern Ocean (-275 Tg C yr™,
18 %).

3.3 Seasonality analysis
The global spatial distribution of the amplitude of the seasonal cycle in the air-sea CO, exchange flux
for coastal regions is presented in Figure 5a, expressed as the root-mean-square (RMS) for each grid

cell of the monthly FCO; anomalies (FCO,). Globally, the average RMS FCo, of the seasonal cycle of all

grid cells taking into account their variable surface area is 0.8 mol C m™ yr'. In general, high seasonal

variabilities (i.e., high RMS,.. sz) are found in the Northern Hemisphere from mid- to high-latitudes and

in the Southern hemisphere south of 40° S. In contrast, the equatorial and tropical regions exhibit less
pronounced seasonal variability except for some local areas such as the Amazon estuarine plume. The
seasonal amplitude in grid cells located at high latitudes (> 40° in both hemispheres) can reach values
(i.e., 2 mol C m™ yr') comparable to the difference in the mean FCO, density observed between the

polar and equatorial regions (Figure 3). The spatially averaged RMS . 0, aggregated at the larger spatial

scale of the MARCATS regions (Figure 6) reveals that only three MARCATS have a seasonal

variability with a RMS FCo, exceeding 1 mol C m™ yr’'. They are all localized in marginal seas (Baltic

Sea, MARCATS 18, Black Sea, MARCATS 21 and the Hudson Bay, MARCATS 12) with the highest

16



400

401

402
403
404
405
406
407
408
409

410

411
412

413

414

415
416
417
418
419
420
421
422
423
424

425

Confidential manuscript submitted to Global Biogeochemical Cycles

seasonal variability observed in the Baltic Sea (RMSFCO'2 of 3.4 mol C m™? yr'). Among the other
regions, RMS _ . 0, values > 0.5 mol C m™ yr' are mostly found in polar and subpolar coastal seas, in

most of the marginal seas as well as in one or two MARCATS of the EBC (the Iberian upwelling,
MARCATS 19) and the WBC (the Florida upwelling, MARCATS 10, and the Yellow sea, MARCATS
39).

The temporal distribution of the FCO; seasonal cycles for different latitudinal bands is shown in Figure
5b to 5f. These bands were selected in order to (1) compare the seasonal dynamics between the two
hemispheres consistently and (2) evaluate the seasonal dynamics between high, mid- and low latitudes.
For each latitudinal band, monthly FCO; are calculated from the mean of the surface weighted average
FCO; of all grid cells pertaining to that band. Their seasonal amplitude is also presented in each panel

(RMSgcos). The latter is calculated from the mean seasonal profile and consequently can be lower than

the average of all grid cells for a given latitudinal band.
The seasonal cycle is more pronounced at higher latitudes and in regions with a strong seasonal signal

(> 40° in both hemispheres), RMSg; values vary from 0.5 to 0.7 mol C m™ yr''. The amplitude of the
seasonal variability at lower latitudes between 40° S and 40° N is smaller with a RMS Fcol value of 0.25

mol C m™ yr'. At low latitudes between 10° N and 10° S, the amplitude of the seasonal cycle is very
low compared to other latitudinal bands (not shown in Figure 5, see Figure 8 for further details).
Overall, FCO; seasonal cycles are very similar within the same latitudinal bands in both hemispheres.
Generally, the largest difference in FCO; intensity between seasons is observed between summer and
winter except for the temperate region between 40° - 60° in both hemispheres where they are observed
in spring and fall. At high latitudes (> 60° in both hemispheres), FCO; reaches its minimum (most
negative FCO; value indicating the strongest sink/weakest source) in summer and its maximum (most
positive FCO; value indicating the strongest source/weakest sink) in winter. These two extremes are
slightly shifted in time between 40° - 60° in both hemispheres where they are observed during spring
and fall, respectively. Compared to the high latitudes, regions between 40° S and 40° N exhibit a six-

month phase shift with the minimum FCO; occurring in winter and the maximum in summer. Globally,
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coastal seas act as a CO, sink all year long with a slightly more intense monthly uptake during spring (-
18.9 Tg C month™) and summer (-21.1 Tg C month™) while winter and fall each contributes to an
equivalent CO, uptake flux of -12.5 Tg C month™. In the open ocean, the more intense CO5 sink occurs
in winter (-195.6 Tg C month™) followed by fall (-133 Tg C month™), spring (-122.5 Tg C month™) and
summer (-7 Tg C month™), respectively.

Global maps of the respective contribution of the different drivers (sea-ice cover, wind speed, 4ApCO,
and cross-correlation term, £ in equation 8) to the total seasonal FCO; cycle are presented in Figure 7
(see Figure S1 in supplement for values integrated per MARCATS unit). In order to highlight regions
with the highest absolute seasonal variability, the f terms are multiplied by the RMS of the total FCO,.
Although there is a significant regional variability for the same latitudinal band (i.e. from one
MARCATS to another, Figure S1), a strong correlation between the seasonal cycle of FCO; and that of
ApCOs; is observed for the vast majority of latitudinal zones. Flux and gradient anomalies are in phase
(IBApCOZ > () and the high values of BApCOz demonstrate that changes in ApCO; explain the majority of
the seasonal changes in FCO,. The correlation between the other terms (Ssea-ice, Swinds Peross-correlation) and
FCO;, in addition to presenting more variable contributions within the same latitudinal band (Figure
S1), is more complex than that of ApCO; and can be either in phase with that of the FCO; (#> 0) in
some regions or anti-correlated (£ < 0) in others. For instance, the anomaly associated with the sea-ice
cover can either be in phase (fea-ice > 0) or anti-correlated (feea-ice < 0) with FCO; depending on
whether FCO; is a source or a sink of CO; for the atmosphere and hence on the pCO; gradient. frea-ice 1S

positive when ApCO, < 0 and negative when ApCO; > 0.

Although the grid point and the MARCATS-level analysis reveal significant small-scale spatial
variabilities in the f terms, the temporal evolution of the different drivers aggregated by latitudinal
bands confirms that the changes in ApCO; explain most of the seasonal variations of FCO; (Figure 8).
In some regions (i.e., between 10° - 40° N), ApCO; explains even all of the FCO, variability

(superposition between black and red curves in Figure 8) while at latitudes > 40° N, the seasonal ApCO,
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variability induces larger anomalies than the total FCO;, which are compensated by the other drivers as
an dampening effect on FCO; seasonal variability. Although the effect of the sea-ice cover can be
important locally in the Southern hemisphere, it only contributes slightly to the seasonal change in
FCO; in bands south of 60° S. In the Northern Hemisphere and especially for latitudinal bands > 60° N,
the seasonal FCO; profile associated with the change of the sea-ice cover is pronounced underlining the
important contribution of this driver in this region. Although there are regions where FCO, is in phase
with the one generated by wind speed such as in the Barents Sea (Buing > 0), Swind tends to act as a
compensating term with respect to other parameters for most latitudinal bands. This is particularly true
in the latitudinal band > 60° N, where the FCO; seasonal signal is in opposition to the one generated by
wind speed. The effect of wind speed on the FCO; variability is mainly found in latitudinal band > 40°
in both hemispheres. In the other regions, the effect of the wind either intensifies or dampens the
magnitude of the FCO, seasonality depending on the month, resulting in a negligible net effect except
in bands 0° - 10° S where it contributes significantly to the (small) FCO; variability. Finally, the
contribution of the cross-correlation terms illustrates non-linear interactions between the various drivers
and has a negligible effect on the FCO; variability in about half of the latitudinal bands. The cross terms
are significant only at > 60° S and between 40° N - 60° N. In the latter latitudinal band, however, the
contribution of the cross terms to the seasonality of FCO, remains lower than that of both ApCO; and
wind speed. Globally, when all of the coastal seas are integrated (bottom panel of Figure 8), the
seasonal pattern mostly follows that of the high latitudes with a minimum FCO; in summer and a

maximum in winter. The RMS,r amplitude of the global seasonal profile amounts to a value of 0.1

mol C m™ yr'. Similarly to latitudes > 40° N, the global seasonal ApCO, variability induces larger

anomalies than the total FCO;, which are partly compensated by the effect of wind.

3.4 Quantification of uncertainty
In coastal seas, the total uncertainty (o) varies widely from one MARCATS to another, with values
ranging from 0.1 mol C m?yr' to 0.8 mol C m? yr' (Figure 3 and Table S1). The largest uncertainty is
found in areas along the coast of Southwest Africa (MARCATS 24) and values of ¢ > 0.5 mol C yr'' are
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mainly encountered in subpolar margins (MARCATS 1, 5, 11 and 42), EBCs (MARCATS 4, 22, 24), in
marginal seas (MARCATS 21, 40, 41) and in the Norwegian Basin of polar margins. In MARCATS 12
(Hudson Bay), 29 (Persian Gulf), 30 (East Arabian Sea) and 31 (Bay of Bengal), most of which are
located in the Indian Ocean, ¢ is low (< 0.1 mol m™ yr'). However, they should be considered with
caution since the contribution of the pCO; uncertainty (0,¢0) cannot be calculated due to the absence
of observational pCO, data in those regions. Globally, for the coastal ocean, the FCO, uncertainty
amounts to 0.02 Pg C yr”' (~ 10 % of the coastal seas FCO,, Table 1). In all MARCATS, the uncertainty
associated to the pCOy field is the largest and the global 0,0, amounts to 0.017 Pg C yr'! for coastal
regions. A similar pattern is found in the open ocean, where g,¢o, is the main source of uncertainty
with a global value of 0.23 Pg C yr”' to be compared with the total uncertainty of 0.26 Pg C yr”' for the
open ocean (Table 1). Both in coastal seas and the open ocean, the choice of the Kggo-formulation (o)
yields a relative uncertainty of 7 %. The uncertainty associated to wind speed (0,;,4) however reveals a
more complex spatial pattern. On the coastal seas, 0,4 1S low when integrated globally (0,003 Pg C yr’
! corresponding to 4 % difference between FCO, obtained using the three wind products) but can be as
large as 16 % and 12 % in marginal seas and in the Indian basin, respectively. In agreement with the
study of Roobaert et al. (2018), the effect associated with the choice of the wind product is more
important for the open ocean than for coastal seas with an uncertainty of 12 % globally (0,4 value of
0.090 Pg C yr'') with the largest uncertainties in the Pacific basin and in the Southern ocean. Because of
the temporal heterogeneity of the data coverage in coastal regions, the resulting FCO; uncertainty also
varies along the year and not only spatially (Figure 5). In all latitudinal bands, 75 % of the monthly
uncertainty is below 0.25 mol m™ yr' with the exception of the band between 40° S and 60° S as a
consequence of a much lower pCO; observational data coverage. Even in this last region, the amplitude

of the seasonal uncertainty does not exceed that of FCO,.

4 Discussion
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4.1 Annual mean fluxes
The global annual mean coastal CO, sink of -195 Tg C yr' (-0.20 Pg C yr') generated by our
calculation falls at the low end of the range of past estimates spanning from -0.45 Pg C yr' to -0.21 Pg
C yr'1 (Borges, 2005; Borges et al., 2005; Cai et al., 2006; Chen et al., 2013; Chen & Borges, 2009; Dai
et al., 2013; Laruelle et al., 2010). This confirms that previous estimates based on sparse datasets likely
overestimated the uptake of CO, by the coastal seas because of the inherent biases associated to the
extrapolation of a limited number of local estimates to large scales and an over-representation of
temperate and sub-polar systems, which are mostly CO, sinks. Support for this interpretation comes
from the fact that our estimate agrees very well with that of Laruelle et al. (2014) (-192 Tg C yr™'), who
upscaled 3 million local measurements using different regional integration methods depending on the
data density, also accounting for differences in the coastal seas delimitation and taking into
consideration the sea-ice cover in the FCO; calculations. Our study improves upon that of Laruelle et al.
(2014) thanks to our continuous spatial and temporal coverage of FCO; estimates for all the coastal seas
at 0.25° resolution as opposed to Laruelle et al. (2014) who calculated 150 regional FCO, estimates
using the COSCAT/MARCATS segmentation (Laruelle et al., 2013). Taken that the work of Laruelle et
al. (2014) is the most comprehensive, spatially resolved study to date and relies on the same spatial
definition of the coastal regions as the one used in our study, we perform a comparison at the level of
each MARCATS (Figure S2a and Table S1 in the supplementary information). Furthermore, the general
spatial trends observed in our work and in Laruelle et al. (2014) such as the latitudinal profile of FCO,
are also consistent with several earlier studies (Borges et al., 2005; Cai, 2011; Chen et al., 2013; Chen &
Borges, 2009; Laruelle et al., 2010). The role of high latitude shelves as efficient CO; sinks as a
consequence of their low water temperatures has also been evidenced by numerous studies on the Arctic
ocean (Bates & Mathis, 2009). We do not emphasize the comparison for MARCATS 4 (Peruvian
upwelling), 22 (Moroccan upwelling) and 27 (West Arabian Sea) due to the low performance of the
neural network technique in these regions (see sections 3.1 and 3.2). In general, the absolute magnitude
of sources and sinks are slightly lower in our calculations than in Laruelle et al. (2014), but both studies

are in relatively good agreement overall. All MARCATS in polar and subpolar margins act as a CO,
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sink for both studies. In tropical margins, EBCs and WBC:s, the sign (a sink or a source) of FCO is also
in agreement except for one or two MARCATS in each category (i.e., MARCATS 23, 38, 6 and 19).
Along the Indian margins, i.e., regions where FCO, values calculated by Laruelle et al. (2014) have a
low degree of confidence, our results show FCO; values with opposite signs for all of the MARCATS
with the exception of the East Arabian Sea (MARCATS 30). In addition, out of the 9 MARCATS
located in marginal seas, only two display FCO; with the same sign. In quantitative terms, a difference
of less than 1 mol C m? yr' is observed between the two studies in all MARCATS except for two
regions (MARCATS 40 and 41) contributing to merely 4 % of the total surface area of the coastal
regions. These two regions have a low degree of confidence in the study of Laruelle et al. (2014).

We also compare our results to those of Bourgeois et al. (2016) which were calculated using the
Oceanic General Circulation Model (OGCM) NEMO-PISCES (Nucleus for European Modelling of the
Ocean - Pelagic Interaction Scheme for Carbon and Ecosystem Studies). Overall, the two studies are in
relatively good agreement regarding the FCO, sign (33 over 45 MARCATS), but FCO; values
modelled by Bourgeois et al. (2016) produce more intense CO; sinks and weaker sources (Figure S2b
and Table S1). Out of the 45 MARCATS, only 13 present differences exceeding 1 mol C m? yr’,
corresponding to a global coastal surface area of ~ 30 %. These differences are mainly located on
narrow shelves, which are poorly resolved by OGCMs (Bourgeois et al., 2016) and in descending order,
are located in marginal seas, EBCs and WBCs, and subpolar and polar regions. A difference greater

than 2 mol C m? yr' is observed only in the Black Sea.

4.2 CO; flux densities
Both in the open and coastal ocean, several processes and their interactions govern the direction and
intensity of the CO, exchange with the atmosphere. These processes range from physical (i.e.,
solubility, mixing and upwelling waters) to biological (i.e. primary production). Moreover, the supply
of carbon and nutrients by rivers from continents may also affect the dynamics of the air-sea exchange
in coastal regions. Due to the comparatively high photosynthetic carbon fixation and biological activity

that occur in coastal regions in comparison to the rest of the ocean, past observational (Borges et al.,
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2005; Cai, 2011; Chen et al., 2013; Dai et al., 2013; Laruelle et al., 2010, 2014, 2018) and modelling
(Andersson & Mackenzie, 2004; Mackenzie et al., 2012) studies suggest that the FCO, dynamics
substantially differ between the coastal regions and the adjacent open ocean basins. In particular, past
studies have estimated that the global mean air-sea CO, exchange rates for coastal seas vary between -
0.7 mol C m? yr" and -1.2 mol C m™ yr'' implying that, globally, they act as a more efficient CO, sink
than the open ocean per unit surface area (i.e., -0.36 mol C m™ yr' in Takahashi et al., 2009). In this
study, we observe a difference of 36 % between the global mean FCO; for the coastal seas (-0.58 mol C
m? yr'l) and that for the open ocean (-0.37 mol C m? yr'l). However, our analysis of the FCO, maps
(Figure 2) as well as their latitudinal profiles (Figure 4) reveal that there is little difference between
these two systems when compared by latitude. The FCO, distributions for coastal and the open ocean
are relatively similar with CO, sinks at temperate and high latitudes and sources or values close to
equilibrium along the Tropics and the Equator. This general latitudinal trend for coastal regions which
has been suggested by previous studies (i.e., Borges et al., 2005; Cai, 2011; Chen et al., 2013; Laruelle
etal., 2010, 2014) has now become very clear.

The main difference between the coastal and the open ocean consists of the width of the latitudinal band
where the open ocean acts as a source (Figure 4), which is narrower (15° N - 15° S) than that of the
coastal seas (30° N - 20° S). Our results also reveal larger differences between the two systems locally,
in particular in river-dominated coastal regions. The impact of riverine inputs on the coastal CO, flux,
for instance, was investigated by Lefévre et al. (2010) for the Amazon plume, which acts as a CO, sink
while the adjacent ocean is a source . Taken this remarkable similarity in CO; flux densities, our results
thus suggest that most of the difference in the global mean FCO; between coastal and the open ocean
stems from the differing areal distribution of the coastal regions, which are much more abundant in the
high latitude of the Northern Hemisphere where intense CO, sinks take place. Indeed, the coastal seas
located in areas > 60° N (25 % of the total surface coastal area against only 1 % for the open ocean)
take up more than one-third of the global coastal uptake flux (-98 Tg C yr''). This disproportionate

contribution to the global coastal CO; sink is consistent with earlier works (Cai, 2011; Laruelle et al.,
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2010, 2014). Excluding regions located above 60° N, the global mean FCO, obtained for coastal seas is
-0.39 mol C m? yr’', remarkably close to -0.35 mol C m™ yr for the open ocean. This similarity
between coastal regions and the open ocean was also suggested by the work of Bourgeois et al. (2016)
in their modeling study as well as by Wanninkhof et al. (2013). In the latter, the integrated coastal FCO,
estimate (-0.18 Pg C yr'') was calculated by extrapolation assuming that the FCO, of the coastal seas
per unit area is the same as that of the adjacent ocean. With the exception of the local discrepancies
mentioned above (river plume, estuary mouth, ...), the surprisingly similar latitudinal distribution of
flux densities between the coast and the adjacent open ocean observed in this study suggests that, in
addition to others factor explaining the spatial heterogeneity, the thermal effect is the main driver that
governs the zonal latitudinal pattern of sources and sinks for the ocean as a whole. This effect translates
into a change in CO; solubility via the term Ky in equation 1. Cooling/warming waters in high/low
latitudes induce an increase/decrease in the CO, solubility and, thus, a lower/higher pCO; in the surface
seawater. The dominance of this process that was suggested by Gruber (2015) when commenting on the

results of Laruelle et al. (2014) can now be quantified thanks to our analysis.

4.3 Global Ocean CO; budget
Globally, our net ocean carbon uptake of -1.7 + 0.3 Pg C yr' (coastal and open ocean) represents the
sum of a net uptake of anthropogenic CO,, a net exchange flux of natural carbon in response to climate
variability and change, plus an outgassing of river-derived carbon. If we assume a pre-industrial river
outgassing rate of 0.45 + 0.18 Pg C yr' (Jacobson et al., 2007) and an outgassing flux of natural CO, of
the order of 0.4 + 0.2 Pg C yr' (Gruber et al., 2019), our estimates implies an anthropogenic CO,
uptake rate of -2.6 + 0.4 Pg C yr’' for the 1998 through 2015 period. This uptake estimate is statistically
identical to that recently estimated by Gruber et al. (2019) (-2.6 £ 0.3 Pg C yr'') on the basis of ocean
interior changes in anthropogenic CO, between 1994 and 2007. It is also consistent with other
independent estimates, such as those based on an Green’s function ocean inversion method (-2.4 Pg C
yr''; Gruber et al., 2009, adjusted to the year 2007), those based on an inverse model (-2.6 Pg C yr'';

DeVries, 2014), or those based on a compilation of models and observations (-2.0 + 0.6 Pg C yr™,
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Wanninkhof et al. 2013). The anthropogenic CO; uptake estimated here would reaches -2.9 + 0.5 Pg C
yr'' when considering the revisited global pre-industrial river carbon flux (0.78 + 0.41 Pg C yr')
proposed by Resplandy et al. (2018). While the magnitude of global ocean carbon uptake estimates have
not changed much in recent years, the uncertainty of our estimate as well as that for the open ocean has
decreased over time. While Laruelle et al. (2014) reported an uncertainty of 0.05 Pg C yr’' for the global
coastal ocean, our estimate is now 0.02 Pg C yr'. Similarly, the uncertainty estimate for the global open
ocean of 0.26 Pg C yr' is halved relative to the initial estimate by Landschiitzer et al. (2014) of 0.53 Pg
C yr’'. This reduction is the result of (1) improved data coverage and (2) improved analysis methods.
Note that the influence of regional biases is not taken into account in the calculation of the FCO;
uncertainty in this study. However, considering that the globally averaged bias is null and that most
regional biases are much lower than 8, (Laruelle et al., 2017), including them into the uncertainty

calculation would likely only marginally increase it.

Our analysis reveals that, both for the coastal regions and the open ocean, most of the uncertainty over
the FCO, comes from uncertainties associated to the pCO; products themselves. This can be attributed
to the existence of large areas that remain undersampled in spite of the international community effort
to integrate more quality controlled data in the yearly releases of databases such as SOCAT (Bakker et
al., 2016). Although most of the world’s ocean is now relatively well monitored and simulated by the
SOM-FFN derived data products of Landschiitzer et al. (2014) or Laruelle et al. (2017), some of the
least sampled regions represent a challenge even for the best interpolation algorithm because their
training relies on too small datasets which do not allow fully capturing the biogeochemical dynamics of
the region. This likely explains, for example, the poor representation of the Peruvian upwelling by the
coastal pCO; product of Laruelle et al. (2017), which was thus removed from our regional analysis.
Finally, another potential limitation of our calculations is the use of the Atmospheric Boundary Layer to
generate the atmospheric pCO; field used to calculate the air-water pCO; gradient. Recent local studies
of coastal environment have suggested that, because of their proximity with continents where

anthropogenic sources of CO, are taking place, coastal region might be exposed to slightly higher

25



636
637
638
639
640
641
642
643

644

645
646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

Confidential manuscript submitted to Global Biogeochemical Cycles

atmospheric pCO; than the oceanic average. In order to quantify the potential effect of such bias, our
calculations for the global coastal CO, sink were also performed with an atmospheric pCO,; increased
by 2 patm in the 23° N - 66° N latitudinal band (where most of the Earth landmasses are located), by 1
patm in the rest of the Northern Hemisphere and by 0.5 patm in the Southern Hemisphere. The resulting
global CO, uptake from coastal regions amounts to -207 Tg C yr', a 6 % increase in magnitude
compared to our initial estimate. This relatively small difference (falling within our uncertainty range)
might be better accounted for in future calculations with the use of spatially resolved dry air mixing
ratio of CO, dataset such as NASA’s Goddard Earth Observing System (GEOS) model, or

CarbonTracker.

4.4 Seasonal variability

The analysis of the relative contributions of the different drivers to the FCO, seasonal variability reveals
that, for most regions, the seasonal cycle of FCO; is intimately linked to that of ApCO; (Figures 7a and
8). Although the contribution of ApCO, is the main driving force of the seasonal variability of FCO; in
the different latitudinal bands (Bypce,> 0), the contribution of the sea-ice cover and wind speed to the
seasonal FCO; variability can be large locally, in particular at temperate and high latitudes (Figures 7
and 8). This observation was already reported by Yasunaka et al. (2016) for the Greenland, Barents and
Chuchki Seas. In the Northern Hemisphere where most of the coastal seas act as a CO, sink, the
positive Ssea-ice Values can be explained by low summer pCO; combined with low sea-ice cover pushing
FCO, toward a stronger sink while in winter, when pCO; is high, the sea-ice cover limits this exchange
and induces a FCO, going towards a weaker sink. The effect of the wind tends to counteract the other
two mechanisms (fying < 0). In winter, the wind speed is faster compared to summer and the turbulence
at the air-sea interface is increased accordingly. This effect favors the CO, exchange (stronger sink) in
winter while in summer the wind speed slows down and thereby limits the exchange (weaker sink). The
opposite effect of the wind speed with respect to sea-ice and ApCO; has already been observed for the

Barents Sea by Nakaoka et al. (2006).
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All in all, a very strong seasonal variability is observed at higher latitudes, a smaller one between 40° S
and 40° N and a very low one between 10° N and 10° S. The global FCO; seasonal profile for all of the
coastal seas mostly follows that observed for high latitudes (bottom panel of Figure 8). As was the case
for the CO, flux density analysis, this trend reflects that the coastal seas located at high latitudes
influence greatly the global seasonal FCO; profile as a result of their disproportionate contribution to
the global uptake. Because ApCO; is the major driver for all latitudinal bands and due to the six-months
shift in the phase of the seasonal profile between low and high latitudes, the amplitude of the global
FCO, seasonal cycle is dampened and is of the same order of magnitude as that of the equatorial
regions. As a result of the uneven areal surface distribution of the coastal seas at high latitudes in the
Northern Hemisphere and their large contribution to the global seasonal profile, the more intense CO,
uptake is encountered in summer globally while this is observed in winter in the open ocean

(Landschiitzer et al., 2018).

5 Concluding remarks and directions for future research

Up until now, the dynamics of the CO, exchange at the air-sea interface in coastal regions remained
poorly understood and its quantification stayed tainted with large uncertainties. With a better spatial and
temporal coverage of observational data, our study provides a better constrained coastal FCO, globally
and regionally using the MARCATS segmentation. We produce, for the first time, monthly FCO, maps
for the coastal sea regions worldwide at a high spatial resolution of 0.25 degree using the recent coastal
pCO, product of Laruelle et al. (2017) derived from a two-step artificial neural network for the 1998-
2015 period.

Although this study allows us to analyze the climatological FCO, seasonality and to quantify the
respective contributions of ApCO,, wind speed and sea-ice cover to the seasonal signal, the roles of
processes indirectly affecting the seasonality of FCO, through their effect on pCO; in surface coastal

waters remains largely unknown. For instance, changes in SST and SSS induce variations in pCO; by
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physico-chemical processes that impact the CO, exchange. Similarly, variations in alkalinity (ALK) and
dissolved inorganic carbon (DIC) governed by biogeochemical and physical processes can also control
the seasonality of pCOs. In the study of Laruelle et al. (2017), the effect on pCO; seasonality associated
with changes in SST was quantified and compared to non-thermal effects for different oceanic basins
and at global scale. This study emphasizes that the solubility pump is the dominant process in the
seasonality of pCO; for all latitudinal bands in spite of differences between oceanic basins, a result
consistent with past studies (i.e., Laruelle et al., 2014; Shadwick et al., 2010). However, their study also
highlights that the thermal component alone cannot explain the entirety of the pCO, seasonal cycle and
that non-thermal processes (i.e., biological uptake, mixing...) also contribute significantly to the
seasonal variation of pCO,, especially in temperate regions. At high latitudes > 60° in both
hemispheres, high/low pCO, values are observed during winter/summer in this study confirming that
the solubility pump is not the dominant process governing the pCO; seasonal variability in these

regions.

The use of ocean biogeochemical models allows one to further disentangle the respective effects of
ALK, DIC, SSS and SST on the seasonal variability of pCO; and to identify the contributions of
physical, biological and mixing processes to variations in the pCO; field. Such studies have been
conducted along the California current along the west coast of the United States (Turi et al., 2014) as
well as in four different shelf seas (South and Southeast Brazilian shelves, Uruguayan and Patagonia
shelves) along the southwestern Atlantic ocean (Arruda et al., 2015). Both studies concluded that SST
(the solubility pump) and DIC associated to water circulation and the biological pump are the main
drivers of seasonality but that their effects on pCO;, changes can counteract one another. In the
California current, the water circulation generated by the strong upwelling is the main control of the
pCO; seasonality, which is further influenced by the solubility and biological pumps. In the study of
Arruda et al. (2015) on the Patagonia shelf, the opposite is observed and the solubility and biological
pumps govern the seasonality of pCO, with only a small contribution from the water circulation. These

different contributions to the pCO; seasonal variability remain however unknown at the global scale as
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in coastal seas not under upwelling influence. Although they can only be estimated through Ocean
Biogeochemical models, our data based coastal CO; climatology at high spatial and temporal resolution
provide the necessary observational constraints against which these models can be evaluated. A
complete attribution analysis of the FCO, seasonality on the global coastal regions is thus a goal that
should be reachable in the near future. Moreover, long-term trends and the interannual variability of
global coastal CO, fluxes still remain poorly constrained (Laruelle et al., 2018). Coastal regions are
subject to large interannual variations (IAV) driven by riverine loading changes or climatic events such
as El Nino cycle. The analysis of the coastal FCO; [AV, its environmental controls and how it may
impact seasonal cycle should be investigated in future research. Some attention should also be paid to
the potential effects of changes in others environmental parameters (i.e., expected changes in wind
speed and pattern, decrease of the sea-ice cover or increase in atmospheric pCO;) on the spatio-
temporal FCO; trend. Such investigations have already been carried out for the open ocean but are still
missing in coastal seas at global scale. For instance, the increase in atmospheric pCO; in addition to
increasing surface water pCO,, tends to enhance the amplitude of the seasonal signal in FCO,
(Landschiitzer et al., 2018). The study of Wanninkhof & Trinanes (2017) also suggests that the
observed increase in wind speed does not affect the air-sea exchange homogeneously in the ocean
worldwide and depends on the patterns and the localization of this wind speed changes. One could thus
speculate that similar effect will be observed in the coastal ocean but future research is still needed to
properly decipher to complex dynamics of FCO; in the coastal ocean and should be included in ongoing
investigations of the global carbon budget. Our study provides the necessary ground work for such
future research. In parallel, the ongoing community effort to better represent the least monitored coastal
regions in SOCAT will further help reducing the uncertainties associated to the pCO; field and a better
representation of the spatial patterns of atmospheric pCO; will contribute to even better constrained

FCO, estimates as well.
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Coastal seas Open ocean Global ocean
FCO, (Tg C yr'")
Indian 10 (£5) -331 (£190) -322 (£190)
Atlantic -27 (£3) -366 (+£29) -393 (£29)
Pacific -54 (£9) -331 (£89) -386 (£90)
Southern Ocean” -17 (£3) 258 (+123) -275 (+123)
> 60° N -88"" (+7) -87 (£21) -175 (£22)
Marginal seas -18 (£2) - -18 (£2)
Total -195 (x18) -1375 (£255) -1570 (£256)
FCO, (Pg C yr'")
-0.20 (£0.02) -1.38 (+£0.26) -1.57 (£0.26)
Arctic basin” -0.12 (+0.06)
Total with Arctic basin -1.69 (£0.26)

South of 45° S. " This value exclude marginal seas. With marginal seas included, a value of -98 Tg C yr™' is obtained for all

coastal regions located > 60° N. ~"Schuster ct al. (2013).

Table 1. Global integrated FCO,, generated from a 18-year climatology (1998-2015), for the different
oceanic basins (Tg C yr''). The partitioning of these basin-wide fluxes between coastal seas and the
open ocean is also reported. Numbers in parentheses correspond to the FCO; uncertainties calculated
according to section 2.5. Marginal seas include the Hudson Bay, the Baltic Sea, the Mediterranean Sea,
the Red Sea, the Persian Gulf, and the Black Sea. By combining the coastal/open ocean estimates, the
total integrated FCO; for the different oceanic basins as well as for the entire global ocean is evaluated

(global ocean column).
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N°

Class

Surface area

FCO, (mol C m? yr'")

Integrated FCO, (Tg C yr')

System name 10° km2)
BG | LA | This , LA .

2016 | 2014 | sdy | BG2016 LA2014 This study BG2016 014 This study

mean (e} mean (e} mean () mean (e} mean (e}
North East

1 Pacifie Subpolar | 397 | 350 | 394 |-2.29 | 0.17 | -1.61 | 025 | -1.59 | 0.6 | -10.94 | 082 | -6.78 | -7.53 |2.67

2 Cacllli‘;gltan EBC | 118 | 208 | 186 | -0.34 | 0.10 | -0.05 | 0.50 | -0.60 | 02 | -0.48 |0.15| -0.14 | -133 | 048

3 Tr"g:;?gfa“ Tropical | 152 | 183 | 162 |-0.12 | 0.05 | 0.09 | 0.60 | 0.00 | 0.1 | -022 [0.10| 0.19 | 0.00 |0.18
Peruvian

4 | upwelling EBC | 138 | 143 | 121 | 1.44 | 080 | 0.65 | 0.60 | -0.83" | 0.6 | 239 |133| 107 | -120 |0.88
current

5 Southern Subpolar | 1126 | 1190 | 1163 | -1.51 | 0.13 | -1.31 | 0.50 | -1.24 | 0.5 | -2046 | 1.71 | -18.72 | -17.38 | 6.53
America

6 Bcrj:;in WBC | 475 | 484 | 497 |-033|0.08| 0.10 | 025 | -0.12 | 03 | -1.87 [048| 057 072 | 155

7 Tmﬁg:ll]g’ge“ Tropical | 479 | 488 | 490 | 0.86 [ 0.10 | 0.07 | 0.60 | 025 | 03 | 493 |0.55| 039 149 | 1.86

8 | Caribbean Sea | Tropical | 303 | 358 | 289 | 0.10 | 0.10 | 0.81 | 0.60 | 0.80 | 0.2 | 037 | 035]| 3.46 277 | 0.53

9 Gulf of Marginal | oo | 535 | 501 | 079 | 0.11 | -033 | 050 | 024 | 03 | -448 |063| -2.10 142 | 1.90

Mexico sea

10 Florida WBC | 545 | 591 | 804 | -2.25|021|-038|025| -083 | 02 | -1469 | 135| 272 | -8.00 |2.04
upwelling

11 I Subpolar | 576 | 638 | 342 |-127 | 0.18 | -1.72 | 0.60 | -1.88 | 0.6 | -881 |1.24 | -13.17 | -7.70 |2.38
Labrador

12 | Hudson Bay Masreg;nal 998 | 1064 | 1013 | 0.31 [ 029 | - S aass [ %N 376 | 342 - -16.81 | 1.04

13 | [ Canadian Polar | 1001 | 1145 | 1020 | -0.52 | 0.06 | -1.02 | 0.60 | -0.40 | 0.1 | -623 [0.75 | -13.99 | -491 | 1.65
Archipelago

14 North Polar | 544 | 602 | 572 | -0.97 | 0.15 | -0.61 | 0.50 | -0.93 | 02 | -633 | 1.00| -440 | -638 |0.63
Greenland

15 South Polar | 238 | 262 | 248 | -3.35 [ 044 | -3.81 050 | -290 | 03 | 956 | 126 -11.97 | -8.61 | 0.99
Greenland

16 N"];‘Z;fan Polar | 141 | 162 | 142 | 287 | 023 | -1.72 | 025 | -2.55 | 0.5 | -486 |040| -334 | -434 |083

17 NXﬁﬁnii“ Subpolar | 1020 | 1073 | 1040 | -2.16 | 0.12 | -1.33 | 0.25 | -1.10 | 0.2 | -26.50 | 1.42 | -17.17 | -13.68 |2.77
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18 | Baltic Sea Masreg;“al 324 | 364 | 336 | 030 | 0.07 | 0.51 |050| -039 | 04 | 1.18 |029| 225 158 | 1.66
19 Therian EBC | 251 | 267 | 251 | -1.13 [ 0.12 | 0.04 | 025 | -087 | 03 | -339 |035| 0.12 264 | 091
upwelling
20 Medltse;anean Masreg;nal 423 | 529 | 474 | -024 | 0.06 | 0.62 | 0.60 | -0.01 | 0.1 | -120 |033| 3.93 20.07 | 051
21 | Black Sea Ma;eg;nal 131 | 172 | 104 |-024 |0.11| - - | 285 | 06 | -038 |0.17 - 355 | 0.75
2 | Moroccan EBC | 177 | 206 | 179 | 0.18 [0.12 | 2.92 | 050 | 024 | 06 | 039 |026]| 7.22 052 | 1.20
upwelling
23 Tr‘lﬁlﬁim Tropical | 225 | 259 | 259 | 0.09 | 0.08 | -0.06 | 0.60 | 0.03 | 0.1 | 024 |021| -0.17 | 0.09 |[0.29
24 SO‘:&Z‘“’“ EBC | 300 | 298 | 295 | 0.43 | 040 | -1.43 | 050 | -1.06 | 0.8 | 154 |145| -510 | -3.76 |2.66
25 ‘25;‘::;5 WBC | 189 | 239 | 228 |-1.20 | 0.09 | -0.58 | 0.60 | -039 | 0.4 | 273 021 | -1.66 | -1.07 | 1.07
26 Tm‘;ﬁ;‘:"e“ Tropical | 46 | 68 | 60 |-0.06 |[0.08| 1.00 | 0.60 | 030 | 02 | -0.03 |0.04| 0.82 022 |0.12
o7 | West Arabian | Indian 1 o) | o) 1 g | 035 | 004 | 114 | 060 | 0117 | 04 | 034 [004| 126 011 | 042
Sea margins
28 Red Sea Masreg;“al 158 | 174 | 165 | 0.24 | 0.03] 0.16 | 060 | 067 | 0.1 | 046 |007| 033 133|020
29 | Persian Gulf Masreg;“a' 208 | 233 | 217 | 0.04 | 0.08 | - - 0gs |0l 0.09 |0.20 - 220 |026
30 | EastArabian | Indian | o0 | 310 | 515 | 001 {012 067 |060 | 061 | %1 | 075 |o43| 256 231 | 034
Sea margins
31 | Bay of Bengal nllﬁ‘rlggs 197 | 203 | 204 | -069 | 012 ]-022 1060 | 015 [%9 | 164 |028| 053 | 036 |008
3 | Tropical Bast | Indian | . | 63 1 255 | 006 | 007 | -002 | 060 | 016 | 01 | -048 |057| -0.17 146 | 0.74
Indian margins
33 Leeuwin EBC 81 | 117 | 112 | -2.05|0.15|-098 | 025| -049 | 02 | -201 [0.15]| -1.38 | -0.66 | 0.25
current
34 South Subpolar | 392 | 436 | 429 | -137 | 0.18 | -1.14 | 0.50 | -028 | 03 | -6.44 |086| -598 | -144 | 1.60
Australia
East
35 | Australian WBC | 98 | 130 | 133 |-1.74 | 0.18 | -1.09 | 025 | -0.74 | 02 | -2.04 |021| -1.70 | -1.18 | 035
current
36 | New Zealand | Subpolar | 263 | 286 | 266 | -1.23 | 0.16 | -1.25 | 0.50 | -0.90 | 0.2 | -3.88 | 0.50 | 427 | -2.88 | 0.49
37 North Tropical | 2278 | 2292 | 2369 | -0.29 | 0.11 | 0.44 | 0.60 | 031 | 0.1 | -7.87 |3.11| 12.12 | 872 |2.68
Australia
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38 SO‘f;iEaSt Tropical | 2130 | 2160 | 2196 | -0.29 | 0.07 | -0.91 | 0.60 | 0.07 | 02 | -7.34 | 191 | -23.61 | 177 |422

39 | ChinaSeaand | \op |1y | 1109 | 1172 | 2199 | 015 | <141 | 060 | -059 | 0.1 | -27.05 | 199 | -19.10 | -830 |2.03
Kuroshio

40 | Sea of Japan Masreg;nal 233 | 147 | 249 | -3.07 | 0.17 | -3.47 | 050 | -1.44 | 0.6 | -8.61 |048| -6.11 | -432 | 1.84

41 Sea of Marginal | o33 1 955 | 953 | -1.66 | 0.07 | 131 | 060 | -1.85 | 06 | -18.62 | 076 | 150 | 21.18 | 7.10
Okhotsk sea

0 N‘;fg;g’:“ Subpolar | 1025 | 1000 | 1058 | -1.85 | 0.14 | -0.70 | 0.60 | -1.46 | 0.5 | -22.76 | 1.73 | -8.42 | -18.58 | 6.17
Siberian

43 Shalvas Polar | 1848 | 1889 | 1864 | -0.47 | 0.10 | -0.90 | 0.60 | -0.50 | 0.1 | -10.50 |2.12 | -20.32 | -11.12 | 1.82

44 | Barentsand Polar | 1559 | 1680 | 1609 | -0.75 | 0.14 | -1.60 | 0.60 | -1.78 | 0.4 | -14.18 | 2.59 | -32.23 | -34.41 | 7.75
Kara seas

45 As?lt;rvcélsc Polar | 2452 | 2936 | 2693 | -0.90 | 0.14 | -0.15 | 0.50 | -0.12 | 0.1 | -26.63 |3.99 | -538 | -3.80 |2.55

" Due to the scarcity of the data in SOCATv4 dataset for this region, the pCO: product of Laruelle et al. (2017) underestimates the observed pCO: and does not
reproduce the high FCO: source (5.7 mol Cm™ yr') of the region observed by Friederich et al. (2008).
" A pCO: underestimation is also observed for these two regions because of the scarcity in data to train the algorithm for MARCATS 22 (Laruelle et al., 2017)
and given that the monsoon-driven summer upwelling in coastal seas is not captured by the SOM-FFN in MARCATS 27.
™" The scarcity in data in MARCATS 12, 29, 30 and 31 does not allow one to calculate oy,¢,, for these regions in the total FCO: uncertainty calculation.

Table S1. Surface area (10° km?), air-sea CO; exchange rate (FCO,, mol C m?2 yr'") and integrated FCO; (Tg C yr") calculated for
each MARCATS regions. BG2016 and LA2014 refer to the study of Bourgeois et al. (2016) and of Laruelle et al. (2014),
respectively. o in the LA2014 study corresponds to the uncertainties associated to the data coverage in time and space when
they derived FCO.. For BG2016, uncertainty corresponds to the FCO; interannual variability for the 1993-2012 period. In this
study, FCO; uncertainties are calculated according to section 2.5.
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Figure 1. Discretization of the coastal seas into 45 MARCATS (Margins and CATchment
Segmentation, Laruelle et al., 2013). These MARCATS are also grouped into seven major classes
following Liu et al. (2010): Eastern and Western (MARCATS 6, 10, 25, 35, 39) boundary currents
(EBC and WBC respectively), polar (MARCATS 13, 14, 15, 16, 43, 44, 45) and subpolar (MARCATS
1,5, 11, 17, 34, 36, 42) margins, tropical margins (MARCATS 3, 7, 8, 23, 26, 37, 38), Indian margins
(MARCATS 27, 30, 31, 32) and marginal seas (MARCATS 9, 12, 18, 20, 21, 28, 29, 40, 41).

Figure 2. Global distributions of the annually averaged mean air-sea CO, exchange rate (FCO2, mol C
m™~ yr'') generated from a 18-year climatology (1998-2015) (a) for the coastal seas and (b) for the open
ocean. A positive FCO, value represents a source of CO, for the atmosphere, and vice versa for
negative FCO..

Figure 3. (a) Air-sea CO, exchange rate (FCO,, mol C m™ yr') aggregated per MARCATS region as a
function of latitude. Colors correspond to the seven major classes (see Figure 1, Liu et al., 2010).
MARCATS discussed in section 3.1 are reported with their respective number. (b) Mean integrated
FCO, (Tg C yr'') in the different MARCATS classes. For both panels, error bars correspond to the
FCO, uncertainties calculated as described in section 2.5.

Figure 4. (a) Amplitude of the spatial variability within latitudinal bands of the mean air-sea gas
exchange rate of CO, (FCO,, mol C m™ yr'") for the coastal seas (in red) and the open ocean (in blue).
Shaded areas correspond to the FCO; longitudinal variability. (b-c) Spatial variation by 1 degree
latitudinal bands of the integrated FCO, (Tg C yr'') and the surface area (10° km?) for the open ocean
and for the coastal seas, respectively.

Figure 5. Spatial distribution of the amplitude of the seasonal FCO; variability (mol C m™ yr™) (a)
calculated as the root-mean-square for each grid cell of the monthly FCO; anomalies (RMS Fcog)- (b-1)

Seasonal FCO, anomaly (FCO5 in mol C m™ yr™', black lines) in different latitudinal bands calculated as
the mean of the surface weighted average FCO; of all grid cells pertaining to that band. Dotted lines
correspond to uncertainties calculated according to section 2.5. For each panel, a positive value for a
given month implies that the FCO, is a stronger source/weaker sink of CO, than the 18-year mean
FCO; calculated for this latitudinal band. A negative value means a stronger sink/weaker source. Winter
covers the months of January, February and March in the Northern Hemisphere and of July, August and
September in the Southern Hemisphere. The seasonal FCO, profile is plotted twice for each latitudinal
band in order to better visualize the temporal pattern. The root-mean-square of the monthly FCO,
anomalies is also calculated for each latitudinal bands (RMSpcq;, mol C m™ yr'') and differs from the

RMSco; in panel (a), which is calculated at the grid cell level.

Figure 6. Spatial distribution of the amplitude of the seasonal FCO, variability (mol C m™ yr')
calculated for each MARCATS region as a function of their latitude. Colors represent the MARCATS
classes (see Figure 1). For each MARCATS, the root-mean-square of the monthly FCO, anomalies is
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calculated (RMSg 7, mol C m™ yr') and differs from the RMSpp; calculated at the grid cell level.

MARCATS discussed in section 3.3 are reported with their respective MARCATS number. The RMS
value of 3.4 mol C m™ yr'! for the Baltic Sea (MARCATS 18, latitude of 64° N) is not shown in the
figure.

Figure 7. Contributions of the different drivers (S with x = (a) ApCO,, (b) the wind speed, (c) the sea-
ice cover and (d) the cross-correlation between the 3 terms) to the seasonal FCO5 in mol C m™ yr™'. For
each map, [ is calculated on each grid cell using equation 8. A value close to one indicates that a term
contributes strongly to FCO; whereas a value of 0 shows that FCO, is insensitive to that term. Negative
values indicate that a term is anti-correlated with FCO;. S are then multiplied by the root-mean-square
(RMS) of the total FCO; to highlight regions with high absolute seasonal variability and are thus
expressed in mol C m™ yr™.

Figure 8. Seasonal FCO; anomaly (FCO; in mol C m? yr', black lines) in different latitudinal bands
calculated as the mean of the surface weighted average FCO; of all grid cells pertaining to that band.
For each panel, a positive value for a given month implies that the FCO; is a stronger source/weaker
sink of CO, compared to the 18-year mean FCO; calculated for this latitudinal band. A negative value
means a stronger sink/weaker source. The root-mean-square of the monthly FCO, anomalies is also
calculated for each latitudinal band (RMSgcq;, mol C m™ yr'). The FCO, seasonal variability

associated to the sea-ice cover, ApCO,, wind speed and the cross-correlation between the 3 terms is
represented in blue, red, green and pink, respectively. Winter covers the months of January, February
and March in the Northern Hemisphere and of July, August and September in the Southern Hemisphere.
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Figure 4.
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Figure 7.
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Figure 8.
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