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Abstract Determination of the rate of change of sea surface CO2 fugacity (fCO2) is important, as the fCO2

gradient between the atmosphere and the ocean determines the direction of CO2 flux and hence the fate of
this greenhouse gas. Using a newly available, community-based global CO2 database (Surface Ocean CO2

Atlas Version 3 coastal data set) and a newly developed statistical method, we report that the global
ocean margins (within 400 km offshore, 30°S–70°N) fCO2 temporal trends on decadal time scales
(1.93 ± 1.59 μatm yr�1) closely follow the atmospheric fCO2 increase rate (1.90 ± 0.06 μatm yr�1) in the
Northern Hemisphere but are lower (1.35 ± 0.55 μatm yr�1) in the Southern Hemisphere, reflecting dominant
atmospheric forcing in conjunction with different warming rates in the two hemispheres. In addition to
the atmospheric fCO2 forcing, a direct warming effect contributes more to fCO2 increase in the western
boundary current-influenced areas, while intensified upwelling contributes more to fCO2 increase in eastern
boundary current-influenced areas.

1. Introduction

The increase of the atmospheric concentration of carbon dioxide (CO2) due to fossil fuel burning, cement
production, and land use changes is causing changes in the global climate as supported by independent
observations [Pachauri et al., 2014]. The world ocean is an important long-term CO2 sink and has absorbed
approximately one third of anthropogenic CO2 at a rate of 1.6–2.6 Pg C yr�1 since the start of industrial revo-
lution [Le Quéré et al., 2015; Takahashi et al., 2009], albeit with strong decadal and regional variations
[Landschützer et al., 2016]. However, the continuous uptake of CO2 has resulted in increasing ocean surface
fCO2 (fugacity of CO2) levels at rates ranging 1.5–1.9 μatm yr�1 [Bates et al., 2014; Kitidis et al., 2016;
Takahashi et al., 2009]. Therefore, studying seawater fCO2 temporal trend is crucial to understanding how
the oceanic CO2 sink evolves under climate change conditions, as the thermodynamic gradient between
the atmospheric fCO2 and sea surface fCO2 determines the direction and strength of CO2 flux [McKinley
et al., 2016].

Most studies to date have focused on the open oceans, whereas little is known about the temporal evolution
of fCO2 in ocean margins that are subject to land-ocean interactions and boundary current influences.
Although the ocean margins have a small surface area relative to the open ocean, they play a disproportion-
ally important role in global CO2 fluxes and total marine productivity [Liu et al., 2010]. For example, the
continental shelves (<200 m depth) only account for <8% of open ocean surface area, yet CO2 flux there
is about ~17% of the CO2 flux of the open ocean [Bauer et al., 2013; Cai, 2011]. However, fCO2 in ocean
margins typically exhibits large fluctuations on various time scales (daily to interannual), ranging from
<100 μatm to >8000 μatm [Dai et al., 2009; Frankignoulle and Borges, 2001; Guo et al., 2009; Huang et al.,
2015]. Therefore, it is both critical and challenging to address how the CO2 source and sink characteristics
change in the ocean margins.

In this study, fCO2 temporal trends in global ocean margins are calculated based on the Surface Ocean CO2

Atlas (SOCAT) Version 3 Coastal data set [Bakker et al., 2016]. The fCO2 trends in western boundary current
(WBC)- and eastern boundary current (EBC)-influenced areas are also discussed using both the west and east
coasts of North America as examples. We also propose possible mechanisms that control the observed fCO2

trends in different ocean margins.
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2. Data and Methodology
2.1. Data

The fCO2, sea surface salinity (SSS), sea surface temperature (SST), and sampling coordinates and date were
obtained from the SOCAT Version 3 Coastal databases. The latitude ranged from 30°S to 70°N [Bakker et al.,
2016]. SOCAT fCO2 data have been quality controlled following standard protocols, but SSS, SST, coordinates,
and sampling date were reported by the data originators without further quality control in this study [Bakker
et al., 2016]. Conventional ocean margins or continental shelves were typically defined as within 200 m iso-
bath. This definition results in unequal widths of ocean margin areas across the globe and limits land-ocean
interaction in a narrow zone. In the EBC regions, in particular, many of the land-ocean interaction processes
go beyond the 200 m depths [Gruber et al., 2011]. SOCAT data set defines coastal areas using within 400 km
from the coastline as a criterion in order to better reflect the environmental significance of these regions as
continental margins [Pfeil et al., 2012]. As a result, some of the grids that we examined include water depths as
much as 7000 m at deep trenches (for example, in the North Pacific) where a continental plate joins with an
oceanic plate. In addition, if we filtered out deep waters using a uniform 200 m depth, as much as 79.9% of
grids (here 1° × 1°) would be removed. This would make our discussions on spatial distribution of fCO2 trend
muchmore data constrained and prevent us from drawing conclusions based on large-scale oceanic features
such as the influence of boundary currents and warming on fCO2 trends. More importantly, a 400 km limit
allowed us to examine fCO2 trends in important ocean boundary currents adjacent to the margins.
Therefore, we chose not to further filter the SOCAT coastal fCO2 database based on water depth.

Monthly dry air CO2 (xCO2, ppm) data were downloaded from NOAA’s Earth System Research Laboratory
(http://www.esrl.noaa.gov/gmd/ccgg/trends/), and the in situ monthly air fCO2 was calculated based on aver-
aged SSS, SST, and atmospheric pressure in each 1° × 1° grid [Wang et al., 2016].

fCO2air ¼ xCO2� Pb � Pw½ ��e
Pb Bþ2δð Þ

RT

� �
(1)

where Pb is the monthly average barometric pressure in the study area. Pw is saturated water vapor pressure
calculated using monthly average salinity and temperature in the study area [Weiss and Price, 1980]. B, the
first virial coefficient of CO2, and the cross virial coefficient δ are both functions of temperature [Weiss, 1974].

2.2. Trend Calculations

We used the Generalized Additive MixedModeling (GAMM) approach to analyze the fCO2 trends [Wang et al.,
2016]. Briefly, the GAMMmethod predicted fCO2 mainly based on three terms: seasonal cycle, the additional
fCO2 variation caused by SST and SSS changes, and the long-term sea surface fCO2 change. A cyclic penalized
spline was used to fit the seasonal cycle with the entire time series data in each grid. Second-order polyno-
mial models were used to fit the nonlinear relationships of fCO2 variation with SST and SSS. With the best
fitted seasonal cycle and environmental variability, we then assumed the residual fCO2 variation (fCO2

trend × year) was a linear function of sampling date, and its coefficient represented the temporal fCO2 trend.
We consider the fCO2 as having a significant long-term trend in this grid if the p value of this linear regression
is less than 0.05.

In the GAMM method, autocorrelation was accounted for due to the lack of independence of consecutive
observations taken close together in time (see supporting information). Themethod also weighted the obser-
vations using explicit models for heteroscedasticity to account for unequal variance in sampling date, SSS, or
SST [Wang et al., 2016]. Because of high variability, temporal trends based on short records (such as 10 years
or less) are very sensitive to the beginning and end dates [McKinley et al., 2011]. Thus, we only calculated the
trends in grids that had more than 10 years of data record, and we reported the slope of trends with a sig-
nificant regression (p value < 0.05). Grubbs’ test [Grubbs, 1969] was adopted to detect and remove the
fCO2 trend outliers at significance level of 0.05 in each studied area, such as Northern Hemisphere or
Southern Hemisphere and eastern boundary current-influenced or west boundary current-influenced areas.

2.3. Thermal and Nonthermal Trend Calculation

In order to separate the influence of temperature from the influences of all other physical, chemical, and
biological processes on fCO2 trend, we adopted the empirical relationship between temperature and fCO2

(∂ln fCO2/∂T = 0.0423°C�1) [Takahashi et al., 2002] to calculate the thermal fCO2 (T-fCO2) and nonthermal
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fCO2 (NT-fCO2) in every grid. The two components were calculated following equations (2) and (3), in which
the over bar represents the mean value of SST, SSS, or fCO2 in each grid.

T � fCO2 ¼ fCO2� exp 0:0423 SST� SST
� �� �

(2)

NT� fCO2 ¼ fCO2� exp 0:0423 SST � SST
� �� �

(3)

Then T-fCO2 and NT-fCO2 trends were calculated in the same manners as the fCO2 trend with the exception
that SST was not used in the GAMM.

2.4. CO2 Sink/Source Categorization

For each grid, the mean fCO2 level in surface ocean (fCO2ocean) was compared with themean fCO2 level in the
atmosphere (fCO2air) during the same period. If fCO2ocean is lower than fCO2air, the ocean is an overall CO2

sink; otherwise, the ocean is a CO2 source for the studied period. This study assessed the CO2 sink/source
changes by only comparing the sea surface and atmospheric fCO2 trends. The studied grid would become
a decreasing (or increasing) CO2 sink when the oceanic fCO2 trend is higher (or lower) than atmospheric
fCO2 trend. In contrast, the ocean would become an increasing (or decreasing) CO2 source when the fCO2

trend in the surface ocean is higher (or lower) than in atmosphere.

3. Results and Discussion
3.1. Global Average fCO2 Increase Rate and the Latitudinal Variability

The calculated surface fCO2 trend in the global oceanmargin is 1.91 ± 1.63 μatm yr�1 (Figure 1), with the mid-
dle 50% of the trend (mean ± 25% of variance) values ranging between 1.28 μatm yr�1 and 2.47 μatm yr�1.
These results are consistent with an earlier study in both the Japanese and European margins [Wang et al.,
2016]. In addition, the mean fCO2 increase rates in the Northern (0–70°N) and Southern Hemispheres
(0–30°S) are 1.93 ± 1.59 μatm yr�1 and 1.35 ± 0.55 μatm yr�1, respectively. If we only account for the tropical
areas, fCO2 increase rate in the low-latitude Northern Hemisphere (0–30°N) is 1.65 ± 0.92 μatm yr�1 and is still
significantly higher than that in the Southern Hemisphere (0–30°S) (Student’s t test, p = 0.03). On the global
scale, fCO2 increase rates show significant latitudinal dependence (p < 0.05) for both the global ocean mar-
gins (Figure 1b), ocean margins within the Northern Hemisphere (see details in supporting information), and
boundary current-influenced areas. Note that the temporal spans of data examined in this study are mainly
between 10 and 30 years (Figure S2). Similar to the studies in the open ocean [Fay and McKinley, 2013;
McKinley et al., 2011], the fCO2 trend variance is related to the time scale. However, the fCO2 trend is not
biased by the time scales selection in the ocean margins (see supporting information and Figure S3), and
our 10 year trends are comparable with the longer-term trends.

The time scales used for calculating the atmospheric fCO2 trends are the same as those for the seawater fCO2

trends. Since the average increase in atmospheric fCO2 in global ocean margins is 1.90 ± 0.06 μatm yr�1, it is
clear that the fCO2 increase in the margins of the Southern Hemisphere (1.35 ± 0.55 μatm yr�1) is lower than
the atmospheric trend (paired t test, p < 0.001). Note that the SOCAT coastal data set does not include the
Southern Ocean; thus, this work does not cover middle- to high-latitude regions in the Southern
Hemisphere (>30°S). For the Northern Hemisphere margins, however, the seawater and atmospheric fCO2

trends are statistically indistinguishable in all studied 1° × 1° grids as a whole (paired t test, p = 0.74).
Based on the differences in the atmospheric and ocean margin fCO2 trends, the ocean margins in the
Southern Hemisphere have become either a stronger CO2 sink or a weaker CO2 source over the past few
decades, depending on the initial sea surface and atmospheric fCO2 at the beginning of each time series
[Wang et al., 2016]. In contrast, the overall strengths of CO2 sinks or sources in the Northern Hemisphere
margins have not changed significantly over the past few decades if we assume that the gas transfer coeffi-
cient and gas solubility remain the same (Figure S4).

Further data analysis suggests that 75% of grids in the low-latitude (30°S–30°N) margins are an overall source
of CO2 due to higher seawater fCO2 than the atmosphere, but this CO2 source has weakened in 71% of these
grids. Of the other 25% of the low-latitude grids that are acting as an overall CO2 sink, 79% have become a
stronger CO2 sink over the past few decades (Figure 2). On the contrary, the majority of grids (88%) north
of 30°N are CO2 sinks, nearly half of which (47%) have become stronger, while the other half (53%) have
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Figure 1. Global distribution of fCO2 trends, their thermal and nonthermal components, and their respective latitudinal distributions. (a) Global distribution of fCO2
trends, (c) global distribution of thermal fCO2 trends, and (e) global distribution of nonthermal fCO2 trends. The inserted figures in Figures 1a, 1c, and 1e are the
density plots (the area under the curve is 1) of the calculated fCO2, thermal fCO2 and nonthermal fCO2 trends. (b, d, and f) The p value is the statistical significance of
the linear regression. (Null hypothesis states that the slope is equal to zero. Unit for color bars and y-axes is μatm yr�1.)

Figure 2. The summary of CO2 sink/source change in global margins.

Geophysical Research Letters 10.1002/2017GL074724

WANG ET AL. DECADAL FCO2 TRENDS IN OCEAN MARGINS 8965



become weaker (Figure 2). Overall, 44% of all global ocean margin grids have seawater fCO2 increase rates
faster than the atmospheric trend, while 56% of grids have fCO2 increase rates slower than the
atmospheric trend. Therefore, there are more grids in the global margins becoming a decreasing source of
CO2 to the atmosphere.

On the global scale, the average decomposed nonthermal fCO2 (NT-fCO2) trend is 1.89 ± 2.63 μatm yr�1 in
the ocean margins, much higher than the average thermal fCO2 (T-fCO2) trend (�0.20 ± 1.88 μatm yr�1,
p < 0.001) (see method for fCO2 decomposition). These results suggest that on the global-scale, nonthermal
effects are much greater than thermal effects in controlling ocean margin fCO2 changes. While NT-fCO2

trends can be caused by many physical (other than temperature change), chemical, and biological processes,
we suggest that on a global scale, there is no significant difference between NT-fCO2 and atmospheric fCO2

increase rate (paired t test, p > 0.05). The agreement between NT-fCO2 increase rate and the atmospheric
fCO2 increase rate indicates that air-sea gas exchange exerts the dominant control on coastal ocean fCO2

increase, similar to the observations in the open ocean [Takahashi et al., 2009]. However, NT-fCO2 increase
rates may be either lower or higher than the atmospheric fCO2 increase rates in different regions, such as
the boundary current-dominated systems. These regional differences will be further discussed in the
following section.

Despite the overall small thermal effect, T-fCO2 trends show significant latitudinal dependence on the global
scale (Figures 1c and 1d); however, there is no latitudinal dependence for the NT-fCO2 trends (Figures 1e and
1f). The apparent latitudinal dependence of T-fCO2 may be explained by the differential warming rates across
the globe. Overall, the calculated multidecadal (1971 to 2010) [Levitus et al., 2009; Pachauri et al., 2014] warm-
ing rates in the upper 75 m of the global ocean range from 0.09 to 0.13°C decade�1, whereas the warming is
more prominent in the Northern Hemisphere (0.248°C) than in the Southern Hemisphere (0.115°C) in the
surface 700 m for the 1969–2008 period [Levitus et al., 2009]. Note the global average SST change from
1990 to 2006 based on the buoy data is about 0.025°C yr�1 [Stocker et al., 2013]. Assuming that average
fCO2 in the surface water is the same as average fCO2 in the atmosphere from 1990 to 2006 (358 μatm),
the SST change could increase the T-fCO2 trend by 358 μatm × 0.025°C yr�1 × 4.23% °C�1 = 0.38 μatm
yr�1 in Northern Hemisphere and 0.19 μatm yr�1 in Southern Hemisphere based on the empirical relation-
ship between temperature and fCO2 change [Takahashi et al., 2002]. The absolute T-fCO2 trend caused by
the SST change in the marginal seas should be different from the open ocean. Nevertheless, it appears that
the magnitude of fCO2 trend resulted from latitudinal gradient in SST can only partially explain the increasing
fCO2 trends from the Southern to the Northern Hemisphere (Figures 1c and 1d and supporting information).
Therefore, more studies are needed to explain this latitudinal dependence of fCO2 trends.

3.2. Boundary Current Effect on fCO2 Increase Rate Variability

Most global ocean margins are influenced by boundary currents. Overall, the Pacific Ocean margins have sig-
nificantly higher fCO2 increase rates than the margins in the Atlantic Ocean (Figure 1 and Table 1). However,
the trends of T-fCO2 and NT-fCO2 are drastically different between the EBC- and WBC-dominated margins
within each ocean basin. For example, in the North Pacificmargins (influenced by the Kuroshio Current versus
California Currents), our calculations show that the T-fCO2 trend is higher in the WBC than EBC (�0.19 ± 1.26
versus �1.17 ± 2.39 μatm yr�1), yet NT-fCO2 trend is lower in WBC than its EBC counterpart (2.55 ± 1.75
versus 3.29 ± 3.53 μatm yr�1, Table 1). The situation is similar in the North Atlantic margins (the Gulf
Stream versus the Canary Current), where the T-fCO2 trend is higher in WBC than EBC (1.10 ± 1.97 versus

Table 1. A Summary of fCO2, Thermal fCO2, and Nonthermal fCO2 Trends in the North Pacific and North Atlantic
Ocean Marginsa

Area fCO2 Trend T-fCO2 Trend NT-fCO2 Trend

California Current (15°N–45°N, 114°W–128°W) 2.34 ± 1.55 �1.17 ± 2.39 3.29 ± 3.53
Kuroshio Current (22°N–45°N, 130°E–148°E) 2.30 ± 1.71 �0.19 ± 1.26 2.55 ± 1.75
Canary Current (10°N–50°N, 21°W–9°E) 1.90 ± 1.55 0.05 ± 1.82 1.94 ± 2.65
Gulf Stream (28°N–45°N, 59°W–81°W) 1.19 ± 1.75 1.10 ± 1.97 0.61 ± 2.37

aUnit is μatm yr�1.
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0.05 ± 1.82 μatm yr�1), while the NT-fCO2 trend is lower in WBC than its EBC counterpart (0.61 ± 2.37 versus
1.94 ± 2.65 μatm yr�1, Table 1)

Due to the greater spatial and temporal fCO2 data coverage, we limit the following discussion to the Northern
Hemisphere and consider only the North American east and west coast margins (Figure 3) as examples to

Figure 3. The fCO2 trend and its thermal and nonthermal components along the North Americanmargins and a comparison in the two boundary current-dominated
areas. (a) The fCO2 trend, (c) thermal fCO2 trend, and (e) nonthermal fCO2 trend. The comparison of (b) fCO2 trend, (d) thermal fCO2 trend, and (f) nonthermal
fCO2 trend between EBC (15°N–45°N) and WBC (28°N–45°N) along the North American margins. Note that EBC- and WBC-dominated margins were noted in
Figure 3a. The inserted figures in Figures 3a, 3c, and 3e are the density plots (the area under the curve is 1) of the calculated fCO2, thermal fCO2, and nonthermal fCO2
trends. Unit for color bars and y-axes is μatm yr�1.
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WANG ET AL. DECADAL FCO2 TRENDS IN OCEAN MARGINS 8967



interpret the contributions of different forcings (thermal and nonthermal) on the regional fCO2 trends in
WBCs and EBCs.

The rate of increase of seawater fCO2 in surface water is significantly lower in the WBC (the Gulf Stream,
1.19 ± 1.75 μatm yr�1) than the EBC (the California Current System, 2.34 ± 1.55 μatm yr�1) (Figures 3a and
3b and Table 1). Additionally, the rate of increase of seawater fCO2 is significantly lower than the atmo-
spheric trend in the WBC (paired t test, p = 0.008) but significantly higher than the atmospheric trend
in the EBC (paired t test, p = 0.01). Previous studies have shown that the margins of both the Gulf
Stream and the California Current System are a net CO2 sink [Hales et al., 2012; Laruelle et al., 2014;
Signorini et al., 2013], and we add that the sink capacity has likely changed differently in these regions,
with increasing sink capacity in the Gulf Stream margins and decreasing sink capacity in the California
Current System margins (Figure S5).

The difference in T-fCO2 trends between the Gulf Stream and the California Current System in North
American margins is caused by the different temperature changes in these areas. The WBCs are intensifying
and shifting toward the poles as a long-term effect of global warming, which results in the surface ocean
warming rates over the paths of WBCs (0.1–0.3°C decade�1) outpacing other regions [Wu et al., 2012; Yang
et al., 2016]. For example, the warming rate of the Gulf Stream is as much as ~0.9°C decade�1 over the period
of 2005–2014 [Robson et al., 2016] even though some studies argue that warming in the Gulf Stream is slow-
ing down from 2003 to 2012 based on coastal sea level observation [Ezer et al., 2013]. Meanwhile, it is likely
that global warming leads to increased upwelling intensity in EBCs [Bakun, 1990; Bakun et al., 2010; Wang
et al., 2015]. The enhanced upwelling could compensate for the regional warming effect or even cause
decreased SST in EBCs including the California Current System [Jacox et al., 2014; Patti et al., 2010], the
Humboldt Current System, the Benguela Current System, and the northwest coast of Africa [Gutiérrez et al.,
2011; McGregor et al., 2007; Santos et al., 2012]. Therefore, the higher warming rates in the WBCs than EBCs
cause the higher T-fCO2 trend in the Gulf Stream and negative T-fCO2 trend in the California Current System.

However, the higher warming rate does not necessarily lead to a higher fCO2 trend (Table 1) because of the
low NT-fCO2 trend in the Gulf Stream, where the NT-fCO2 trend is significantly lower than the atmospheric
fCO2 trend (paired t test, p< 0.05). It is likely that there are some other processes, in addition to atmospheric
forcing, suppress the NT-fCO2 trends in the Gulf of Stream. One possible process that leads to this low
NT-fCO2 trend in the Gulf Stream is the increasing primary productivity due to anthropogenic nutrient input,
which is supported by the shallow-water ocean carbonate model [Andersson and Mackenzie, 2004] and the
increasing annual chlorophyll concentrations from 1998 to 2014 [O’Brien, 2015]. Another likely contributor
to the low NT-fCO2 trend is the shorter average residence time in WBCs (0.31 ± 0.01 month) compared to that
of EBCs (1.52 ± 0.22 month) [Bourgeois et al., 2016]. The accumulation of anthropogenic CO2 in the Gulf
Stream would be limited by the short residence time and rapid cross-shelf water exchange, causing the
sea surface fCO2 trend to lag behind atmospheric fCO2 change. Nevertheless, more studies are needed to
determine the exact causes.

We note that the Kuroshio Current-influenced area has a substantially larger fCO2 trend than the Gulf Stream
system (Table 1). We suggest that the Kuroshio transverses 400 km of active margin with many trenches and
thus encompasses more deep waters and much stronger upwelling than the Gulf Stream system where
upwelling is limited to the shelf-break mixing [Liu et al., 2010]. We also note that data are not available in
the margin areas off the midlatitude eastern Asia. Thus, a strict comparison between this region and the
Gulf Stream-influenced region is not appropriate.

While SST changes have a direct effect on T-fCO2, NT-fCO2 is influenced by upwelling, biological production,
and increasing atmospheric fCO2. Generally speaking, upwelling in ocean margin areas can enhance primary
production by bringing up deep, cold, and nutrient-rich water to the surface [Demarcq, 2009; Gutiérrez et al.,
2011; Lachkar and Gruber, 2011]. Therefore, the increasing primary production in the California Current
System due to upwelled nutrients should depress the fCO2 trend. However, the intensified upwelling in this
region also delivers CO2-enriched and low carbonate saturation state subsurface water to the surface [Feely
et al., 2008]. Both the fCO2 and NT-fCO2 trends are significantly higher than the atmospheric fCO2 trend
(paired t test, p< 0.05). It is likely that there are some other processes, in addition to atmospheric forcing, that
can accelerate the NT-fCO2 trend in the California Current System-dominatedmargin. The relatively high fCO2
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and NT-fCO2 trends also show that the CO2 uptake caused by enhanced photosynthesis probably cannot
compensate the CO2 increase due to atmospheric CO2 invasion and upwelling of CO2-enriched subsurface
water; this may be because the relatively low temperature in the California Current System inhibits primary
production or the eddies transport nutrients out of the immediate coastal area [Gruber et al., 2011; Renault
et al., 2016]. The CO2 enrichment due to upwelling is so strong that the 30–40°N nearshore area in
California Current System has even become an increasing CO2 source (Figure S5), which could further
exacerbate the effects of ocean acidification in this upwelling-dominated system [Gruber et al., 2012; Hauri
et al., 2009].

Taken together, our results revealed the heterogeneity in CO2 sink/source evolution in global ocean margins
and the mechanisms that control fCO2 trends in these systems. The findings have significant implications to
understanding the temporal changes in CO2 sinks and sources in global ocean margins and adjacent bound-
ary current-influenced areas on multidecadal time scales. Due to the current sparse fCO2 data coverage in the
ocean margins and the highly heterogeneous nature of these margins, continued efforts in collecting and
compiling additional data and incorporating them into the SOCAT database are necessitated. These efforts
will lead to a better understanding of ocean margins and their role in the global carbon budget under future
climate change conditions.
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