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The Pacific Ocean is one of the important carbon sink regions, and there is a
significant west-east difference in sea-air CO, flux. However, the influence of
the long-standing greater CO, uptakes in the western Pacific than in the east
and the dynamic change of this west-east difference remain unclear. In this
paper, using the gridded surface ocean pCO, product constructed by the
stepwise FFNN algorithm, we reported an increasing west-east CO, flux
difference from 0.41 PgC yr* in 1992 to 0.73 PgC yr™ in 2020. This increase
was mainly attributed to the strengthening western Pacific carbon sink and
relatively stable eastern Pacific carbon source. During El Nino events, the west-
east CO, flux difference decreased significantly in a few years, and it then rose
back rapidly when El Nino events ended. In addition, the increasing west-east
difference in CO, uptakes during the last three decades did not lead to a higher
acidification speed in the western surface temperate Pacific than the east. The
greater CO, absorbed in the west was mainly transported to the deeper waters
and caused a more significant carbon inventory change at 200-600 m than the
eastern Pacific.
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Introduction

The atmospheric CO, concentration has been continuously
rising since the beginning of the industrial revolution, due to the
increasing release of anthropogenic CO,. The global oceans
absorbed about one-third of the released anthropogenic CO,,
which slowed down the rising atmospheric CO, (Sabine et al.,
2004; Friedlingstein et al., 2019). The sea-air CO, flux was widely
used to quantitative the global ocean CO, uptakes, which was
mainly calculated based on the difference of partial pressure of
carbon dioxide (pCO,) between the sea and air. Oceans with
negative CO, flux values suggest a lower surface ocean pCO,
than the atmosphere, referred to as carbon sinks. On the
opposite, oceans with positive CO, flux values are referred to
as carbon sources, where the CO, is released from oceans to the
atmosphere. During the last three decades, the global ocean
carbon sink weakened in the 1990s and then restrengthened
since 2001 (Landschiitzer et al., 2016; Watson et al., 2020). As
the largest ocean, the Pacific Ocean carbon sink played an
important role in the global ocean CO, uptakes, and its
intensity was largely influenced by the variation of equatorial
carbon sources following the ENSO events (Feely et al., 2006).
Although with the most intense carbon source in the equatorial
area, the Pacific Ocean has absorbed the most CO, among
the major oceans, with a total of 10.04 + 4.3 PgC from the
atmosphere during 1994-2007 (Watson et al., 2020). In the same
period, the Pacific Ocean carbon inventory has increased by 13.2
+ 1.3 PgC (Gruber et al,, 2019). The temperate Pacific
contributed most to the CO, uptake, with a stronger carbon
sink in the north Pacific than the south, especially in the 30-40°N
areas (Takahashi et al., 2009; Ishii et al., 2014; DeVries et al.,
2017). However, differences in CO, uptakes also existed between
the western Pacific and the east, with less concern than the
latitude differences (Takahashi et al., 2009; Landschiitzer et al.,
2016; Denvil-Sommer et al., 2019; Chau et al., 2022). The
western part contributed most to the Pacific CO, uptakes,
while the eastern Pacific released more CO, than absorbed
(Landschiitzer et al,, 2014). Research related to the differences
between the western Pacific and the east focused more on the
importance of the eastern equatorial Pacific carbon source than
the CO, uptake difference between the west and the east (Feely
etal., 1997). The eastern equatorial Pacific carbon source ranged
from +0.30 to +0.43 PgC yr’', significantly larger than the
western equatorial source near +0.04 PgC yr' (Gruber et al,
2009; Takahashi et al., 2009; Landschiitzer et al., 2014). While in
the temperate Pacific Ocean, the west-east difference of the
carbon sink also existed for a long time (Takahashi et al.,
2009), with still unclear influences and dynamic changes.
Thus, based on the drivers selected by the Stepwise FFNN
algorithm (Zhong et al, 2022), we reestimated the Pacific
Ocean carbon sink in the last three decades and then explored
the mechanism and long-term influence of the carbon sink
differences between the western Pacific and the east.
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Materials and methods

The Stepwise FFNN algorithm designed by Zhong et al.
(2022) was used to reconstruct the gridded surface ocean pCO,
data on different biogeochemical provinces divided based on the
self-organizing neural network (SOM). Based on the
measurements from the Surface Ocean CO, Atlas dataset
version 2022 (Bakker et al., 2016; Bakker et al., 2022), we
extended the previous 1°x1° monthly pCO, product to the
period January 1992 through December 2020 (Zhong, 2021).
The reconstruction of pCO, data includes three steps. Firstly, the
Pacific Ocean was divided into 5 biogeochemical provinces
based on the SOM, using the climatological mean sea surface
temperature, salinity, and mixed layer depth from ECCO,
cube92 product (Menemenlis et al., 2008), nitrate, phosphate,
silicate, and dissolved oxygen from the World Ocean Atlas 2018
(Boyer et al., 2018), and pCO, climatology from Landschiitzer
et al. (2020). All 12 months of the climatology products were
input into one SOM network to include the seasonal variability
in the biogeochemical province dividing. Secondly, the pCO,
predictors were selected by the Stepwise FFNN algorithm from
total alkalinity (Broullon et al., 2019), dissolved inorganic carbon
(Broullon et al., 2020), and the pCO, drivers used in previous
work (Zhong et al,, 2022). Based on the same group of SOCAT
samples, the predictors corresponding to the lowest pCO,
predicting error calculated by the k-fold cross validation
method were selected as the optimal pCO, predictors. Finally,
based on the FENN, the relationship between selected optimal
pCO, predictors and surface ocean pCO, was fitted, and then the
1°x1° monthly gridded pCO, product during 1992-2020 was
constructed using the relationship and pCO, predictors.
Compared with the original version (Zhong et al., 2022), we
used multiple FFNNs with different initializations (controlled by
the random seed mechanism of MATLAB) to calculate the
average of the results for each error and the pCO, predicting
value in the new version, to eliminate the unexpected influence
of FFNN initial state and SOCAT sample sort order on the
results. The selected pCO, predictors in different biogeochemical
provinces of the Pacific suggested the most important pCO,
drivers (Figure 1).
The sea-air CO, flux was estimated by the difference of pCO,
across the interface (Watson et al., 2020):

F=k- (asubskin 'pCOZW — Ogkin 'pCO2atm) (1)

where F is the sea-air CO, flux (mol m™ yr''). The pCO,,, is the
surface ocean pCO, (patm), and pCO,,yy, is the atmospheric pCO,
(patm) calculated from the xCO, product (GLOBALVIEW-CO2,
2011). The agpskin and agg, are the solubility of CO, in the
molecular boundary layer and cool skin (Donlon et al, 2007;
Woolf et al, 2016), calculated from temperature and salinity
(Weiss, 1974). The salinity product is from ECCO, cube92
(Menemenlis et al., 2008), with a difference of 0.1 between the
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Biogeochemical province and corresponding pCO, predictors. Chl-a, chlorophyll-a concentration; MLD, mixed layer depth; W,e, w velocity of
ocean currents at given depth; DO, dissolved oxygen; sLat, sine of latitude; sLon, sine of longitude; cLon, cosine of longitude; xCO,, dry air
mixing ratio of atmospheric CO,; SSH, sea surface height; DIC, dissolved inorganic carbon; TA, total alkalinity; Nyon, Nnumber of months since
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skin and subskin salinity (Woolf et al., 2016). The NOAA/OAR/
ESRL PSD, Optimum Interpolation SST V2 product is used for the
skin temperature (Banzon et al., 2016), with a difference of -0.17K
between the skin and subskin temperature (Donlon et al.,, 2002).
The subskin correction for the cool skin was carried out in the sea-
air CO, flux estimate as the foundation (1) (Watson et al., 2020).
The parameter k is the transfer velocity of CO,, related to the wind
speed (Wanninkhof, 1992):

k = I'(660/Sc)*> U* )

where Sc is the Schmidt number of CO, in the given
temperature. The parameter U is the average wind speed,
using the high-resolution Cross-Calibrated Multi-Platform
(CCMP) product (Atlas et al, 2011). T" is a scale factor
according to the wind product used, here we used 0.254 from
the previous research based on the CCMP product
(Landschiitzer et al., 2014).

In this work, the spatial coverage of the Pacific was defined
as 85°S-70°N, and the analysis was based on the RECCAP areas,
including the north subpolar Pacific (north of 44°N), northern
temperate Pacific (18-44°N), equatorial Pacific (18°S-18°N) and
southern temperate Pacific (18-44°S), and the Pacific sector of
the Southern Ocean (south of 44°S). The boundary between the
western Pacific and the east was defined as 174°W in the north of
18°N, 158°W in the 18°S-18°N, and 139°W in the south of 18°S,
to make the surface areas nearly equal between the west and the
east. The areas shallower than 500m were considered coastal
areas and removed.

The uncertainty of sea-air CO, flux estimate includes mainly
three parts: the uncertainty of transfer velocity k, the cool skin
impact, and the uncertainty in the surface ocean pCO,
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reconstruction. The uncertainty of transfer velocity k was
related to the wind product and considered about 5-30%
(Takahashi et al., 2009; Ho et al., 2011; Woolf et al., 2019),
and here we used 10%. Recent research suggested an
underestimate of 0.35 PgC yr™" in the global ocean carbon sink
caused by the cool skin impact (Woolf et al, 2019). The
uncertainty caused by the temperature and salinity gradient
was considered 3% and 1.7% after the subskin correction,
respectively (Woolf et al., 2016; Watson et al., 2020b). The last
uncertainty term came from the reconstruction of gridded
surface ocean pCO, data, including the pCO, measurement
uncertainty, the uncertainty of averaging to 1°x1° grids, and
the pCO, interpolation uncertainty. Thus, the total uncertainty
in the pCO, reconstruction was calculated on average (Wang
et al., 2014):

o(pCO,)’= (3)

where the measurement uncertainty c(meas) was about 2-5
patm (Pfeil et al., 2013; Wanninkhof et al., 2013b), which was
lower than the others and can be neglected (Landschiitzer et al.,

o(meas)*+0(grid)*+o(map)*

2014). The uncertainty of averaging to 1°x1° grids, o(grid), used
5 patm from the previous research (Sabine et al., 2013). For the
pCO, interpolation uncertainty o(map), we used the predicting
error of 7-25 patm in each biogeochemical province (Zhong
et al, 2022). The uncertainty in each province was calculated
following (Landschiitzer et al., 2014):

o (map)?

2 o(grid)? .
Ns;(map)

o (< pCO, >) Nop (grid)

(4)

The o(<pCO,>) calculated from the pCO, interpolation
uncertainty ranges from 2 to 7 patm in each province. Based
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on the average CO, transfer velocity of 0.06 mol Cm™ yr™ in the
Pacific Ocean, the uncertainty 6(pCO,) caused by the pCO,
interpolation error in different provinces ranges from +0.03
to +0.13 PgC yr™'. The total uncertainty of pCO, interpolation
estimated by the sum of squares of 6(pCO,) in each province
was +0.16 PgC yr™', corresponding to roughly 22% of the average
Pacific Ocean carbon sink estimated below. Thus, combining the
uncertainties stemming from transfer velocity, cool skin
influences, and pCO, interpolation, the final uncertainty
was +24.4% (= v10%>+3 %> +1.7%* +22%?), using the
square root of the sum squares propagation, corresponds to +
0.17 PgC yr™* (16).

The paired-sample ¢-test was conducted to examine whether

the difference in CO, flux between the western and eastern
Pacific is statistically significant at a 1% significance level. The p-
value was calculated from the total CO, flux of the western and
eastern Pacific in each month. When the p-value is lower than
0.01, the west-east CO, flux difference is statistically significant.

Climatological mean west-east
difference in sea-air CO, flux

The average Pacific Ocean carbon sink during 1992-2020
was -0.73 % 0.17 PgC yr™', with large seasonal variability. The
seasonal variability of CO, flux is basically dominated by the
variation of surface ocean pCO, (Figure 2). The climatological
mean sea-air CO, flux of the Pacific was -0.80 + 0.18 PgC yr' in
January and -0.37 + 0.16 PgC yr™ in July. Despite the significant
seasonal change in the total carbon sink of the Pacific Ocean,
great CO, flux differences were found between the western and
eastern Pacific in all seasons. In January, the western Pacific was
a stronger carbon sink than the east, with a difference of 0.80
PgC yr' (n=29, p<0.01, paired-sample t-tests). This west-east
difference became 0.71 PgC yr'' when the western carbon sink
weakened and the eastern Pacific became a carbon source in July
(n=29, p<0.01, paired-sample t-tests).

On the regional scale, the west-east CO, flux difference was
most significant in the equatorial Pacific, then the temperate
oceans and subpolar oceans in January. While the west-east CO,
flux differences in the north temperate oceans and subpolar
oceans largely reduced in July. In the north subpolar Pacific, the
surface ocean pCO, and CO, flux showed large seasonal
variability, consistent with previous climatology research
(Takahashi et al., 2009; Landschiitzer et al., 2020). The carbon
source in the west of the north subpolar Pacific was more intense
than in the east in January, with a difference of 0.11 PgC yr''
(n=29, p<0.01, paired-sample ¢-tests). The carbon source in the
subpolar Pacific was caused by the transport of deep waters with
high DIC toward the surface in winter (DeVries et al., 2017), and
turned into a weak carbon sink due to the biological
consumption of CO, in strongly stratified shallow mixed
layers in summer (Takahashi et al, 2009). The pCO,
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predictors selected by the Stepwise FFNN algorithm suggested
that nitrate, alkalinity, and chlorophyll concentration were the
most important pCO, drivers in the north subpolar Pacific,
supporting the dominance of biological activities on the pCO,
variation. The west-east difference in CO, flux decreased to 0.02
PgC yr'' in July (n=29, p<0.01, paired-sample t-tests), with a
stronger carbon sink in the west than in the east. The more
significant CO, flux west-east difference in winter than in
summer was caused by the difference in the gas transfer
velocity related to the wind speed, which was significantly
higher in winter (Figures 2E, F).

The strong seasonal variation of pCO, in the northern
temperate Pacific is mainly caused by the seasonal variation of
sea surface temperature, which leads to a strong carbon sink close
to about -5 mol m™ yr! in winter and a weak carbon source near
1 mol m™ yr' in summer appeared alternately. Similarly, the
west-east CO, flux difference was also more significant in winter,
reaching 0.27 PgC yr™! in January (n=29, p<0.01, paired-sample ¢-
tests), with a stronger carbon sink in the western Pacific than the
east. This is far greater than the west-east difference of 0.03 PgC
yr!
different wind speed in each season was also partly responsible.

in July (n=29, p<0.01, paired-sample t-tests), where the

Because the average wind speed during winter of the western
temperate Pacific in the 30-45°N region was much higher than
that in the eastern temperate Pacific, the west-east CO, flux
difference was more significant than in summer. However, in
the 10-30°N, there was a relatively stronger carbon sink in the
eastern Pacific, while the 10-30°N area was overall a weak sink in
winter. In summer, this carbon sink area in the eastern Pacific did
not turn into a carbon source with the rising temperature like the
surrounding areas but sustained with weak intensity, reducing the
west-east CO, flux difference in the north temperate Pacific
during summer. The formation of this weak sink area may be
due to the lower SST in the eastern Pacific. The ECCO2 Cube92
SST product shows that the average SST in the Eastern Pacific was
1.9°C lower than that in the western Pacific in winter and about
1.3°C lower in summer in the 10-30°N region. Except for this
weak sink area, the seasonal variability pattern was the same
between the western Pacific and the east in most parts of the
northern temperate oceans. Similar to the northern temperate
oceans, in summer, the carbon source in the western Pacific was
significantly weaker than that of the eastern Pacific in the southern
temperate Pacific 18-44°S. However, in winter, the western Pacific
Ocean is overall a strong carbon sink, while the eastern Pacific
Ocean has a weak carbon sink and a carbon source area. This is
mainly caused by the mixing of high pCO, water from the
equatorial oceans and low pCO, water from the Southern
Ocean in the South Pacific.

In the eastern equatorial Pacific 18S-18N, the upwelling
transported deep waters with high DIC toward the surface
layer, leading to the strongest carbon source region and
basically stable intensity in different seasons (Landschiitzer
et al., 2014). The surface seawater with high pCO, is
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FIGURE 2

Seasonal variability of surface ocean pCO, and CO; flux. (A) and (B): climatological mean surface ocean pCO; in January and July; (C) and
(D): climatological mean sea-air CO; flux in January and July; (E) and (F): climatological mean wind speed in January and July from CCMP

product (Wentz et al., 2015).
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transported westward under the influence of the westward-
flowing South Equatorial Current (Feely et al, 1999), with
carbon dioxide constantly releasing from seawater to the
atmosphere. A westward decreasing pCO, gradient was found
in the equatorial Pacific, resulting in a more intense carbon
source in the east than the west (Figure 2). The west-east
difference was smaller in spring and autumn and the most
significant in summer, ranging from 0.28 to 0.46 PgC yr' in
different seasons.

For the long-term average total CO, flux during 1992-2020,
the average total flux between the western and eastern Pacific
was also significant, especially in the equatorial and temperate
oceans. (Figure 3). In the northern temperate Pacific (18-44°N),
the strong carbon sink was found in both the west and the
eastern Pacific, with a difference of 0.13 PgC yr' in the average
flux (n=348, p<0.01, paired-sample t-tests). The west-east
difference of 0.37 PgC yr' in the equatorial Pacific was the
most significant (n=348, p<0.01, paired-sample ¢-tests), caused
by the strong carbon sources in the eastern Pacific. The average
carbon source in the equatorial Pacific east of 158°W
was +0.38 + 0.10 PgC yr’', extremely stronger than
the +0.01 = 0.10 PgC yr'' in the west. The strongest carbon
source in the eastern equatorial Pacific Ocean also affected the
distribution pattern of carbon sinks in the southern temperate
Pacific. The high pCO, seawater from the eastern tropical region
was mixed with the low pCO, seawater from the Southern Ocean
in the southern temperate Pacific, resulting in a significantly
higher carbon sink intensity in the western Pacific than in the
eastern Pacific and a west-east flux difference of 0.22 PgC yr'

5 4 3 2

-1 0 2 14
CO, flux [mol m™ yr™]

FIGURE 3

Distribution of the average sea-air CO; flux during 1992-
2020. Numbers in each region are the average total CO, flux
(in PgC yrY), separated by the 174°W, 158°W, and 139°W
longitude boundaries. The latitude boundaries are 44°N, 18°
N, 18°S, and 44°S.
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(n=348, p<0.01, paired-sample t-tests). Overall, the average
total flux was -0.72 + 0.17 PgC yr'' in the whole western
Pacific and -0.01 + 0.16 PgC yr' in the eastern Pacific,
showing a significant difference. This great west-east CO, flux
difference was caused by the stronger carbon sink in the western
temperate Pacific and the stronger carbon source in the eastern
equatorial Pacific.

Interannual variability of the Pacific
sea-air CO, flux and the west-east
flux differences

Over the past three decades, the total Pacific carbon sink
fluctuated significantly during the two important El Nino
events of 1997-1998 and 2015-2016 (Figure 4A). This
fluctuation was mainly caused by the weakening of the
eastern equatorial Pacific carbon source driven by the El
Nino events (Feely et al., 1999). The weakening eastern
equatorial Pacific carbon source led to the strengthening
Pacific carbon sink during the El Nino events. In contrast,
during the La Nina events such as 2011, the western sink
weakened and the eastern source strengthened. Despite the
large short-term variability, the Pacific Ocean carbon sink
showed a weak strengthening trend during the last three
decades. The western Pacific carbon sink steadily
strengthened from -0.56 + 0.17 PgC yr™' in 1992 to -0.78 +
0.18 PgC yr'! in 2020 and the eastern Pacific carbon source
weakened slightly. Since 2008, the global ocean carbon sink has
strengthened rapidly, while the Pacific Ocean carbon sink did
not contribute much to this trend. Due to the strengthening
Pacific Ocean carbon sink and the weakening of the Southern
Qcean carbon sink in the 1990s, the contribution of the Pacific
Ocean on the global ocean CO, uptakes increased to about 50%
in 2001 from 35% in 1992. Since 2001, the restrengthening
Southern Ocean carbon sink has been more rapid than the
strengthening of the Pacific carbon sink, resulting in a
decreasing contribution of the Pacific carbon sink to 36%
until 2020. The contribution of the total Pacific sink was
nearly the same as the contribution of the western Pacific
carbon sink on the global ocean CO, uptakes because the
eastern Pacific was a carbon source in most years. Although the
Pacific Ocean carbon sink was continuously strengthening
during the last three decades, the decreasing proportion of
the Pacific carbon sink suggested the main contribution of
other basins to the strengthening of the global ocean carbon
sink, such as the Southern Ocean and the Atlantic Ocean.

Previous studies suggested that 72% of the variation
in equatorial Pacific flux is related to ENSO signals
(Landschiitzer et al,, 2014). Comparing the CO, flux in the
western and eastern Pacific Ocean, it can be found that not only
the intensity of the eastern equatorial Pacific carbon source, the
interannual variability of the western equatorial Pacific weak
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source was also highly related to the El Nino events (Figures 4B,
C). During the El Nino events in 1997-1998 and 2015-2016, the
western equatorial Pacific source also weakened, with smaller
fluctuation than the eastern equatorial Pacific source. The
eastern equatorial Pacific carbon source has not been
continuously strengthening or weakening, with significant
short-term fluctuation instead. At the same time, the long-
term weakening trend of the western equatorial Pacific carbon
source was more evident. Since 2013, the weakening western
equatorial Pacific carbon source has become a weak carbon sink.

The north subpolar Pacific Ocean (north of 44°N) was
overall a weak carbon sink, with the intensity fluctuating
around -0.07 + 0.10 PgC yr'. The western temperate Pacific
was a strong carbon sink and showed an evident strengthening
trend. The northern temperate carbon sink of the western Pacific
strengthened from -0.26 + 0.04 PgC yr' in 1992 to -0.33 + 0.05
PgC yr'' in 2020, while the southern temperate carbon sink
strengthened more rapidly and reached -0.36 % 0.05 PgC yr™' in

Frontiers in Marine Science

07

2020. While in the eastern temperate Pacific Ocean, the northern
temperate ocean was a stronger carbon sink than the south but
sustained relatively stable, unlike the continuously strengthening
southern temperate carbon sink. The northern temperate carbon
sink of the eastern Pacific strengthened by only 0.03 PgC in the
last three decades, even lower than the short-term variability
during ENSO events. The southern temperate carbon sink of the
eastern Pacific strengthened by 0.12 PgC during the last three
decades, close to the speed in the western Pacific 18-44°S.
Figure 4D shows the west-east difference of CO, flux at
different latitudes of the Pacific Ocean (western Pacific flux
minus Eastern Pacific flux) and its interannual variability. The
west-east difference was the most significant in the equatorial
Pacific region, reaching 0.44 PgC yr™" in 2020. Due to the rapidly
weakening eastern equatorial Pacific carbon source during
ENSO events, the west-east difference of CO, flux in the
equatorial Pacific also decreased. Especially during the 1997-
1998 and 2015-2016 ENSO events, the west-east difference
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decreased by nearly 0.15 PgC yr™'. However, the influence of La
Nina events on the west-east difference of CO, flux in the
equatorial Pacific was far less than the El Nino events. The
west-east difference of CO, flux in the equatorial Pacific rose
again immediately after the El Nino events ended, and no such
evident variation was found during the La Nina event in 2011. In
addition, the weakening western equatorial Pacific carbon source
and relatively stable eastern intense source caused an increase
west-east difference of CO, flux in the equatorial Pacific during
the last three decades (p<0.001).

The increasing west-east difference of CO, flux was also found
in the northern temperate Pacific during the last three decades
(p<0.001), with a relatively slower speed due to the small difference
between the strengthening speed of the western and the eastern
carbon sink. Although there is no significant difference in pCO,
growth between the western Pacific and Eastern Pacific in 18-44°N,
the higher wind speed in the western Pacific causes a faster increase
of CO, flux in the western Pacific. While in the southern temperate
Pacific, the west-east difference of CO, flux increased slightly in the
1990s (p<0.001), with a not significant trend during the last two
decades (p=0.41). On the opposite, the west-east difference of CO,
flux in the north subpolar Pacific slightly decreased in the 1990s
(p=0.003), and then continuously increased since 2013 (p<0.001),
with a stronger sink in the eastern Pacific. The west-east difference
of CO, flux in the Pacific sector of the Southern Ocean was near zero
in 1992, and then increased to 0.04 PgC yr’1 in 2020 (p<0.001).

Due to the increasing west-east difference of CO, flux in the
equatorial and northern temperate Pacific, the total west-east
difference in the Pacific increased from 0.41 PgC yr'" in 1992 to
0.88 PgC yr'" in 2014 (p<0.001). It then fluctuated and reached
0.73 PgC yr' until 2020 under the influence of decreasing
difference in the southern temperate Pacific and the increasing
inverted difference in the north subpolar Pacific. Despite the
limited influence on the long-term trend of the west-east
difference, the El Nino events during 1997-1998 and 2015-
2016 caused a decrease of nearly 0.25 PgC yr'' in the entire
west-east difference of Pacific CO, flux in short years.

Discussion

With the remarkable differences in CO, flux between the
eastern and western Pacific, the eastern Pacific released more
CO, than the west in the equatorial oceans, while the western
Pacific uptakes more CO, than the east in the temperate oceans.
The long-standing difference in the carbon budget between the
western and the eastern Pacific may cause differences in the
seawater acidification rate. The pH in the western Pacific may
decrease more rapidly due to greater CO, uptakes. However, the
pH measurements from the GLODAP dataset suggested a
different conclusion in the surface ocean of the Pacific
(Figure 5). In the western temperate Pacific 18-44°N, the
average pH at 0-30m decreased by 0.0013 units per year,
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slightly slower than the average speed of -0.0016 units per year
in the eastern temperate Pacific at 0-30 m (Lauvset et al., 2021).
Previous research suggested a global average pH decreasing
speed of 0.0016 units per year (Chau et al., 2020), higher than
the GLODAP suggested in the surface ocean of the western
temperate Pacific. However, the average pH decreasing speed
calculated from discrete measurements may be influenced by the
number and location of samples. Gridded pH product from the
Japan Meteorological Agency (JMA) and the Global ocean
biogeochemistry hindcast suggested an average acidification
speed of 0.0017-0.0020 per year in the western temperate
Pacific 18-44°N, compared to the 0.0018-0.0019 per year in
the east (Perruche, 2018; Iida et al., 2021). The differences in the
average pH decreasing speed between the western and eastern
Pacific seems insignificant. Comparing the average growth rate
between the western and eastern temperate Pacific 18-44°N, the
west-east difference was not significant in both JMA (p=0.64,
paired-sample ¢-tests) and GOB (p=0.54, paired-sample ¢-tests)
products. Also, the decadal trend of the west-east difference in
the average pH growth rate was not statically significant
(Figure 5D), although the west-east difference in CO, flux was
increasing during the last three decades. It can be concluded that
the west-east difference in the CO, flux did not cause a difference
in the surface ocean acidification speed in the last three decades.

The inconsistent west-east difference in the CO, flux and pH
decreasing speed was because the CO, absorbed in the western
temperate Pacific did not only stay in the surface oceans, but was
mainly transferred to the particulate organic carbon (POC) by
the phytoplankton on the surface. The POC then transported
toward deeper waters, with remineralization releasing CO, and
causing the pH to decrease. The remote sensing monitor data
suggested a higher surface POC concentration in the western
Pacific Ocean (Stramski et al., 2008). In the western Pacific 30-
44° N, where the carbon sink was significantly strong, the surface
POC concentration was higher than 50 mg m™ (Figure 6A).
While in the same latitude of the eastern Pacific, the POC
concentration was lower. The higher POC in the surface ocean
further resulted in a higher POC flux at 0-600m in the western
Pacific than in the east (Figure 6B). However, the POC is
continuously degraded as it sinks downward, with part of the
carbon left in the waters. So the vertical transport of CO,
absorbed in the surface toward deeper waters through the
biological pump counteracted the effect of increasing west-east
difference of CO, uptakes in the temperate Pacific.

On the other hand, the significant west-east difference in the
carbon sink intensity resulted in a great west-east difference in
the change of carbon inventory according to the estimate of
anthropogenic carbon change (AC,,,) during 1994-2007 at 200-
600m (Gruber et al., 2019). The AC,,, in the western Pacific at
200-600m is much higher than that in the eastern Pacific
(Figure 6C). However, most of the particulate organic carbon
was degraded in the water above 600m, with only a fraction of
POC continuing to move downward, which resulted in a smaller
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the positive values suggest that the pH in the eastern Pacific decreases faster. The symbol "*" represents a multiplication sign.

west-east difference in AC,,, in the deeper water bodies. While at
0-200m, the abundant carbon was delivered downward in
organic form through sedimentation and inorganic form
through vertical mixing, leading to a significant increase in the
carbon inventory of both the western and eastern temperate
Pacific. As a result, the Acant during 1994-2007 at 0-200m in the
temperate Pacific was higher than 14 umol kg (Gruber et al.,
2019). At the same time, the west-east difference of AC,,,; was
small and less evident in the spatial distribution due to the high
values of AC,, in the temperate Pacific. Overall, the west-east
difference of carbon sinks in the northern temperate Pacific
Ocean did not cause a higher acidification speed in the western
Pacific than the east at the surface ocean. In addition, more
carbon absorbed in the western Pacific led to a larger AC,,,
below 200m. However, the same difference was found in the
southern temperate Pacific. It may also attribute to the west-
east difference of POC delivered downward driven by the
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difference of sea-air CO, flux, despite the limited POC flux
measurements supporting.

Conclusions

Wereestimated the sea-air CO, flux in the Pacific Ocean during
1992-2020 using the gridded surface ocean pCO, data constructed
by the Stepwise-FFNN algorithm. Comparing the CO, flux in the
western and eastern Pacific, we found that the west-east CO, flux
difference existed in all seasons, with the most significant seasonal
change in the north temperate Pacific driven by wind speed
changes. In the last three decades, the average total carbon sink
was -0.72 +0.18 PgCyr ™" in the western Pacificand -0.01 +0.16 PgC
yr'! in the eastern Pacific, showing a increasing difference between
the east and west. The west-east difference in the equatorial Pacific
decreased significantly during El Nino events due to the weakening
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eastern equatorial carbon source but rose back quickly after E1 Nino
events ended. The west-east difference in the 18-44°N region was
also affected by El Nino events, but the scale was lower than that in
the equatorial region. On the decadal scale, although the western
Pacific has uptake more CO, than the east for decades, the west-east
CO, flux difference was still increasing in the north temperate and
equatorial Pacific. In contrast, the differences in other regions were
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relatively stable. With the strengthening western Pacific carbon sink
and the relatively stable eastern Pacific carbon source, the west-east
difference of CO, flux in the entire Pacific increased from 0.41 PgC
yr'in 1992 t0 0.88 PgCyr™ in 2014, but then decreased to 0.73 PgC
yr'" until 2020 due to the decreasing difference in the southern
temperate Pacific and the increasing inverted difference in the north
subpolar Pacific. However, the increasing west-east difference in
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CO, uptakes during the last three decades did not cause a difference
in the surface ocean acidification speed between the west and east of
the temperate Pacific. The greater CO, absorbed in the western
Pacific was transferred to the particulate organic carbon by the
phytoplankton at surface water and transported toward deeper
waters. In addition, the stronger carbon sink in the western Pacific
caused a higher POC flux at 30-600m. With more POC delivered
downward, the anthropogenic carbon in the western Pacific
increased more rapidly than in the east. Because most parts of the
POC degraded above 600m and the inorganic carbon was
transported downward by vertical mixing at 0-200m, the west-
east difference of increased anthropogenic carbon was more
significant at 200-600 m.
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