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Abstract Relatively rapid reemergence of anthropogenic carbon (C,ny) in the Equatorial Pacific is of
potential importance for its impact on the carbonate buffering capacity of surface seawater and thereby
impeding the ocean'’s ability to further absorb C,, from the atmosphere. We explore the mechanisms
sustaining C,,,; reemergence (upwelling) from the thermocline to surface layers by applying water mass
transformation diagnostics to a global ocean/sea ice/biogeochemistry model. We find that the upwelling rate
Of Cant (0.4 PgC yr™") from the thermocline to the surface layer is almost twice as large as air-sea Cans fluxes
(0.203 PgC yr™"). The upwelling of C, from the thermocline to the surface layer can be understood as a
two-step process: The first being due to diapycnal diffusive transformation fluxes and the second due to
surface buoyancy fluxes. We also find that this reemergence of C,,,; decreases dramatically during the
1982/1983 and 1997/1998 El Nifio events.

1. Introduction

To date, subpolar and high-latitude regions have been the main focus of studies of ocean carbon-climate
feedbacks, over both the North Atlantic (Halloran et al., 2015; Schwinger et al,, 2014) and the Southern
Ocean (Hauck & Volker, 2015; Le Quéré et al, 2007; Sarmiento et al., 1998). It was originally expected that
waters comprising deep, intermediate, and subpolar water masses should dominate anthropogenic carbon
(Cant) accumulation (Sabine et al., 2004). However, more recent consideration of C,,,; accumulation revealed
that 34% of the WOCE (the World Ocean Circulation Experiment) era inventories resided in waters shallower
than the base of the directly ventilated thermocline (potential density o < 26.6 kg m~3) (ludicone et al., 2016).
One of the most important overturning structures within the thermocline are the subtropical cells (STCs),
which link subtropical subduction regions with equatorial upwelling regions. These STC structures could
support rapid (decadal) reemergence of C,,; from the ocean interior back into the surface layers, in particular,
in the Equatorial Pacific (Bopp et al., 2015; ludicone et al., 2016; Nakano et al., 2015), with potentially impor-
tant implications for carbon-climate feedbacks. The potential for strong re-emergence on decadal time scales
is already in evidence with the evolution of the bomb-radiocarbon transient in the Equatorial Pacific
(Guilderson & Schrag, 1998; Rodgers et al., 2004). For the case considered here, high dissolved inorganic
carbon (DIC) waters resulting from C,,,; reemergence in obduction or upwelling regions would perturb the
Revelle factor of local surface waters and thereby inhibit local uptake of C,; via gas exchange.

Lévy et al. (2013) and Bopp et al. (2015) demonstrated the importance of net upwelling of DIC into the mixed
layer in the Equatorial Pacific and identified as well a nontrivial role for diffusion of DIC across the base of the
mixed layer, by applying instantaneous kinematic subduction and obduction diagnostics to a global model of
the carbon cycle. However, they did not identify a specific connection to the shallow overturning circulation
structures in which the Equatorial Pacific carbon cycle is embedded.

Our objective is to build upon these previous efforts to identify the mechanisms that sustain the reemer-
gence of C,¢ in the Equatorial Pacific. We examine the processes controlling the upwelling, or reemergence,
of C4ne Using @ water mass transformation framework that isolates the contributions from surface buoyancy
forcing, tracer diffusion, and other processes. In this context, upwelling is defined as the net upward diapyc-
nal transport of C,,;, which can have both vertical and horizontal components depending on the local isopyc-
nal slopes. A principal advantage of applying the water mass transformation diagnostics is to provide an
intrinsic connection between the diapycnal transport of C,. and the overturning circulation that is not
provided by kinematic subduction/obduction diagnostics. ludicone et al. (2011) illustrated the utility of this
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approach for studying the natural carbon cycle in the Southern Ocean, whereas we focus on overturning
circulation of C,p,¢ in the Equatorial Pacific. In this study, our focus is on understanding the mechanisms that
control the transport of C,,,; from the thermocline to the surface layer in the Equatorial Pacific by applying the
water mass transformation framework to a global ocean/sea ice/biogeochemistry model.

2. Model Description

We use the Geophysical Fluid Dynamics Laboratory’s (GFDL's) Modular Ocean Model 5 (MOM5) (Griffies,
2012), configured according to the ocean/sea ice components of GFDL's Earth System Model ESM2M
(Dunne et al., 2012, 2013). The ocean configuration has 50 vertical levels with a nominal 1° horizontal resolu-
tion, refined meridionally to 1/3° near the equator to capture key features of the equatorial current system.
The vertical mixing parameterization most relevant for the equatorial thermocline region includes the
shear-mixing component of the K-Profile Parameterization (KPP) boundary layer scheme of Large et al.
(1994), as well as a constant background diffusivity of 107> m? s™'. The ocean biogeochemistry model is
Tracers of Phytoplankton with Allometric Zooplankton (TOPAZ) code version 2.0 documented in Dunne
et al. (2013).

The ocean/sea ice model was spun up for more than 1,000 years with normal year (climatological) forcing
derived from the Coordinated Ocean-ice Reference Experiments (CORE) version 2 product (Large & Yeager,
2009), with TOPAZ run online with preindustrial atmospheric CO, boundary conditions. Subsequently, the
model run was split into two separate simulations with normal year forcing, one that maintains constant
preindustrial atmospheric CO, and one that includes the transient atmospheric CO, during the period of
1860-1947. The circulation for both of these experiments is identical, and the difference in the carbon state
variables defines the anthropogenic transient signal. The two model runs were then forced by one cycle of
the interannually varying CORE 2 surface forcing (Large & Yeager, 2009) spanning 1948-2007. The model
output used in this study is 5 day means spanning the period of 1980-2000. C,,; in our model simulation
compares well with observational-based data product. A more detailed comparison can be found in the
supporting information (Key et al., 2004; Khatiwala et al., 2009; Le Traon et al., 2003; Pascual et al., 2006;
Trenberth, 1997).

3. Method

In this study, we examine the C,,,; budget in the Equatorial Pacific between 15°S and 15°N. In this region, the
evolving C,p distribution depends on the overturning circulation and the associated meridional transport
across 15°S and 15°N, the diapycnal transport, the air-sea fluxes, all diagnosed from the 5 day mean model
output fields.

We further decompose the diapycnal transports of C,, (T(0)) into the diapycnal diffusive transport of Cyp¢
(Cd) and the diapycnal transport due to water mass transformation (®), using the water mass transformation
framework of ludicone et al. (2011), which was previously applied to study the Southern Ocean carbon cycle.
As we are focused on upper ocean equatorial waters, we consider the water mass transformation diagnostics
based on potential density referenced to surface pressure. In the framework developed by ludicone et al.
(2011), the net diapycnal transport (T(¢)) of an arbitrary tracer c across an isopycnal surface S,, is calculated by

T(o) = Cd(o) + (o)
Cd(o) = [s,J5m-dS

0 do
(I)(O') = %Jv(ao‘a) Cad %4

m

where Cd(o) is a diapycnal diffusive transport of tracer crossing the isopycnal surface S, with this transport
associated with the spatial gradient of C, used to compute the subgrid-scale flux J%. ®(c) is a diapycnal
transport arising from water mass transformation which is associated with motions relative to isopycnals.
The density oq is an arbitrary reference density surface, and V(oy, ¢) is a volume bounded by the isopycnal
surfaces S, and S,,. The diapycnal transports ®(c) and Cd(o) are defined as positive when transports are
toward denser water. For a discrete diagnostic calculation, ®(o) is estimated by

0 do do

1
dVx—fdx dy 722 gz, )
oo (

(I)(o‘) = %J’V(ﬂo,a)ca 2(6—d0/2) dt
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where d¢ is a discrete potential density interval, and dx, dy, and dz are model grid cell sizes. In the evaluation
of ®(0), we chose a potential density binning interval of 6o = 0.1 kg m~3.1n equation (2), the material time
evolution of the potential density equation can be written as

do 100 (dO 1 0o (dS 1 0o 1 0o

=)t ) =5 (- V) + —— (-VF), 3)

dt  p,00 \ dt po 0S \ dt Po 0O Po 0S
where po= 1,035 kg m~> is the Boussinesq reference density, J° and J° are subgrid-scale fluxes due to lateral
and diapycnal mixing for potential temperature ® and salinity S, which include surface air-sea buoyancy
fluxes and interior diffusion. Substituting the potential temperature and salinity budgets in equation (3) into
equation (2) allows us to decompose the diapycnal transformation transports (®(s)) into distinct physical
processes:

®(0) = O_surf + O_vdiff + O_diff,

with each term on the right-hand side representing diapycnal transports due to surface buoyancy fluxes
(®_surf), interior vertical diffusion (®_vdiff), and interior lateral diffusion (®_Idiff) of temperature and salinity.
Note that there are two conceptually distinct diapycnal diffusive transports appearing in equation (1): Cd(o)
and @_vdiff (®_Idiff is very small compared to ®_vdiff in the Equatorial Pacific domain), which are referred to
as the “diffusive fluxes” and “diffusive transformation fluxes.” These contributions to the net diapycnal trans-
ports of C,; are evaluated using diagnostics computed online within the simulation.

In the model, we coarse grain the vertical stratification into four layers guided by the water mass definition of
Sloyan et al. (2003): a surface layer (¢ < 23 kg m™>), an upper thermocline layer (23 < ¢ < 24.5 kg m™3), a
lower thermocline layer (24.5 < o < 26.3 kg m~>), and a thermostad layer (o > 26.3 kg m ).

4. Results: Major Role of Diffusive Transformation Fluxes in Diapycnal Transport
of C,ne

In Figure 1a we show the model meridional-density overturning circulation and its contribution to the C,
budget for the Equatorial Pacific (15°N-15°S) and averaged over a 21 year period (1980-2000) in the surface
layer, the upper thermocline, the lower thermocline, and the deeper thermostad layer. The large-scale
overturning associated with the STCs transports C,, poleward in the shallow surface layer and equatorward
in the thermocline (sum of upper and lower thermocline). Note that there is a relatively strong hemispheric
asymmetry in meridional transport across 15°N (S) in the four water mass layers, with this in part being due to
the grouping of the Indonesian Throughflow and 15°S transports.

Significantly, we find that C,,,; in the surface layer over the Equatorial Pacific is largely controlled by the net
upwelling transport of C,,; across the base of the surface layer (¢ = 23 kg m™>) of 0.4 PgC yr™", which we
resolve to be approximately twice the net supply of C,, by air-sea gas exchange (0.203 PgC yr’1). This is
consistent with the findings of the previous study of Nakano et al. (2015), where reemergence of C,nt
was identified as a residual, with insufficient diagnostics to attribute the drivers of equatorial
upwelling mechanistically.

We examine the processes contributing to the net diapycnal transport of C,,; (® + Cd), that is, the contribu-
tions from transformation terms due to vertical diffusion (®_vdiff), lateral diffusion (®_Idiff), surface air-sea
buoyancy fluxes (including heat fluxes and freshwater fluxes) (®_surf), and the diffusive fluxes (Cd). For a
given density, Figure 1b represents the integrated C,,,; transport across isopycnals, with negative (positive)
values indicative of an upwelling (downwelling) due to the diapycnal transport of C,.; toward lighter (denser)
waters. The net diapycnal transport peaks at the base of the surface layer and then decreases throughout the
thermocline (for ¢ > 23 kg m™3) and has tapered off significantly in the thermostad (¢ > 26 kg m™>).
Diapycnal transport is dominated by two terms, the vertical diffusive transformation fluxes (®_vdiff) and
the surface buoyancy fluxes (®_surf). Surface buoyancy fluxes transport C,,; toward lighter water across all
isopycnals (®_surf<0). The vertical diffusive transformation fluxes (®_vdiff) act to counterbalance the upwel-
ling component associated with surface buoyancy fluxes (®_surf) in surface waters but reinforce and even
dominate the net upwelling of C,,; across isopycnals in the thermocline. Compared to these two transforma-
tion terms, we find a relatively weak downward diffusive flux of C,,; associated with the decrease of C,
concentrations with depth (Cd > 0 across all isopycnals), consistent with the findings of Bopp et al. (2015).
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Figure 1. (a) Meridional-density overturning circulation for Cyp¢ (fluxes in units of PgC yr_1) in the Equatorial Pacific. Shown
are contributions from net diapycnal transport of Cyp¢ (® + Cd), black arrows and numbers in the middle, surface air-sea
Cant fluxes (cyan arrows and numbers: the L-shaped cyan arrows mean that these two layers outcrop during winter,
although isopycnals of o = 23, 24.5 kg m ™3 are below sea surface on average during the year. These two fluxes of Cynt
represent exchanges between the outcrops of these layers and the atmosphere.), meridional transports across 15°S(N)
(brown arrows and numbers, the transport across 15°S includes the Indonesian Throughflow), sediment outflux from the
sea floor (indigo arrow and number), and temporal evolution of C;¢ inventory in each layer during the period of
1980-2001 (white number with blue background). The values do not add up in each density range due to the temporal
evolution of C4¢ inventory stored in each layer as well as reflecting residual errors associated with the coarse vertical
resolution of the model. (b) Net diapycnal transport of Cant (@ + Cd, in units of PgC yr_1) (black thick line), and
contributions from transformation terms for vertical diffusion (®_vdiff, blue line), lateral diffusion (®_Idiff, purple line), and
surface buoyancy fluxes (®_surf, red line), as well as the diffusive fluxes (Cd, green line). Following the sign convention in
the water mass literature, negative (positive) values indicate a transport toward lighter (denser) waters, that is, an upwelling
(downwelling).

Note that in each layer shown in Figure 1a, the temporal evolution of the ;¢

inventory should be balanced by the diapycnal transport of C,,; across
bounded isopycnals, air-sea C,¢ fluxes, C,n¢ fluxes from seafloor sediments,
and the transports across 15°N and 15°S. Nevertheless, residuals (as the Cyn¢
budget is not closed) of —0.03, 0.025, 0.019, and 0.005 PgC yr~" in the four

layers arise through the transformation diagnostics. As pointed out by
Marshall et al. (1999) and ludicone et al. (2016), such residuals are expected

to be a consequence of discretization of equation (2) over the coarse vertical
resolution of the numerical model.

Next we consider the spatial patterns of the dominant drivers of diapycnal

transport of C,,; at the base of the surface layer (across o = 23 kg m~3) and
in the middle thermocline (across o = 24.5 kg m™>) that were identified in

Figure 1b. The spatial structure of diapycnal transports of C,,; sustained by
surface buoyancy fluxes at the base of the surface layer (Figure 2a) reveals
a relatively broad upwelling pattern (negative values) and is consistent with

160°W 110°W

the pattern revealed by Bopp et al. (2015). This stands in contrast to the

& _vdiff, 0=24.5 vertical diffusive transformation fluxes at the base of the surface layer

(Figure 2b), which exhibit a more equatorially confined downward flux
(positive values), thereby opposing the diapycnal transport associated with
buoyancy gain. The spatial pattern of diapycnal transport by surface buoy-

160°W 110°W ancy fluxes occurs mainly in the central and eastern Equatorial Pacific where

e the Pacific cold tongue is located. There, large heat fluxes into the ocean have

s 3 \\_3
15°S A
100°E 150°E
-20.0 10.0

10.0 20.0
gCyr"m= a tendency to transform water toward lighter density classes. The narrow

width of the maximum in the vertical diffusive transformation fluxes reflects

Figure 2. Horizontal distribution of diapycnal Cin fluxes due to  the width of the Equatorial Undercurrent, where they are sustained by shear

(a) surface buoyancy fluxes (®_surf) and (b) vertical diffusive transforma-
tion fluxes (®_vdiff) across the base of the surface layer (the isopycnal of
o =230kg m73). (c, d) Same as Figures 2a and 2b but for the midther-

instability-induced mixing. When integrated over the full 15°S-15°N domain,
the diapycnal transport due to surface buoyancy fluxes is larger than the

mocline (the isopycnal of o = 24.5 kg m ) horizon. Each panel has units ~ OPposing vertical diffusive transformation fluxes, with this sustaining the

of gC yr71 m2

net upwelling into the surface layer (Figure 1b).

ZHAI ET AL.

REEMERGENCE OF ANTHROPOGENIC CARBON 4



@AG U Geophysical Research Letters 10.1002/2017GL073758

. , - ‘ ’ Within the midthermocline (¢ = 24.5 kg m73), the upwelling contribution
surface layer ‘ from surface buoyancy fluxes (Figure 2c) is more equatorially confined than
. the same field at the base of the surface layer (Figure 2a). The diapycnal

S

transport of C,,,; associated with the vertical diffusive transformation fluxes

upper thermocline
PP across the midthermocline (Figure 2d) has in fact changed sign along the

o s

—_

equator relative to their role at the base of the surface layer (Figure 2b).
The surface buoyancy fluxes and vertical diffusive transformation fluxes are
almost equally contributing to reemergence across the midthermocline at

Y — the equator, but the role of the surface buoyancy fluxes is diminished in
thermostad layer the domain integral due to the positive diapycnal flux (effectively a down-
welling in density space) over the region largely south of 10°S and east of

lower thermocline

15°S

Figure 3. Schematic diagram of the two-step process of Cyn¢ upwelling
from the thermocline to the surface layer. Black arrows represent Cynt
transports across open boundaries. Upwelling of C4,¢ from lower ther-

15°N 120°W. The diapycnal transport of C,,; associated with the vertical diffusive

Ea
: transformation becomes the dominant driver of upwelling across the
g & vdiff T ® surf

density horizon over the full domain (Figure 1b). To summarize, upwelling
of Cynt from waters deeper than midthermocline to the surface layer may
be considered to be a two-step process, with the first step dominated by
an upward diapycnal diffusive transformation flux across the midthermo-

mocline to upper thermocline is dominated by ®_vdiff. Upwelling of C,n;  Cline and the second step by the effect of surface buoyancy fluxes across
from the upper thermocline to the surface layer is dominated by ®_surf.  the base of the surface layer. This interpretation is not sensitive to whether
Note that the vertical blue and red arrows represent integrated values the latitudinal extent of the domain for the analysis is 15°S-15°N, as chosen

over the Equatorial Pacific. Their position in the figure is not intended to

reflect their geographic position.

here, or for contracted or expanded latitudinal boundaries (5°S-5°N,
10°S-10°N, 20°S-20°N, Figure S3).

5. Discussion and Conclusions

We set out this study to evaluate the mechanistic controls on upwelling/reemergence of C,,; over the
Equatorial Pacific domain. As a complement to previous studies that have considered C,,,; re-emergence
(Bopp et al., 2015; ludicone et al., 2016; Nakano et al., 2015), we applied three-dimensional water mass trans-
formation diagnostics to test our hypothesis that diapycnal diffusive transformation fluxes (®_vdiff) plays an
integral role in the net transport of C,,; from the thermocline into surface waters. Our results suggest that the
kinematic diagnostics of Bopp et al. (2015) obscured the fundamentally important role of diffusive processes
in sustaining upwelling of C,p;.

In a broad-brush mechanistic view, our results indicate that the upwelling of C,,; from thermocline to surface
layers of the Equatorial Pacific is best viewed as a two-step process (Figure 3). Between the lower and upper
thermocline where Equatorial Undercurrent velocities are the highest (approximately o = 24.5 kg m~3), upward
transport of C,; toward the surface layers is dominated by vertical diffusive transformation fluxes (®_vdiff).
By the time C,,; approaches the base of the surface layer (¢ = 23 kg m~3), net diapycnal transport of C,,¢
toward even lighter surface waters is dominated by surface buoyancy gain from the atmosphere, through
the direct effect of heat and freshwater fluxes (®_surf). Thus, it is through the combination of vertical diffu-
sive transformation fluxes and surface buoyancy fluxes that upwelling and reemergence of C,, is sustained.

Our upwelling rate of C,,¢ across the base of the surface layer in the Equatorial Pacific (® + Cd = —0.4 PgC
yr~', Figure 1) is tightly linked to the time mean volume upwelling rate of 31 Sv in the model, derived with
the same water mass transformation framework (Figures S2a and S2b). Previous studies have also estimated a
volume upwelling rate in the Equatorial Pacific. Wyrtki (1981) argued that the Ekman divergence and geos-
trophic convergence in the Equatorial Pacific lead to a volume upwelling rate of 50 Sv. Analysis of bomb-
produced radiocarbon indicated that the volume upwelling rate in the Equatorial Pacific region is about
47 Sv (Quay et al., 1983). By using observational data and a box method, Meinen et al. (2001) estimated that
the volume upwelling rate in the eastern Equatorial Pacific region is about 24 Sv. Assuming C,¢ concentra-
tions of 30 mmol m~3 and the three previous estimated volume upwelling rates, the corresponding upwel-
ling rates of C,ne are 0.57, 0.53, and 0.27 PgC yr~'. Therefore, our model estimate of 0.4 PgC yr™' is within a
reasonable range compared to these observational estimations.

Given the importance of El Nifio variations in the Equatorial Pacific, we are motivated to understand how
upwelling of C,; varies with El Nifio. The diapycnal transport of C,,,; at the base of the surface layer shows
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strong interannual variability in relation with El Nifio (Figure 4). The Nifo 3.4

sea surface temperature (SST) index in our simulation and in NOAA observa-
tions compare very well with each other (Figure S4a). In addition, the compar-
ison of sea level anomaly between the model and satellite observations

[0=23.0

®,Cd (PgC yr')
wnmobhd

l — &+Cd —

$_surf

indicates that our model captures the interannual variability in the
— o.vdiff] | Equatorial Pacific (Figure S4b). We find that the upwelling rate of C,,; drops

B —

CIC R PC I

2 qu'& ‘\9@"5 ’\,gq% ,\991 ng,%

time

by 50% and 73% during the strong 1982/1983 and 1997/1998 El Nifio events,
compared with the 21 year (1980-2000) mean value. This response is

associated with a strong weakening of the surface buoyancy flux term
(Figure 4), due to higher seawater temperature and reduced heat flux into
the ocean in the Equatorial Pacific area during El Nifio (Figure S5). This
reduction of the surface flux-driven upwelling is, however, partly compen-

2+0=23.0 |— ?+Cd —

sated by the diffusive transformation (®_vdiff) that switches from a down-

—  @_vdiff ‘ 1

welling contribution to an upwelling contribution during El Nifio events

3k ;
\996 \991 \99%

Figure 4. Time series of the net diapycnal transport of Cy,¢ (thick black
line), transformation term associated with the surface buoyancy fluxes
(red line) and vertical diffusive transformation fluxes (blue line) at the base
of the surface layer over (a) 1980-2000 and (b) 1996-2000. Consistent
with the convention in the previous figures, negative fluxes indicate
upwelling. The shaded area indicates El Nifio events defined when the
Nifo 3.4 SST index exceeds +0.4°C for a period of 6 months or more

(Trenberth, 1997).
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time

x‘ﬁg 7,000 (Figure 4). The sign switch of vertical diffusive transformation fluxes during
El Nifio is expected to be caused by deepening of the 0 = 23 kg m—3 isopycnal

during El Nifo.

It is also important to clarify the application of the term “upwelling” in this
study in terms of both its spatial and temporal characteristics. For the spatial
component, a net diapycnal transport from denser to lighter waters in our
analysis does not necessarily reflect an upward vertical motion. For example,
westward flowing near-surface water parcels in the South Equatorial Current
may be expected to gain buoyancy through surface heat and freshwater for-
cing. Nevertheless, such water parcels would qualify for upwelling by our
definition of cross-isopycnal transports. Likewise, for the temporal component, the apparent seasonal down-
welling (positive values) net exchanges of C,n across o = 23 kg m~2 in Figure 4 do not necessarily correspond
to a net downward displacement of water parcels. Rather, it is expected that this diapycnal transport involves
displacements of isopycnals, either through a seasonal shoaling of the o = 23 kg m~> surface or a lateral con-
traction of the volume bounded by the & = 23 kg m ™ surface over the seasonal cycle.

In summary, the C,,; upwelling rate from the thermocline to the surface layer is approximately twice as large
as the net gain of C,,,; via air-sea exchange over the Equatorial Pacific domain, underscoring the importance
of reemergence of C,,; from thermocline waters for the surface layer budget. It is our hope that the identifi-
cation of density mixing that supplies up-gradient fluxes of C,,,; from the thermocline to surface waters
motivates further investigation that invokes observationally based constraints. Reemergence of C,. in the
Equatorial Pacific is of potential importance for its impact on the carbonate buffering capacity of surface
seawater, thereby impeding the ocean’s ability to further absorb C,,,; from the atmosphere.
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