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Abstract 1dentifying ocean acidification and its controlling mechanisms is an important priority within
the broader question of understanding how sustained anthropogenic CO, emissions are harming the
health of the ocean. Through extensive analysis of observational data products for ocean inorganic carbon,
here we quantify the rate at which acidification is proceeding in the western tropical Pacific Warm Pool,
revealing —0.0013 + 0.0001 year™* for pH and —0.0083 + 0.0007 year™* for the saturation index of aragonite
for the years 1985-2016. However, the mean rate of total dissolved inorganic carbon increase

(4+0.81 + 0.06 umol - kg™ - year™) sustaining acidification was ~20% slower than what would be expected
if it were simply controlled by the rate of atmospheric CO, increase and transmitted through local air-sea
CO, equilibration. Joint Lagrangian and Eulerian model diagnostics indicate that the acidification of the
Warm Pool occurs primarily through the anthropogenic CO, that invades the ocean in the extra-tropics is
transported to the tropics through the thermocline shallow overturning circulation and then re-emerges into
surface waters within the tropics through the Equatorial Undercurrent from below. An interior residence
time of several years to decades, acting in conjunction with the accelerating CO, growth in the atmosphere,
can be expected to contribute to modulating the rate of Warm Pool acidification.

1. Introduction

The western tropical Pacific is a realm of rich marine biodiversity that accommodates a highly diverse range
of coral reef habitats (WorldFish, 2019; Figure 1a). It contains 75% of all known coral species and more than
3,000 species of fish and supports the livelihood of more than 110 million people for whom the associated
marine ecosystems provide food, income, and safety through their sustained ecosystem services (Burke
et al., 2011). However, the region has been degraded by multiple adverse human activities including over-
fishing, habitat destruction, and land-sourced pollution (Burke et al., 2012; Roberts et al., 2002).
Importantly, coral reef habitats are also thought to have been under increasing stress due to ocean acidifica-
tion (Hoegh-Guldberg et al., 2007; Kleypas et al., 1999; Langdon et al., 2003; Pandolfi et al., 2011), that is, the
increase of hydrogen ion concentration (reduction of pH) and decrease of the saturation level of calcium car-
bonate minerals in seawater over an extended period of time due to the excess CO, uptake from the atmo-
sphere. Together with global warming and associated trends toward sea-level rise and episodic bleaching
events, ocean acidification has been driven by increasing CO, emissions associated with human activities.
Even if anthropogenic CO, emissions are substantially reduced over the coming decades, the trend toward
acidification is expected to continue to pose risks for calcifying organisms such as corals and mollusks that
show greater sensitivity of their growth to ocean acidification (Gattuso et al., 2015). This will have serious
large-scale consequences for marine ecosystems and undermine shoreline protection from storm damage
and erosion (Albright et al., 2018). The resulting socio-economic impacts anticipated in and around the wes-
tern tropical Pacific motivate a quantification and attribution of the evolution of ocean acidification in recent
decades over this region.
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Figure 1. Multidecadal trends toward increasing CO, and acidification in the surface layer of the western tropical Pacific
Warm Pool. (a) Schematic view of the western tropical Pacific showing the distribution of coral reefs (green plots;
WorldFish, 2019). Superposed also on the map are the mean sea surface dynamic height (SSDH; color), the outcrops of
the 28.7 °C isotherm at the surface (broken line) for the years 2011-2015 (Japan Meteorological Agency, https://ds.data.
jma.go.jp/gmd/goos/data/rrtdb/jma-pro.html), and major surface and subsurface currents including the North
Equatorial Current (NEC), the South Equatorial Current (SEC), and the Equatorial Undercurrent (EUC; double-dashed
arrow). Shown with a red rectangle is the area of observational data analysis evaluated for ocean acidification in this
work (130°E-180°, 5°S-5°N). Mean values (open circles) and standard deviations (vertical bars) for each month over the
‘Warm Pool (T > 28.7 °C and S < 34.7) and their linear trends for 1985-2016 are shown for (b) pCO,sw (black), (c)
salinity-normalized (S = 35) total alkalinity (STA), (d) salinity-normalized DIC (sDIC), (e) pH at in situ temperature
and salinity, (f) saturation indices of calcium carbonate minerals calcite (Qcy)), and (g) aragonite (Qar,). Also shown in
(b) are the data for pCOsair (blue) measured during the same cruises as those of pCO,sw measurements.

Measurements of the partial pressure of CO, in surface seawater (pCO,sw) and in the atmosphere (pCO,air)
have been frequently made in the western tropical Pacific since the mid-1980s. In the mid-1990s to late
2000s, these data revealed a trend toward increasing pCO,sw with the rate having varied over the period
of analysis (Feely et al., 1999, 2006; Inoue et al., 1995; Ishii et al., 2009, 2014; Takahashi et al., 2003). More
recently, international efforts toward data synthesis and quality control have begun for pCO,sw in the sur-
face layer (Bakker et al., 2016; Pfeil et al., 2013) and other inorganic carbon variables such as total dissolved
inorganic carbon (DIC) and total alkalinity (TA) in the surface layer and in the ocean interior (Key
et al., 2004; Olsen et al., 2016; Suzuki et al., 2013; Tanhua et al., 2010). Such efforts have enabled continuing
integration of data from multiple sources and platforms, thereby providing an account of changes in the
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oceanic CO, chemistry for both surface and ocean interior waters for a prolonged period extending over the
past three decades in a large part of the global oceans as well as in the western tropical Pacific. In addition,
the development of Lagrangian diagnostic tools with forward ocean models (e.g., Blanke & Grima, 2011)
provides an opportunity to explore the transports of water masses and anthropogenic carbon, and potential
nonlocal large-scale ocean circulation pathways that can sustain regional acidification.

2. Data and Methods
2.1. Analyses of Multidecadal Trends in the Surface Layer of the Warm Pool

For the observational data analyses in this work, we defined the western tropical Pacific Warm Pool as sur-
face water characterized by T > 28.7 °C and S < 34.6 within the 130-180°E, 5°S-5°N, zonal band. In the cen-
tral and eastern tropical Pacific, the equatorial divergence brings colder and more saline subsurface waters
rich in DIC and nutrients to the surface, with substantial variability in this region also impacting ocean bio-
geochemistry. The zone of equatorial divergence expands to the western tropical Pacific during the cold
phase of the El Nifio Southern Oscillation (Figure S1; Ishii et al., 2004, 2014). By contrast, nitrate is depleted
and the stratification minimizes the direct impact of the equatorial divergence on the variability of inorganic
carbon variables in the Warm Pool. Seasonal as well as interannual variability in inorganic carbon and asso-
ciated variables is much smaller in the Warm Pool than in the eastern divergence zone (Ishii et al., 2004). It is
therefore expected that the trend toward ocean acidification as a result of the increasing anthropogenic CO,
invasion into the ocean is detectable with observations extending over decades in the Warm Pool.

We used Warm Pool pCO,sw data acquired in a total of 145 cruises conducted since the year 1985 (Table S1).
Out of a total of 114 cruises, measurements were made by the Meteorological Research Institute or the
Global Environment and Marine Department of Japan Meteorological Agency (JMA) on board JMA’s RVs
Ryofu Maru II and IIT and Keifu Maru II (89 cruises; http://www.data.jma.go.jp/gmd/kaiyou/db/vessel_
obs/data-report/html/ship/ship_e.php), on board the RV Natsushima, the RV Kaiyo, and the RV Mirai of
the Japan Agency for Marine-Earth Science and Technology (JAMSTEC; 21 cruises; http://www.godac jam-
stec.go.jp/darwin/e), and on board the University of Tokyo’s RV Hakuho Maru (4 cruises). In these cruises,
an automated underway pCO, system equipped with a showerhead-type equilibrator and a nondispersive
infrared CO, analyzer (Inoue, 2000) was used for the measurements. Mixing ratio of CO, in the air of the
marine boundary layer has also been measured during these cruises. During 17 cruises conducted between
the 1980s and the early 1990s, underway salinity measurements were not carried out and the salinity of sur-
face waters collected at hydrographic stations was therefore used for analysis. Among the other 31 cruises,
pCO,sw data were also collected using automated underway systems with different showerhead-type equi-
librators (e.g., Feely et al., 1998; Poisson et al., 1993; Wanninkhof & Thoning, 1993; Wong et al., 1993) in 30
cruises, mainly by the U.S. National Oceanic and Atmospheric Administration, and using “rotating disk
equilibrator” in one cruise (Sabine et al., 1999). All these data are available in the SOCAT database
(Bakker et al., 2016; https://www.socat.info/index.php/data-access/).

We analyzed the variability of TA based mainly on TA data calculated from pCO,sw and DIC. Underway
measurements of DIC in the western tropical Pacific were performed using a high-precision coulometric
technique in conjunction with pCO,sw, temperature, and salinity in 12 cruises of the RV Kaiyo, the RV
Mirai, and the RV Hakuho Maru over 1994-2003 (Ishii et al., 2004; http://www.godac.jamstec.go.jp/dar-
win/e). In 31 other cruises conducted in 1994-2016 by the JMA, DIC measurements were made in surface
layers at hydrographic stations (http://www.data.jma.go.jp/gmd/kaiyou/db/vessel_obs/data-report/html/
ship/ship_e.php). For this total of 43 cruises, TA in surface water was calculated from pCO,sw, DIC,
temperature, and salinity data using the concentrations of conservative constituents and equilibrium
constants recommended by Dickson et al. (2007) including CO, solubility in sea water (Weiss, 1974), disso-
ciation constants for carbonic acid (Lueker et al., 2000), and those for bisulfate ion (Dickson, 1990) and
hydrogen fluoride (Dickson & Riley, 1979). The calculations were performed with the Microsoft Excel
version of “CO2SYS” (Lewis & Wallace, 1998) modified for use with the carbonic acid dissociation constants
given by Lueker et al. (2000). No significant offset was found between the calculated TA and measured TA
for data measured by JMA after 2010; the average and standard deviation of the difference in TA (measured-
calculated) was +0.4 + 3.7 umol - kg™ (n = 92) where +3.7 is a standard deviation. The analysis also used
quality-controlled TA data from 10 other cruises in the western tropical Pacific conducted by other
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organizations since 1992. These data have been incorporated into the GLODAPv2 database (Olsen et al., 2019;
https://www.nodc.noaa.gov/ocads/oceans/GLODAPv2_2019/).

TA in the surface layer is known to show little spatial variability over tropical and subtropical zones of the
western Pacific when corrected for the dilution and concentration of seawater by precipitation and evapora-
tion by normalizing to a constant salinity value (Millero et al., 1998; Takatani et al., 2014). In this work,
salinity-normalized TA at S = 35 (STA = TA - 35/S) averaged over the western tropical Pacific during the
years 1992-2016 was 2297.2 + 3.7 umol - kg™ (n = 71) and showed an indistinct rate of increase
(40.25 + 0.06 umol - kg~* - year™!, n = 71) over the Warm Pool during the years 1992-2016 (Figure 1c).
The low variability of STA in the western tropical Pacific over space and time (+3.7 umol - kg™") compares
well with the uncertainty of the TA analysis, nominally 6 umol kg™* (Tanhua et al., 2010). Therefore, we
assume that STA in surface layer remained unchanged (2297.2 + 3.7 umol - kg™") over the last three decades
since the mid-1980s. Then, values of salinity-normalized DIC (sDIC = DIC - 35/S), pH (in total hydrogen ion
concentration scale), and saturation indices of calcium carbonate minerals calcite (Qc,;) and aragonite (Qa)
at in situ temperature and salinity (Q = [Ca**][CO5>7] Ksp_1 where Ky, is the apparent solubility product of
calcite or aragonite (Mucci, 1983)) were calculated from pCO,sw, temperature, and salinity data at a con-
stant value of sSTA = 2297.2 umol - kg™* using the same equilibrium constants and the same algorithms as
for the calculation of nTA from pCO,sw and nDIC. Finally, their monthly mean values in the Warm Pool
were calculated for the months when measurements have been made, and were used to analyze their rates
of change and standard errors by a linear least squares method. Each data plot and error bar shown in
Figures 1b to 1g denotes monthly mean values and standard deviations.

2.2. Trend Analyses in the Equatorial Undercurrent

For the analyses of multidecadal trends in the Equatorial Undercurrent (EUC), we used hydrographic and
biogeochemical data including DIC and TA at depths that have been measured in a narrow equatorial band
of the western tropical Pacific (1°S-1°N, 130°E-180°). They have been collected over a total of 53 cruises (53
for DIC and 27 for TA) over 1992-2016 including 32 cruises of the JMA and 13 cruises of JAMSTEC (see
Table S1). Data from cruises conducted over 1992-2008, that is, 37 cruises for DIC and 13 cruises for TA,
were quality-controlled and stored in the PACIFICA databases (Suzuki et al., 2013; https://www.nodc.
noaa.gov/ocads/oceans/PACIFICA/). Additional measurements during 2009-2016 were taken by JMA over
142°E-165°E (http://www.data.jma.go.jp/gmd/kaiyou/db/vessel_obs/data-report/html/ship/ship.php). All
these data are also available online from GLODAPv2_2019 (Olsen et al., 2019).

A secular trend of increasing DIC following anthropogenic CO, invasion into the ocean is detectable as an
upward trend of preformed DIC (DIC®), which is the DIC concentration when the water parcel was in last
contact with the atmosphere in the surface layer and is represented as

DIC® = DIC! + Cype .

= DIC™ — AChip = DIC™ — ACorg — ACcarp- W
DICP! refers to preformed DIC in the preindustrial era that is assumed to be in steady state and C,y is the
anthropogenic CO, component in DIC that increases over time. DIC™ is the DIC measured in the ocean
interior, and ACy, is the correction term for biological activity subsequent to subduction in the formation
region. The term ACy;, is decomposed into the components representing respiration by organisms
(remineralization of organic matter), ACqrg, and the dissolution of carbonate particles, ACcy,, Where
ACorg = Fe/—02 - AOU and ACcyy, = 0.5 - (TA™ + rn/—o2 - AOU-TA®; Gruber et al., 1996). Here, AOU refers
to the apparent oxygen utilization, that is, the difference between the measured dissolved oxygen concentra-
tion and its saturation concentration under the same potential temperature and salinity conditions (Garcia &
Gordon, 1992). TA™ and TA° are TA measured at depths and preformed TA that has been empirically
expressed as a function of potential temperature and other ocean variables (Sabine et al., 2002), respectively.
The coefficients rc/_o, and ry/_os are the stoichiometric C/—0, and N/—O, remineralization ratios. We
used 117/170 for r¢/—oz and 16/170 for ry;—o2, following the stoichiometric AP/AN/AC,z/—AO; ratios of
1/(16 + 1)/(117 + 14)/(170 + 10) determined by Anderson and Sarmiento (1994). We also tested rc/_o, of
131/160 and 103/180 and ry/_o, of 17/160 and 15/180 to see the sensitivity of DIC® change to the choice
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of rc/_op and ry/—_o2- Remineralization of organic matter by denitrification is another process contributing
to ACyp;, (Sabine et al., 2002). However, we have ignored its contribution in Equation 1, because the contri-
bution of denitrification to DIC changes is considered to be very small over the water column in the western
tropical Pacific (Deutsch et al., 2001). Trends of DIC® are also modulated by dilution and concentration of
surface water due to precipitation and evaporation. Therefore, we examined the DIC® trend that was normal-
ized to a reference salinity of 35 (sDIC®). The rate of sDIC° change was then determined by decomposing it
into two terms in Equation 1 as the rate of DIC change corrected for respiration, DIC™ — ACyg, and that
associated with the dissolution of carbonate particles, ACc,p-

The trend toward increasing sDIC® was analyzed in the thermocline (i.e., in the EUC) and below on poten-
tial density horizons spanning o = 23.0 to 27.7 kg m ™ (at ~2000 m) in the narrow equatorial band 1°S-1°N
over 130°E-180°. In the thermocline, both DIC™ — AC,,g and temperature exhibit large gradients with depth
but vertical resolution of discrete water samplings are not sufficient to resolve the vertical profiles well by
themselves. Consequently, values of sDIC® on isopycnal horizons have potentially large errors when they
are obtained from the interpolated profiles of sDIC® with respect to depth. To reduce their errors associated
with the vertical interpolation, we examined the relationship DIC™ — ACyyg, TA™ + Iny—02 - AOU, and TA®,
respectively, with respect to potential density (og; Figure S2), and they were fitted with a function of og and
observation time by multiple regression analysis:

X=co+teyr+c-(os— aeref) 4¢3+ (00— cerEf)z +e¢, )

where X denotes DIC™ — ACyrg, TA™ + ry/—o2 - AOU, or TA® normalized at S = 35, yr = year—2000, and
¢ represents the residual of the fit. The fit was performed on eight density layers, which represent a modest
restructuring of the coarse-grained layering presented in a previous study (Sloyan et al., 2003) including
Upper Thermocline Water (UTW: 23.0-24.5 kg - m™>), Central Thermocline Water (CTW: 24.5-25.5 kg -
m~>), Lower Thermocline Water (LTW: 25.5-26.3 kg - m™>), Thermostad Water (TSW: 26.3-26.6 kg -
m™3), Mode Water (MW: 26.6-26.9 kg - m™3), Upper Intermediate Water (UIW: 26.9-27.2 kg - m™?),
Lower Intermediate Water (LIW: 27.2-27.5 kg - m™>), and Upper Deep Water (UDW: 27.5-27.7 kg -
m™>). Represented as creref in Equation 2 is the reference potential density (midpoint of the density range)
for each layer.

Regression analysis was repeated three times for DIC™ — AC,g and twice for TA™ + rn/—02 - AOU and TA®,
while rejecting data outside +2 s. Data of DIC™ — ACorg, TA™ + rn/—oz - AOU and TA° were then normal-
ized to the values at 0™ in each density class using Equation 3:

Xref =X—c '(06 _ Usref) —cs- (o’e — gsref)zl (3)

Finally, cruise-mean values of (DIC™ — Acorg)ref, (TA™ + rn/—o2 - AOUY™, and TA*™ were calculated
and fitted with a linear function of time for each density class to evaluate the rate of sDIC° change.
Equations 2 and 3 were also applied to the data of potential temperature and salinity to evaluate their
trends in each density layer in the EUC and below.

2.3. Lagrangian Backward Tracking for the Source Waters of the Warm Pool

Through a series of diagnostics (including Lagrangian) performed on a forward ocean carbon cycle model,
we examine anthropogenic CO, ventilation and re-emergence pathways and associated transit timescales
by highlighting the source waters of the Warm Pool. To do this, we apply the Ariane Lagrangian diagnostic
tool kit (Blanke & Grima, 2011) to interpret the model output using circulation fields from a cyclostationary
normal-year-forced ORCA2-LIM run that included the PISCES ocean biogeochemistry model run offline
(Tudicone et al., 2016). The PISCES component of the model configuration has been run with both the
observed anthropogenic CO, transient and a preindustrial atmospheric CO, boundary, thus facilitating a
definition of anthropogenic carbon as the difference between them. For the anthropogenic CO, transient
thus defined, the model output exhibits a robust correspondence with observational constraints for the year
1995 (Tudicone et al., 2016), namely, a time when a large number of new high-quality ocean carbon data
were being acquired globally to assess the total anthropogenic CO, inventory in the ocean (Sabine
et al., 2004). The advantage of the Lagrangian diagnostics applied to a forward model is that it allows one
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Figure 2. The rate of exchange across the volume bounded below by 28 °C isotherm and to the north and south by the
8.7°N and 8.7°S sections, respectively. (a) Particles seeded on the boundaries and the volume transport in the control
volume of the Warm Pool. (b) Distribution of the volume transport across 165°E section that enters the Warm Pool.
(c) Distribution of the volume transport across 8.7°N that enters the Warm Pool but not through the EUC at 165°E.
(d) Same as (c) but across 8.7°S. This experiment was done with a global ocean circulation model (Tudicone et al., 2016)
to evaluate the contribution of waters feeding Warm Pool formation in the western tropical Pacific.

to explicitly identify and quantify the flux of the transient anthropogenic component of DIC (Cyyy), its
trajectories (pathways), and advection timescales. The horizontal resolution of the model is nominally 2°
in longitude, with the latitudinal resolution varying from 0.5° at the equator to a maximum of 1.9°, with
31 levels vertically. Details of model runs and Lagrangian diagnostics are described elsewhere (Toyama
et al., 2017).

3. Results

In the Warm Pool of the western tropical Pacific, surface water is in near-equilibrium with respect to the CO,
in the atmosphere; that is, pCO,sw is generally comparable to pCO,air (Figure 1b). This is consistent with
what has been reported in previous studies (e.g., Inoue & Sugimura, 1992; Ishii & Inoue, 1995; Takahashi
et al., 2009). A moderate range of spatial variability (a few tens of patm) is seen for pCO,sw and can be attrib-
uted to the thermodynamic effect of the variability in temperature and salinity as well as local reductions of
DIC associated possibly with nitrogen fixation (Ishii et al., 2009; Figure S1). Nevertheless, an upward trend
in pCO,sw is evident (+1.37 + 0.09 uatm year™ ") over the past three decades of 1985-2016, reflecting the
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Figure 3. Annual mean exchanges of anthropogenic CO, and layer budgets (PgC/year) in the mid-1990s integrated
zonally in a density framework over the tropical Pacific (15°S-15°N). The fluxes were identified using biweekly

output fields from an ocean carbon cycle model embedded on the ocean circulation model ORCA2-LIM-PISCES
(Tudicone et al., 2016). ITF: Indonesian Throughflow; WP: Warm Pool; SW: Surface Water; UTW: Upper Thermocline
Water; CTW: Central Thermocline Water; LTW: Lower Thermocline Water; TSW: Thermostad Water. The figure
reveals a general pattern of equatorial convergence within the pycnocline (thermocline) layers and a poleward
divergence of surface and near-surface waters. Maximum upwelling defined as a cross-isopycnal transport occurs

in this coarse-grained layering of the pycnocline across the og = 23.0 horizon, with this lying just below the cold tongue
in the NINO3 region (90-150°W, 5°S-5°N).

presence of the anthropogenic transient in CO, throughout this region. However, its mean rate of increase is
significantly lower than that of pCO,air for the same period (+1.74 + 0.02 uatm year ).

The trend toward increasing pCO,sw in the Warm Pool is chemically attributable to the increase of sDIC
(4+0.81 + 0.06 umol - kg~" - year™'; Figure 1d). The increase of sDIC also accounts for a lowering of pH
(—0.0013 + 0.0001 year '; Figure 1e) that indicates that the concentration of hydrogen ions has increased
on average by 10% in parallel with an 11% increase in pCO,sw since 1985. The western tropical Pacific
Warm Pool is known to be the region with the highest saturation levels of carbonate minerals (Feely
et al., 2009; Jing et al., 2015), providing favorable conditions for calcifying organisms such as corals.
However, their saturation levels are also declining with the lowering of pH; Q. and Q,., have decreased
at a mean rate of —0.0125 + 0.0010 year™" and —0.0083 + 0.0007 year ", respectively, reflecting ocean acid-
ification in this region (Figures 1f and 1g). Nevertheless, their rates of changes are, on the average, ~20%
slower than what would be expected if pCO,sw were to simply follow the rate of pCO,air increase over
the same period. The slower rate of acidification identified here in this study contrasts well with the rates
determined in the subtropics that are faster and consistent with those expected from the growth rate of
pCO,air within the uncertainty of analysis (e.g., Bates et al, 2014; Gonzilez-Davila et al., 2010;
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Midorikawa et al., 2010; Ono et al., 2019). Similar trends of slower oceanic CO, increase in the western tro-
pical Pacific have been reported based on the earlier version of SOCAT and an algorithm of TA from salinity
and temperature (Lauvset et al., 2015) and based on the time-series measurements of inorganic carbon vari-
ables at 137°E section (Ono et al., 2019). The slower oceanic CO, increase here has also been projected by
Earth System Model simulations used to project the anthropogenically forced trends in the climate system
(Resplandy et al., 2013; Schlunegger et al., 2019).

4. Discussion

The observational constraint that the rate of pCO,sw increase in the western tropical Pacific Warm Pool is
not merely tracking the rate of pCO,air increase and is slower than in the subtropics raises the question as to
what oceanographic processes modulate the pCO,sw increase in this region. In the following subsections,
we argue, among the array of processes controlling the rate of sDIC increase, the dominant factor controlling
the rate of pCO,sw, pH, and Qcaic and Qqr,g, in the Warm Pool taking the anthropogenic CO, transport
through the ocean circulation into account and using diagnostics of an ocean modeling and a constraint
from inorganic carbon measurements in the ocean interior.

4.1. Transport of Anthropogenic CO, in and Around the Tropical Pacific

First, we hypothesize that the renewal time for Warm Pool water is not long enough to reach local air-sea
equilibration of CO,. To test this hypothesis, we considered output from a global ocean circulation model
ORCAZ2-LIM (Tudicone et al., 2016) and defined the 28 °C isotherm as constituting the boundary of Warm
Pool waters. Invoking a suite of diagnostics previously applied to identify exchanges across the base of the
surface mixed layer (Blanke et al., 2002; Toyama et al., 2017), the exchange rate is estimated across the sur-
face bounded below and to the east by the 28 °C isotherm and to the north and south by sections at 8.7°N and
8.7°S, respectively (Figure 2a). The mean annual net volume transport across the boundaries of this domain
is estimated to be 113 Sv (10° m? - s™1), of which a significant fraction is identified at its eastern boundary
through the westward South Equatorial Current (SEC; Figure 2a). The volume of the Warm Pool defined
here is 1.28 - 10"> m>. The renewal time (volume divided by boundary fluxes) of the Warm Pool volume is
thus 131 days, with this being significantly shorter than the air-sea CO, equilibration timescale of 1 year
in this region (Ishii et al., 2009), indicating that nonlocal ocean dynamical processes can modulate DIC
trends and thereby pCO,sw in the Warm Pool.

We next analyze the annual budgets in anthropogenic CO, for the simulated year 1995 using output from an
ocean carbon cycle model (PISCES) run offline using dynamical state variables saved from the ocean circu-
lation model ORCA2-LIM. Here our analysis includes the fluxes across the air-sea interface, increases in
layer inventories, and the diapycnal and horizontal transports integrated zonally over the tropical Pacific.
The budgets are analyzed in six discrete layers spanning the surface down through the pycnocline
(Figure 3). This encompasses the EUC and extends from Warm Pool (og < 21.9 kg - m™>) down to the
0p = 26.6 kg - m™> horizon (depths down to approximately 300 m) in the equatorial band spanning 5°S—
5°N, as well in the same density layers in adjacent bands spanning 15-5°S and 5-15°N. These layers have
been chosen so as to encompass the critical vertical scales of the shallow subtropical cell overturning. The
budget analysis reveals the equatorward convergent transport of anthropogenic CO, in the pycnocline from
both hemispheres, and subsequent upward diapycnal transport within the equatorial band and divergence
in the surface layers including the Warm Pool. The net annual upward diapycnal transport of anthropogenic
CO, from the upper pycnocline to the surface layer in the 5°S-5°N band amounts to 0.337 PgC - year™*, and
approximately half (0.158 PgC - year™ ") is transported through the South Equatorial Current (Figure 1a) to
the Warm Pool in the surface with associated buoyancy gain by heating and fresh water inputs. The interior
exchanges of anthropogenic CO, sustained through transports are three to six times larger than the net
annual air-to-sea flux of anthropogenic CO, from the atmosphere (0.057 PgC - year™ ") over the same equa-
torial band. This reveals the predominant role of the upward cross-isopycnal anthropogenic CO, transport
from the pycnocline for acidification of the surface waters of the equatorial Pacific including the Warm
Pool region. Overall, the results are consistent with those considered for the cold tongue region by Zhai
et al. (2017).
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Figure 4. Source waters of the western tropical Pacific Warm Pool that pass through Equatorial Undercurrent across
165°E section identified with Lagrangian diagnostics. (a) Geographical distribution of the origins (downward crossing
of surface mixed layer base) of Warm Pool waters with the volume transport shown in the color scale with Eastern
Subtropical Mode Water formation regions falling within the local maxima of both hemispheres. (b) Histogram of density
of original waters in the Northern Hemisphere (blue) and in the Southern Hemisphere (red) when they crossed the
base of the surface mixed layer, and (c) travel times from the EUC at the 165°E section back to the base of mixed layer
in the source region. The analysis in (a) and (b) reveal that there are three principal source contributors to the
Equatorial Undercurrent: (i) Eastern Subtropical Mode Water from the Southern Hemisphere, (ii) the grouping of
Eastern Subtropical Mode Water and Western Subtropical Mode Water in the North Pacific, and the grouping of
Subantarctic Mode Water and Antarctic Intermediate Water from the Southern Ocean.
For our third suite of analyses focused on attribution, we have invoked “quantitative mode” functionality in
the Ariane Lagrangian diagnostics, where one begins by identifying ocean interior surfaces as starting and
stopping regions for large numbers of Lagrangian particles. Importantly, by releasing particles in proportion
to the physical transport across an initial section, one can then map the strength of the transports across the
final section with a direct mapping to the transports across the original section. In reverse Lagrangian diag-
nostics (Blanke & Grima, 2011) with the same ocean circulation model (ORCA2-LIM) we identify the path-
ways by which nonlocal transport of anthropogenic CO, impacts the rate of pCO,sw increase and
acidification over the Warm Pool in more detail.
Lagrangian particles were seeded over the 28 °C isotherm bounding the same Warm Pool domain considered
for renewal time (Figure 2a). For the case where transport in the forward model was directed into the Warm
ISHII ET AL. 9 of 15
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Pool, they were then traced backward in time. In the first set of diagnostics, the Lagrangian particles were
then stopped when they passed westward across 165°E or reached either the 8.7°N section or the 8.7°S sec-
tion. This analysis revealed that 50 Sv (44%) of the net transport into the Warm Pool crossed 165°E section
within the EUC below the Warm Pool (Figure 2b), with subsequent near-surface and surface entrainment
into the westward-flowing SEC and concurrent gain of buoyancy. For this pathway, nearly 73% of the waters
take less than 3 years between crossing 165°E section within the EUC and entering the Warm Pool. The
remaining 63 Sv (56%) of the transport of the flux into the Warm Pool arrives directly through equatorward
pycnocline convergence with subsequent near-surface and surface entrainment into the SEC or through the
low latitude western boundary currents of both hemispheres such as Mindanao Current and New Guinea
Coastal Current (Fine et al., 1994) without passing through the EUC at 165°E (Figures 2c and 2d). Among
the 63 Sv, 36 Sv is transported from the northern hemisphere across the 8.7°N section (Figure 2c¢) and the
other 27 Sv is transported from the southern hemisphere across the 8.7°S section (Figure 2d).

In the second run of the Lagrangian diagnostics, the Lagrangian particles that crossed the 165°E section
within the EUC were then re-released at their stopping points from the first step of the Lagrangian calcula-
tions along 165°E in order to identify their subduction source regions, that is, their first points of intersection
with the mixed layer in both hemispheres (Figure 4a). There, we identify the EUC waters as having three
main sources: (i) Eastern Subtropical Mode Water (Hanawa & Talley, 2001) in the South Pacific with forma-
tion density of 24.8-25.6 kg - m~ formed on the eastern periphery of the subtropical gyre, (ii) Western and
Eastern Subtropical Mode Waters in the North Pacific with formation density of 24.8-25.4 kg - m™> formed
on the northern and eastern periphery of the subtropical gyre, and (iii) Subantarctic Mode Water and
Antarctic Intermediate Water with formation densities of 26.8-27.2 kg - m™. The range of transit times
for particles from these subduction regions to reach the EUC at 165°E is broad, with 83% taking more than
5years and a median of 8.7 years. Nevertheless, they transported a total of 0.74 PgC - year™* of anthropogenic
CO, to the Warm Pool in 1995.

The origins of the Warm Pool water that does not pass through the EUC at 165°E is also broadly distributed
(Figure S3a) and these waters transport a total of 1.02 PgC - year™ " of anthropogenic CO,. However, the tran-
sit time to reach the 8.7°S or 8.7°N sections tends to be shorter, with 68% of these waters taking less than
5 years. Overall, 47% of the source waters take more than 5 years to reach the EUC at 165°E or the sections
at 8.7°N/S. The pathway of anthropogenic CO, transport to the Warm Pool entails intergyre exchange of
thermocline waters associated with subtropical overturning structures (Nakano et al., 2015; Rodgers et al.,
2003), which generally take a decade or more. This is consistent with ventilation ages of 5 to 20 years in
the tropical Pacific thermocline inferred from the measurements of dissolved chlorofluorocarbons (Fine
et al., 2001).

4.2. Trend of DIC Increase in the EUC

As our analysis reveals that the EUC is a principal conduit sustaining acidification of the Warm Pool, we are
motivated to consider observational constraints on the EUC waters themselves dating back to the early
1990s. The analysis thus encompasses an era when high-quality data of DIC and TA are available due to
improved measurement technique using coulometry for DIC (Johnson et al., 1985) and data quality control
using Certified Reference Material for DIC and TA measurements (Dickson, 2010) as well as a secondary
data quality control by the method of crossover analyses of vertical profiles from different cruises (Olsen
et al., 2019; Tanhua et al., 2010) facilitating reliable identification of decadal trends.

It is found that the increase of DIC™ — AC, in Equation 1 is evident and accounts predominantly for the
increase in sDIC® in the upper layers of the western tropical Pacific (Figure 5 and Table 1). In contrast,
the changes in ACq,, are minimal and insignificant. In the pycnocline, the linear rate of sDIC®™ change
for the years 1992-2016 ranged between +0.52 + 0.09 umol - kg~' - year™' in LTW and
40.72 + 0.10 umol - kg™" - year™" in CTW (Table 1). These estimates of sDIC° change are not sensitive to
the stoichiometric AN/AC,,,/—AO, ratio we use (Table S2). Below the pycnocline where AOU is larger
and more variable than in the pycnocline, the estimates of sDIC® change are more sensitive to the choice
of AN/AC,z/—AO; ratio. However, it is evident that the mean rate of sDIC® change is lower in deeper layers.
These results indicate the increasing transport of anthropogenic CO, being accumulated nonlocally through
the EUC. The rates of sDIC® increase in the EUC are comparable or slightly lower than the mean rate of
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Figure 5. Trends on isopycnal layers in the Equatorial Undercurrent (EUC) for the years 1992-2016. (a) Salinity-normalized respiration-corrected DIC
(pIC™ — ACorg), (b) potential temperature, and (c) salinity. These trends were analyzed for the western Pacific equatorial band (130°E~180°, 1°S-1°N) on
eight discrete layers in the EUC and below (see sections 2.2 and 2.3). Each data plot and its error bar denote cruise-mean value and its standard deviation,
respectively.

sDIC increase in the overlying waters of the Warm Pool over the same period, namely, since the early 1990s
(+0.77 + 0.08 umol - kg™ - year ). This is consistent with our inference from the model diagnostics
described in the previous section that the acidification of the Warm Pool is primarily supported by
intergyre transport of anthropogenic CO, within the thermocline through the EUC, with the predominant
anthropogenic CO, content of these waters crossing the air-sea interface in the subtropics.

4.3. Attribution of Slower Ocean Acidification in the Warm Pool

To better constrain how ocean acidification in the western tropical Pacific may evolve in the future, it is
important to identify mechanistically why the mean rate of pCO,sw increase in this region has been slower
than that of pCO,air. As was emphasized in the previous section, one candidate process involves the time lag
associated with intergyre exchange of thermocline waters. The CO, increase in the atmosphere accelerated
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Table 1
Mean Rates of Change + Standard Error (umol - kg_l . year_l) in the Components of Salinity-Normalized Preformed DIC (sDIC®) in the Interior of the Western
Pacific Equatorial Band (130°E-180°, 1°S-1°N) for the Years 1992-2016

Name Density range (DIc™ — AC(,rg)ref n ACigry et n spice ™f

UTW 23.0-24.50¢ +0.62 + 0.09* 50 +0.04 + 0.04 23 +0.58 + 0.10
CTW 24.5-25.50¢9 +0.74 + 0.09* 40 +0.03 + 0.05 20 +0.72 + 0.10
LTW 25.5-26.30¢g +0.53 + 0.08* 51 +0.01 + 0.04 23 +0.52 + 0.09
TSW 26.3-26.60¢g +0.47 + 0.07* 44 +0.00 + 0.05 23 +0.47 + 0.09
MW 26.6-26.90¢ +0.42 + 0.06* 50 —0.03 + 0.05 23 +0.44 + 0.08
Ulw 26.9-27.20¢ +0.24 + 0.06* 43 —0.13 + 0.07 20 +0.37 + 0.09
LIW 27.2-27.50¢ +0.11 + 0.05* 44 —0.05 + 0.04 25 +0.16 + 0.06
UDW 27.5-27.70¢ +0.07 + 0.05 44 —0.08 + 0.05 23 +0.14 + 0.06

Note. Stoichiometric ratios of AN/ACorg/—AO; = 16/117/170 (Anderson & Sarmiento, 1994) were used for the calculation of sDIC®.

Abbreviations: CTW, Central Thermocline Water; LIW, Lower Intermediate Water; LTW, Lower Thermocline Water; MW, Mode Water; TSW, Thermostad
Water; UDW, Upper Deep Water; UIW, Upper Intermediate Water; UTW, Upper Thermocline Water.

“Statistically significant (p < 0.05). 'ACearb ! = 0.5 - {(TA™ + /02 - AOUY -TA™}.

at a mean rate of +0.26 + 0.05 ppm - decade > over 1959-2010 (Ballantyne et al., 2012) or 4+0.29 + 0.07 ppm -
decade™ over 1985-2015 (WMO, 2017) on average due to increasing anthropogenic CO, emissions. An
interior residence time of order one decade during the transport from the extratropics to the EUC means
that atmospheric CO, increased subsequent to the water parcel losing contact with the atmosphere in the
extratropics before reentering through reemergence into the surface layer of the tropics. Consequently,
the less rapid rate of pCO,sw increase than that of pCO,air in the Warm Pool would reflect the memory
of water parcels from a time when the atmospheric pCO,air increase was slower. This in turn suggests
that if policy changes were to lead to carbon removal from the ocean, reversing the sign of ApCO, over
large scales, there would nevertheless be a delay in the response of the Warm Pool acidification state
determined by the intergyre exchange timescale for equatorial thermocline waters.

Another candidate mechanism for the slower pCO,sw increases in the Warm Pool than that expected from
the growth rate of pCO,air for the same period could be associated with the change in the ocean circulation,
that is, an increase in the relative contribution of waters from Southern Hemisphere to the Warm Pool
through the EUC. For a given thermocline density in the mean state, the southern source waters of the
EUC are not only warmer and saltier but also characterized by lower DIC® (Figure S4). Notably, salinity
has been increasing over recent decades within the EUC (Figure 5c). This provides potential observational
support for an increase in the relative contribution of the southern source to the EUC, and therefore a slow-
ing of the rate of sDIC® increase. The mean rate of salinity increase over time is the highest in the UTW
(+0.171 + 0.024 decade™ in gg = 23.0 to 24.5 kg - m™; Table S3). This could be accompanied by a change
of —0.31 £ 0.14 umol - kg™" - year ™" of DIC®, which offsets the DIC® increase due to anthropogenic CO, accu-
mulation, for the case where the increase in salinity reflects the increase in volume transport from the south.
Nevertheless, there are caveats to this interpretation. First, increases in salinity observed in the EUC could
be sustained by increases in the salinity of waters emanating from either hemisphere (Hosoda et al., 2009).
Second, the slower sDIC® increase in the EUC than that expected from the pCO,air growth rate may in part
also reflect the shoaling and warming of density layers associated with the salinity increase. Third, in the
UTW where the mean rate of salinity increase was the highest, salinity dropped in 2015 to the level in the
1990s but sDIC® continued to increase, suggesting that the changes in salinity were not tightly coupled with
the changes in the relative contribution of waters from Southern Hemisphere to the EUC and thereby the
changes in sDIC®. Better mechanistic understanding of why salinity is changing in the EUC is needed to
understand how salinity changes and sDIC® increases are linked there.

5. Conclusions

Invoking data synthesis products built upon oceanic CO, measurements, we have identified a trend toward
increasing surface ocean CO, and an associated acidification in the tropical Pacific Warm Pool, revealing
+1.37 + 0.09 patm - year " for pCO,sw, +0.81 + 0.06 mol - kg™ - year™* for sDIC, —0.0013 + 0.0001 year™*
for pH, and —0.0083 + 0.0007 year ' for Q. for the years 1985-2016. For this critically important
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biodiversity hot spot region, this translates to an acidification rate that is on average ~20% lower than what
Acknowledgments would be expected if the surface ocean were to simply follow the growth rate of CO, in the overlaying atmo-
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sphere (4+1.74 + 0.02 patm - year™ "). Through the combined use of observations and modeling tools (with a
joint Eulerian/Lagrangian analysis), our results implicate the importance of anthropogenic CO, transport
through the Subtropical Cells and the EUC in sustaining and regulating the rate of acidification in Warm
Pool surface waters.

Taken together our model attribution exercise reveals that “ocean acidification from below” is a framework
that applies not only to the Warm Pool but also more generally over the equatorial band via the equatorial
divergence zone to the east. Specifically, it implies a key role of ocean circulation as well as the growth rate of
the mixing ratio of CO, in the atmosphere in modulating the rate of ocean acidification. Our mechanistic
attribution also provides insight into the more general circulation structures and pathways sustaining acid-
ification in future climate projections with Earth System Models (Resplandy et al., 2013). Nevertheless, the
importance of ocean acidification from below should not be assumed to be limited to the equatorial Pacific.
Its importance has been suggested for the acidification on the continental shelf along the west coast of North
America (Feely et al., 2008; Harris et al., 2013; Hauri et al., 2013). Furthermore, using the same cyclostation-
ary ocean carbon cycle model configuration applied here, the study of Toyama et al. (2017) highlighted a
number of regions over the global ocean domain, including western boundary current regions where ree-
mergence rates of anthropogenic CO, into the surface mixed layer from the thermocline are larger than local
air-sea CO, fluxes. Among the regions highlighted by Toyama et al. (2017), the western tropical Pacific
Warm Pool is special in that it exhibits a higher signal-to-noise ratio for the trend in acidification rate due
to the relatively weak seasonal and interannual variability there in the inorganic carbon variables. The weak
seasonal and interannual variability there is interpreted to be due to the effect of cumulative DIC removal
through biological production driving nitrate-depletion. Biological removal of DIC due to
nitrate-depletion operates as a low-pass filter for DIC with this magnitude being modulated in response to
the change in the strength of upwelling of pycnocline waters and renders the trend of acidification being
affected by the “aged” waters from below emergent in the Warm Pool much earlier than in the cold tongue
region. Although a number of technical and resource challenges exist for applying the methods developed
here to evaluate full transient cases with high resolution models, the insights afforded with the analysis
methods presented here demonstrate their value for broader applications pertaining to resource manage-
ment and climate questions.
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