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as El Niño Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO), tropical instability waves, Kelvin
waves and global warming (e.g. Barber et al., 1996; Foley
et al., 1996; Dunne et al., 1999). The tropical Pacific is a
major source of CO2 to the atmosphere (0.8–1.0
PgC yr–1) during non-El Niño periods but near neutral
(0.2–0.4 PgC yr–1) during strong El Niño periods (e.g.
Feely et al., 1995, 1997, 1999; Ishii et al., 2004).

The tropical Pacific can be divided into two distinct
provinces: the Western Pacific Warm Pool (WPWP) which
is usually characterized by high sea surface temperature
(SST > 28.5°C), low sea surface salinity (SSS < 34.5 psu),
low surface nutrients and dissolved inorganic carbon
(DIC) (e.g. Takahashi et al., 2003; Ishii et al., 2009), and
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The oceanic carbon cycle in the tropical–subtropical Pacific is strongly affected by
various physical processes with different temporal and spatial scales, yet the mecha-
nisms that regulate air–sea CO2 flux are not fully understood due to the paucity of
both measurement and modeling. Using a 3-D physical-biogeochemical model, we simu-
late the partial pressure of CO2 in surface water (pCO2sea) and air–sea CO2 flux in
the tropical and subtropical regions from 1990 to 2004. The model reproduces well
the observed spatial differences in physical and biogeochemical processes, such as:
(1) relatively higher sea surface temperature (SST), and lower dissolved inorganic
carbon (DIC) and pCO2sea in the western than in the central tropical–subtropical
Pacific, and (2) predominantly seasonal and interannual variations in the subtropical
and tropical Pacific, respectively. Our model results suggest a non-negligible contri-
bution of the wind variability to that of the air–sea CO2 flux in the central tropical
Pacific, but the modeled contribution of 7% is much less than that from a previous
modeling study (30%; McKinley et al., 2004). While DIC increases in the entire re-
gion, SST increases in the subtropical and western tropical Pacific but decreases in
the central tropical Pacific from 1990 to 2004. As a result, the interannual pCO2sea
variability is different in different regions. The pCO2sea temporal variation is found
to be primarily controlled by SST and DIC, although the role of salinity and total
alkalinity, both of which also control pCO2sea, need to be elucidated by long-term
observations and eddy-permitting models for better estimation of the interannual
variability of air–sea CO2 flux.

1.  Introduction
The tropical Pacific is the largest natural ocean CO2

source to the atmosphere (e.g. Tans et al., 1990; Takahashi
et al., 1997, 1999; Feely et al., 2004). The biogeochem-
istry in the tropical Pacific is primarily controlled by the
mean circulation whereby upwelling brings cold, nutri-
ent- and carbon-rich subsurface water to the surface (e.g.
Toggweiler and Carson, 1995; Feely et al., 2006). As a
result, sea-to-air CO2 efflux is strengthened or weakened
by the degree of upwelling on various time scales, such
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the central tropical Pacific or the Pacific Equatorial Di-
vergence (PED) marked as lower SST, higher SSS, higher
surface nutrients and DIC, higher primary production, and
higher pCO2sea. The partial pressure of CO2 in the sur-
face water (pCO2sea) in the WPWP is similar to or slightly
higher than that in the atmosphere (pCO2air). The higher
surface nutrients and DIC in the PED are caused by
upwelling of subsurface water, and also due to lack of
iron (Barber, 1992). pCO2sea in the PED is reduced by the
effect of lower SST but is high because of high DIC, and
as a result, the PED is usually characterized by a strong
source of CO2 to the atmosphere (Feely et al., 2006).
There are significant horizontal differences in the oce-
anic carbon cycling and biogeochemical responses to
ENSO that are associated with the change in the expanse
of WPWP and PED (Inoue et al., 1996; Le Borgne et al.,
2002).

The subtropical Pacific is known to undergo signifi-
cant changes on seasonal, interannual (ENSO), and
decadal (PDO) time scales. The western subtropical Pa-
cific, in particular, has complex current structures: west-
ward North Equatorial Current, eastward Subtropical
Counter-Current, Kuroshio Counter-Current, and east-
ward Kuroshio Current, from south to north (e.g. Fig. 1;
Midorikawa et al., 2005). The biogeochemical processes
are affected by the strength of these currents with vari-
ous time scales. Along with the hydrographic properties,

the DIC and pCO2sea in the surface waters of the western
North Pacific subtropical gyre between the tropical re-
gion and the Kuroshio Current (3–34°N) have been mea-
sured for decades (e.g. Inoue et al., 1987, 1995; Ishii et
al., 2001, 2009; Midorikawa et al., 2005). A long-term
increase in pCO2sea along 137°E has been observed in
winter. The growth rate since 1984 between 15°N and
30°N is estimated to be 1.7 ± 0.2 (µatm yr–1), which is
similar to the growth rate of pCO2air.

While the factors that regulate air–sea CO2 flux have
been regularly explored by previous observers, the tem-
poral and spatial variability of the carbon cycle in the
tropical–subtropical Pacific has not yet been elucidated
in a comprehensive fashion, and the processes control-
ling pCO2sea variation are not fully understood (Ishii et
al., 2001). Especially across most of the Pacific, data for
quantification of interannual variability and long-term
trends are relatively sparse (McKinley et al., 2006).

Modeling can help us to fill the gaps in observations
and interpret observed results. A number of diagnostic
and 3-D ocean modeling studies examined the air–sea
exchange of CO2 in the tropical Pacific (e.g. Winguth et
al., 1994; Le Quéré et al., 2000; Obata and Kitamura,
2003; McKinley et al., 2004, 2006; Park et al., 2006).
Several modeling studies suggest that the global air–sea
CO2 flux interannual variability is largely (nearly 70%)
driven by the tropical Pacific (e.g. Winguth et al., 1994;
Le Quéré et al., 2000; Obata and Kitamura, 2003; Park et
al., 2006).

Although several pioneering modeling studies have
begun to treat the oceanic carbon cycling and the marine
ecosystem dynamics simultaneously in their models (e.g.
Jiang and Chai, 2006; McKinley et al., 2006; Wang et
al., 2006; Fujii and Chai, 2007; Fujii and Yamanaka,
2008), very few previous modeling studies have applied
their marine ecosystem models to, or have compared
model results with, observations in the northwestern part
of the tropical–subtropical Pacific. In this study, we use
a physical-biogeochemical model, incorporating the oce-
anic carbon cycling and air–sea CO2 exchange, to exam-
ine temporal variations in each basin, especially focus-
ing on the seasonal and interannual variations and east–
west comparison in the tropical and subtropical Pacific.
The model framework and experimental design are ex-
plained in the next section. The modeled seasonal and
interannual variations of SST, SSS, DIC, total alkalinity
(TA), pCO2sea and air–sea CO2 flux are described in Sec-
tion 3. Section 4 focuses on discussing the question which
are the predominant factors controlling the pCO2sea and
air–sea CO2 flux in each region of the tropical–subtropi-
cal Pacific, especially stressing the significant effects of
the SST and DIC on the spatiotemporal variations of the
pCO2sea and air–sea CO2 flux. Section 5 summarizes the
results obtained in this study.

Fig. 1.  Locations of the observation line and major currents
along 137°E in the western North Pacific. Abbreviations:
KCC, Kuroshio Counter-Current; SCC, Subtropical Coun-
ter-Current; NEC, North Equatorial Current; NECC, North
Equatorial Counter-Current (figure from Midorikawa et al.,
2005).
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2.  Model Description and Experimental Design
We use a biogeochemical model (Carbon, Silicate,

Nitrogen Ecosystem (CoSINE) Model; Chai et al., 2002;
Dugdale et al., 2002) to examine spatial and temporal
variations of pCO2sea and air–sea CO2 flux and their causes
for each basin. The model consists of two phytoplankton
functional groups (picoplankton and diatoms), three
zooplankton (microzooplankton, mesozooplankton and
predatory zooplankton), three nutrients (nitrate, ammo-
nium and silicic acid), detritus (particulate organic nitro-
gen and carbon, and biogenic silica), and DIC.

The linkage of the carbon cycle to the ecosystem
components is through the consumption and
remineralization of assimilated nutrients based upon the
nitrogen changes in the water column by using Redfield
stoichiometric ratios (Chai et al., 2002). The C/N ratio of
117/16 (=7.3) of Anderson and Sarmiento (1994) is used.
Instead of modeling the distribution of alkalinity in the
water column, surface TA is determined only by a statis-
tical regional representation of salinity normalized alka-
linity (Millero et al., 1998). The representation of SST,
SSS, DIC and TA in the model allows us to calculate
pCO2sea and air–sea CO2 flux.

The biogeochemical model is coupled with the Re-
gional Ocean Modeling System (ROMS) (e.g. Chai et al.,
2003, 2009; Wang and Chao, 2004; Liu and Chai, 2009).
The model is focused on the Pacific Ocean and its do-
main is 45°S to 65°N, 99°E to 70°W. The spatial resolu-
tion is 0.5° × 0.5°. See Liu and Chai (2009) and Chai et
al. (2009) for details.

The coupled physical-biogeochemical model is
forced by the wind obtained from the National Centers
for Environmental Prediction (NCEP) reanalysis data
(Kalnay et al., 1996). The Ocean Carbon-Cycle Model
Intercomparison (OCMIP)’s CO2 system (Orr, 1996), the
monthly in situ observational data of the partial pressure
of CO2 in the atmosphere (pCO2air) at Mauna Loa
(Keeling et al . ,  1982; Conway et al. ,  1994), and
Wanninkhof’s (1992) gas exchange parameterization are
used to calculate the air–sea CO2 flux. Model results for
1990 to 2004 are discussed in this study.

The model performance is validated by comparing
its results to observational data from the following: the
Japan Meteorological Agency (JMA)/Meteorological
Research Institute (MRI) for the western tropical and sub-
tropical Pacific (Fig. 1; Inoue et al., 1995, 2001; Ishii et
al., 2004; Midorikawa et al., 2005); the National Oce-
anic and Atmospheric Administration (NOAA)/Pacific
Marine Environmental Laboratory (PMEL) cruises that
service the Tropical Ocean-Global Atmosphere (TOGA)-
Tropical Atmosphere Ocean (TAO) Array (Feely et al.,
2002, 2006; Cosca et al., 2003) for the central tropical
Pacific; the observations at Station ALOHA (22.75°N,
158.00°W), the location of the U.S. JGOFS Hawaii Ocean

Time-series (HOT) program (Karl and Lukas, 1996; Dore
et al., 2003; Brix et al., 2004; Keeling et al., 2004) for
the central subtropical Pacific. The data at the Carbon
Dioxide Information and Analysis Center (CDIAC) at the
Oak Ridge National Laboratory, Oak Ridge, TN (LDEO
database NDP-088; Takahashi et al., 2002, 2008, 2009)
are also used to verify the model results in the entire oce-
anic region.

The pCO2sea is dependent upon the surface tempera-
ture, salinity, DIC and TA. To diagnose the factors driv-
ing the variability in modeled pCO2sea, the effects on
pCO2sea of SST, SSS, DIC and TA may be written in
linearized form (Takahashi et al., 1993; Le Quéré et al.,
2000; McKinley et al., 2004, 2006):
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Separation of these multiple influences allows a more
detailed understanding of the surface ocean carbon cycle
and of the model’s representation of these processes
(McKinley et al., 2006). The four partial differential terms
in the waters have been determined experimentally or
computed using thermodynamic relationships (Takahashi
et al., 1993).

3.  Results

3.1  Seasonal variability
The observations indicate that there is a strong con-

trast between the western and central Pacific (e.g. Inoue
et al., 2001). The annual-mean model results averaged
over 1990–2004 show relatively higher SST, lower SSS,
lower DIC, and generally lower pCO2sea and lower wind
speed in the western Pacific than in the central Pacific
(Fig. 2). SST and pCO2sea decrease and DIC increases
monotonically with latitude toward the north along 137°E,
as has been observed by Midorikawa et al. (2005), while
along 155°W the SST has a minimum, and DIC and
pCO2sea have maxima, at the equator. The modeled an-
nual sea-to-air CO2 flux shows that the subtropical re-
gion north of 25°N along 137°E functions as a large sink
for atmospheric CO2 (Fig. 2), as was observed by
Midorikawa et al. (2005). The tropical region south of
9°N along 137°E functions as a weak source (0.49
mmolC m–2yr–1 on average). The model overestimates ob-
servationally based estimates of 0.06–0.28
mmolC m–2yr–1 (Ishii and Inoue, 1995; Takahashi et al.,
2002, 2008, 2009). Along 155°W, the ocean functions as
a strong source of atmospheric CO2 around the equator,
and a sink between 8°N and 31°N.
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Fig. 2.  Modeled latitudinal profiles of annual-mean SST, SSS,
surface DIC and TA, pCO2sea, wind speed and sea-to-air CO2
flux, along 137°E (in solid black lines) and 155°W (in dot-
ted red lines). A red solid line for CO2 flux and red open
circles denote observational results in the tropical central
Pacific (Cosca et al ., 2003) and at Station ALOHA
(Keeling et al., 2004), respectively. Stars denote data from
Takahashi et al. (2002, 2008, 2009). Red crosses denote
seven model results shown in McKinley et al. (2006):
ROMS-Maine (Chai et al., 2002, 2003), MIT (McKinley et
al., 2004), UMD (Christian et al., 2002), NCOM-Maine
(Jiang and Chai, 2005), BEC-CCCSM (Moore et al., 2004),
MPI-Met (Wetzel et al., 2005) and PISCES-T (Buitenhuis
et al., 2006).

Fig. 3-1.  Latitudinal profiles of seasonal-mean SST, SSS, sur-
face DIC and TA, pCO2sea, wind speed and sea-to-air CO2
flux in winter (in blue), spring (in green), summer (in red)
and autumn (in black), along 137°E. Solid lines denote
model results. Other lines or symbols show observational
data: open circles from Takahashi et al. (2002, 2008, 2009),
solid dots from Midorikawa et al. (2005). Dashed line is
sea-to-air CO2 flux from Ishii et al. (2001).

Fig. 3-2.  Same as in 3-1 but for along 155°W. Dots show ob-
servational data: open dots from Takahashi et al. (2002,
2008, 2009) and solid dots from Feely et al. (2002).

The seasonal (three month) mean model results av-
eraged over 1990–2004 also reproduce well the observed
seasonal patterns of SST, SSS, DIC, pCO2sea, wind speed
and sea-to-air CO2 flux along 137°E and 155°W (Figs. 3-
1 and 3-2). The seasonal amplitude, which is defined as
the difference between the climatological annual maxi-
mum and minimum, generally increases with latitude both
along 137°E and 155°W for all model fields (Fig. 4).

Along 137°E, SST decreases monotonically with lati-
tude all year round (Fig. 3-1), which is similar to the ob-
served trends (see Midorikawa et al., 2005). The seasonal
amplitude of SST is 3.4°C at 15°N and 8.7°C at 25°N
(Fig. 4). This is consistent with observations (3.5 ± 1.5°C
between 7–20°N and 8.5 ± 3.5°C between 20–30°N; Ishii
et al., 2001). DIC increases monotonically with latitude,
and the latitudinal gradient is greater in winter and spring
than in the other two seasons (Fig. 3-1). The seasonal
amplitude of DIC is 19.1 mmolC m–3 at 15°N and 52.3
mmolC m–3 at 25°N (Fig. 4), consistent or slightly higher
compared to observations (13 ± 6 mmolC m–3 between
7–20°N, and 26 ± 13 mmolC m–3 between 20–30°N; Ishii
et al., 2001). pCO2sea decreases monotonically with lati-

tude in winter and autumn (Fig. 3-1), as observed by
Midorikawa et al. (2005). The maximum pCO2sea occurs
at around 25°N in spring and summer, resulting from both
high SST and DIC in this oceanic region in spring and
summer. In the tropical region south of 6°N, slightly posi-
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Fig. 4.  Modeled latitudinal profiles of seasonal amplitudes of
SST, SSS, surface DIC and TA, pCO2sea, wind speed and
sea-to-air CO2 flux, along 137°E (black) and 155°W (red).
Black open circles and red crosses show observational data
along 137°E and 155°W, respectively, from Takahashi et
al. (2002, 2008, 2009). Dotted black lines denote observa-
tional results along 137°E from Ishii et al. (2001).

Fig. 5-1.  Interannual variations of SST, SSS, surface DIC and
TA, pCO2sea, wind speed and sea-to-air CO2 flux from 1990
to 2004 at 0°N, along 137°E (in black) and 155°W (in red).
Symbols and lines denote observational data (red open cir-
cles from Feely et al., 2002, and red stars from Cosca et al.,
2003) and model results, respectively.

Fig. 5-2.  Same as in 5-1 but for 22.5°N. Black and red solid
dots denote observational data from Inoue et al. (2001) and
from Brix et al. (2004), respectively.

Fig. 6.  Modeled latitudinal profiles of interannual change rates
from 1990 to 2004 for SST, SSS, surface DIC and TA,
pCO2sea, wind speed and sea-to-air CO2 flux, along 137°E
(black solid lines) and 155°W (red solid lines). Red open
dots denote observational results at Station ALOHA
(Keeling et al., 2004). Dotted lines show observational re-
sults along 137°E (in black; from Takahashi et al., 2003;
Midorikawa et al., 2005) and 155°W (in red; from Feely et
al., 2006).

tive ∆pCO2 (pCO2sea minus pCO2air) is maintained
throughout the year, consistent with the observations (by
0–10 µatm between 3°N and 6°N; Midorikawa et al.,
2005). In the subtropical region, on the other hand, the
pCO2sea is much lower than pCO2air in winter and autumn,



694 M. Fujii et al.

especially immediately south of the Kuroshio (>30°N),
which is consistent with previous observation-based re-
ports (60 µatm difference north of 25°N in winter; e.g.
Inoue et al., 1987, 1995; Murata and Fushimi, 1996; Ishii
et al., 2001; Midorikawa et al., 2005).

The modeled latitudinal profiles of SST and DIC in
the subtropical region north of 10°N are similar between
137°E and 155°W (Figs. 3-1 and 3-2), although the sea-
sonal amplitudes are larger along 137°E (Fig. 4). pCO2sea
in the subtropical region along 155°W increases with lati-
tude (Fig. 2), especially in spring and summer (Fig. 3-2).
The latitudinal profile of pCO2sea in the subtropical re-
gion is very different between 137°E and 155°W (Figs.
2, 3-1 and 3-2). This mainly results from differences in
the contribution of SST and DIC to pCO2sea between
137°E and 155°W, as explained in Subsection 4.1. Along
155°W, a minimum of SST, and maxima of DIC and
pCO2sea, always appear near the equator, which are not
present along 137°E (Figs. 2, 3-1 and 3-2). ∆pCO2 is as
high as 90 µatm near the equator along 155°W.

Along 137°E, the net sea-to-air CO2 flux in the tropi-
cal regions south of 9°N is slightly positive during all
four seasons (Fig. 3-1). Modeled sea-to-air CO2 flux in
the subtropical regions north of 9°N is slightly positive,
1.4 molC m–2yr–1, in the summer, which is close to an
observation-based estimate of about 1.5 molC m–2yr–1

(Ishii et al., 2001). The flux is strongly negative in au-
tumn and winter, becoming more negative toward the
north, 0.4 molC m–2yr–1 at 5°N, –0.1 molC m–2yr–1 at 7°N
and –13.1 molC m–2yr–1 at 31°N in winter, which are close
to the observations (no more than 0.2 ± 0.2 molC m–2yr–1

at 3–6°N, –0.1 ± 0.2 molC m–2yr–1 at 7°N and –5.1 ± 0.7
molC m–2yr–1 at 31°N; Midorikawa et al., 2005). The net
air-to-sea CO2 flux in the subtropical regions (7–34°N)
in winter accounts for 39% of the annual influx, close to
an observation-based estimate of 40–60% (Midorikawa
et al., 2005). Along 155°W, by contrast, a strong sea-to-
air CO2 flux is seen in the tropical region all year round
(Fig. 3-2). The role of the subtropical ocean north of 10°N
in the air–sea CO2 exchange differs with the season: it
functions as a source of atmospheric CO2 in the summer,
becoming more so with increasing latitude, and as a sink
in the autumn and winter.

3.2  Interannual variability
Previous observational and modeling studies have

elucidated that there is substantial interannual variability
both in physical and biogeochemical processes in the
tropical and subtropical Pacific (e.g. Inoue et al., 2001;
Feely et al., 2002; Takahashi et al., 2002; Cosca et al.,
2003; Brix et al., 2004; McKinley et al., 2006). The model
results reproduce the observed interannual variability
from 1990 through 2004, very well for the SST along both
137°E and 155°W and the SSS and pCO2sea along 155°W,

and reasonably well for the DIC along 155°W (at Station
ALOHA) and the pCO2sea along 137°E (Figs. 5-1 and 5-
2), although further model-data comparison is required
for more detailed evaluation. Interannual variability is
more significant in the tropics than in the subtropics, and
more pronounced in the central equatorial Pacific (along
155°W) than along 137°E, primarily induced by the ENSO
events, which is consistent with the observational results
(e.g. Inoue et al., 2001; Feely et al., 2002).

While the model captures the observed sudden El
Niño-induced decrease in SSS at the equator at the end
of 1997, it fails to reproduce the substantial freshening
that occurred around Station ALOHA from approximately
1995–1997 that Brix et al. (2004) suggest is due to water
mass changes. None of the previous models succeed in
reproducing the decrease in SSS at ALOHA. Damped
salinity variability and limited physical variability due to
the lack of explicit mesoscale eddies and model bound-
ary conditions provide some explanation for the model’s
failure with respect to the observed variations (McKinley
et al., 2006).

The rate of increase of each component averaged at
each 1° in latitude along 137°E and 155°W is calculated
using linear least squares for the simulation period from
1990 to 2004 (Fig. 6). Modeled SST along 137°E increases
by 0.05 ± 0.02°C yr–1 on average north of the equator,
and by 0.07 ± 0.01 and 0.04 ± 0.02°C yr–1 in the tropical
and subtropical regions, respectively (Fig. 6). This esti-
mate is slightly higher than observation-based estimates
of 0.02 ± 0.02°C yr–1 along 137°E (Midorikawa et al.,
2005) and in the western tropical Pacific (Takahashi et
al., 2003). The decrease in modeled SST along 155°W is
0.02 ± 0.04°C yr–1 on average north of the equator, or
0.04 ± 0.02 and 0.01 ± 0.04°C yr–1 in the tropical and
subtropical regions, respectively. This is roughly consist-
ent with observations in the central tropical Pacific in
which the decrease was estimated to be by 0.07 ± 0.04°C
yr–1 (Takahashi et al., 2003). Modeled DIC increases in
the entire region, both along 137°E and 155°W (Fig. 6),
consistent with observations (e.g.  1.22 ±  0.14
mmolC m–3yr–1; Dore et al., 2003). The modeled rate of
increase north of the equator is greater along 155°W than
along 137°E, at 1.45 ±  0.77 and 0.58 ±  0.29
mmolC m–3yr–1, respectively.

The modeled rate of increase of pCO2sea north of the
equator along 137°E ranges from 0.8 to 1.8 µatm yr–1

(Fig. 6). The mean increase rate is 1.3 ± 0.3 µatm yr–1 in
the tropical region, 1.5 ± 0.1 µatm yr–1 in the subtropical
region and 1.5 ± 0.2 µatm yr–1 on average in the entire
region. The rate is close to an observation-based result of
1.7 ± 0.2 µatm yr–1 (Midorikawa et al., 2005), although
observed rates of increase that exceeded 2.0 µatm yr–1 in
the tropical region (3°N to 6°N) and at the northernmost
latitude of 34°N (Midorikawa et al., 2005) are not seen
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in the model. The modeled rate of increase of pCO2sea
north of the equator along 155°W ranges from 0.0 to 2.4
µatm yr–1. The increase rate is 0.9 ± 0.8 µatm yr–1 in the
tropical region, 1.6 ± 0.4 µatm yr–1 in the subtropical re-
gion and 1.4 ± 0.6 µatm yr–1 on average in the entire re-
gion, close to an observation-based estimate of 1.8 ± 0.7
µatm yr–1 in the tropical region from 5°S to 5°N
(Takahashi et al., 2003).

While the modeled pCO2sea increases in the entire
region from 1990 to 2004, the modeled sea-to-air CO2
flux is unchanged or even decreased in the subtropical
regions, by –0.07 ± 0.07 mmolC m–2yr–2 along 137°E and
by 0.03 ± 0.22 mmolC m–2yr–2 along 155°W (Fig. 6). This
is consistent with observational results along 137°E
(Midorikawa et al., 2005) which showed that the net air-
to-sea CO2 flux in winter remained at a similar level in
the subtropical regions from 7–34°N. Midorikawa et al.
(2005) argue that the flux has remained at fairly similar
levels for the past two decades over the zones north of
7°N along 137°E because of the insignificant long-term
changes in both ∆pCO2 (pCO2sea minus pCO2air; –0.3 ±
0.3 to 0.3 ± 0.3 µatm yr–1) and wind speed. The model
results in the subtropical region show insignificant long-
term changes in ∆pCO2 (–0.16 ± 0.13 and –0.06 ± 0.40
µatm yr–1 along 137°E and 155°W, respectively) and in
wind speed (–0.01 ± 0.02 and 0.02 ± 0.03 m s–1yr–1 along
137°E and 155°W, respectively), supporting their con-
clusion. The model results in the tropical regions along
137°E show a slight decrease in ∆pCO2 (–0.40 ± 0.30
µatm yr–1), inconsistent with the wintertime observation
(Midorikawa et al., 2005) which reported an increase in
∆pCO2 of around 0.5 µatm yr–1. This discrepancy leads
to different results in the long-term change in sea-to-air
CO2 flux in the tropical region along 137°E, i.e., a slight
increase by the observation (Midorikawa et al., 2005) and

a slight decrease of 0.05 ± 0.02 mmolC m–2yr–2 in the
model. The observation along 137°E has been previously
carried out only in winter and has not covered all the sea-
sons. Whether the model-data misfits in the sea-to-air CO2
flux in the tropical region along 137°E are alleviated by
using more realistic physical-biogeochemical models or
by applying seasonally-covered data for comparison will
be clarified in future work.

The modeled sea-to-air CO2 flux variation from 1990
to 2004 in the tropical region along 155°W is estimated
to be –0.03 ± 0.15 mmolC m–2yr–2 and does not show a
strong trend. The interannual variations in the central
tropical Pacific are caused predominantly by the ENSO,
and will be discussed in detail in Subsection 4.2.

4.  Discussion

4.1 Factors driving seasonal and interannual variabil-
ity of pCO2sea
As shown in the previous section, pCO2sea varies in

concert with spatiotemporal variations of SST, SSS, DIC
and TA, especially with SST and DIC. The separation of
multiple influences that affect pCO2sea variation allows a
more detailed understanding of the surface ocean carbon
cycle and of the model’s representation of these processes
(McKinley et al., 2006). The contribution of each factor
to the pCO2sea variation is calculated as described in Eq.
(1). We found that the effects of SSS and TA on the
pCO2sea change are relatively small in this study, so Eq.
(1) can be rewritten approximately as
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The term on the left hand side, and the first and second
terms on the right hand side, are called Terms A, B, and
C respectively, hereafter and in Fig. 7. Figure 7 shows
that the right hand side of Eq. (2) can account for 95%
and 76% of the seasonal and interannual pCO2sea change,
respectively. The relatively weak correlation between the
left and right hand sides of Eq. (2) in the interannual
pCO2sea change implies that SSS and/or TA play an addi-
tional role in determining the interannual pCO2sea vari-
ability.

The model results show that the seasonal change in
pCO2sea is mainly determined by the seasonal change in
SST and DIC at each latitude and longitude (Figs. 7 and
8). Along 137°E (Fig. 8), the effect of seasonal SST vari-
ability is partially cancelled out by that of seasonal DIC
variability, by 21% and 15% at 15°N and 25°N, respec-
tively. The offset is smaller in the model than in an ob-
servation-based deduction that the effect of seasonal DIC
variability cancelled out that of seasonal SST variability
by 50% (between 7–20°N) and 30% (between 20–30°N)
(Ishii et al., 2001). Along 155°W (Fig. 8), the effect of
seasonal DIC variability cancels out that of seasonal SST
variability by 30% south of 6°S and between 4°N and
14°N. At other latitudes, the seasonal changes in SST and
DIC contribute in the same direction to the seasonal vari-
ation in pCO2sea. In particular, pCO2sea variation in the
subtropical region north of 14°N is highlighted by the
lowest DIC and pCO2sea in the autumn (Fig. 3-2). The

pCO2sea variation near Station ALOHA is primarily tem-
perature-controlled, which agrees with observational re-
sults (Keeling et al., 2004; McKinley et al., 2006).

The interannual pCO2sea variation is also strongly
controlled by the SST and DIC variations, although ne-
glect of the other controlling factors of SSS and TA is
considered to be less appropriate than in the case of the
seasonal variation (Fig. 7), as mentioned above. The
model results show that the increase of pCO2sea in the
north of 20°N along 137°E is attributable mainly to the
uptake of anthropogenic CO2 in the surface water (Fig.
9), consistent with observations (Midorikawa et al., 2005).
On the other hand, the model results show that the in-
crease of pCO2sea to the south of 20°N along 137°E is
attributable mainly to the regional increase in SST. The
effect of SST on the pCO2sea increase is much more domi-
nant in wider domains in the model than that estimated
by the observation (Midorikawa et al., 2005). This is due
to a greater increase in SST from 1990 to 2004 in the
model than in the observations. Along 155°W, the increase
in pCO2sea is caused mainly by the regional change in
DIC at all latitudes, owing to invasion of the anthropo-
genic CO2 in the surface waters (Fig. 9). The increase in
pCO2sea is partly compensated for by a decrease in SST
over the entire region.
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Fig. 9.  Modeled latitudinal profiles of interannual change rate
of pCO2sea (in bold solid lines), and the effect of SST (in
bold dashed lines) and surface DIC (in bold dotted lines)
on its interannual change rate, along 137°E and 155°W.
Light solid and dashed lines show observed interannual
change rate of pCO2sea and the effect of SST, respectively
(Takahashi et al., 2003; Feely et al., 2006).
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4.2 pCO2sea variation by the El Niño Southern Oscilla-
tion and the Pacific Decadal Oscillation
The interannual variability encompasses significant

increases in SST and decreases in SSS, DIC, pCO2sea,
wind speed and sea-to-air CO2 flux in the tropical regions
along 155°W in 1997–1998, induced by the strongest El
Niño of the 20th century (Fig. 5-1). This is consistent
with previous studies that show substantial interannual
variability in pCO2sea and air–sea CO2 flux which is
strongly correlated with the ENSO (e.g. Christian et al.,
2008). To elucidate the ENSO-induced influences, we
compare model results between September–December
1997 (El Niño condition) and September–December 1998
(La Niña condition) along 137°E and 155°W (Fig. 10).

The model results in the tropical regions along
155°W show a notable increase in SST and decreases in
DIC, pCO2sea, wind speed and sea-to-air CO2 flux, in Sep-
tember–December 1997 (Fig. 10), as has been observed
(e.g. Inoue et al., 2001; Feely et al., 2002). There are also
high negative correlation (<–0.5) between the SST and
the Southern Oscillation Index (SOI), and high positive
correlations (>0.5) of DIC, wind speed and sea-to-air CO2
flux with the SOI, in the tropical regions along 155°W
(Fig. 11). Although the decrease in pCO2sea is seen dur-
ing El Niño in 1997–1998 (Fig. 5-1), the correlation of
pCO2sea with the SOI is not strong (Fig. 11). This is be-

cause increase in SST and decrease in DIC counteract each
other to diminish significant change in pCO2sea during El
Niño. The remarkable decrease in sea-to-air CO2 flux re-
sults from decreased wind speed as well as decreased
∆pCO2 during El Niño, as suggested by Feely et al.
(2006). Our model results are also consistent with other
previous observational and modeling results: during a
non-El Niño period in 1995–1996, the flux in the tropical
Pacific had an observed maximum of 6.0–6.5
molC m–2yr–1, which drops to 0.5–1.5 molC m–2yr–1 dur-
ing the El Niño of 1997–1998 (Fig. 5-1; Chavez et al.,
1999; McKinley et al., 2004).

The model results in the tropical regions along 137°E
show that the SOI has a positive correlation with SST, a
negative correlation with DIC, and a relatively weak cor-
relation with pCO2sea (Fig. 11). Correlations of the other
fields with the SOI are not significant along 137°E (Fig.
11). It is likely that the effect on pCO2sea of increased
DIC is counteracted by the effect of decreasing SST, as
also mentioned in Midorikawa et al. (2005). The total
effect is very little change in pCO2sea and air–sea CO2
flux along 137°E during the 1997/1998 El Niño event (Fig.
10).

We examine the contribution of ∆pCO2 (pCO2sea
minus pCO2air) and wind variability to the air–sea CO2
flux variability between September–December 1997 (El

Fig. 11.  Modeled latitudinal profiles of correlations of SST,
surface DIC, pCO2sea, wind speed and sea-to-air CO2 flux,
with SO or PDO Index (with no time lag), along 137°E (solid
lines) and 155°W (dotted lines).
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Niño condition) and September–December 1998 (La Niña
condition). The contribution of the wind is proportional
to the square of the wind speed in the model (Wanninkhof,
1992). The model result agrees with previous studies
(Boutin et al., 1999; Feely et al., 2002; McKinley et al.,
2004) in that unlike in the western and eastern tropical
and other oceanic regions, the wind speed variability plays
a non-negligible role in driving the interannual air–sea
CO2 flux variability in the central tropical Pacific. How-
ever, the contribution of the wind variability to the air–
sea CO2 flux variability in the central tropical Pacific is
smaller (~7%) in this study than in a previous modeling
study (approximately 30%; McKinley et al., 2004).

Mantua et al. (1997) defined the PDO index as the
leading principal component of observed SST anomalies
in the Pacific north of 20°N. Evidence for the regime shift
that occurred in 1989 were found more clearly in bio-
logical records than in the physical data (Hare et al., 2000;
Hare and Mantua., 2000). Brix et al. (2004) suggested a
more pronounced influence of the PDO than the ENSO
to interannual variability of the upper ocean carbon cycle
at Station ALOHA near Hawaii. Although the effects of
the PDO on the physical and biogeochemical processes
are considered much smaller and less distinguishable than
those of ENSO in the Pacific south of 20°N, Takahashi et
al. (2003) reported that the mean growth rate of pCO2sea
changed from 0.5 ± 0.3 µatm yr–1 to 3.4 ± 0.4 µatm yr–1

before and after the PDO shift that occurred between 1988
and 1992 in the western and central tropical Pacific be-
tween 135°E and 175°E, suggesting a significant accel-
eration in the pCO2sea growth after the phase shift of the
PDO. However, the overall influences of the PDO to the
oceanic carbon system in the entire subtropical and tropi-
cal Pacific are not elucidated well by observations.

The model results show that the PDO index has a
positive correlation with SST and a negative correlation
with surface DIC south of 25–30°N along 155°W (Fig.
11). It is interesting that the correlations are reversed north
of 25–30°N. Along 137°E, on the other hand, the correla-
tion is similar across latitudes, a negative correlation be-
tween the PDO and SST and a positive correlation be-
tween the PDO and surface DIC. The opposite effects on
pCO2sea of SST and surface DIC, and disparate relation-
ships between the PDO and wind speed in different oce-
anic regions result in weak overall correlations between
the PDO and pCO2sea and between the PDO and air–sea
CO2 flux. Although the correlations are weak, our model
results of the effects of the PDO on the pCO2sea and air–
sea CO2 flux are still considered relatively strong.
McKinley et al. (2006) concluded that air–sea CO2 flux
anomalies are correlated with the PDO, but that
interannual to decadal timescale responses of pCO2sea and
air–sea CO2 flux to the PDO are generally amplified in
the higher resolution models, such as ours.

5.  Conclusion and Remarks
We use a 3-D physical-biogeochemical model to

identify the factors that cause seasonal and interannual
variations of pCO2sea and air–sea CO2 flux in the tropi-
cal–subtropical Pacific. The model results suggest the
following conclusions.

(1) The model reproduces well the observed tem-
poral and spatial variations of the pCO2sea and air–sea
CO2 flux. The model clearly demonstrates relatively
higher sea surface temperature (SST), and lower dissolved
inorganic carbon (DIC) and pCO2sea in the western than
in the central tropical–subtropical Pacific. Seasonal vari-
ations are predominant in the subtropical Pacific, while
interannual variations, especially driven by the ENSO,
are pronounced in the central tropical Pacific.

(2) The net effect of the SST and DIC change ac-
counts for 95% and 76% of the seasonal and interannual
pCO2sea change, respectively, in the tropical–subtropical
regions. Following the pCO2air increase from 1990 to
2004, the surface DIC has also increased for the entire
region. The SST, on the other hand, has increased in the
subtropical and western tropical Pacific but has decreased
in the central tropical Pacific over the same period. As a
result, the response of pCO2sea to the interannual varia-
tions is spatially variable. Our model results suggest a
non-negligible contribution of the wind variability to the
air–sea CO2 flux in the central tropical Pacific, but the
modeled contribution of 7% is much less than that from a
previous modeling study (30%; McKinley et al., 2004).

(3) For more realistic simulations and future pro-
jections of pCO2sea and air–sea CO2 flux, we need long-
term observational data with a fine spatial resolution to
resolve physical and biogeochemical processes. More-
over, eddy-permitting ocean models may better reproduce
the interannual variability of pCO2sea and its controlling
factors, for example, the SSS variability like the substan-
tial freshening that occurred in 1995–1997 at Station
ALOHA.
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