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Abstract

The equatorial Pacific Ocean is responsible for the interannual variability of the global
ocean-atmosphere CO2 fluxes. However, most ocean carbon models significantly un-
derestimate the interannual variability of the regional ocean-atmosphere CO2 fluxes.
A basin-scale ocean circulation-biogeochemistry model is employed to investigate the5

uncertainties associated with the choice of gas exchange formulation, and to assess
the implications of the choice of ecosystem model. Using four different, quadratic and
cubic relationships of the gas transfer velocity with wind speed yields small differences
in the integrated sea-to-air CO2 flux (0.32 to 0.42 Pg C yr−1), but large differences in the
averaged ∆pCO2 (44 to 73 µatm) for the area of 150◦ E–90◦ W, 10◦ N–10◦ S. While the10

choice of gas exchange formulation primarily influences the magnitudes, the choice
of ecosystem model has a broader influence on the spatial and temporal variations
in modeled carbon fields in the equatorial Pacific Ocean. Particularly, employing an
ecosystem model without a dissolved organic pool overestimates the interannual vari-
ability in net community production, leading to under-estimated interannual variability15

of the basin-scale sea-to-air CO2 flux.

1 Introduction

The equatorial Pacific Ocean plays a large role in the global carbon cycle. Thus, there
have been extensive observations and regional modeling studies of oceanic partial
pressure of CO2 (pCO2) and ocean-atmosphere CO2 flux (Feely et al., 1995, 1999,20

2002, 2004, 2006; Chai et al., 2002; Jiang and Chai, 2005, 2006; Wang et al., 2006b;
Christian et al., 2008). On the one hand, a number of global carbon cycle modeling
studies (Patra et al., 2005; Le Quéré et al., 2000; McKinley et al., 2004; Obata and
Kitamura, 2003; Baker et al., 2006) indicate that the equatorial Pacific Ocean is re-
sponsible for the interannual variability of the global ocean-atmosphere CO2 fluxes.25

On the other hand, there are still large discrepancies in estimates of the magnitude
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and the spatial and temporal variations among different approaches (e.g., observa-
tions, inverse models and ocean carbon forward models). Most ocean carbon models
significantly underestimate the interannual variability of the regional ocean-atmosphere
CO2 fluxes (e.g., Christian et al., 2008; Wang et al., 2006b).

The rate of sea-air CO2 flux is dependent on the gas exchange velocity (i.e., a func-5

tion of wind speed) and the difference in pCO2 between the atmosphere and sea sur-
face. Algorithms relating the gas exchange velocity to wind speed have been devel-
oped based on field and/or laboratory studies (McGillis et al., 2001, 2004; Nightingale
et al., 2000; Liss and Merlivat, 1986; Watson et al., 1991; Wanninkhof et al., 2004), and
radiocarbon budgets (Wanninkhof et al., 1992, 1999). Current estimations of air-sea10

CO2 fluxes are subject to errors due to uncertainties in several independent sources
of variability, in particular the gas transfer velocity (Takahashi et al., 2002; Lee et al.,
1998; Olsen et al., 2005; Naegler, 2009; Christian et al., 2008). Clearly, studies are still
needed to assess the uncertainties associated with the use of gas exchange formula-
tions at regional to global scales.15

The pCO2 variation in the surface water is controlled by physical, biological, and
chemical processes. While the overall spatial and temporal variations of sea surface
pCO2 are dominated by physical processes in the tropical oceans, biological processes
play an important role in modulating the variability of the carbon fluxes, and determin-
ing the strength of the tropical oceanic CO2 source (Cosca et al., 2003; Rixen et al.,20

2005; Sabine et al., 2000; Wang et al., 2006b; Feely et al., 2006). It has been ar-
gued that the discrepancies, in particular the under-estimated interannual variability
from models, may partly result from the overestimated export production (Obata and
Kitamura, 2003). Interestingly, a global ocean modeling (Popova and Anderson, 2002)
reports that modeled export production is not sensitive to the choice of ecosystem25

model whereas modeled sea surface pCO2 is affected by inclusion of a dissolved or-
ganic pool. Recently, a regional modeling study (Christian et al., 2008) demonstrates
that modeled carbon fields are sensitive to the parameterizations of biological pro-
cesses. While these studies point out the importance of biological processes and
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parameterizations, little is known about how the biological formulations affect the spa-
tial and temporal variations in the carbon fields.

In light of the importance of the equatorial Pacific and the fact that ocean carbon
models underestimate the interannual variability of the basin-scale, ocean-atmosphere
CO2 fluxes, this study examines the potential influences of parameterizations of two5

main processes, i.e., gas transfer, and carbon uptake and regeneration pathways. The
objectives of this study are to assess how these two parameterizations affect the spatial
and temporal variations of the sea surface pCO2 and ocean-atmosphere CO2 fluxes,
and to investigate if the choice of gas exchange formulation and/or ecosystem model
can explain the underestimated interannual variability of the basin-scale outgassing in10

the equatorial Pacific.

2 Oceanographic characteristics

The equatorial Pacific consists of two distinct regions: the upwelling region in the Cen-
tral and Eastern Pacific and the warm pool to the west (Picaut et al., 2001; Le Borgne
et al., 2002). Under normal conditions, the upwelling region has shallower thermo-15

cline, and high nutrient concentrations in the surface waters. In contrast, the warm
pool has a deeper thermocline and nutricline, with undetectable nutrient concentra-
tions in the surface. As a result, the Central and Eastern equatorial Pacific often has
mesotrophic conditions whereas the western warm pool experiences oligotrophic con-
ditions. In general, primary production (PP) in the upwelling region (54 mmol C m−2 d−1)20

is approximately twice of that in the warm pool (26 mmol C m−2 d−1) (Le Borgne et al.,
2002).

The surface water pCO2 data from the past two decades indicate significant spatial-
temporal variations (Feely et al., 1987, 1995, 2002, 2006; Takahashi et al., 1997, 2002,
2003, 2009). In addition, the size of the equatorial Pacific’s carbon source shows25

strong interannual variability that is largely associated with the climate phenomenon,
i.e., the El Niño/Southern Oscillation (ENSO). During the warm ENSO phase (i.e., El
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Niño years), the trade winds weaken, thus removing the driving force for upwelling
and resulting in low concentrations of dissolved inorganic carbon (DIC) in the surface
waters. These conditions lead to low sea surface pCO2 and weak fluxes of CO2 from
the ocean to the atmosphere. Conversely, the trade winds are strong during non-El
Niño years, producing strong upwelling that brings more DIC into the surface water.5

Hence the surface water pCO2 is much higher and outgassing of CO2 is stronger in
the equatorial Pacific during the non-El Niño years than during the El Niño years.

3 Model descriptions

A fully coupled physical-biogeochemical model has been developed for the tropical
Pacific. The ocean general circulation model (OGCM) is a reduced-gravity, primitive-10

equation, sigma-coordinate model that is coupled to an advective atmospheric mixed
layer model (Murtugudde et al., 1996). The OGCM has 20 vertical layers with variable
thicknesses. The upper-most layer, the mixed layer, is determined by surface turbulent
kinetic energy generation, dynamic instability mixing, and convective mixing to remove
static instabilities (Chen et al., 1994). The model is set up for the Pacific domain of15

30◦ S–30◦ N with zonal resolution of 1◦, and variable meridional resolutions of 0.3–0.6◦

between 15◦ S and 15◦ N (1/3◦ at latitudes <10◦), increasing to 2◦ at the northern and
southern boundaries. In the “sponge layer” (10◦ band) near the boundaries, tempera-
ture, salinity, nitrate and DIC are gradually relaxed back towards climatology.

The model is forced by solar radiation, cloudiness, surface wind stress, and precipi-20

tation. The air temperature and humidity are computed by the atmospheric mixed layer
model. The solar radiation, precipitation, and cloudiness are climatological monthly
means. The surface wind stresses are interannual, 6-day means from the National
Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996). Initial
conditions are taken from the outputs of a climatological run which has been spun up25

for 30 yr with initial conditions from the WOA98 atlas.
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A carbon chemistry model was implemented into the biogeochemical model (Wang
et al., 2006b). The carbon model computes net community production (NCP) and air-
sea CO2 fluxes. The flux of CO2 from the ocean to the atmosphere is calculated as:

FCO2 =SK0∆pCO2 (1)

where S is the solubility of CO2, which is a function of temperature and salinity (Weiss5

and Price, 1980). ∆pCO2 is the difference in the pCO2 between the sea surface and
the atmosphere. K0 is the gas transfer velocity, using the formulation of Wanninkhof
(Wanninkhof, 1992):

K0 =0.31u2
(

Sc
660

)− 1
2

(2)

where u is wind speed, and Sc is the Schmidt number calculated from temperature (T ):10

Sc =2073.1−125.62T +3.6276T 2−0.043219T 3 (3)

4 Model experiments

There are two sets of model sensitivity studies. Both share one reference simulation,
in which the Eq. (2) and an eleven-component ecosystem model (Fig. 1) are used. The
biological components include large (L) and small (S) sizes of phytoplankton (PS and15

PL), zooplankton (ZS and ZL) and detritus (DS and DL), and dissolved organic nitrogen
(DON). Model structure, equations and biological parameters were given by Wang et
al. (2008).

4.1 Model sensitivity to gas exchange formulation

While there have been many studies suggesting various formulations for CO2 air-sea20

exchange, commonly used formulations apply a relationship of the gas transfer ve-
locity with wind speed, e.g., quadratic and cubic relationships. This sensitivity study
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consists of four simulations using the DON model: the reference run or W-92 (Wan-
ninkhof, 1992), W-99 (Wanninkhof and McGillis, 1999), M-01 (McGillis et al., 2001)
and M-04 (McGillis et al., 2004). The W-99, M-01 and M-04 formulations are given as,
respectively:

K0 = 0.0283u3
(

Sc
660

)− 1
2

, (4)5

K0 =
(

0.026u3+3.3
)( Sc

660

)− 1
2

, (5)

K0 =
(

0.014u3+8.2
)( Sc

660

)− 1
2

. (6)

4.2 Model sensitivity to biological formulation

Biological processes affect the carbon cycle through NCP that is determined by carbon
uptake (i.e., PP) and carbon regeneration (CR):10

NCP=PP−CR (7)

Carbon regeneration formulation is largely dependent on ecosystem model structure.
For the reference simulation, the CR is computed as:

CR=6.625·(rSZS+rLZL+cSDS+cLDL+cDONDON) (8)

where rS and rL are the excretion coefficients for small and large zooplankton, respec-15

tively, and cx, a rate for DON remineralization or detritus decomposition.
This study compares the reference simulation (i.e., the DON simulation) with another

model simulation that employs a non-DON model (i.e., Wang et al., 2006a). The CR
term in the non-DON model is computed as:

CR=6.625·(rSZS+rLZL+cSDS+cLDL), (9)20
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Similar efforts have been made in model tuning and validation for both models, which
result in some differences in the values of the common biological parameters (Table 1).
As shown in Table 2, estimated PP rates from both models are in good agreements
with the observations. For instance, the PP rate at 150◦ W, 0◦ in October 1994 is 95,
101 and 90–104 mmol C m−2 d−1 from the non-DON, DON model and the observation,5

respectively.

5 Model results

5.1 Sensitivity to gas exchange formulations

Figure 2 presents climatological means (1990–2007) of ∆pCO2 and sea-to-air CO2
flux using the DON model, showing considerable differences in the magnitude and10

spatial patterns among the four simulations that apply different relationships between
the gas exchange coefficient and the wind speed. For the Wyrtki box, the W-99 simula-
tion has the highest ∆pCO2 (45–150 µatm) whereas the M-04 run produces the lowest
values (30–120 µatm). There is a large degree of similarity in the magnitude and spa-
tial pattern of ∆pCO2 between the W-92 and the M-01 simulations, in which ∆pCO215

ranges from <30 µatm in the western warm pool to 135 µatm in the cold tongue (Fig. 2a
and c). Interestingly, the sea-to-air CO2 flux reveals moderate differences between
these two simulations, showing relatively larger spatial variability with higher values in
the eastern equatorial Pacific in the W-92 run (∼3.6 mol C m−2 yr−1) than in the M-01
run (∼3.2 mol C m−2 yr−1). While the W-99 and the M-04 simulations have a similar20

range of sea-to-air CO2 flux (i.e., 0.5–3 mol C m−2 yr−1), there are pronounced differ-
ences in the spatial pattern between these two runs. The W-99 simulation produces
the highest rates of outgassing between 6◦ S and 10◦ S whereas the M-04 run pre-
dicts the highest values in a relatively larger area (i.e., between 0◦ and 10◦ S). Despite
the differences, all four simulations reproduce the observed meridional asymmetries of25
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∆pCO2 and sea-to-air CO2 flux in the equatorial Pacific (e.g., Feely et al., 2002, 2006;
Takahashi et al., 2009).

The equatorial Pacific undergoes significant interannual changes in physical and bio-
geochemical processes that are largely associated with the ENSO events (McPhaden,
2003, 2006; Feely et al., 2002; Le Borgne et al., 2002; Wang et al., 2005, 2006b).5

Figure 3 shows the interannual variations of ∆pCO2 and sea-to-air CO2 flux from
the model sensitivity study together with published ∆pCO2 data. The W-92 and M-
01 simulations reveal almost identical temporal variability, showing the lowest values
(∼30 µatm) during the strongest warm ENSO event in 1997/98. Previous observations
showed that the ∆pCO2 values dropped below 30 µatm in the entire equatorial Pa-10

cific during the period of November 1997 to May 1998 (Feely et al., 2002). Despite of
the large differences in ∆pCO2, all four simulations predict a rate of ∼0.2 Pg yr−1 CO2
released to the atmosphere during the 1997/98 El Niño. However, there are consider-
able differences in the integrated sea-to-air CO2 flux among the four simulations during
other periods. An early field based study suggests that for the area of 165◦ E–90◦ W,15

5◦ N–10◦ S, the regional outgassing varies by a factor of 6 (i.e, 0.1 to 0.56 Pg C yr−1)
(Feely et al., 2004). Model simulations except the W-99 one show similar temporal
variability (Fig. 3b).

5.2 Sensitivity to ecosystem model

A sensitivity study was carried out using the W-92 simulation. There are considerable20

differences in the magnitude and spatial patterns of ∆pCO2 and sea-to-air CO2 flux
between the non-DON model and DON model (Fig. 4). The non-DON model predicts
smaller spatial variability with a narrower range for both ∆pCO2 (45–120 µatm) and
sea-to-air CO2 flux (1–3 mol C m−2 yr−1) than the DON model (15–135 µatm and 0.5–
3.5 mol C m−2 yr−1). Large differences are found in the western warm pool where the25

non-DON model produces higher values for ∆pCO2 and sea-to-air CO2 flux relative to
the DON model. Extensive observations have showed that ∆pCO2 ranges from 0 to
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70 µatm, and sea-to-air CO2 flux from 0 to 2 mol C m−2 yr−1 in this region (Feely et al.,
2002, 2006; Takahashi et al., 1997, 2009). Thus, the DON model seems do a better job
in simulating the spatial variability of ∆pCO2 and sea-to-air CO2 flux for the equatorial
Pacific Ocean.

Apart from the difference in the magnitude, there are differences in the seasonal5

variations of ∆pCO2 and sea-to-air CO2 flux between the non-DON and DON mod-
els (Fig. 5). ∆pCO2 seasonality shows considerable differences in the central-eastern
equatorial Pacific whereas the seasonal sea-to-air CO2 flux reveals moderate differ-
ences in the central equatorial Pacific. The non-DON model simulates a ∆pCO2 peak
in boreal fall in the central equatorial Pacific whereas the DON model produces a peak10

in spring in the eastern equatorial Pacific. A recent study suggests that the sea surface
pCO2 has a maximum in boreal spring-summer and a minimum in boreal fall-winter in
the eastern equatorial Pacific (Jiang and Chai, 2006).

Figure 6 further shows the differences in seasonal anomalies (i.e, the seasonal cli-
matology subtracted by the mean) of ∆pCO2 and sea-to-air CO2 flux. While both15

models produce similar seasonal anomalies in the eastern equatorial Pacific, the non-
DON model simulates much weaker seasonal variability than the DON model. There
are considerable differences in the western and central equatorial Pacific, particularly
in the ∆pCO2 anomaly near the dateline. For instance, ∆pCO2 anomaly has a positive
peak (>5 µatm) in boreal fall from the non-DON model, but in boreal spring from the20

DON model.
There are also pronounced differences in the interannual variability of ∆pCO2 be-

tween the two simulations (Fig. 7). The non-DON model simulates much smaller tem-
poral variability than the DON model. For example, ∆pCO2 averaged for the Wyrtki
box ranges from 70 to 125 µatm in the non-DON model, but from 45 to 120 µatm in25

the DON model. The largest differences in ∆pCO2 are found during the warm ENSO
events (e.g., in 1992–1993, 1997/98 and 2002). Similar to a previous modeling study
(Popova and Anderson, 2002), the non-DON model predicts much higher values for
∆pCO2 than the DON model on basin scale. As a result, total sea-to-air CO2 flux is
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significantly higher in the non-DON model relative to the DON model (Fig. 7b), partic-
ularly during the warm events when there are large differences in ∆pCO2 in the Wyrtki
box.

6 Discussion

6.1 Implications of gas exchange formulations5

There have been many studies addressing the uncertainties of regional to global
ocean-atmosphere CO2 fluxes in association with the choice of gas transfer formu-
lation (Takahashi et al., 2002; Lee et al., 1998; Olsen et al., 2005; Naegler, 2009;
Christian et al., 2008; Feely et al., 2004). A few studies indicate small differences in
the integrated ocean-atmosphere CO2 fluxes among the W-92, W-99, M-01 and M-0410

(Olsen et al., 2005; Feely et al., 2004; Christian et al., 2008).
While this study shows that using the common gas transfer formulations of W-92,

W-99, M-01 and M-04 results in small differences in the integrated sea-to-air CO2 flux
(i.e., from 0.32 to 0.44 Pg C yr−1), this study also demonstrates large differences in the
averaged ∆pCO2 (i.e., from 44 µatm to 73 µatm) for the area of 150◦ E–90◦ W, 10◦ N–15

10◦ S during the period of 1990–2007 (Table 3). Most importantly, modeled sea-to-air
CO2 flux follows an order (M-04<W-92<M-01<W-99) that is exactly opposite to mod-
eled ∆pCO2 (W-99<M-01<W-92<M-04). Overall, the modeled ∆pCO2 and sea-to-air
CO2 flux from both the W-92 simulation and M-01 simulation are in good agreements
with observations (e.g., Feely et al., 2002, 2006; Takahashi et al., 2002, 2009) in terms20

of the magnitude and spatial variability.

A recent observation-based study using a formulation of K0=0.26u2
(

Sc
660

)− 1
2

gives

an estimate of 0.48 Pg C yr−1 outgassing for the year 2000 in the area of 140◦ E–90◦ W,

14◦ N–14◦ S (Takahashi et al., 2009). This modeling study (using K0=0.31u2
(

Sc
660

)− 1
2
)
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predicts a net sea-to-air CO2 flux of 0.54 Pg C yr−1 (Table 5). It appears that model
and data agree very well considering the difference in the formulation. However, the
model simulates smaller outgassing for the year 1995 (0.49 Pg C yr−1) than observation
(0.52 Pg C yr−1) that was based on an early dataset (Takahashi et al., 2002) but a new
formulation (Takahashi et al., 2009). The modeled temporal variations in the carbon5

fields are in a good agreement with those in the equatorial Pacific by Feely et al. (2006).
While there is strong evidence of increases in wind speed, ∆pCO2 and outgassing in
2000 relative to 1995, there is possibility of high values in the carbon fields in 1995 than
in 2000. As Table 5 illustrated, both ∆pCO2 and outgassing vary significantly within
1995 and 2000 with large overlapping. Particularly, outgassing has a similar standard10

deviation (SD) to that during 1990–2007 (see Table 3). Clearly, model-data comparison
needs to consider temporal variability at seasonal to interannual time scales.

6.2 Implications of biological formulations

Biogeochemical models are often validated by comparing modeled PP with observed
values because PP has been one of the most widely measured biological parameters15

in the global ocean (e.g., Friedrichs et al., 2009; Wang et al., 2006b). However, sea
surface DIC change is regulated by NCP rather than PP in terms of biogeochemical
processes.

Figure 8 reveals a large degree of similarity in the integrated PP rate for the
upper 50 m between the two models. For instance, both models produce much20

smaller PP rate in the warm waters (<20 mmol C m−2 d−1) than in the cold tongue
(∼80 mmol C m−2 d−1). However, CR rate is much higher in the non-DON model than
in the DON model, leading to relatively lower NCP rate in the non-DON model. As illus-
trated in Table 4, the averaged CR rate for the Wyrtki box is 36 mmol C m−2 d−1 in the
non-DON model, but 28 mmol C m−2 d−1 in the DON. Despite relatively small difference25

in the NCP rate (i.e., 11.9 vs. 12.6 mmol C m−2 d−1), the non-DON model simulates
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much high values for ∆pCO2 (94 µatm) and net sea-to-air CO2 flux (0.25 Pg C yr−1)
than the DON model (80 µatm and 0.21 Pg C yr−1).

For all the parameters, the relative differences (i.e., absolute difference divided by the
mean) between the two models are smaller in the Wyrtki box (6–23%) than in the entire
basin (9–48%). These results suggest that biological formulation has much larger im-5

pacts on modeled biogeochemical parameters in the non-upwelling area. Particularly,
the most sensitive parameters are ∆pCO2 and sea-to-air CO2 flux that show significant
increases (from 16–17% to 42–48%) in the relative difference.

Overall, the non-DON model predicts larger SD than the DON model for PP, NCP
and CR. In contrast, ∆pCO2 and net sea-to-air CO2 flux show smaller SD in the non-10

DON model than in the DON model. The SD to mean ratio shows a modest decrease
in NCP (from 33–38% to 21–27%) but a pronounced increase in both ∆pCO2 (from
9–12% to 20–23%) and net sea-to-air CO2 flux (from 16–24% to 32–33%) in the DON
model relative to the non-DON model. These analyses demonstrate that the over-
estimated NCP variability in the non-DON model may be largely responsible for the15

under-estimated interannual variations in the sea-to-air CO2 flux (Wang et al., 2006b).

6.3 Other relevant issues and future work

The surface water pCO2 is a function of DIC, sea surface temperature (SST), salinity
(SSS) and alkalinity. While the surface DIC and SST may play a dominant role in the
equatorial Pacific, the SSS and alkalinity are also important elements that are also sub-20

ject to the seasonal-to-interannual variability associated with both ENSO precipitation
and ocean circulation change.

The gas exchange coefficient, thus sea-to-air CO2 flux, is strongly dependent on
wind speed. Studies have demonstrated that the sea-air CO2 exchange is sensitive to
wind products (Olsen et al., 2005; Feely et al., 2004; Wanninkhof et al., 2004). How-25

ever, apart from the effect on sea-air CO2 exchange, wind strength directly drives the
oceanic physical processes such as circulation and vertical mixing, thus determines
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SST, SSS and DIC. In addition, changes in winds have large impacts on biological ac-
tivity. These physical and biological changes have complex influences on the carbon
cycle in the equatorial Pacific. On the one hand, stronger winds bring cold, carbon-rich
water into the surface, leading to a decrease in SST but an increase in DIC concen-
tration. On the other hand, stronger winds also enhance biological activity (i.e., up-5

take of CO2), compensating the increase of DIC concentration in the surface waters.
Apparently, comprehensive analyses are needed to assess relative influence of wind
products on both physical and biogeochemical processes.
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Table 1. Values of biogeochemical parameters used in the non-DON model (Wang et al.,
2006a) and the DON model (Wang et al., 2008).

Parameter Symbol Unit non-DON DON

Maximum growth rate at 0 ◦C µL0 d−1 0.58 1.16
Half saturation constant for iron limitation KS Fe nmol m−3 30 14

KL Fe nmol m−3 110 150
Phytoplankton mortality rate mS d−1 0.2 0.17

mL d−1 0.15 0.31
Maximum grazing rate gPS d−1 2.8 2.9

gPL1 d−1 1.5 1.2
gZS d−1 1.4 1.7

Zooplankton excretion rate rS d−1 0.1 0.28
rL d−1 0.08 0.22

Zooplankton mortality rate δS d−1 0.15 0.12
δL d−1 0.1 0.09

Decomposition rate cS0 d−1 0.03 0.01
cL0 d−1 0.03 0.0055
cDON d−1 N/A 0.0008–0.0025
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Table 2. Primary productivity (mmol C m−2 d−1) estimated from the models and field measure-
ments.

Year Month Latitude Longitude non-DON DON Data Reference

1992 Feb 5◦ N–5◦ S 140◦ W 26–43 37–67 50–80 A
1992 Mar 5◦ N–5◦ S 125◦ W–110◦ W 56–63 43–90 52–63 B
1992 Apr 5◦ N–5◦ S 170◦ W–140◦ W 36–56 21–62 53–76 B
1992 Sep 5◦ N–5◦ S 140◦ W–125◦ W 64–81 45–92 73–78 B
1992 Nov 5◦ N–5◦ S 110◦ W–95◦ W 47–50 36–80 70–75 B
1994 Oct 0◦ 150◦ W 95 101 90–104 C
1996 Apr 2◦ N–2◦ S 165◦ E–175◦ E 45–65 41–84 56–99 C
1996 May 0◦ 150◦ W–170◦ W 70–93 83–112 76–95 C
1996 Oct 5◦ N–5◦ S 180◦ 40–85 21–91 50–70 D

A: Barber et al. (1996)
B: Chavez et al. (1996)
C: Aufdenkampe et al. (2002)
D: Le Bouteiller et al. (2003)
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Table 3. Mean and standard deviation (SD) of averaged ∆pCO2 (µatm) and integrated out-
gassing (Pg C yr−1) over the area of 150◦ E–90◦ W, 10◦ N–10◦ S during 1990–2007.

Experiment ∆pCO2 Outgassing
Mean SD Mean SD

W-92 52.2 10.2 0.42 0.12
W-99 72.7 12.2 0.32 0.10
M-01 55.4 10.7 0.39 0.10
M-04 44.0 9.8 0.44 0.10
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Table 4. Comparisons of mean and standard deviation (SD) of integrated rates
(mmol C m−2 d−1) of primary productivity (PP), net community production (NCP), and carbon re-
generation (CR) over 0–50 m, averaged ∆pCO2 (µatm) and net sea-to-air CO2 flux (Pg C yr−1)
between the non-DON model and DON model for the period of 1990–2003.

Non-DON model DON model Difference
Parameters Mean SD Var* (%) Mean SD Var* (%) Absolute Relative (%)

Wyrtki Box (180◦–90◦ W, 5◦ N–5◦ S)
PP 47.4 9.9 21 40.9 7.2 18 6.5 14.7
NCP 11.9 4.5 38 12.6 3.4 27 −0.7 −5.7
CR 35.5 6.5 18 28.3 4.5 16 7.2 22.5
∆pCO2 93.5 10.8 12 79.5 18.2 23 14.0 16.2
CO2 flux 0.25 0.06 24 0.21 0.07 33 0.04 17.4

Basin (140◦ E–90◦ W, 14◦ N–14◦ S)
PP 25.1 4.3 17 20.2 3.1 15 4.9 21.6
NCP 5.2 1.7 33 5.7 1.2 21 −0.5 −9.2
CR 19.9 3.0 15 14.5 2.3 15 5.4 31.4
∆pCO2 57.8 5.3 9 37.6 7.5 20 20.2 42.3
CO2 flux 0.67 0.11 16 0.41 0.13 32 0.26 48.1

* Var= SD
Mean
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Table 5. Mean, maximum, minimum and standard deviation (SD) of averaged ∆pCO2 (µatm)
and integrated outgassing (Pg C yr−1) over 140◦ E–90◦ W, 14◦ N–14◦ S.

Experiment ∆pCO2 Outgassing
1995 2000 1995 2000

Mean 43.5 46.9 0.49 0.54
Maximum 50.8 53.3 0.68 0.62
Minimum 33.8 42.6 0.31 0.37
SD 4.9 3.4 0.13 0.08
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Fig. 1. Diagram of the dynamic marine ecosystem-carbon model. Red, green, blue and yellow
lines and arrows denote nitrogen fluxes originating from inorganic forms, phytoplankton cells,
zooplankton cells, and DOM and detritus, respectively. Black lines and arrows denote physical
supply of nutrients.
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 1 
 2 
 3 
Figure 2 4 
 5 

Fig. 2. Modeled climatology (1990–2007) of sea minus air pCO2 (∆pCO2) (left column) and
sea to air CO2 flux (right column) from (a) and (b) W-92, (c) and (d) W-99, (e) and (f) M-01,
and (g) and (h) M-04 simulations.
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 1 
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 4 
Figure 35 Fig. 3. Interannual variations of (a) averaged ∆pCO2 and (b) integrated rates of sea to air CO2

fluxes from W-92 (black), W-99 (red), M-01 (green) and M-04 (blue) simulations in the entire
basin (150◦ E–90◦ W, 10◦ N–10◦ S).
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Figure 4 6 
 7 

Fig. 4. Simulated climatology (1990–2003) of sea minus air pCO2 (∆pCO2) (left column) and
sea to air CO2 flux (right column) from (a) and (b) the non-DON model, (c) and (d) the DON
model, and (e) and (f) the difference (non-DON model minus DON model).
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Figure 5 3 
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Fig. 5. Modeled seasonal climatology (with a repetition of another year) of sea minus air pCO2
(left column) and sea to air CO2 flux (right column) over 5◦ N–5◦ S from (a) and (b) the non-DON
model, and (c) and (d) the DON model (color contour) vs. the non-DON model (black lines).
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Fig. 6. Modeled seasonal climatology (with a repetition of another year) of anomalies for sea
minus air pCO2 (left column) and sea to air CO2 flux (right column) over 5◦ N–5◦ S from (a)
and (b) the non-DON model, and (c) and (d) the DON model (color contour) vs. the non-DON
model (black lines). 3908
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Figure 75 

Fig. 7. Comparisons of (a) averaged sea minus air pCO2, and (b) integrated sea to air CO2
flux over the entire basin (150◦ E–90◦ W, 10◦ N–10◦ S) (lines) and in the Wyrtki box (180◦–90◦ W,
5◦ N–5◦ S) (lines with crosses) from the non-DON model (red) and the DON model (black).

3909

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/7/3879/2010/bgd-7-3879-2010-print.pdf
http://www.biogeosciences-discuss.net/7/3879/2010/bgd-7-3879-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
7, 3879–3910, 2010

Spatial and temporal
variations in the sea

surface in the
equatorial Pacific

X. J. Wang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 36

 1 
 2 
 3 
 4 
 5 

 6 
 7 
Figure 8 8 
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Fig. 8. Simulated climatology (1990–2003) of (a) and (b) primary productivity (PP), (c) and (d)
net community production (NCP), and (e) and (f) carbon regeneration (CR) integrated over the
upper 50 m from the non-DON model (left column) and the DON model (right column).
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