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[1] In order to determine high-resolution variations of CO2 distributions in the equatorial
Pacific, we have developed seasonal and interannual fCO2-SST relationships from
shipboard data. The data were gathered onboard NOAA ships from 1992 through 2001.
The cruises during the 10-year period included 89 transects of the equatorial Pacific
between 95�Wand 165�E, and spanned two El Niño events (1992–1994 and 1997–1998).
Data were collected during the equatorial warm season (January–June) and cool season
(July–December) as well as during all phases of the ENSO cycle, making it possible
to examine the interannual and seasonal variability of the fCO2-SST relationship. There is
a significant difference between the regression lines for El Niño versus non-El Niño data
sets. During both non-El Niño and El Niño periods we observed seasonal differences in the
fCO2-temperature relationship. With respect to the non-El Niño period, the seasonal
regression lines have lower root mean square (rms) deviations than the composite non-El
Niño regression line, and the slopes are significantly different at the 95% confidence
level. The slope for the cool season is less negative than the slope for the warm season,
suggesting higher biological productivity occurs during the latter half of the year. The
derived fCO2-SST relationships have been combined with satellite-based temperature data
to provide a composite time-space map of fCO2 in the central and eastern equatorial
Pacific and corresponding fluxes for the period between 1985 and 2001. The mean flux for
the 16-year record is 0.3 ± 0.1 PgC yr�1 for an area that covers approximately half of the
Pacific equatorial belt. INDEX TERMS: 4215 Oceanography: General: Climate and interannual

variability (3309); 4231 Oceanography: General: Equatorial oceanography; 4806 Oceanography: Biological

and Chemical: Carbon cycling; KEYWORDS: CO2 flux, equatorial Pacific oceanography, fCO2-SST

relationships, CO2 modeling, seasonal CO2 flux, interannual CO2 flux
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1. Introduction

[2] The annual contribution of CO2 to the atmosphere
from the oceanic equatorial belt is approximately 0.9–
1.5 PgC, making this the atmosphere’s largest oceanic source
[Tans et al., 1990; Takahashi et al., 1997, 1999, 2002]. This
region, particularly the central and eastern equatorial
Pacific, exhibits a large amount of spatial and temporal
variability in surface water carbon dioxide fugacity (fCO2)
due to El Niño-Southern Oscillation (ENSO)-driven phys-

ical and biological changes [Chavez et al., 1999; Feely et
al., 1995, 1997, 1999; Dandonneau, 1995; Wanninkhof et
al., 1995, 1996]. As part of the servicing of the Tropical
Atmosphere Ocean (TAO) Array moorings [McPhaden et
al., 1998], measurements of fCO2 have routinely been made
since 1992 on NOAA cruises in the region. This large data
set, and others like it, have provided investigators with the
opportunity to examine the relationship between fCO2 and
the hydrographic parameters that influence it (i.e., tempera-
ture, salinity, nutrients, and biological productivity) with the
expectation that the large-scale spatial and temporal varia-
bility of fCO2 may be better resolved using high-resolution
temperature data obtained from satellites or data assimila-
tion products [Stephens et al., 1995; Wanninkhof et al.,
1996; Landrum et al., 1996; Boutin et al., 1999; Etcheto et
al., 1999; Loukos et al., 2000]. For example, Boutin et al.
[1999] utilized a limited amount of shipboard fCO2 and sea
surface temperature (SST) data to provide two regional
fCO2-SST relationships. These relationships were used in
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conjunction with satellite-derived temperature and wind
data to provide an estimate of the spatial and temporal
variability of fCO2 and CO2 fluxes in the equatorial Pacific
from 1985 through 1997 for the region between the equator
and 5�S, and from 90�W to the eastern edge of the warm
pool. Wanninkhof et al. [1996] conducted a similar analysis
using limited shipboard temperature and nitrate data from
1992 to 1993 to develop a single relationship for the region
between 95�W and 170�W from 10�N to 10�S.
[3] Here we perform a more robust analysis of 89 tran-

sects of the equatorial Pacific from 1992 through 2001 to
provide four fCO2-SST relationships for the equatorial
region between 95�W and 165�E, from 5�N to 10�S for
the warm and cool periods. We will show how these
relationships vary seasonally, primarily owing to biological
influences, and interannually because of the physical,
chemical, and biological processes associated with ENSO
cycles. We will also present new results of satellite-based
fCO2 distributions and CO2 flux estimates in the region
based on these new relationships.

2. Physical Setting

[4] The equatorial Pacific is strongly influenced by peri-
odic ENSO events. During non-El Niño periods, easterly
trade winds are strong and upwelling of CO2-enriched water
from the Equatorial Undercurrent forms a band of cold
water along the surface from the coast of South America to
the international dateline. The trade winds tend to be
strongest during the latter part of the year, and sea surface
temperature is correspondingly lowest in the eastern Pacific
during the boreal autumn months. In the western portion of
the basin, the thermocline is deeper, sea surface temper-
atures are generally higher than 28.5�C, and surface waters
have near-equilibrium fCO2 values.
[5] During El Niño events, the easterly trade winds in the

western and central equatorial Pacific weaken and some-
times reverse. This reversal drives the western Pacific warm
pool eastward, leading to the development of unusually
warm sea surface temperatures east of the international
dateline. In the eastern Pacific, the equatorial cold tongue
fails to develop in boreal summer and autumn. Reversal of
the trade winds is typically punctuated by a series of

westerly wind events of increasing intensity and/or eastward
fetch along the equator [McPhaden, 1999]. The westerly
wind events excite equatorial Kelvin waves that propagate
eastward across the basin in 1–2 months, depressing the
thermocline in the eastern Pacific. A deepened thermocline
favors development of warm surface temperatures since the
deep cold water reservoir that feeds upwelling in the
equatorial cold tongue is pushed down to greater depth. In
the western Pacific, on the other hand, the thermocline
shoals due to the excitation of equatorial Rossby waves
generated by the weakened trade winds, and the western
Pacific warm pool migrates eastward. The net result of these
processes on ocean thermal structure is to flatten the
thermocline along the equator and greatly reduce the normal
east-west SST gradient. The depression of the CO2-enriched
cold water reservoir, in combination with the cap of warm
water from the western Pacific, significantly decreases fCO2

levels in the sea surface during the warm phase of ENSO
east of the date line. Since the weakened trade winds and
warm water persist throughout the spring and autumn
months, seasonal variability is minimal during El Niño
periods. El Niños typically terminate in the boreal spring
with the return to normal of the easterly trade winds and the
resumption of equatorial upwelling.

3. Sampling and Analytical Methods

[6] As part of servicing the TAO array, 89 north-south
transects were made between 95�Wand 165�E from 10�N to
10�S by NOAA ships from the boreal spring of 1992 through
the boreal spring of 2001 (Figure 1). The ships used were the
Malcolm Baldridge, the Discoverer, and most recently the
Ka’imimoana and Ron Brown. The CO2 groups of the Pacific
Marine Environmental Laboratory (PMEL) and the Atlantic
Oceanographic and Meteorological Laboratory (AOML)
outfitted each of the ships with an underway fCO2 system
designed to determine seawater and atmospheric CO2

concentrations. Up to 1995 a system was used that is
described by Wanninkhof and Thoning [1993], and since
then a slightly modified setup has been in place [Feely et al.,
1998]. In short, in the underway system onboard the
Ka’imimoana, seawater is continuously pumped from
the bow at a rate of approximately 50 L min�1 to the

Figure 1. Study region between 95�W and 165�E, 10�N to 10�S (depicted by small rectangular box).
The data were continuously collected along the longitudinal transects containing buoys (small circles) as
part of the biannual servicing of the TAO array in the equatorial Pacific. The dashed line indicates the
NINO 3.4 region.

34 - 2 COSCA ET AL.: SEASONAL AND INTERANNUAL CO2 FLUXES



oceanographic laboratory where the water is diverted to an
equilibrator (designed by Ray Weiss, Scripps Institute of
Oceanography). The water is showered into the equilibrator
at the rate of 10 L min�1. Air within the headspace of the
equilibrator is recirculated with an AirCadet2 pump at the
rate of 7 L min�1, and equilibration time for the headspace
is approximately 2–4 min [Wanninkhof and Thoning,
1993; Feely et al., 1998]. A fraction of the equilibrated
air, 50 mL min�1, is diverted to the analytical system
6 times hr�1 and analyzed with the flow stopped.
Atmospheric air is also continuously supplied through
3/800 Decaron2 tubing by an AirCadet2 pump from the
bow of the ship to the oceanographic laboratory. This air is
sampled by the CO2 system 3 times hr�1. Both the
atmospheric air and equilibrator headspace samples pass
through a water trap cooled to 5�C, followed by a magne-
sium perchlorate dessicant to dry the air.
[7] The fCO2 system utilizes a Li-Cor2 6252 Infrared

(IR) Analyzer. The system is controlled by LabView2

software and runs on an hourly cycle divided into twelve
5-min sampling periods. A Valco2 eight-port valve is used
to divert the gas to be analyzed during each 5-min period.
The first 15 min of each hour are dedicated to calibrating the
system with three gas standards supplied and calibrated by
the Climate Monitoring and Diagnostics Laboratory in
Boulder and traceable to the WHO scale. At the end of
the 15-min calibration period, the IR voltages are related
to CO2 concentration using a second-order polynomial fit.
The next three 5-min cycles measure the equilibrator
headspace, followed by three 5-min cycles measuring
atmospheric air. The final three 5-min cycles once again
measure the equilibrator headspace. Sea surface tempera-
ture, equilibrator temperature, air temperature, barometric
pressure, and sea surface salinity are also continuously
measured, and the system’s software logs one 5-min
average at the end of each 5-min cycle. The analytical
precision of the system is approximately 0.4 matm CO2 for
seawater and air, with accuracies of 0.4 matm for atmo-
spheric air, and 1.2 matm for seawater [Feely et al., 1998].
At the conclusion of each cruise, the mole fraction CO2

measurements and ancillary data are used to convert to
fCO2 using the method described by Feely et al. [1998].
CO2 flux is calculated using 6-hourly winds from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) [1993] and the Wanninkhof [1992] relationship
of gas exchange dependence on wind speed.

4. Results

[8] The data, collected during the 10-year period from
boreal spring 1992 to July 2001, spanned two El Niño
periods (1992–1994 and 1997–1998), and two La Niña
periods (1995–1996 and 1999–2000). The data were sepa-
rated into El Niño and non-El Niño time periods, then
additionally separated into a warm season (January through
June) when the winds were less intense (average wind = 4.5 ±
0.9 m s�1), and a cool season (July through December) when
the winds were strong (average wind = 5.6 ± 0.9 m s�1),
making it possible to examine how the fCO2-SST relation-
ship changed seasonally and interannually. A list of the
data sets is given in Table 1. Data were considered to be
in an El Niño period if the temperature anomaly in the

NINO 3.4 region (Figure 1) at the time of collection was
at least 0.4�C [Trenberth, 1997]. Four exceptions were
during the following transitional periods: August 1992
along 170�W, considered an El Niño data set even though
the temperature anomaly was less than 0.4�C; June 1994
along 110�W, August 1994 along 95�W, and August 1994
along 125�W, three non-El Niño data sets collected when
the temperature anomaly was greater than 0.4�C. The
August 1992 data were collected during a transition out
of El Niño conditions, and the 1994 data sets were in a
transitional phase out of a small warm event. On average,
the equatorial Southern Oscillation Index (EQSOI) for the
El Niño data sets was �1.2, and the average temperature
anomaly was 1.53�C (Climate Diagnostics Bulletin,
1992–2001: Global analyses and indices, available from
U. S. Department of Commerce, National Oceanic and
Atmospheric Administration, at http://www.cpc.noaa.gov/
products/analysis_monitoring/bulletin/). Data sets were
considered to be collected during La Niña conditions
when the temperature anomaly was less than �0.4�C
[Trenberth, 1997].
[9] The initial goal was to determine the fCO2-SST

relationship of newly upwelled water near the equator,
before the fCO2 values are appreciably changed by gas
exchange and/or warming processes at the surface. The
SST minimum of each data set was determined, then data
falling within a half degree latitude north and south of the
minimum were binned and averaged. The averaging was
done to evenly weight each of the data sets since earlier
transects had fewer measurements than the most recent. The
SST minimum was always between 1.5�N and 1.5�S,
usually centered on the equator in the central Pacific, and
shifted south of the equator in the east. A linear fit applied to
all 89 data sets indicates an inverse correlation between SST
and fCO2 with a slope of �12.7 matm �C�1 and an rms of
26.1 matm (Figure 2a and Table 2). When data for El Niño
and non-El Niño conditions are separated, the slope of the El
Niño data sets decreases to �19.4 matm �C�1, but the slope
for the non-El Niño data sets increases to �10.1 matm �C�1

(Figure 2b). Separating and plotting the non-El Niño data by
warm and cool seasons improves the fit (Table 2), and
suggests that seasonal variations are significant during
non-El Niño conditions. The rms value for the warm season
non-El Niño fCO2-SST relationship is 22.2 matm. For the
cool season, the rmsvalue is 23.3matm(Table2).Furthermore,
theslopefor thenon-ElNiñowarmdatasets,�17.8matm�C�1,
is similar to the slopes for theElNiñodata sets, but the slope for
the non-El Niño cool data sets is�9.9 matm �C�1. Separating
the El Niño data into warm and cool seasons does not
significantly improve the fCO2-SST correlation, consistent
with persistent relaxed trade winds, reduced upwelling, and a
reduced seasonal signal during the entire phase of an El Niño
(Table 2). The La Niña data, when plotted separately, do not
show any significant difference from the non-El Niño data, so
the La Niña data were combined with the non-El Niño data.
[10] In order to evaluate how far north and south these

relationships hold, SST and fCO2 data between 5�N and
10�S were binned into 1deg latitude intervals and averaged.
This area encompasses the highly enriched CO2 waters of
the South Equatorial Current, and the North Equatorial
Counter Current. Data sets within this region were also
separated into El Niño and non-El Niño time periods and
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further separated into warm and cool seasons. The equations
from the plotted data are also given in Table 2. Linear fits
applied to the data between 5�N and 10�S are similar to
those from the narrow band of data collected around the SST
minimum (Figure 3; Table 2), with the exception that the El
Niño warm and cool slopes are significantly different in the
larger data set, and the rms of the fits in non-El Niño
conditions are higher. Nevertheless, the results indicate that
the relationships provided here for 5�N to 10�S are robust
for the larger region.
[11] While the derived empirical relationships given in

Table 2 are an improvement over the earlier single relation-
ships because they allow for changes in physical conditions
resulting from the ENSO cycle in the equatorial Pacific,
they do not completely account for changes in the carbon
system resulting from local changes in biology. Conse-
quently, the addition of parameters such as salinity,
nutrients, and/or chlorophyll may increase the overall
certainty of the derived equations. In order to test this
hypothesis, we developed a multi-parameter stepwise linear
regression relationship between fCO2 and temperature,
salinity, chlorophyll, nitrate, and silicate from shipboard
measurements between 5�N and 10�S. In this approach, a
method similar to the one described by Brewer et al. [1995]
is used for estimating pCO2. The statistical model is in the
form of a linear equation of chemical and hydrographic
parameters,

y ¼ b0 þ b1x1 þ b2x2 þ . . .þ bkxk þ e; ð1Þ

where y is the dependent variable (i.e., pCO2), x1 . . . xk are
the independent parameters, b0 is the intercept, b1 . . . bk are

Table 1. Data Setsa

Date Longitude
Average
SST, �C

Average
fCO2, matm

SST
Anomaly

�C SOI

El Niño, Warm Season (n = 15)
March 1993 95�W 25.57 ± 0.23 422.92 ± 1.32 0.52 �0.3
Feb. 1998 95�W 29.26 ± 0.06 362.84 ± 2.15 2.17 �1.8
March 1992 110�W 27.22 ± 0.12 381.00 ± 1.34 1.69 �1.6
March 1993 110�W 26.25 ± 0.20 435.62 ± 0.89 0.52 �0.3
Feb. 1998 110�W 29.25 ± 0.09 370.40 ± 1.33 2.17 �1.8
May 1993 125�W 28.22 ± 0.20 426.81 ± 1.99 1.06 �0.3
April 1998 125�W 28.05 ± 0.02 377.10 ± 0.83 0.87 �0.2
May 1992 140�W 28.47 ± 0.14 401.35 ± 2.29 1.23 �0.9
April 1993 140�W 27.89 ± 0.10 409.94 ± 1.42 0.9 �1
May 1998 140�W 28.83 ± 0.28 361.43 ± 5.85 0.71 0.4
April 1992 170�W 29.29 ± 0.07 341.03 ± 1.89 1.46 �1.1
March 1993 170�W 27.32 ± 0.06 415.29 ± 1.18 0.52 �0.3
May 1997 170�W 29.77 ± 0.03 360.31 ± 1.30 0.84 �1
June 1997 180� 29.28 ± 0.04 373.94 ± 5.11 1.45 �1.6
June 1997 165�E 29.23 ± 0.11 354.37 ± 1.43 1.45 �1.6

Non-El Niño, Warm Season (n = 23)
April 1994 95�W 23.57 ± 0.57 532.00 ± 9.64 0.22 0.5
May 1996 95�W 23.21 ± 0.25 499.80 ± 5.97 �0.39 1.1
Feb. 1997 95�W 24.57 ± 0.36 485.09 ± 6.30 �0.33 0.9
May 1999 95�W 24.27 ± 0.16 473.03 ± 4.09 �0.79 1.5
April 1994 110�W 24.67 ± 0.15 468.08 ± 3.19 0.22 0.5
June 1994b 110�W 25.24 ± 0.14 456.35 ± 1.57 0.49 0.3
May 1996 110�W 24.12 ± 0.08 480.81 ± 3.38 �0.39 1.1
Feb. 1997 110�W 25.37 ± 0.32 456.51 ± 3.43 �0.33 0.9
April 2001 110�W 26.26 ± 0.25 445.64 ± 3.31 �0.16 0.7
May 1994 125�W 26.82 ± 0.21 438.48 ± 4.88 0.28 �0.1
June 1996 125�W 24.88 ± 0.08 450.08 ± 3.84 �0.17 1.1
April 1997 125�W 26.64 ± 0.32 461.95 ± 5.57 0.34 �0.1
Feb. 1999 125�W 24.63 ± 0.86 421.08 ± 21.01 �1.28 2.1
Feb. 2001 125�W 24.94 ± 0.16 453.29 ± 3.18 �0.58 1.2
May 1994 140�W 26.93 ± 0.20 438.27 ± 5.74 0.28 �0.1
June 1996 140�W 26.15 ± 0.08 448.55 ± 1.51 �0.17 1.1
April 1997 140�W 26.95 ± 0.13 440.70 ± 3.31 0.34 �0.1
Jan. 2001 140�W 24.79 ± 0.27 419.06 ± 2.43 �0.77 2.6
June 1998 155�W 26.08 ± 0.16 414.20 ± 5.04 �0.78 0.5
June 2000 155�W 27.23 ± 0.08 439.82 ± 2.53 �0.46 1.1
July 1996 170�W 27.81 ± 0.09 414.63 ± 4.93 0.01 1.3
June 1998 170�W 27.36 ± 0.06 390.34 ± 0.97 �0.78 0.5
June 1996 180� 28.66 ± 0.08 387.19 ± 3.92 �0.17 1.1

El Niño, Cool Season (n = 10)
Aug. 1997 95�W 25.86 ± 0.16 434.45 ± 2.84 2.14 �2.6
Aug. 1997 110�W 26.63 ± 0.06 429.81 ± 1.75 2.14 �2.6
Oct. 1997 125�W 28.18 ± 0.16 419.92 ± 5.15 2.64 �2.9
Oct. 1997 140�W 29.17 ± 0.08 387.01 ± 5.19 2.64 �2.9
Nov. 1997 155�W 29.40 ± 0.03 352.87 ± 1.43 2.8 �2.2
Aug. 1992c 170�W 27.96 ± 0.07 357.37 ± 5.39 �0.06 0.6
Nov. 1994 170�W 30.30 ± 0.04 374.68 ± 2.09 1.36 0.3
Dec. 1997 170�W 28.94 ± 0.09 355.04 ± 2.22 2.78 �2
Nov. 1994 180� 29.63 ± 0.12 345.42 ± 3.05 1.36 0.3
Dec. 1997 180� 29.03 ± 0.07 350.25 ± 1.02 2.78 �2

Non-El Niño, Cool Season (n = 40)
Nov. 1992 95�W 21.55 ± 0.13 462.29 ± 2.51 �0.01 �0.8
Aug. 1994b 95�W 18.69 ± 0.24 429.73 ± 11.53 0.65 �0.1
Oct. 1996 95�W 19.09 ± 0.66 480.71 ± 33.41 �0.36 0.8
Nov. 1998 95�W 21.28 ± 0.24 534.71 ± 6.30 �1.33 1.5
Nov. 1999 95�W 19.76 ± 0.23 511.08 ± 4.51 �1.39 2.2
Nov. 2000 95�W 20.93 ± 0.18 533.07 ± 10.11 �0.74 1.9
Nov. 1992 110�W 21.93 ± 0.27 445.65 ± 3.46 �0.01 �0.8
Sept. 1994 110�W 22.17 ± 0.40 442.99 ± 8.82 0.36 �0.6
Oct. 1996 110�W 21.77 ± 0.24 455.04 ± 8.99 �0.36 0.8
Oct. 1998 110�W 21.00 ± 0.14 473.31 ± 12.29 �1.26 0.9
Nov. 1999 110�W 20.88 ± 0.18 473.50 ± 3.51 �1.39 2.2
Oct. 2000 110�W 22.39 ± 0.23 484.91 ± 8.88 �0.63 1.3
Aug. 1994b 125�W 24.69 ± 0.08 419.23 ± 3.17 0.65 �0.1
Sept. 1996 125�W 23.78 ± 0.17 461.34 ± 1.68 �0.3 1.2
Sept. 1998 125�W 23.56 ± 0.35 425.06 ± 10.64 �1.04 0.9
Sept. 2000 125�W 22.19 ± 0.32 466.08 ± 5.21 �0.43 1

Table 1. (continued)

Date Longitude
Average
SST, �C

Average
fCO2, matm

SST
Anomaly

�C SOI

Sept. 1992 140�W 25.42 ± 0.11 410.21 ± 3.27 �0.16 0.1
Sept. 1996 140�W 24.84 ± 0.05 434.01 ± 0.90 �0.3 1.2
Sept. 1998 140�W 23.63 ± 0.37 463.17 ± 11.17 �1.04 0.9
Dec. 1995 155�W 24.90 ± 0.09 439.67 ± 1.67 �0.91 1.9
Aug. 1996 155�W 26.14 ± 0.11 435.15 ± 2.06 �0.14 0.7
Dec. 1996 155�W 25.85 ± 0.09 438.54 ± 3.56 �0.45 0.9
Oct. 1998 155�W 24.60 ± 0.48 420.87 ± 10.84 �1.26 0.9
Oct. 2000 155�W 26.06 ± 0.11 432.57 ± 4.73 �0.63 1.3
Dec. 1995 170�W 26.67 ± 0.02 430.88 ± 0.75 �0.91 1.9
Nov. 1996 170�W 27.10 ± 0.03 426.45 ± 4.09 �0.32 0.9
Nov. 1998 170�W 25.80 ± 0.78 407.70 ± 14.94 �1.33 1.5
July 2000 170�W 27.35 ± 0.08 429.26 ± 2.53 �0.36 1.3
Oct. 2000 170�W 27.15 ± 0.27 429.05 ± 7.03 �0.63 1.3
Dec. 1995 180� 27.87 ± 0.11 406.87 ± 2.03 �0.91 1.9
July 1998 180� 27.42 ± 0.04 392.94 ± 2.01 �1.14 1
Nov. 1998 180� 25.98 ± 0.39 404.40 ± 5.02 �1.33 1.5
Aug. 2000 180� 28.62 ± 0.22 409.71 ± 2.78 �0.25 0.4
Dec. 2000 180� 27.50 ± 0.04 389.51 ± 1.88 �0.88 2.2
July 2001 180� 29.17 ± 0.08 409.18 ± 6.18 0.24 1.1
July 1996 165�E 28.74 ± 0.06 417.35 ± 2.04 0.01 1.3
July 1998 165�E 28.84 ± 0.12 375.90 ± 1.66 �1.14 1
July 2000 165�E 29.24 ± 0.26 383.57 ± 4.27 �0.36 1.3
Dec. 2000 165�E 29.11 ± 0.24 386.85 ± 4.74 �0.88 2.2
July 2001 165�E 29.73 ± 0.08 374.60 ± 2.40 0.24 1.1

aAverage SST and fCO2 are from values within ±0.5� latitude of the SST
minimum. SST anomaly and equatorial SOI are from Climate Diagnostics
Bulletin.

bData set locally under non-El Niño conditions.
cData set locally under El Niño conditions.
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the regression coefficients, and e is random error. The
random error is minimized by finding the linear equation
that best fits the data by minimizing the sum of squares
(SS),

SS b0; b1 . . . bkð Þ ¼
Xi¼k

i¼1

yi � b0 þ b1xi1 þ b2xi2 þ . . .þ bkxikð Þ½ �2;

ð2Þ

where yi is the observed dependent variable and xi1 . . . xik
are the corresponding observed independent parameters.
The regression coefficients (b1 . . . bk) and intercept (b0) of
the best-fit linear equation are found by a matrix approach
[Frees, 1996]. The best fit is found with a combination of
SST, SSS, chlorophyll, nitrate, and silicate (Figure 4, r2 =
0.88, n = 306), which accounts for both physical and
biogeochemical controls on fCO2. This relationship is
significant at the 99.9% confidence level and has an rms
of 12 matm. Adding nitrate, salinity, and temperature to the
model provides the greatest improvement in the overall
correlation. Both chlorophyll and silicate provide only
minor improvements. These results suggest that, after
physical processes, biological uptake of CO2 is the
dominant control on the variability of fCO2 in the surface
waters of this region.

5. Discussion

[12] Previous work byWanninkhof et al. [1996], Lee et al.
[1998], and Boutin et al. [1999] have generated fCO2-SST
equations that compare well with the equations presented
here (Table 2). Wanninkhof et al. [1996] used data from
1992 and 1993 from 95�W to 170�W to provide a single
relationship and obtained an rms of 27 matm. Lee et al.
[1998] provided a relationship similar to the Wanninkhof
pCO2-temperature relationship with slightly more data.
Boutin et al. [1999] provided a fCO2-SST relationship in

Table 2. The fCO2-SST Equations for the Equatorial Pacific Between 95�W and 165�E From 1992 Through 2001a

Equation r2 Value p Value

Data ± 0.5� latitude of the SST minimum
All (n = 89): fCO2(±26.1) = �12.7(±1.0)SST + 756.5(±26.6) 0.647 <0.0001

El Niño
All (n = 25) fCO2(±20.0) = �19.4(±3.2)SST + 934.9(±91.4) 0.613 <0.0001
Warm season (n = 15) fCO2(±18.8) = �19.3(±4.1)SST + 932.9(±116.1) 0.631 <0.0001
Cool season (n = 10) fCO2(±23.9) = �19.5(±5.8)SST + 935.2(±165.1) 0.586 <0.0001

Non-El Niño
All (n = 64) fCO2(±25.7) = �10.1(±1.2)SST + 694.5(±30.9) 0.528 <0.0001
Warm season (n = 23) fCO2(±22.2) = �17.8(±3.3)SST + 906.3(±85.0) 0.581 <0.0001
Cool season (n = 41) fCO2(±23.3) = �9.9(±1.2)SST + 681.5(±29.7) 0.645 <0.0001

5�N to 10�S, one-degree averages
All (n = 1167) fCO2(±30.9) = �12.3(±0.4)SST + 731.9(±10.9) 0.449 <0.0001

El-Niño
All (n = 322) fCO2(±18.9) = �16.9(±1.0)SST + 860.1(±27.8) 0.489 <0.0001
Warm season (n = 181) fCO2(±20.3) = �19.0(±1.5)SST + 923.3(±43.6) 0.466 <0.0001
Cool season (n = 141) fCO2(±16.6) = �14.7(±1.2)SST + 794.6(±33.8) 0.532 <0.0001

Non-El Niño
All (n = 847) fCO2(±34.1) = �11.4(±0.5)SST + 708.6(±13.7) 0.367 <0.0001
Warm season (n = 287) fCO2(±28.8) = �23.1(±1.2)SST + 1044.3(±33.4) 0.550 <0.0001
Cool season (n = 560) fCO2(±30.2) = �10.7(±0.5)SST + 679.9(±13.0) 0.438 <0.0001
aThe fCO2-SST relationships were generated using data ±0.5� latitude of the SST minimum, and data between 5�N and 10�S.

Figure 2. The fCO2-SST relationships for data collected
±0.5� of the SST minimum from 1992 through 2001. (a) The
fCO2-SSTrelationshiparoundtheSSTminimumderivedfrom
all 89 data sets; (b) The two fCO2-SST relationships when the
SSTminimumdata is separated into El-Niño and non-ElNiño
data sets. The symbols represent 1� averages of the data sets.
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the central equatorial Pacific obtaining an rms of 13 matm,
and a second fCO2-SST anomaly relationship for the eastern
equatorial Pacific obtaining an rms of 22 matm. Our results,
for a 10-year period, show that separating the data into El
Niño and non-El Niño periods provides similar fits to those
of Wanninkhof et al. [1996], but spanning a much longer

period of time. Several investigators have shown that fCO2

distributions during El Niño conditions are primarily con-
trolled by advection of the warm pool from the west which
contains fCO2-depleted water [Feely et al., 1995, 1997,
1999, 2002; Inoue et al., 1996; Boutin et al., 1999]. The
salinity and temperature conditions in the warm pool are

Figure 3. The fCO2-SST relationships for data collected between 5N� and 10�S from 1992 through
2001. (a) The fCO2-SST relationship derived from all 89 data sets, and the two fCO2-SST relationships
when the data is separated into El Niño and non-El Niño data sets. (b) The two fCO2-SST relationships
calculated after separating the El Niño data into boreal warm and cool; (c) The fCO2-SST relationships for
the non-El Niño boreal warm and cool data sets. The symbols represent 1� averages of the data sets.
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strong indicators of its eastward edge (SST > 28.5�C;
salinity < 34.5) and, consequently, define the leading edge
of the low fCO2 water [Inoue et al., 1996; Boutin et al.,
1999]. During strong El Niño conditions, warm water can
extend across the entire basin due to advection of the warm
pool from the west, and the deepening of the CO2-enriched
cold water reservoir in the east. Since the fCO2-SST
relationships are significantly different in the warm pool
[Inoue et al., 2001], it is not surprising that the fCO2-SST
relationships in the equatorial Pacific region are different
during the two phases of the ENSO cycle.
[13] During non-El Niño periods, upwelling of CO2

enriched waters returns in response to easterly winds.
Though the sea surface temperature drops accordingly,
particularly in the boreal autumn, the fCO2 values in the
eastern equatorial Pacific are approximately 20–50 matm
lower for a given temperature (Figure 3c) than for the non-
El Niño warm period. This decrease in fCO2 (approximately
6%) is much smaller than the relative decrease in SST

(13%), which results in significant variations of the fCO2-
SST relationships between the warm and cool seasons.
Increased biological activity might account for the observed
lower fCO2 values and less negative fCO2-SST slopes.
From time-series measurements of physical and bio-optical
measurements at 0�, 140�W, Foley et al. [1997] observed a
two-fold increase in primary production and chlorophyll-a
in the autumn of 1992 for a period of 2 months as compared
to values observed in the summer. An increase in produc-
tivity of this magnitude would cause surface water fCO2

values to drop 	8% in just 10 days. These results are in
agreement with the recent modeling results of F. Chai et al.
(manuscript in preparation, 2003), which also indicate
enhanced biological productivity in the eastern equatorial
Pacific during the cool months.
[14] In order to obtain highly resolved CO2 fluxes,

satellite data can be combined with the fCO2-SST equa-
tions described previously. Ideally, we would like to have
satellite-based SST, salinity, chlorophyll, and nutrient data
in order to keep the estimated uncertainties to a mini-
mum. However, since satellite-based salinity and nutrient
data are not available at this time, we show how the
derived fCO2-SST relationships for El Niño and non-El
Niño warm and cool seasons (Table 3) can be used to
estimate CO2 fluxes from the equatorial Pacific using the
satellite-based Reynolds SST [Reynolds and Smith, 1994].
Figure 5 shows the application of the fCO2-SST equations
with the Reynolds SST data, with Figure 5a showing the
interpolated SST distributions, Figure 5b showing the
resulting fCO2sw between 5�N and 10�S from December
1981 through July 2001, and Figure 5c showing CO2

fluxes calculated from the derived fCO2sw and ECMWF
winds for the same region. The Reynolds SST weekly
data were gridded into 1� by 1� pixels and combined with
the fCO2-SST equations in Table 3 to provide weekly
estimates of the fCO2 distributions (Figure 5b). As can be
seen in Figure 5a, the edge of the warm pool, delineated by
SST > 28.5�C (Figure 5a) and fCO2 values < 380 matm
(Figure 5b), migrates eastward from its normal non-El Niño
position west of 170�W to at least 100�W during the 1982–
83 and 1997–98 El Niños, and to approximately 140�W
during the 1986–1987 and 1991–1994 El Niños. During
these El Niño events, fCO2 values drop below 400 matm west
of 140�W in the eastern equatorial Pacific. Conversely,
during strong La Niña events (i.e., 1988–1989 and 1996–
1997) fCO2 values in excess of 460 matm extend all the way
from 95�W to at least 135�W. Also evident in Figure 5b is the
strong seasonal variation of fCO2, with lower fCO2 values in
the late boreal autumn-winter months relative to the spring
and early summer months. This is most dramatic in the
eastern equatorial Pacific from approximately 125�W to

Figure 4. Plot of estimated versus measured fCO2 using a
step-wise linear regression of fCO2 as a function of SST,
SSS, chlorophyll, nitrate, and silicate. The data were
obtained from the equatorial Pacific on board the NOAA
ships Discoverer, Baldrige, Ka’imimoana, and Ron Brown
from 1992–2001.

Table 3. The fCO2-SST Equations for the Equatorial Pacific Between 95�W and 165�E, 5�N and

10�S

Equation r2 Value

El Niño warm season fCO2(±20.3) = �19.0(±1.5)SST + 923.3(±43.6) 0.466
El Niño cool season fCO2(±16.6) = �14.7(±1.2)SST + 794.6(±33.8) 0.532
Non-El Niño warm season fCO2(±28.8) = �23.1(±1.2)SST + 1044.3(±33.4) 0.550
Non-El Niño cool season fCO2(±30.2) = �10.7(±0.5)SST + 679.9(±13.0) 0.458
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95�W,where the seasonal differences in fCO2 are on the order
of 20–50 matm. Farther to the west, no strong seasonal
pattern can be discerned from the satellite-based results. Thus
the high-resolution temperature data suggest evidence for
both interannual and seasonal variations of fCO2 which are
controlled by locally and remotely forced physical and
biological processes.

[15] The satellite-based estimates of fCO2 can also be
combined with the European Centre for Medium Range
Weather Forecasts (ECMWF) winds and the Wanninkhof
[1992] wind speed-gas exchange relationship to provide an
estimate of the CO2 flux variability for the region from 90�W
to 165�E and from 5�N to 10�S, spanning an area of
approximately 19 
 106 km2 (Figure 5c). The net flux of
CO2 across the sea-air interface is derived with the following
equation:

F ¼ k � s � fCO2sw � fCO2að Þ;

where k is the gas transfer velocity parameterized with
wind speed [Wanninkhof, 1992], s is the solubility of CO2

in seawater [Weiss, 1974], and (fCO2sw � fCO2a) is the
fCO2 difference between the ocean and atmosphere.
Figure 6b shows the monthly mean and integrated flux
(solid line) for this region of the equatorial Pacific based
on the estimated fCO2 (Figure 6a) derived from the
equations in Table 3 and the Reynolds SST. The 6-hour
ECMWF wind data were combined with the estimated
fCO2 values and averaged on a monthly basis. Also

Figure 5. Estimated (a) SST, (b) fCO2, and (c) CO2 flux
between 90�W and 165�E, 5�N to 10�S from 1982 through
July 2001. Surface water fCO2 was calculated by applying
the interannual and seasonal fCO2-SST relationships in
Table 3 to Reynolds SST data, and CO2 flux was calculated
with ECMWF winds and the Wanninkhof [1992] wind
speed-gas exchange relationship.

Figure 6. (a) Estimated monthly mean and integrated
fCO2SW and (b) CO2 flux for the region between 90�W and
165�E, 5�N to 10�S from January 1982 through July 2001
(solid line). The fCO2 data are from Figure 5, and the wind
data are from the European Centre for Medium Range
Weather Forecasts for this region of the equatorial Pacific.
The solid squares are the 6-month average fluxes based on
the shipboard observations.
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shown in Figure 6b are the 6-month average fluxes based
on the shipboard observations (solid squares). The results
show good agreement between these estimates. The
uncertainty on these monthly fluxes coming primarily
from the uncertainty of interpolated fCO2 is ± 0.6 moles
m�2 yr�1. It is important to note that these errors are on
monthly fluxes and should reduce when averaged over
several months since wind speed and fCO2 are not
correlated. There is about a factor of 3 difference in the
regional efflux of CO2 between the strong El Niño events
of 1986–1987 and 1997–1998 (0.14 ± 0.1 Pg C yr�1)
and the La Niña events of 1996 and 1999–2000 (0.43 ±
0.1 Pg C yr�1). The mean flux for the 16-year record is
0.3 ± 0.1 PgC yr�1 for an area that covers approximately
half of the Pacific equatorial belt. Estimates of the annual
efflux of CO2 from the entire Pacific equatorial belt
average about 0.8 Pg C yr�1 during non-El Niño
conditions and about 0.3 Pg C yr�1 during El Niño
conditions [Feely et al., 2002]. These new estimates of
interannual variability of the CO2 fluxes are in good
agreement with the recent modeling results [Le Quéré et
al., 2000, 2001; Feely et al., 2002] and are somewhat
higher than the earlier observations-based estimates [Lee
et al., 1998].

6. Conclusions

[16] Our results indicate that there is a strong inverse
fCO2-SST relationship in the central and eastern equatorial
Pacific caused by upwelling of cold waters with high
inorganic carbon content. Four equations are used to define
the interannual and seasonal fCO2-SST relationships in this
region; two for El Niño conditions and two for non-El Niño
conditions. These relationships have been successfully uti-
lized with satellite SST data to obtain highly resolved fCO2

distributions and CO2 fluxes in the region between 5�N and
10�S and from 90�W to 165�E. As our ability to measure
additional parameters from satellites improves, so will our
ability to use the satellite-based data to estimate CO2 fluxes
with greater accuracy. Nevertheless, these initial estimates
suggest significant seasonal and interannual variations of
the CO2 flux from the equatorial Pacific that are consistent
with recent model outputs.
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