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ABSTRACT

Measurements of CO, in marine boundary air and in surface seawater of the central and western
Pacific west of 150°W were made during the period from September to December 1990. The
meridional section along 150°W showed pCO,(sea) maximum over 410 yatm between the
equator and 3°8 due to strong equatorial upwelling. In the equatorial Pacific between 150°W
and 179°E, pCO,(sea) decreased gradually toward the west as a result of biological CO, uptake
and surface sea temperature increase. Between 179°E and 170°E, the pCO,(sea) decreased
steeply from 400 yatm to 350 patm along with a decrease of salinity. West of 170°E, where the
salinity is low owing to the heavy rainfall, pCO,(sea) was nearly equal to pCO,(air). The dis-
tribution of the atmospheric CO, concentration showed a considerable variability ( + 3 ppm)in
the area north of the Intertropical Convergence Zone due to the regional net source-sink
strength of the terrestrial biosphere. The net CO, flux from the sea to the atmosphere in the
equatorial region of the central and western Pacific (15°S-10°N, 140° E-150° W) was evaluated
from the ApCO, distribution and the several gas transfer coefficients reported so far. It ranged
from 0.13 GtC year ' to 0.29 GtC year ', This CO, outflux is thought to almost disappear

during the period of an El Nifio event.

1. Introduction

The intrusion of bomb-produced C into the
ocean soon after the intensive atmospheric nuclear
tests in the early 1960s revealed an extensive CO,
exchange between the air and the sea (Nydal and
Lovseth, 1983; Broecker et al., 1985). The gross
fluxes of the atmospheric CO, into the ocean have
been assessed to be 74 GtC year™! in the pre-
industrial era and 92 GtC year ~' during the 1980s,
which corresponds to 12% of the total atmo-
spheric CO, content (Siegenthaler, 1986; IPCC,
1990; Siegenthaler and Sarmiento, 1993). How-
ever, the global net CO, flux between the sea and
the air is still not fully documented. The accumula-
tion of regional net air-sea CO, flux {F(CO,)) data
over the world ocean is one of the reasonable
approaches to evaluate the global net CO, flux.
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The regional net CO, flux is still useful in con-
straining the atmospheric CO, transport models
for assessing the global CO, budget. It can be
estimated using equation (1):

F(CO,) = E(pCO,(sea) — pCO,(air))
= E ApCO, (1)

where E is the gas transfer coefficient of CO,
between the sea and the air, pCO,(sea) the
partial pressure of CO, in surface seawater, and
pCO,(air) the partial pressure of CO, in the
surface air equilibrated with water vapor.
pCO,(sea) shows greater spatial and temporal
variabilities than pCO,(air). For example,
pCO,(sea) in the subtropical region of the western
North Pacific ranges from 300 gatm in winter to
about 400 gatm in summer (Fushimi, 1987; Inoue
etal. 1987; Inoue and Sugimura, 1988a; JMA,
1991, 1992). Several authors have reported high
pCO,(sea) close to 450 yatm in the equatorial
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Pacific (Feely et al., 1987; Murphy et al,, 1991a,
1991b; Inoue and Sugimura, 1992; Lefevre and
Dandonneau, 1992; Wong et al., 1993). However,
there are not enough direct shipboard measure-
ments of pCO,(sea) to describe its large spatial
and temporal variations. Therefore, it is necessary
to distinguish the factors that dominate pCO,(sea)
variations and deduce pCO,(sea) from other
parameters for which more frequent observations
are available, in order to properly interpolate
between and extrapolate from the existing data.
There are several factors that alter the pCO,(sea):
(a) Change in sea surface temperature (SST) due
to heat flux and change in salinity due to fresh
water flux, which alter the solubility of CO, in sea
water (Weiss, 1974) and dissociation constants
of carbonic acid and bicarbonate (Dickson and
Millero, 1987) (thermodynamic effect) (b) Net
CO, absorption or emission due to CO, exchange
through the air-sea interface. The large Revelle
factor ( & 10) (Wagner, 1979) indicates that signifi-
cant changes in pCO,(sea) will occur only with
small changes in the total dissolved inorganic
carbon (DIC) content of seawater. They result
from shifts in chemical equilibria (and consequent
pH changes) as CO, is removed from or added to
surface waters. (c¢) Biological activity such as CO,
fixation by photosynthesis and CO, discharge by
respiration or decomposition of organic matter.
They also change the DIC content and pH like
air-sea CO, net exchange. (d) The activity of
calcareous algae which deposit massive calcium
carbonate during photosynthesis (Okazaki, 1993)
and dissolution of calcium carbonate. The deposi-

tion of calcium carbonate reduces the alkalinity .

and pH, hence it elevates pCO,(sea). As a result of
differences in the contribution of these factors,
different water masses have different pCO,(sea)
and the vertical variation of pCO,(sea) occurs.
Therefore, lateral and vertical mixing, and upwell-
ing can also cause spatial and temporal pCO,(sea)
variations.

The upper layer of the ocean in the equatorial
Pacific is characterized by complicated vertical
and horizontal circulations (Philander, 1990)
and higher primary production (Berger, 1989). It
is also the largest CO, source region of the ocean,
where the distribution of pCO,(sea), and hence the
net air-sea CO, flux, is known to exhibit a large
variability associated with El Nifio-Southern
Oscillation (ENSO) event to the extent that they
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may affect the growth rate of the atmospheric CO,
concentration (Keeling and Revelle, 1985; Feely
et al., 1987; Fushimi, 1987; Inoue and Sugimura,
1988b; Inoue and Sugimura, 1992; Wong et al,,
1993). We report here the pCO,(sea) and atmo-
spheric CO, concentration in and over the equa-
torial Pacific west of 150° W observed in 1990, and
discuss the factors that influence the pCO,(sea)
distribution in this region. We also attempt to
estimate the net CO, flux between the sea and the
air on the basis of the ApCQ, using the various gas
exchange coefficients given by different authors.

2. Observations

2.1. Cruise track

We made continual observations of CO, con-
centration in the marine boundary air (CO,(air))
and in the air equilibrated with surface seawater
(CO,(sea)) in the central and western Pacific west
of 150°W from September through December
1990. The observations were made during the
KH-90-2 and KH-90-3 cruises of the R.V. Hakuho-
maru belonging to the Ocean Research Institute,
the University of Tokyo. The cruise track is shown
in Fig. 1. Monthly SST anomalies were +0.6°C or
+4+0.7°C in the central equatorial Pacific (from
160°E to 150° W between 4°N and 4°8), +0.1°C
or +0.2°C in the eastern Pacific (from 150°W to
90°W between 4°N and 4°8), and the Southern
Oscillation Index was between 0.0 and —0.8
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Fig. I. Cruise tracks of KH-90-2 and KH-90-3 of the
R. V. Hakuho-maru. KH-90-2 is from Tokyo (September
3, 1990) to Honolulu (Hawaii) (October 25, 1990) via
Suva (Fiji) and Papeete (Tahiti) KH-90-3 is from
Honolulu (October 31, 1990) to Tokyo (December 14,
1990) via Rabaul (Papua New Guinea) and Guam.
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(JMA, 1993a). These modest values suggest that it
had been under a non-El Niifio condition during
the time of observations.

2.2. Measurements

We used an automatic CO, analyzer for the
CO, measurements. For the CO,(air) measure-
ment, a sample of air (0.6-0.7 dm? min ~!) pumped
continuously from the bow of the ship was dried
and introduced into the non-dispersive infrared gas
analyzer (NDIR analyzer; Model 865, Beckman).
For the CO,(sea) measurement, seawater pumped
up continuously from the bottom of the ship was
introduced into a shower-type equilibrator, where
it was equilibrated with the air in a closed circuit.
The seawater-equilibrated air was dried and intro-
duced into the NDIR analyzer. All NDIR output
voltages were recorded under the ambient pressure
while stopping the air stream temporarily, and
they were calibrated once an hour using four CO,-
in-air working standard gases (279 ppm, 340 ppm,
361 ppm, 421 ppm). These gases were calibrated
before and after the cruisc against the standard
gases (Nippon Sanso Co., Japan) prepared by a
gravimetric method in the same way as reported
by Tanaka et al. (1987). The details of the system
and procedure are basically the same as described
by Inoue etal. (1987) and Inoue and Sugimura
(1992).

Values of pCO,(sea) were corrected for sea-
water warming in the inner piping of the ship
(mostly below +0.4°C) using the relationship
given by Gordon and Jones (1973);

dpCO,(sea)/dT =44 x 10 ~*(pCO,(sea))
—4.6 x 10~(pCO,(sea))>. (2)

DIC content of seawater was determined by a
coulometric DIC measurement apparatus after
the cruise for some preserved surface seawater
samples. They were collected in 120 cm® gas-tight
bottles at some hydrographic stations and 0.2 cm?
saturated mercury(II) chloride solution was added
to inhibit biological activities.

Air samples for the measurement of '3C of the
CO, were collected in 5dm? glass flasks (Pyrex
glass, 130 mm dia) with Teflon O-ring stop-cocks
at both ends. After purifying the CO,, 6°C was
measured with the mass spectrometer (MAT 250,
Finnigan) as described previously by Inoue and
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Sugimura (1992). N, O corrections have not been
made in this report.

The ship position, SST, atmospheric pressure,
wind direction and wind speed were recorded once
every 5min during both cruises. Several oceanic
propertics were observed at several stations
using a CTD/rosette-multi-sampler. Ocean current
observations in the upper layer by the Acoustic
Doppler Current Profiler were made in the same
cruise.

2.3. Data selection of the CO, data

Apart from the natural variability, atmospheric
CO, data fluctuates due mainly to contamination
of air from the ship and the instability of the NDIR
analyzer in rough sea conditions. Obvious con-
taminated data, as revealed when the ship is in
stoppage at stations, were excluded from the data
set. The data falling outside of 1.5 standard devia-
tion (1.5¢) from the average of the data at each
degree of latitude were also rejected. Through this
procedure, 6.4% of the atmospheric CO, data
were omitted from the data set.

As CO, in surface seawater exhibits a greater
variability, data selection of CO, must be done
with care. Suspicious data due to the stoppage or
shortage of seawater supply, leakage of air from
the closed circuit of the system, etc. were excluded
first. Then the data exceeding 3¢ from the average
of the data of each degree of latitude were rejected.
Through this procedure, 0.4 % of the oceanic CO,
data were omitted from the data set.

3. Results and discussion

3.1. Distribution of the atmospheric CO,
concentration

Meridional distributions of CO, concentra-
tion in marine boundary air in September and
December along the ship track are shown in
Fig. 2a and Fig. 2b, respectively. Corresponding
CO, data from land stations (WMO, 1992), super-
posed on the plot, are in excellent agreement with
our shipboard observation data. In September,
a steep gradient of CO, concentration appeared
around 9°N. This zone can be identified as the
Intertropical Convergence Zone (ITCZ) on the
basis of the high-cloud distribution data in this
season (JMA, 1990a, 1990b, 1990c, 1990d).
Methane concentration had also exhibited a steep
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Fig. 2. Menidional distribution of CO, concentration in
the marine boundary air. (a) in September, 1990. (b) in
December, 1990. Data from land stations are shown by
open circles with their respective NOAA codes.

gradient at the same location in the same cruise,
which is thought to be the result of the strong
source of methane in the Northern Hemisphere
and the restricted north-south air mixing at the
ITCZ (Matsueda et al., 1993). The steep gradient
of the CO, concentration at the ITCZ is attri-
butable to the strong sink of the terrestrial
biosphere in the Northern Hemisphere in boreal
summer and the restricted north-south air mixing.

Concentration of CO, in September kept an
almost uniform distribution ranging from 353 ppm
to 354 ppm between the ITCZ and 10°S with
an indistinct maximum around 4°S. North of
the ITCZ, CO, concentration exhibited a large
variability ranging from 347 ppm to 352 ppm with
4 distinct peaks between 10°N and 35°N. The
reason for this large variability is not clear at the
moment, but the linear relationship between CO,
concentration and the §13C of CO, (—0.05,,
ppm ~!) for the area north of the ITCZ in Septem-
ber, shown in Fig. 3, suggests that it is related to
the difference in the regional CO, source-sink
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Fig. 3. Relationship between atmospheric CO, concen-
tration and §'*C north of the Intertropical Convergence
Zone. Closed circles: in September 1990, Open circles: in
December 1990.

strength of the terrestrial biosphere (Keeling, 1958,
1961).

In December, the atmospheric CO, concentra-
tion showed an almost uniform meridional dis-
tribution between the equator and 25°N as a result
of the seasonal strengthening of the net CO, emis-
sion from the terrestrial biosphere in the Northern
Hemisphere and the seasonal abatement of the
ITCZ especially in the western Pacific (JMA,
1990d). The higher CO, concentration in the north
of 25°N off Japan will be the influence of the air
with biospheric and/or fossil fuel origin from land
(Inoue et al., 1987).

3.2. Meridional distributions of pCO, in surface
seawater

Figs. 4a—4e show the meridional distributions
of pCO,(air), pCO,(sea), and SST along 150°W,
160°W, 180°, 179°E, and 160°E, respectively. In
the equatorial zone, the pCO,(sea) showed super-
saturation with its maximum between 0° and 6°S,
while it was equal to or even lower than pCO,(air)
south of 15°S. On the North Equatorial Counter
Current (NECC) flowing eastward between 5°N
and 10°N and conveying less saline water (below
34 psu), the pCO,(sea) was almost the same level
as pCO,(air) for all meridional sections.

In the meridional section along 150°W, pCO,
(sea) maximum exceeded 440 patm between 0°
and 2°8S, and it coincided with the SST minimum,
nitrate maximum, and chlorophyll maximum
which indicate the influence of maximum upwell-
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Fig. 4. Meridional distributions of pCO,(air), pCO,
(sea), and SST in 1990. (a) 150°W; (b) 160°W; (c) 180°;
(d) 179°E; (e) 160°E.

ing. The pCO,(sea) along 150°W were plotted
against SST in Fig. 5. In the equatorial region
between S5°N and 12°S, we observed higher
pCO,(sea) in the lower SST region, which suggests
that the high pCO,(sea) is attributable to the
strong upwelling from the sub-surface layer. This
linear relationship of pCO,(sea) and SST around
the equator was not prominent in the western
meridional sections, implying a minor influence of
upwelling as also indicated by the higher SST.

In the south of 12°S along 150°W, the pCO,
(sea) decreased with the SST decrease at about
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Fig. 5. Relationship between pCO,(sea) and SST at
150°W.

4.5% °C~! (Fig. 5). It is close to the rate expected
from the proposed relationships between pCO,
(sea) and SST at constant DIC, alkalinity, and
salinity such as that given by Gordon and Jones
(1973) and that given by Weiss et al. (1982). This
is also the case in the south of 10°S along 180°.
Therefore, meridional distributions of pCO,(sea)
as well as seasonal variation of pCO,(sea) (Weiss,
et al.,, 1982) are principally attributable to the ther-
modynamic effects in these parts of the subtropical
gyre in the South Pacific.

The pCO,(sea), salinity, and DIN (nitrate
and nitrite) concentration between 5°N and
5°S along 180° observed from 13-17 September
are lower than those along 179°E observed from
4-8 November (Table 1). According to the Levitus
seasonal climatology for salinity (Levitus, 1982),
the averaged salinity from 5°S to 5°N at 180° is
larger than 35 over the period August to January.
Therefore, the seawater with its mean salinity
34778 between 5°S and 5°N along 180° in
September 1990 is thought to had been a bit
affected by temporary larger freshwater influx due
to prior heavy rainfall.

M. ISHII AND H. Y. INOUE

The pCO,(sea) along 160°W, 180°, and 160°E
had been observed in January-February 1987 dur-
ing the 1986/87 El Nifio and in January—February
1989 during the 1988/89 La Nifia. The pCO,(sea)
during the 1988/89 La Nifia was much higher than
that during the El Nifo in all these meridional
sections (Inoue and Sugimura, 1992). At 160°W
and at 180°, the pCO,(sea) in 1990 reported here
showed intermediate values of pCO,(sea) in these
extremes of the ENSO phenomena. On the other
hand, pCO,(sea) at 160°E in 1990 was com-
parable to that in the mid-El Nifio. Wong et al.
(1993) reported that the pCO,(sea), salinity, and
nitrate concentrations in the equatorial region
between 170°W and 180° decreased while SST
increased with the progress of the 1986/87 El Nifio.
If we compare the data for the same season,
pCO,(sea), salinity, and nitrate concentration
between 5°S and 5°N along 180° in September
1990 are smaller than those in August 1986 at the
onset of the 1986/87 El Nifio and larger than those
in September 1987 in the mid-El Nifio though SST
(29.7°C) is the same as that at the onset of the
El Nifio (Table 1).

3.3. Longitudinal distributions of pCO (sea) in the
central and western equatorial Pacific

Longitudinal distributions of pCO,(sea), SST,
and salinity along 5°S are shown in Fig. 6 and
the longitudinal distributions of pCO,(sea), SST,
salinity, DIC, and DIN concentration along the
equator are shown in Fig. 7. As discussed in the
previous section, pCO,(sea) in the vicinity of
the equator was very high at 150°W and 160°W.
On the other hand, there observed a steep pCO,
(sea) gradient between 170°E and 180°. Seawater
of the eastern higher pCO,(sea) region in the
central Pacific is characterized by higher salinity
(35.1-35.5 psu), lower SST (lower in the east), and
higher nutrient concentration (higher in the east)

Table 1. Averages of oceanographic properties in surface seawater between 5°N and 5°S in the central

Pacific
SST Salinity [NO; ] pCO,(sea)

Longitude Year Month (°C) (psu) (umol kg—!) (patm) Ref.
170°W-180° 1986 Aug. 29.68 35.274 1.25 403.8 Wong et al. (1993)
170° W-180° 1987 Sep. 3041 34.500 0.01 346.8 Wong et al. (1993)

180° 1990 Sep. 29.7 34.778 0.30 362.3 present work
179°E 1990 Nov. 29.7 35.055 137 388.8 present work

Tellus 47B (1995), 4
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Fig. 6. Longitudinal distributions of pCO,(sea), SST,
and salinity along 5°S.

due to equatorial upwelling, while the western
low pCO,(sea) region is characterized by lower
salinity (34.0-34.6 psu), higher SST (above 29.5°C
on the equator and above 30°C at 5°S), and
depleted nutrients. Less saline surface seawater in
the western equatorial Pacific is consistent with the
larger freshwater influx as a result of the much
precipitation due to strong atmospheric convec-
tion over this region (Bryan and Oort, 1984).

Such a steep pCO,(sea) gradient region was
observed near 160°W in January-February 1987
during the 1986/87 El Nifo (Inoue and Sugimura,
1988b) and was inferred to locate in the west
of 160°E in January-February 1989 during the
1988/89 La Nina (Inoue and Sugimura, 1992).
The strong atmospheric convective region over the
western equatorial Pacific is known to shift east-
ward when El Nifio condition prevailed (Pazan
and Meyers, 1982). The resultant shift of the
region with heavy rainfall would be principally
responsible for the east-west movements of the
steep pCO,(sea) gradient region associated with
ENSO phenomena.
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The zonal variations of the SST, DIC, and DIN
on the equator between 150°W and 179°E where
CO, in seawater was highly supersaturated were
expressed as linear functions of the longitude
(Fig. 7). The SST on the equator was elevated from
26.5°C at 150° W to 29.5°C at 179°E which implies
55 patm increase in pCO,(sea) through the ther-
modynamic effect. The pCO,(sea) has, however,
decreased from 430 patm at 150°W to 400 patm
at 179°E. This pCO,(sea) decrease is attribut-
able to the DIC decrease of 36 umol kg ~! from



454

1981 umol kg ="' at 150°W to 1945 ymol kg ™! at
179°E. The alkalinity calculated from pCO,(sea),
DIC, SST, and salinity showed an almost uniform
zonal distribution with its difference between
150°W and 179°E only 4 ueqkg ' Therefore,
it is inferred that the main reason for the DIC
decrease from east to west along the South
Equatorial Current (SEC) is the removal of
aqueous CO, from seawater, possibly by the net
biological photosynthetic uptake of CO, and the
net CO, emission through the air-sea interface.

The amount of the net biological CO, uptake
(ADIC ;0)) between 150°W and 179°E was esti-
mated based on the Redfield ratio (AC:AN:AP =
106:16:1; Redfield etal., 1963) and the change
in DIN concentration. The change in DIN con-
centration is —4.7 umolkg~™' (5.3 umol kg™'
at 150°W and 0.6 umol kg ="' at 179°E), hence
ADIC 4, is calculated as —4.7-106/16=
—31 ymol kg ~'. Tt suggests that most of the DIC
decrease along the SEC would be attributable to
the biological CO, uptake. These calculations
assume that the upwelled colder water at 150° W is
advected steadily toward 179°E while being
warmed. It is not likely to be exactly the case, as
the SEC in the western Pacific shows a significant
variability (Richards and Pollard, 1991) and the
meridional and vertical advection and mixing in
the equatorial zone, of the western meridional
sections would not be negligible. Long waves in the
eastern equatorial Pacific (Legeckis, 1977) has
been reported to influence the distributions of CO,
species (Feely, et al., 1994) as well as other physi-
cal, chemical, and biological properties in the
surface waters (Chavez et al., 1990). However, our
observations were confined to the west of 150°W,
where long waves are not prominent (Legeckis,
1986). The zonal variation of salinity between
150°W and 179°E (except for 180°) along the
equator (within 0.27 psu) and along 5°S (within
0.03 psu) are small. Therefore, we think that this
assumption would be valid as an approximation
for demonstrating the relative importance of the
factors which influence the pCO,(sea) spatial
variation.

34. Net CO, flux in the central and western
equatorial Pacific from September through
November 1990

Air-sea CO, flux in the central and western

Pacific was estimated for the period between
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September and November using equations (1) and

(3):
E=k-S, (3)

where k is the gas transfer piston velocity of CO,
between the sea and the air, and S is the solubility
of CO, in seawater.

For the flux calculation, the central and western
equatorial Pacific (10.5°N-15.5°S and 139.5°E-
149.5° W) were divided into 1° by 1° pixels. For the
calculation of the CO, solubility, we used the
empirical formula as functions of SST and salinity
given by Weiss (1974). The monthly mean SST in
each pixel was calculated by the linear interpola-
tion of the monthly mean SST provided by the
Japan Meteorological Agency (JMA) for each 2°
by 2° pixel (JMA, 1990a, 1990b, 1990c). The
salinity was taken to be 35 psu.

Monthly pCO,(sea) distributions were evalu-
ated as follows. At first, observed pCO,(sea)
were normalized at 28°C using equation (2)
and averaged into one value per degree latitude
along the ship track. The averaged normalized
pCO,(sea) were then linearly interpolated to
east-west direction except for the longitudinal
pCO,(sea) steep gradient region between 179°E
and 160°E where the degree of the normalized
pCO, decrease from 179°E to 160°E along 5°S
were adapted for other latitudes between 5°N and
4°S. The resultant two-dimensional distributions
of normalized pCO,(sea) was transformed into
monthly mean pCO,(sea) distributions using
equation (2) and the monthly mean SST distri-
butions described above in order to take the
thermodynamic effect of SST monthly variation
into account. The observed pCO,(sea) data in
180° between 5°N and 5°S in September were not
used, because they appears to have been influenced
by a temporary heavy rainfall as discussed in
Subsection 3.2. However, if we assume that such a
condition had been prevailing during the most of
the period between September and November and
use the data along 180° instead of the data along
179°E in November for the evaluation of the two-
dimensional pCO,(sea) distributions, CO, outflux
from this region estimated become about 8%
smaller than that calculated using 179°E data.

The meridional distribution of the atmospheric
CO, concentration had been observed at least once
every month from September through November.

Tellus 47B (1995), 4
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They were averaged into one value per degree
latitude along the ship track. The monthly two-
dimensional pCO,(air) distributions were evalu-
ated assuming that pCO,(air) was constant over
the same latitude in the same month. The distribu-
tion of ApCQO, was calculated for each month, and
that in September 1990 is shown in Fig. 8 as an
example.

For the gas transfer piston velocity and the gas
transfer coefficient, several equations have been
proposed as a function of the wind speed. Liss and
Merlivat (1986) and Etcheto and Merlivat (1988)
reported the gas transfer piston velocity of CO,
that depends on the wind speed and the Schmidt
number (Sc) (Jahne et al., 1984):

k(cm h™1) = 0.17U 4(Sc2/Sc)*?,

0<Up<36ms™, (4a)
k(cm h~") = [2.85U, — 9.651(Sc20/5¢)"2,

36<U,p<13ms™!, (4b)
k(cm h~')= [5.9U o — 49.31(Sc10/Sc)'7,

Up>13ms™, (4c)

where U, is the wind speed at 10-m height and
Sc, is the Schmidt number at 20°C. We used the
Schmidt number in seawater given by Wanninkhof
(1992).

Wanninkhof (1992) proposed 3 equations of
gas transfer piston velocity. Two of them should
be used with the short-term wind speed data and
another should be used with the long-term wind
speed data. They are quadratic functions of the
wind speed.
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o short-term:
(%)

« short-term with the effect of chemical enhan-
cement taken into account:

k(cm h=1) = 0.31U3(Sc0/5¢);

k(cm h™1) = [2.5(0.5246 + 1.6256 x 1021
+4.9946 x 10~%2) + 0.31U %]

x (Scq0/Sc); (6)

* long-term:

k(em h=') =0.39U2,(Sc,0/Sc) 2, (7)

where ¢ is SST (°C) and U, is the averaged wind
speed (ms~"').

According to Tans et al. (1990), the gas transfer
coefficient E is expressed as follows:

E(molm~2y~! ygatm~!)=0.016(U — 3);

Uz3ms™! (8)
E is taken to be zero for U <3 ms™". At present,
we can not state which equation would be most
reliable, hence we used all five sets of equations
(4)~(8) for the CO, flux calculation and compared
the results.

The other factors which make the current flux
estimations ambiguous is incomplete wind speed
data and its treatment. We used two data sets
of surface wind speed provided by JMA. The
GANAL data sets are made on the basis of the
radiosonde data for long-term weather forecasting
(JMA, 1990e). The meteorological elements such
as wind speed, temperature, isobaric height, etc.
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Fig. 8. Distribution of ApCO, in the central and western equatorial Pacific in September, 1990.
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are available twice a day with 1.875° by 1.875° grid
points. The monthly mean of wind speed (WSCLI
data set) is complied on the basis of observed wind
speed on board for the period from 1961 to 1990
(JMA, 1993b). The WSCLI data set covers the
North Pacific (0°-69° N, 100°E-70° W) with 1° by
1° pixels. If wind data are missing, we interpolate
zonally between contiguous data. The observed
monthly mean in 1990 is most appropriate data,
but the number of measurements in the equatorial
Pacific is too small to calculate CO, flux.

Wind speed data observed on board R.V.

Hakuho-maru during the cruise (W) were’

compared with the GANAL surface wind speed
data (WganaL) for the pairs of data at the same
time within 10 miles. The linear relationship
between W, and Wganar has been calculated
by the least squares method. W ., correlates fairly
well with Wganay:
Wopea =0.728WeanaL +243 (R=0.734). (9)
The deviations would be mainly attributable to the
mesoscale weather which frequently accompanies
stronger wind and is not represented in GANAL,
and somewhat to the paucity of radiosonde data in
the Pacific. The flux calculations along 150°W and
180° showed that the calculated fluxes based on
W ,sa are approximately 40% larger than those
based on Wganar- In the following calculations,
we used wind speed data transformed from the
Woanaindata set using the relationship (9). They
give approximately 10% smaller fluxes along
150°W and 180° than those based on W .

We calculated CO, fluxes by two methods with
respect to the wind speed. At first, the flux in each
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pixel was computed twice a day and accumulated
over a month. Secondly, the monthly mean flux in
each pixel was computed using monthly averaged
wind intensity.

The two-dimensional flux distribution in Sep-
tember 1990 estimated using Liss and Merlivat
equations (4a)(4c) by the accumulation of twice-
daily fluxes is shown in Fig. 9 as an example. The
larger ApCO, and generally higher wind speed
(6-8 ms~") in the equatorial region of the central
Pacific resulted in a larger CO, efflux from this
region, and the smaller ApCO, and generally
lower wind speed (3-4 m s ) resulted in a smaller
net flux in the western Pacific.

The results of the flux calculation are sum-
marized in Table 2, where the monthly mean wind
speed for 30 years gives somewhat low value as
compared with Wgana- The differences in flux
between each month, resulted from SST variation
and wind speed variation, are less than 6%. As
most wind speeds are in the “rough surface regime”
(3.6<U,y<13ms~!) where the gas transfer
piston velocity given by Liss and Merlivat is a
linear function of the wind speed (eq. (4b)), the
flux accumulated over a month and the flux
calculated based on the monthly averaged wind
speed exhibited only small differences if we use
their gas transfer piston velocity. This is also the
case when the gas transfer coefficient given by Tans
etal. (eq.(8)) is used. For the three equations
given by Wanninkhof (eqs. (5-7)), the computed
fluxes showed only 5% differences between those
two methods of calculation. The flux calculated
using the short-term equation (eq. (5)) from
twice-daily wind speed and that calculated using
the long-term equation (eq.(7)) from monthly

10°N | ——— M — N
a <0>= [ —_
4 i L
to —___o [’___/th{"—_:_fl/f?
o N .
T Eq- o 12 &_
:'3 } Si <i> 4 586 7 8'—'//:
g X fk\,—’»\u—_;t
—d
No Data \—"\Z"‘._z———\_xﬂ
10°8 - —
N mea NGRS e N
140°E 150°E 160°E 170°E 180° 170°W 160°W 150°W
Longitude

Fig. 9. Distribution of the CO, flux (in mmol m =2 d 1) in the central and western Pacific in September, 1990. CO,
flux was computed using the gas transfer piston velocity given by Liss and Merlivat (1986) and twice-daily wind speed

data,
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Table 2. CO, flux (MtC) in the central and western equatorial Pacific in September—November 1990

Flux (15°S-1°8) Flux (0°-10°N) Total flux
Eq. (MtC) (MtC) (MtC)

(Flux accumulated twice-daily flux over a month) GANAL GANAL GANAL
Liss and Merlivat 19.5 13.1 32.6
Wanninkhof (short) 30.2 21.1 513
Wanninkhof (short, chem) 36.6 26.8 63.4
Wanninkhof (long) 38.0 26.5 64.5
Tans et al. 423 29.0 71.3

(Flux calculated by using monthly mean wind speed) ~GANAL GANAL WSCLI GANAL
Liss and Merlivat 19.5 129 114 324
Wanninkhof (short) 28.9 19.8 18.5 48.7
Wanninkhof (short, chem) 354 25.6 244 61.0
Wanninkhof (long) 36.4 24.9 233 61.3
Tans et al. 422 29.0 25.7 71.2

averaged wind speed exhibited a significant dis-
crepancy. This is because the wind speed distribu-
tion can not be approximated to the “Rayleigh
probability distribution” in this case for the very
limited area and period.

Obviously, the uncertainty in the gas transfer
coefficient is the main reason for the ambiguity of
the CO, flux estimation. As shown in Table 2,
net CO, flux in the central and western Pacific
estimated are between 32.4 MtC and 71.3 MtC
per 3 months. A simple extrapolation gives
annual values between 0.13 and 0.29 GtC year ~*,
which have contributions between +0.06 and
+0.14 ppm year ~' to the atmospheric CO, con-
centration. As our observation was confined to
the west of 150°W and the net CO, flux from the
eastern equatorial Pacific east of 150°W is known
to be prominent (Murphy etal, 1991a, 1991b;
Lefévre and Dandonneau, 1992), we can not assess
the net CO, flux in the whole equatorial Pacific in
1990. However, it seems reasonable to assume that
the net CO, flux for the central and western Pacific
calculated here canbe approximated to a con-
servative estimate of the flux difference between
non-El Nifio period and an El Nifio period since
these regions had only a minor contribution to the
net air-sea CO, flux during the 1986/88 El Nifio
event (Inoue and Sugimura, 1992).

The contribution of the CO, flux imbalance
between the atmosphere and the ocean and/or the
terrestrial biosphere to the interannual variation
of the atmospheric CO, increase associated with
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ENSO event is still controversial (Siegenthaler,
1990). The decrease of CO, release between
0.13 and 0.29 GtC year~! from the central and
western equatorial Pacific during an El Nifio
period implies the equivalent increase of the net
CO, uptake by the ocean if the steady-state in
the global CO, air-sea exchange except for the
equatorial Pacific is assumed. Keeling et al. (1989)
evaluated the anomalous oceanic uptake of 4 GtC
in 1982/83 El Niifio by a double deconvolution of
the interannual variability of the atmospheric CO,
concentration and that of 5'*C of the atmospheric
CO,. It is more than one order of magnitude larger
than our conservative estimate. Volk (1989) and
Siegenthaler and Wenk (1989) evaluated the tem-
porary decrease of CO, evasion flux from the
equatorial Pacific into the atmosphere during
an El Nifio period using box models as 0.8 GtC
year ~! and 1.1 GtC year ~*, respectively. Winguth
et al. (1994) predicted a temporary CO, uptake of
0.6 GtC by the ocean in 1983 during the 1982/83
El Nifio using a three dimensional ocean circula-
tion model coupled with an oceanic carbon cycle
model. These three model estimates are rather
comparable to our estimate based on the direct
pCO, observations.

4. Conclusion

Measurements of CO, in and over the -central
and western Pacific west of 150°W were made
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during the period from September to December
1990. The data presented in this paper are available
on floppy disks from the authors and will be avail-
able from the Japan Climatic Data Center, Japan
Meteorological Agency.

The equatorial Pacific can be divided into two
areas with respect to pCO,(sea): In the eastern
high pCO,(sea) region east of 179°E with lower
SST, higher salinity and not-depleted nutrients,
pCO,(sea) showed a maximum value over
440 patm at 150° W, which is attributed to strong
equatorial upwelling. The pCO,(sea) decreased to
the west which can be explained by a combina-
tion of the effects of biological CO, uptake,
the probably less important DIC decrease due to
air-sea CO, exchange, and SST rise during the
zonal flow toward the west. The concentration of
nutrients became almost 0 umol kg ="' at 180°. In
the western region where SST was higher, salinity
was lower, and nutrients were depleted, pCO,(sea)
was nearly the same level as pCO,(air). The steep
change of pCO,(sea) in the equatorial Pacific
between 170°E and 179°E was accompanied
by a salinity change, i.e., the effect of rainfall on
pCO,(sea). This steep gradient region moves east-
west associated with ENSO phenomena.

In the subtropical region south of 12°S at
150° W and south of 10°S at 180°, the meridional
variation of pCO,(sea) was attributable to SST
variations through the thermodynamic effect. On
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the NECC flowing eastward between 5°N and
10°N, the pCO,(sea) was nearly the same level as
pCO,(air).

The net CO, flux from the sea to the atmosphere
in the equatorial zone of the central and western
Pacific was estimated as 0.13 to 0.29 GtC year~".
The ambiguity arises mainly from the uncertainty
of the gas transfer coefficients used. This flux gives
a conservative estimate of the flux difference in the
central and western equatorial Pacific between a
non-El Nifio period and a El Nifio period, and it is
comparable to the estimates by the model simula-
tions of the equatorial Pacific during an El Nifio
event.
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