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Abstract. Measurements of the partial pressure of CO, (PCO,) at the sea surface, dichlorodifluo-
romethane (F12), salinity, temperature, oxygen, nutrients, wind, and current velocities were made
during a cruise (January-March 1991) in the equatorial Pacific from Panama to Nouméa via Tahiti,
In the western Pacific (140°W to 165°E) the westward South Equatorial Current is well established.
Distributions of tracers show extrema near the equator in the eastern Pacific (from 95°W to 140°W),
indicating that the upwelling is especially active in this area. The zonal distribution of chemical
tracers is not regular because of intrusions of warmer water from the north associated with equatorial
long waves. The temporal changes in PCO, result from thermodynamic changes, biological
activity, and gas exchange with the atmosphere. In order to compare ‘the magnitude of these
processes, we assess the variations of PCO, (dPCO,) between two stations as the sum of
thermodynamic changes driven by temperature and salinity changes, air-sea exchange computed from
observed wind and difference of PCO, between the sea and the atmosphere, and the biological
activity estimated from the nitrate decrease and C:N ratio (106:16). The resulting assessed change in
PCQ, is in agreement with the observed change for 42 pairs of stations. Each of these pairs of
stations is thus considered as representing a simple water mass advected by the measured currents
between the two stations so that daily fluxes can be estimated. The contribution of CO, outgassing
to dPCQO, is low, between -0.2 to -0.0 patm d'. The thermodynamical dPCO, averages 0.7 % 0.2
Hatm dt in the mixed layer. The biological dPCO, (-1.5+ 0.5 gatm d!) is the highest in
absolute value implying an average value of new production along the equator of 72 + 25
mmolC m2d! (0.9+0.3 ¢C m2d") for the equatorial Pacific (130°W-165°E). This value is

very high and the overestimation could result from the simplistic description of the advection and
mixing of water. An attempt to account for these processes by constraining the net heat flux to 100

W m2 [Weare et al., 1981] reduces the estimate of new production to 58 mmolC m=d-!
(0.7 gC m-2d"). A mean upwelling velocity of 0.5 + 0.1 m d-' east of 140°W is calculated, based
on F12 undersaturations.

Introduction

The evolution of various advected properties of a body of wa-
ter can be quantified by estimating the fluxes into the water. In
certain areas, where horizontal advection is negligible, data
collected at time series stations are well adapted for such pur-
poses. Thomas et al. [1990], Wong and Chan [1991], and
Gargon er al. [1992] have thus assessed the role of photosyn-
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thesis in the annual cycle of carbon dioxide and oxygen at sta-
tion P in the North- Pacific. In other areas, surface water drifts
are important and measuring concentrations at a fixed point is
not sufficient for estimating fluxes. The diurnal variations in
surface partial pressure of carbon dioxide (PCO,) and O, have
been assessed along a drogue track during the North Atlantic
Bloom Experiment [Robertson et al., 1993]. The chhnges in
O, and PCO, were used to estimate net community production
and photosynthetic quotients.

Assessing the biogeochemical fluxes in the equatorial Pacific
is of major importance for the Juint Global Ocean Fluxes
Studies {JGOFS) objectives because the equatorial upwelling is
a stoug source of CO, for the atmosphere [Broecker er al.,
1986; Feely et al., 1987; Murphy er al., 1991; Inoue and
Sugimura, 1992; Lefévre and Dandonneau, 1992, Wong et al.,
1993]. Warming of upwelled waters with high-carbon content
and an intense biological activity [Chavez and Barber, 1987,
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Dugdale o al., 1992] wre the main processes responsibie for
the CQ), variations. This was the prime motivation for the
experiments carried out in 1992 along 140°W for the JGOI'S
program.

In the present work we use the results of 111 stations made
during the cruise (January-March, 1991) in the equatorial
Pacific from 95°W to 165°E. The first scction discusses sam-
pling and analytical methods. The distribution of surface
properties along the equator and on meridional transects is
presented in the second section. Property distributions
(presented in detail in the appendix) are discussed in the third
seclion using parameter-parameter plots (PCO,, nitrate, sea
surface temperature {SST), and F12) in order to distinguish the
relative effects of the surface warming, the upwelling, and the
bivlogical consumption on the PCO, distributions. In the
fourth section we separate physical and biogeochemical
factors which influence the PCQO. (i.e. nitrate, temperature
variations and CQ, evasion to the atmosphere) to simulate
PCO, variations. New production is estimated when the PCO,

. given by this simulation matches the measured PCO,. In the

castern Pacific an estimate of the upwelling velocity and new
production are done using F12 undersaturations.

The track followed during the cruise ALIZE 2 was mainly
along the equator with five short meridional sections (95°W,
F10“W. 125°W, 168°W and 165°E) and a section along 140°W
followed by a port of call in Tahiti where the ship stopped for
3 days and then sailed northward along 149°W. Figure 1 shows
the route of the ship and the direction of the observed surface
current. Hydrological and current data are presented by
Reverdin et al. {1991] and Eldin et al. [1992). During the

cruise the trade winds blew from the south-east near the equator

from 110°W to 180°W and they were slightly stronger than
the climatological monthly winds [NOAA, 1991]. Meridional
winds also seem to have been stronger but they show weaker
variations than the zonal component. From 180°W to 165°E
average winds were weak but highly variable.

During the cruise, the sea surface temperature was lower at
the cquator than at 2.5°S or 2.5°N from 95°W to 140°W (see
the appendix) suggesting that the equatorial upwelling is still
present. SST distributions compared with those obtained in
November and December 1990 (NOAA, 1990] suggest that the
upwelling was weakening. The temperatures were also about
2°C higher than those found by other authors [Feely er al.,
1987; Inoue and Sugimura, 1992; Wong er al., 1993] rein-
forcing this hypothesis. The equatorial divergence appears
very clearly on drifting buoy trajectories, especially in the
castern Pacific [NOAA, 1991]. Along the equator the sea sur-
face temperature increases from east to west (23°C to 30°C; see
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the appendix). In the eastern Pacific from 95°W to 127°W,
(luctuations in the temperature {ront associated with large
meridional current fluctuations were present. West of 127°W
the westward zonal current is well established and the
meridional current [Tuctuations are weaker. .

Sampling and Analytical Methods

Continuous measurements of currents and PCO, were ‘made
along the route followed by the ship. Conductivity tempera-
ture depth (CTD) casts to 1000 or 2000 dbar were obtained
cvery 2° on the equator and every 0.5 degree on the meridional
sections using a Neil-Brown Mark III probe fitted with a 12-
bottle rosctte sampler. Samples were taken in the upper ocean
at 111 CTD casts for measurements of oxygen, nutrient-
{nitrate, phosphate, and silicate), chlorophyll a, anu
dichlorodifluoromethane (CCl,F, or F12, only for stations 7
to 69). Eleven samples were taken at each cast in the layer
from 0 to 500 m depth. Using 12 samples at each station,
CTD salinity was calibrated with a Portasal salinometer from
Guildline {accuracy better than 0.01). CTD temperature was
calibrated before and after the cruise (drift less than 0.01°C).

Current measurements were made with a 150 kHz acoustic
doppler current profiler (ADCP) from RD Instruments. The
ADCP transducer was placed in a well 4 m below sea surface.

" The depth range of the ADCP varied from 250 to 270 m.

Zonal and meridional velocities are obtained with an error of
+5 ¢m s-1 on individual measurements. GPS navigation was
used to compute absolute vélocities [Eldin et al., 1992].

PCO, was measured using an open circuit equilibrator and a.
Siemens® infra-red- CO, analyzer calibrated twice a day. Sea
water was taken at 2 m depth and pumped to an air-sea equili-
brator with an open air circuit. Air-sea CO, equilibrium is
achieved in the main pipe of a “water pump" (i.e., a T tube
commonly used to suck in air through the pipe at right angles
when water flows through the main pipe,-;%ut which is used
here to initiate an air loop to and from the equilibrator at at-
mospheric pressure). Air bubbles and water are separated in a
plexiglass® box from which water escapes through a siphon
[Lefévre and Dandonneau, 1992). Because of the high flow rate
of water, the temperature variations in the water circuit were
tess than 0.1°C, measured with thermistors placed in the
equilibrator and at the water intake. The system was
alternately operated on atmospheric air and on equilibrated air
with commutation occurring once every 10 min. One value of
PCO, in sea water and one value of pCQO, in the atmosphere
were recorded during each 20-min cycle. The mole fraction
xCO, in dry air was converted into partial pressure using
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Figure 1. Cruise track with surface curvent divection.






PCO, = XCO, (Pyy - pl,0) (H

where Pygn = P/1023.15 is obtained [rom a pressure sensor
placed inside the main compartment of the equilibrator (P in
hi'a) and plL,O is computed at the interface conditions for the
temperiture varigtion in the water circuit using the formula
given by Qudot and Andrié [1989]. For the small range of
temperature variations (d1° < 0.1°C) this formula gives similar
results to those presented by Copin-Montegur | 1988, 1989].
The instrumental error on PCO, (nonconstant drift of the COG,
analyser belween two conseculive calibrations) could not be
separaled from the small-scale variability during the cruise
ALIZE 2. The average variability over distances less than
30 km was 8 Patm (one standard deviation).

Nutrients were analyzed from station 9 to station 113,
{ollowing the method of Strickland and Parsons [1972] with a
Technivon Autoanalyzer II, GF/F. For nitrate concentrations
less than 2 Pimol 11! the high-sensitivity method described
by Qudot and Montel {1988] was used.

Dichlorofluoromethane (F12) samples have been taken with
100 m! syringes from ecach Niskin bottie of station 7 to
station 69. Unfortunately, the trichlorofluoromethane (F11)
data had to be rejected because of a contamination of the
bottles. The F11 contamination ranges between 5 to 20 times
the oceanic surface concentration, depending on the sampling
bottles. The estimated F12 contamination varies depending
on the Fl1 contamination level but is always less than a few
percent of the total F12 signal. A minor F12 correction ielated
lo the contamination has been accounted for. The samples
were analyzed by a chromatographic method [Bullister and
Weiss, 1988] with electron capture detection and data are
reported on the Scripps Institution of Oceanography (SIO)
scale. The detection limit was around 0.05 pmol kg-! with a
reproducibility on surface samples on the order of [%. Data are
expressed in percentage deviation from atmospheric
solubility equilibrivm {Warner and Weiss, 1985].

Sceawater samples of 100 ml were collected and filtered on
Whaunan GFF filters for chlorophyll a estimation. The filters
were frozen and analyzed at the ORSTOM laboratory in
Nouméa (New Caledonia) using the instructions outlined by Le
Bouteiller et al. [1992].

Surface Hydrological and Chemical
Properties

Figure 2 shows the zonal spatial structure of surface
properties during the cruise. The upwelling is active
especially in the eastern Pacific. The highest surface values of
nutricnls are observed around 95°W, associated with F12
undersaturations with respect to the atmosphere, and are
located near the equator. Maxima in PCO, and nutrients
observed south of the equator (2.5°S) at 110°W suggest that
upwelled water has been drifting at the surface for a few days. A
detailed description of the property distributions is given in
the appendix.

The distributions of chemical properties were disturbed by
the intrusion of warmer and less dense waters due to equatorial
long waves both at the cquator at 128"W and north of the
cquator along the 110°W transect. The waters were nutrient-de-
pleted, undersaturated in CO, and near the FI2 cequilibrium
conditions with the atmosphere.

From H0'W o 165°E, no cold upwelled water way observed
at the surlace. Nutrients values decrease westward while the
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temperature increases. The PCO, values remain high which
probably result from advection and warming. In the central
Pacilic a westward current way well established and the domi-
nant process was the warming, together with biological
activity.

The PCO, evolution is conuolled by biogeochemical and
physical processes. In order o separate the different processes
responsible for the PCO, distribution, we have studied PCO,
(or [F12) versus temperature plots and PCO, versus NO, plots,

We observe large differences along the equatorial section.
Because the upwelling decreases to the west the water becomes
poorer in nutrients and gaseous CO, as it is warmed. The
PCO,-8ST plot (Figure 3a) clearly distinguishes the upwelling
input (high PCO, and low temperature) in the 95°W area from
waters warmed further at 140°W-149"W. The upwelling effect
is shown on the F12-temperature plot (Figure 3e). The plot of
F12 undersaturations versus the temperature is also given for
the 95°W data at 30m depth. The regression line
(slope = 9.87; correlation coefficient r= 0.97) is given as an
empirical reference for the upwelling influence. The surface
data at 95°W lie near the regression line and show important
undersaturations (down to -10%). Station 8 (2.07°N, 95.40°W)
is subject to a warm water flow (SST = 25.8°C) associated with
FF12 near saturation (-1.1%) and presents a PCO, (328 patm)
below the atmospheric PCO, value (349 £ 5 Jatm).

At 110°W, the north-south. gradient shown on the meridional

distribution (see the appendix) appears clearly on Figure 3a.
The effect of the upwelling is persistent only to the south. The
temperature and the salinity of the water in the northern part
of the transect at 110°W were close to those of the water at
95°W, 2°N, indicating that they both originated from intru-
sions of warm oligotrophic water from the north caused by
equatorial long waves [Eldin er al., 1992].
. On the 140°W-149°W transect to Tahiti, the F12-SST plot
(Figure 3e) does not show a significant trend and the up-
welling effect does not appear. The PCO,-SST plot (Figure 3a)
shows an unexpectedly high negative correlation (r = -0.98).
The slope of the PCO,-8ST plot has the opposite sign of that
expected if warming of surface water was mainly responsible
(the commonly admitted 4% increase per degree Celsius
[Copin-Montégut, 1988]). It likely results from biological ac-
tivity in addition to mixing with CO, equilibrated warm waters
from the south tropical Pacific. Negative slope between PCO,
and SST was also observed by Watson et al. (1991] in a
phytoplanktonic bloom. They explained it as a result of bio-
logical activity rather than physical mechanism. Moreover,
they vbserved a strong covariation of chlorophyll and carboan.
We do not observe a strong correlation between PCO, and
chlorophyll in the equatorial Pacific, where the grazing is
often considered to play an important role [Walsh, 1976;
Cullen et al., 1992; Minas and Minas, 1992]. From 140°W to
165°E we observe a strong PCO,-SST negative correlation
(r =-0.91, Figure 3b). The tendancy to have a 24 Hatm
PCO, decrease per 1°C increase is again suggesling that the
warming effect does not determine this spatial structure.

Hence the PCO,-SST relationship is always different from the
4% per degree Celsius temperature effect which contrasts with
the PCO.-SST correlation observed in the cquatorial Atlantic
1945, 1986G]. Tt is
interesting to note that this happens despite similar cast-west

veean [Swmethie et al., Andrié et al.,
temperature gradients i the two veeans. The importance of
Imological activity for the change ol PCO, o the equatorial
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Figure 2. SST, F12, salinity, APCO,, NO,, surface distributions. The dots represent station positions.

Pacific will be illustrated by discussing the relation of PCO,
with other nutrients.

On the PCO,-NO, plot (Figure 3c) the high PCO, and nutrient
concentrations correspond to the colder waters, and the
warmer station 20 (0°, 104.53°W) (SST = 25.4°C) is poor in
nutrients (NO; = 1.85 {imol I-1). We interpret the north-
south difference at 110°W as an influence of upwelling to the
south, and of the north equatorial countercurrent to the north.

At 140°W-149°W the PCO,-NQO; correlation is very strong
(r=099). As shown by the F12 meridional distribution the
upwelling was less active at 140°W but we noticed that a
sauthwestward current transports the water which was upwelled
farther east, This water, initially rich in PCQO, and nutrients,
possibly mixes with oligotrophic nutrient-depleted waters
cquilibrated with the atmosphere; in addition nutrients are also
depleted during advection. PCO, is well correlated with SS'T
(r = -0.98) and NO, (r= 0.93) at Y5°W but the correlation with
SST is a little stronger, suggesting that this distribution of
PCO, is related to water masses. We can assume that a weak
consumption by phytoplankton decreases the stock of
nitrates and of total CO,. The weuak consumption has a
relatively small effect on the CO, which is never a limitating

factor for biological activity. The correlations with nitrate
{(PCO.-NO;, SST-NO;) are then not so high as a correlation
including only dynamic properties. From 140 W to 16571 we
observe a positive correlation between PCOa and NO; (r=0.92)
(Figure 3d) and a negative correlation between PCO, and §S'T
(r=-0.91) (Figure 3b). As westward surface currents were well
established from 127°W to 165°E, we can assume that the
upwelled water, rich in CO, and nutrients, flowed westward and
that the biological activity and/or an upwelling of warmer
water explain the decrease of both PCO, and nitrates. The zero
level of nitrate observed at 165°E is likely the result of a
consumption by phytoplankton and/or a mixing with
oligotrophic waters.

Estimate of Upwelling Velocity in the
Eastern Pacific

For the eastern Pacific, for which F12 was measured, we
estimate an upwelling velocity, assuming that the surface
cquatorial water is upwelled water modified by exchange with
the atmosphere only and that the system is stationary on the
short time scale which corresponds to the equilibration time
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Figure 3. (a) PCO,-SST scatter plot from 95°W to 140°W.
Open circles represent data along 95°W. pluses represent data
south of the equator along 110°W, crosses represent data north
of the equator at 110°W, asterisks represent data along 140°W-
149°W, and dots represent data at the equator. (b) PCO,-SST
scatter plot from 140°W to 165°E. Open circles represent data
along 168°W, asterisks represent data along 165°E and pluses
represent data elsewhere. (¢) PCO,-NO, scatter plots from
95°W to 140°W. Open circles represent data along 95°W,
pluses represent data south of the equator along 110°W,
crosses represent data north ot the equator at 110"W, asterisks
represent data along 140°W-149°W. and dots represent data at
the equator. (d) PCO.-NQO; plots from 140°W to 165°E. Open
vircles represent data along 168"W, asterisks represent data
along 165°E and pluses represent data elsewhere. (e) FI2-SST
scatter plot from 95°W to 140°W. Open circles for surface data
along 95°W, dark circles for data at 30 m depth, pluses for
data south of the equator along 110°W, crosses for data north
of the equator along 110°W. stars for data along 140°W-
149°W and dots for data at the equator.
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of the surface layer with the atmosphere (on the order of |
month). The depth from which the upwelled water originates
(z) is considered to be between 40 and 100 m for-the eastern
Pacific [Fiedler et al., 1992]. In this work we consider z about
10 in deeper than the depth where F12 concentration starts
diminishing (z ranges between 50 and 110 m from 95°W to
140°W). The upwelled flux of F12 is w x (F12, - F12,), where w
is the upwelling velocity, F12, is the F12 concentration in
surface waters, and F12, is the F12 concentration at the depth
z. The flux of F12 exchanged at the air-sea interface is
Kol F125at - F12,) where kgpq is the F12 transfer coefficient
(Warner, 1988} and Fi2sat is the saturation value of F12. The
upwelling velocity can then be obtained as .

w = kgpp x (F12sat - F12)(F12, - F12;) )

West of 130°W the mixed layer is deeper and the property
distributions (see the appendix) do not show cold nutrient-rich
upwelled water. Moreover, surface waters are supersaturated in
F12. In some cases the distribution of F12 does not provide a
positive velocity (Fl2sat < F12, due to warmed- surface
waters): The upwelling velocity is then set eyual to zero and
is not taken into account in the average. The average
upwelling velocity (caleulated with 27 stations) for the
castern  Pacific (95°'W o 130 W) iy estimated as
0.5x0.1 md-! (extremes are 0.0md-tand 1.3 md-!).
Feely er al. [1987] interpreted apparent F12 undersaturations
in the same way to yield mean upwelling velocity on the order
of 0.1-1 m d-t. Wyrtki [1981] estimates a resulting vertical
upwelling at 1 md-! but agssumes that the actual upwelling
velocity at the equator could be much larger. Halpern [1980]
found a maximum velocity at 2.5 m d-! at the equator near
110°W. More recently, Halpern et al. {1989] estimated a 2
m d-! upwelling velocity. The average value of 0.5 md-!
obtained here is low, which suggests that the upwelling was
weak during the cruise. This is supported hy the study of the
seasonal climatology of currents by Powlain [1993]. which
shows that the upwelling velocity is weaker during the
northern winter. The SST distributions compared with the
distributions a few months earlier [NOAA, 1991] and
comparison with other studies {Feely et al., 1987, Wong et
al., 1993] confirm this hypothesis (see the description at
168"W., for example, in the appendix).

Estimates of PCO, Changes and New
Production

As we have seen in a previous section (Surface Hydrological
and Chemical Properties), the distribution of PCO, cannot be
explained by one single process. Here we estimate physical
chemicul, and hinlogical processes alfecting the distribution
ol PCO, by modeling the observed vartation of PCO; between
twa stations. The method that we use is based on the assump-
tion that the water masses advecet horizontally between pairs

of stations: i.c.. we do not take into account horizontal or

vertical mixing nor equatorial upwelling. The observed
currents at the time of the cruise define these advection paths,
and a model of the PCO, changes is used to test which of these
paths are compatible with the abave assumptions. In the
castern Pacific the upwelling velocity estimated by F12
measurements 1s low and the upwelling effect will be discussed
fater. In addition to the limits relative o the dynamies. this
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treatment is approximative because we did not measure the
TCO, concentration and butfer lactor.

We examine all station pairs. A (upstream) and B
{(downstream) consecutive or not, but not separated by more
than 1000 km, and retain those for which we can admit that
station B water results from a drift of station A waler.
Estimates

Principles of Carbon Flux

PCO, changes (dPCO,) are caused by thermodynamics (SST -
and salinity), biological activity, and CO, evasion:

(a) Thermodynamic changes (dPCO,(T, S)) are computed for
SST according to Oudot and Andrié¢ [1989]:

In PCO, = InPCO,, + (T - T,).(4.17 x 102 - 3.78 x 106 PCO,,)
: (3)

where T, and PCO,, are the upstream observations. This
formula gives resulls that are very close to those obtained
using Copin-Montégur ‘s [1988, 1989] relationship.

(b) The salinity dependence of PCO; is expressed by the
Weiss et al's [1982] relationship:

d(ln PCO,)/dS = 0.08620 - 1.272.1073 §, (4)

(c) The biological activity, reflected in changes of the surface
water nutrient concentrations. leads to a PCO, change
(dPCO4(bio)) using the Redfield ratio 106:16 and assuming a
buffer factor of 8.5 ([nowe and Sugimura, 1992):

dPCO,(bio) = ((106/16)ANO, { TCO,) x 8.5 PCO, (5)

Dugdale er al. [1992] measured C:N uptake ratios with C and
15N, respectively, along a meridional section at 1S0“W in the
equatorial Pacific. Their value at the equator (7.37) is close to
the Redfield value.

{(d) The CO, exchange with the atmosphere (F) was previously
estimated [Lefévre and Dandonneau, 1992] using the Liss and
Merlivat's [1986] relationship, shipboard winds, and PCO,
measurements during the cruise ALIZE 2. The variation of
PCO, due to the flux (dPCO4{atm)) is calculated by:

dPCO(atm) = -8.5 PCO, x FX 1/ (TCO, x HX V) (6)

where TCO,, is the upstream concentration of total inorganic
carbon: We adopted a constant TCO, value equal to
2040 pmol kgt as done by [noue and Sugimura [1992].
Specifying other TCO7 values in the realistic range from 2000
to 2050 pmal kgt leads o a variation of dPCO,(bio) and
dPCO,(atm) less than only 1 fatm, which is negligible
compared to the range of variations investipated. H is the
depth of the mixed layer, FF is the CO, flux, 1 is the distance
between two stations, and v is the current velocity. The flux
and the current velocity are averaged between the upstream and
the dowastream stations. The depth of the mixed layer is
estimated from the temperature and density profiles at cach
station [Reverdin et al., 1991 and ranges between 20 and
125 m.

Results of this computation give a vajue of downstream PCO.
which is then compared with the observed PCO, value, We
rejected A-B pairs fur which the difference between pxi:diclcd
and observed PCO, was greater than the short-tern variations

of PCO, (i.c., greater than 8 Hatm, which corresponds to




average standard deviation of the PCO, observations over less
than 30 km.

For a valid assumption of water advection the current must
flow [rom the upstream station A in the direction of the
downstream stalion B. We assign that the observed current

vectors must not diverge from the A w B direction by more

than 457,

Results and Discussion

Tuble 1 shows all pairs of stations which satisfied the
conditivns listed above and the corresponding dPCO,. The
dPCO, values are divided by the drift time /v between the two
stations to convert them into daily dPCO,. For each upstream
station, there is often more than one downstream station. All
the estimates of dPCO, for the corresponding pairs are
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averaged prior to computing the overall average. Generally,
dPCO,(bio) is larger than dPCO,(T, S) and even more than
dPCO,(atm) (Figure 4). The mean value of all the dPCO,(bio) is
-1.5 £ 0.5 gatm d-'» while the contribution of CO,
outgassing is very small in all cases with an average value of
-0.1 patm d-', and the thermodynamical effect averages
0.7 £ 0.2 patm d-! which reflects the cast-west warming.
The dispersion in biological fluxes is large (Figure 4) with a
rms ol 2.1 compared to a rms of 0.8 for thermodynamical
fluxes.

It is noteworthy that the model did not work in the castern
Pacific, except for two station pairs. We attribute that to the
nonzonal surface circulation between 95°W and 140°W (Figure
1), so that we are less certain of advection paths, and also to
the unreasonable nature of the assumptions on stationarity

Table 1. Results of the Simulation for Each Pair of Upstream and Downstream Stations.
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station and the une at the upstream station.

Longitude | Longitude dNO;, dPCOs,, dPCOLT.S). dPCO4(biv). dPCOLtaum). NP,
Upstream Downstream  punol/l pHatm Hatmn patm Halin mmol m-=2 7!
137.92°W 140.00°W -4.64 -53.6 2.6 -55.9 -1.4 2379
137.92°W 140.00°W -4.09 -5 4.1 -49 .3 -1.6 209.7
150.00°W 152.85°W -0.59 -11.8 -3.4 -6.9 -0.2 ) 48.0
T 150.00°W 154.73°W -0.16 -¥.0 -4.2 -1 0.2 9.7
150.00°W 160.55°W £.30 20.6 0.0 15.2 -1 -33.0
152.85°W 154.73°W 0.43 - 3.8 -0.8 4.9 -0.2 -69.5
152.85°W 160.55°W 1.89 32.4 3.4 21.5. -1 ‘ <7006
152.85°W 162.47°W 0.04 14.2 117 0.5 -0.9 ‘ -1.0
154.73°W 160.55°W 1.46 28.6 4.2 16.7 -1.0 o408
154.73°W 162.47°W -0.39 10.4 12.6 -4.5 -0.7 8.2
154.73°W 164.62°W -0.95 -1.6 14.7 -10.9 -1.6 16.0
156.42°W 158.32°W -0.65 -6.0 2.3 -7.8 -0.6 77.1
160.55°W 162.47°W -1.85 -18.2 9.0 -22.7 -0.2 J08.0
162.47°W 164.62°W -0.56 -12.0° 2.1 -6.6 0.4 4.9
162.47°W 1GR.25°W -0.04 5.9 1.4 -0.5 -0.4 1.1
164.62°W 166.58°W 0.98 13.4 4.2 1.2 -0 1623
164,62°W 1G8.25°W C0.64 12.4 1'2.8 7.3 -0.2 -34.5
164.62°W 168.25°W (.52 179 9.0 5.9 -0.2 -0
164.62°W 168.26°W 0.39 14.3 4.8 4.5 -0.3 -37.5
166.58°W 168.25°W -0.34 -1.0 8.8 -4.0 -0.0 73.4
166.58°W 168.25°W -0.46 4.5 5.0 -5.4 -00.0 100.0
166.58°W 168.26°W -0.59 0.9 0.7 -7.0 -0 141.1
172.20°W 174.27°W 0.24 5.2 0.7 2.8 -1.0 S22
172.20°W 176.25°W -0.78 0.1 2.3 -9.0 -1.2 41.2
172.20°W 178.25°W -0.46 4.8 10.4 -5.3 -1.4 16.7
172.20°W 179.75°E -0.65 3.5 6.1 -1.5 -1 17.7
172.20°W 177.75°E -2.09 -11.0 1.0 -24.1 229 44.5
174.27°W 176.25°W -1.02 -5.1 1.6 -1t -0.5 1493
174.27°W 178.25°W -0.70 -0.4 v.8 -8.2 -0.8 52.7
174.27°W 179.75°E -0.89 -1.7 5.5 -10.4 -1.2 4.3
174.27°W 177.75°L -2.33 -16.2 10.3 -27.2 -1y 840
176.25°W 178.25°W 0.32 4.7 8.1 3.7 (0.1 DR
176.25°W 179.75°E 0.13 3.4 3.8 1.5 -0.3 100
176.25°W 177.75°L -1.31 -1l 8.6 -15.1 07 05 R
178.25°W 179.75°E -0.19 -1.3 -4.3 -2.2 -0 40 4
178.25°W 177.75°C -1.63 -15.8 0.5 -19.0 0.2 1OY.0
179.75°E 177.75°E -1.44 -14.5 4.8 -16.% -0 2967
175.75°T 173.82°E -0.306 -3.7 2.6 -39 -0 1 60y
175.75°% 169.75°F 0.43 14.2 4.5 4.7 -0 8 SUN
173.82°F 171.75°E 0.24 5.2 9.4 2.6 000 110
173.82°F 169.75° 0.79 17.9 i.v 8.5 -0.2 04 5
[71.75°E 167.75°L: -1.28 -14.9 0.4 -14.0 -0 s 7
NP is the new production. Varigtions in nitrates and dPCO, represent the dilference between the value at the downstream
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Figure 4. Histograms of thermodynamxcal dPCO,,

biological. dPCO,, and CO, outgassing from the simulation run
between 95°W and 165°E (no pairs were included for the
longitudes 95"W-130°W hecause the condition dPCO, < §
patm was never fullfilled). The ordinate axis represents the
number of estimates for each 0.25 Latm d-! bar for dPCO4(T.S)
and dPCO,(bio) and for each 0.05 patm d-U bar for
dPCO,(atm). The arrows represent the average value for each
term.

and to the neglect of horizontal and vertical mixing and
vertical upwelling. All these terms are expected to contribute
in the castern Pacific, where we have found traces of equatorial
long waves [Eldin er al., 1992] and of upwelled water in the
surface layer.

We did not find evidence for an east-west gradient in the
thermodynamical and biological fluxes. Indeed for this cruise,
Le Bouteiller and Blanchot [1991] show an homogeneity in
the zonal distribution of phytoplankton for the whole en-
richment area due to equatorial upwelling.

Far the plausible upstream and downstream stations, daily
rates of new production (NP) can be estimated as follows :

7 NP =(106/16) x dNO; x H/{v’ # )

They are presented in Table 1. The average value of NP is es-
timated at 0.9 0.3 gC m-2 d-t. This value is high
compared with other estimates: Chavez and Barber [1987]
estimate a new production for 90°W-180°W, 5°S-5°N, of 1.9
1045 ¢C yret (0.40 gC m2 d-!) using Wyrtki's {1981] model.
Wong er al. [1993] estimate that NP was reduced by 0.180-
0.360 ¢C m-2d-! during the 1986-1987 El Niho event.
Dugdale et al. [1992] found a NP of only 0.113 gC m-2d-! for
equatorial stations at 150°W. Our estimate of NP is unprecise
and probably too large.

The somewhat unrealistic hypothesis that water from station
A could flow to station B can be tested against a similar
approach involving the estimation of the net heat flux into
the mixed layer. The average heat flux in the mixed layer for
the selected pairs of stations is 180 W m-2, and this value is
higher than the global mean value of 100 Wm-2 given by
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Weare et al. (1981}, The excess of 80 Wm? can be the result of
mixing with neighbouring warmer waters. This difference
leads to a 0.016°C d-! increase which can be converted in a
reduction of the NP by 0.2 gCm-2d-! using the Redfield ratio
and assuming that the NO,-T slope at the surface is equal to 2
UM per degree Celsius (as indicated by the measurements at
140°W and by unpublished results from the centre ORSTOM de
Nouméa, 1988). However the heat flux is a poor constraint as
our high value can be the result of high spatial and temporal
variabilities in the current and thermal fields rather than of
pure mixing.

In this computation the upwelling was not taken into ac-
count. The simulation using the previous estimates of up-
welling velocity did not change the selection of pairs of sta-
tions in the eastern Pacific (very few pairs of stations verified
the conditions for advection in the east because of the variable
surface currents). A weak upwelling velocity has a small effect
on our estimates of the CO, changes. We should. however,
comunent that the upwelling velocity provides an independent

© way to estirhate "local” NP by considering the local supply of -

nitrate in the mixed layer using the relationship :

NP = w x (106/16) x (NO;, -NO; - (8)
where NO,, is the nitrate concentration at the depth z and
NO, ( is the value in surface waters. Despite the large uncer-
tainty in vertical velocity due to the choice of depth for the
upwelled water, the uncertainty is less for NP because the same
level is retained for F12 and NO,. This estimate of NP where
upwelling occurs averages only 11.4:+ 1.8 mmolC m-2 d-!
(0.14 £ 0.02 2C m-2d-t. extremes are 0.3 and
38 mmolC m-2d-1) from 95 W to 130"W. The NP due to
local upwelling should be smaller in the western Pacific where
no large nitrate supply from deep waters is found (see the ap-
pendix).

Conclusions

The ALIZE 2 cruise was an attempt to collect dynamical, CO,,
and tracer data in a quasi-synoptic fashion across the equato-
rial Pacific and provides an interesting data set for early 1991.
We will mention the limitations of this survey: in particular
the absence of CFC measurements in the western Pacific which
would huve allowed estimations of upwelling velocities and
the luck of reliable primary production measurements. Also
the synoptic circulation pattern is only partially known and
the presence of long waves in the eastern Pacific is
responsible for the difficulty in interpreting the PCO, data in
the castern Pacific.

The surface property distributions show that the upwelling is
active, especially in the eastern Pacific. At about 140°W no
cold upwelled water appears at the surface. F12 undersatura-
tions (from 95°W to 130°W) correspond to an average up-
welling  velocity of 0.5 0.1 md-'. which is weak
compared with other studies [Wyrtki, 1981 : Halpern et al.,
198Y9]. From this velocity, a new production caused by local

upwelling is cstimated as 11.4 £ 1.8 mmolC m-2 d-!. We
should however comment that the Januvary-March 1991

upwelling was weaker than that of a few months carlier [NOAA
1991].

Because of the upwelling of cold thermocline water, the equa-
torial Pacific is supersaturated in PCO; with respect to the at-
mosphere and is a strong source of CO, for the atmosphere,
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with an average flux of 4.88 mmolC m-2 d-! for this cruise
|Lefevre  and  Dandonneau, 1992] compared to
1.23 mmolC m™-2 d-t for the equatorial Atlantic between
2578 and 2.5°N from Andrié er al. [1986]. The low
chivrophyll concentrations  we  encountered show  that
production was probably limited by grazing or lack of iron at
the time ol the cruise. Ttowever the biological activity is the
most important in causing the changes ol PCO, in surface
walters. The new production averages 72 % 25 mmolC m2 -
P09 03 gCm2d ), de., one order of magnitude greater
thun the CO; evasion flux, This estimate is higher than all the
previous estimates by other authors and is possibly the effect
of our simplistic approach. The relative influence ol biology.
thermodynamics and outgassing on PCO, is however valid.
Daily thermodynamical and biological variations of CO, show
a great variability and no cast-west trend appears (from 130°W
to 165°E).

As was noted carlier, one of the major limitations of this
study iy the lack of adequate information on the circulation.
This should be partially corrected in the future because of a
comprehensive effort to sample the equatorial Pacific surface
-by drifter that has taken place since 1989. The data set
represents a snapshot of the _properties ol the equatorial
Pacific and more than one survey would be necessary to con-
strain the global carbon cycle. We are also hopeful that the
improvements of the numerical models and wind forcings will
make it possible to realistically simulate the circulation dur-
ing the time of the ALIZE 2 cruise and to test the relative im-
portance of the various processes controlling PCO,.
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Appendix:  Zonal and Meridional Secctions of
Surface Properties
Disteibution at the Equator

The equatorial distributions ol surface nitrate, phosphate, sil-
wate, temperature, salinity, PCO,. F12, and chlorophyll ¢ are
given in figure Al. Temperature regularly increases to the
west, and salinity is quite uniform in the western Pacific
exeept for a decrease at 170°E. Upwelling produces the highest
surface values of nulrients around 95°W. Nitrates decrease to
the west as a result of the upwelling decrease noticeable in FI2
distributions. Highest F12 undersaturations occur near 95"W,
then the water becomes less undersaturated westward. The
vonal gradients of nitrates in the central western Pacific
exhibit Tewer fluctuations than in the castern Pacific where the
currents were more variable. In particular, large meridional
oscillations are present.

AL TOS W low values ol nutrients are assuciated with warm
(Thax = 25.4 C) und tresher water (8 = 34). At this longitude
the distribution of F12 indicates ncar-c‘quilibrium conditions
and PCO, is relatively low (PCO, =370 patm and -0.5 %
saturation in F12), the mean atmospheric PCO, value was
349 & 5 Jlatm during the cruise. This water mass probably
originates from the warm pool north of the equator and is
drawn southward by the equatorial long waves [Eldin et al.,
1992].

Similar features, while less pronounced. are encountered at
128°W. The water is a little warmer and less dense and is
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Figure Al Surface properties versus longitude alony the equator for SST. salimty. F12. PCO,. muate.

phosphate, chlorophyll a, and silicate.




12,648

characterized by lower nutrients and lower PCO,.
Nevertheless, the atmospheric equilibriuin conditions are not
yet reached because this water is still slightly undersaturated
in 12 and supcrsaturaied in PCO, (390 Watm). These
ohservations are similar to those encountered in the northern
part of the transects at 110°W and 140°W. The equatorial
Pacific is always supersaturated in PCO, except sometimes in
the eastern Pacific where equatorial long waves are associated
with important troughs in nutrient distributions and low
PCO.,. The westward decrease of PCO, due to CO, evasion and
biological pump is counterbalanced by the warming which
increases PCO, and the oceanic PCO, remains abave the
atmospheric PCQO, value.
95" W

The hydrological features associated with the equatorial up-
welling are quite noticeable (Figure A2) in salinity and sea
surface temperature with progressive warming and freshening
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north of I°N. At 1°N the surface temperature is 23.03°C and
the salinity is 34.5, shifting to equal 25.8°C and 33.4 at 2°N,
respectively. As F12 is a conservative tracer, its distribution
contributes to the separatation of the circulation from the
biology. The most important F12 undersaturations are near 0°-
1N (relative saturations <91%) and are well correlated with
nutrient distributions. The upwelled water is characterized by a
temperature of 23°C, a mean salinity of 34.7 and high surface
values of nitrates, phosphates, and silicates. It is likely that
south of the equator the remnant of cold and salty waters must
be more the result of meridional advection of upwelled waters
than of upwelling itself, as the water is near the equilibrium
conditions in F12. The largest surface supersaturations in
PCO, extend from 1°S to 1°N. The surface maximum is located
slightly north of the equator at 0.5°N and is consistent with
the SST minimum of 22.8°C at 0.5°N.

- The influence of the upwelling is not noticeable in silicates
where low values appear at the surface south'of the equator.
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Figure A2. Surface properties versus latitude along 95°W for SST, salinity, F12, PCO,. nitrate,

phosphate, chlorophyll ¢, and silicate.
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Figure A3. Surface properties versus latitude along 110°W for SST. salinity. F12. PCO,. nitrate.

phosphate. chlorophyll a. and silicate.

This depletion is probably caused by consumption by
diatoms. North of 0.5°N, nutrients decrease and lower values
are observed farther north. A peak of 0.31 mg m-? in
chlorophyll a is present; the decrease of chlorophyll starts
after 0.5°S, while high values of nitrates and phosphates are
present further south. The decrease in silicates is strong,

sugpesting that the bloom includes diatoms. Values of

chlorophyll @ are low in the equatorial Pacific but relatively
high values are found in the upwelling zone (0.3 mg mn-3)
compared with values obtained during the cruise. confirming a
biological activity. There is a north-south gradient in
chlorophyll « which also seems to be also in nitrate
distributions. In the absence of adequate measurements it is
reasonable to generalize that the waters at L.5°N-2°N, which
are ncarly equilibrated with the atmosphere, are low in
nutrients as is also observed at other stations during the

cruise. Toward the west, at the equator, the water F12 is closer
to saturation. High values of PCO, are maintained because the
exchange with the atmosphere is slower and the warming
increases PCO,. The salinity increases. and the nutrients
decrease while the chlorophyll increases.

Clearly, the water at 2°N is different from the upwelled water;
it is warmer (25.8°C) and less dense ($=33.4), and the distribu-
tion of F12 shows that this water is close to equilibrium with
the atmosphere. This water is undersaturated in PCO, and is a
sink of CO, for the atmosphere.

110°W

The upwelling is weaker at 110°W (Figure A3) than at 95°W,
according to the lower nutrient levels and smaller deviations
fromm saturation equilibrium for CO, and F12 found in the sur-
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Figure Ad. Surface properties versus latitude along (lop) 140°W and

salinity, F12, PCO,. niwate. phosphate. chlorophyll a .

and silicate.
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face waters at 110°W., The distributiong along the 110°W tran-
sect show a strong north-south asymmelry in temperature,
salinity, NO;y, POy, F12. and PCO, distributions. The pradient
is less pronounced on the silicate distribution. From 0.5°S to
I'N the water is undersaturated in F12, indicating that the up-
welling occurs in this area. The maxima of PCO, and nutrients
are observed south of the equator (2°S) suggesting an advec-
tion to the south of the upwelled water (SE current). The near
equilibrium conditions in F12 show that the upwelling has not
been recently active despite the high levels of nutrients,
probably because nutrients are not consumed as fast as F12
reequilibrates with the atmosphere. The north-south asymune-
ury of nutrients (except for the silicates) is not found in the
chlorophyll distribution. The distribution ol chlorophyll « is
quite uniform and low. High nutrient-low chlorophyll waters
(HNLC) are observed in the south.

AUL'N, SST. salinity, PCO,_ and NOj; distribulions suggest
that upwelling is not active. From 1.5°N to 2.5"N the water is
near the equilibrium conditions and is even slightly supersatu-
rated in F12 because of the warming effect. The absence of up-
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welling north of 1.5°N is associated with low CO, and nutrient
concentrations that correspond to the intrusion of warm and
less dense water from the northwest. In the north, surface
waters are warmer (25°C) and display a low salinity (34.2)
comparable to the that found at the equator at 105°W.

140°W-149°W

At 140°W, to the north the water is supersaturated in Fl2
(Figure A4), which can originate from the warming effect on
an initially undersaturated upwelled water. Because of rapid
exchange (10-100 days) and warmer upwelled water the FI2 is
still near the equilibrium with the atmosphere even near the
equator. The meridional temperature transect indicates that the
upwelling is centered at 1"N. Near the equator the westward
surface current is divided into two parts by a current flowing
toward the northeast. The southwestward current (south of 1°N)
is associated with high values of nitrates.

At 5.5°S, temperature and salinity increase and nitrates and
PCQ, decrease. A large change in the currents is present at
7.5°S. This -change is also identified in the temperature and
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Figure AS. Surface properties versus latitude along 168"W for SST. salinity, 12, PCO,. nirate.
phosphate. chlorophyll a. and silicate.
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salinity plots and this latitude is associated with an undersatu-
ration in FI2. The southwestward current reverses and
becomes southeastward and weak at the latitude of the
Marquises islands. South of this latitude, temperature -and
salinily increase owing to the intense evaporation south of
13"S [Hayes, 1986; Rancher et Rougerie, 1992]. The nitrate
and silicate decrease is correlated with a chlorophyll increase.

"Where nitrates are depleted, chlorophyll concentrations are

less, so that nitrates seem to be a limiting factor for the
development of phytoplankton south of this area.

168°W

The meridional distribution of surface temperature and
salinity is quite uniform (Figure AS) and the upwelling does
not appear clearly. No surface supply of nutrients is visible.
Nitrates are lower north of the equator where chlorophyll is
relatively high (0.33 mg m-?). suggesting that these low val-
ues in nutrients probably result from the consumption by phy-
toplankton. The decrease of chlorophyll is associated with a
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strong northwestward current. Nutrients values are very
similar to those found by Feely et al. [1987] on the 170°W
transect (April 1984) except that they observed the upwelling
clearly centered at the equator whereas we reported high and
constant temperatures here. Wong et al. [1993] reported lower
temperatures between 170°W-180°W during non El-Niifio
periods. They observed the typical peak of nutrients within
the equator between 170°W-180°W during non El-Nifio
periods. The absence of this peak during the cruise ALIZE 2
confirms the weakness of the upwelling. The high uniform
values of PCO, are probably the result of advection and
warming as well as of the relatively Jong response time (3-6
months) for CO; fo reach equilibrium with the aumosphere.

165°E

The distribution of surface temperature and salinity (Figure
AG6) is very similar to that of 168°W. The temperatures are the
highest observed along the cruise and the salinity is low. The
water is very poor in phosphate and completely depleted in ni-
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Figure AG. Surface properties versus latitude along 165°E for SST. salinity, F12. PCO,. nitrate.

phosphate, chlorophyll ¢, and silicate.
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trate. "The limiting Tactor for biological production scems o
he nitrate. The distribution of chlorophyll is low and uniform.
Surface waters are slightly supersaturated in CO,: No inlTuence
fram upwelling is noticeable, and warming elTecls aml weak
Mologival activity seem o be present iy this region.
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