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ABSTRACT 
Measurements of CO2 parameters in and over the tropical Atlantic ocean have been made 
during the CITHER 1 cruise (January to March 1993). These observations are compared to the 
results obtained a decade earlier in the same area during the FOCAL experiment (1982-1984). 
The increase of atmospheric COz (1.3 to 1.5 ppm yr-') is in agreement with the secular trend. 
The variation of CO, fugacity,fC02, in surface seawater is analysed and compared with varia- 
tions of hydrographic conditions. The apparent increase of ocean surface f C O ,  is somewhat 
higher than the atmospheric increase: during the 9-year period, the apparent increase of oceanic 

- fC0,  is found to range from 22.5 to 24.9 patm A new estimate ofair-sea CO2 flux in the Atlantic 
equatorial belt indicates that the oceanic source is enhanced in 1993 compared to 1984. An 
interannual change in total inorganic carbon, TCO,, through the accumulation of CO, in the 
mixed layer is assessed and analysed in comparison with the fCO, increase. The agreement 
between the evolutions of the two parameters of the oceanic CO, system is acceptable by taking 
into account the uncertainties to estimate these evolutions. 

. 

. 

1. Introduction 

Studies of temporal variations of CO, both in 
the atmosphere and in the sea surface layer are 
indispensable for predicting the future level of 
atmospheric CO,. The CO, fluxes between the 
atmosphere and the ocean are regulated by, 
among other things, the gradient of CO, partial 
pressure across the air-sea interface. This gradient 
depends on the CO, concentrations both in .the 
atmosphere and in the ocean surface layer. Long- 
term changes in these concentrations show the 
evolution of the ocean-atmosphere CO, system. 
The long-term (decadal) changes of atmospheric 
CO, are well-known since the measurements of 
Keeling et al. (1976) at Mauna Loa Observatory, 
Hawaï and those of the stations network of 
GMCC (Geophysical Monitoring for Climatic 
Change) programme of the NOAA (Komhyr 

Fonds Documentalre ORSTOM 

et al., 1985). The interannual changes of oceanic 
CO, are less often noted (Takahashi et al., 1983; 
Roos and Gravenhorst, 1984; Keeling et al., 1987; 
Inoue and Sugimura, 1988; Metz1 et al., 1991). 

The recent CO, measurements in the tropical 
Atlantic 10 years after the 1982-1984 FOCAL 
cruises (And+é et al., 1986; Oudot et al., 1987) give 
us an opportunity to document the long-term 
variation of CO, in surface seawater. The 
CITHER 1 cruise, French component of the WHP 
( Woce Hydrographic Programme), performed 
from 2 January to 19 March 1993, allowed us to 
revisit two cross-equatorial sections from 5"N to 
5"s along the 4"W and 35"W meridians. In this 
paper, we compare the variations of atmospheric 
CO2 concentration and those of ocean surface 
COz fugacity between the FOCAL 6 cruise (11 
January to 15 February 1984) and the CITHER 1 
cruise, with the secular trends of atmospheric CO2 
and oceanic CO, fugacity. Besides a new estimate 
of the net CO, flux between the ocean and the air 
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MEASUREMENTS OF ATMOSPHERIC AND OCEANIC CO2 71 

in tbe equatorial belt, we discuss the change of 
total inorganic carbon TCOZ in the surface layer 
as compared to the change of CO, fugacity. 

2. Data sources and methods 

CO, data were collected in 1993 during the 
CITHER 1 cruise (January-March 1993) carried 
out aboard the R/V l’ATALANTE (France) 
in the equatorial Atlantic ocean (Fig. la). The 
CITHER 1 cruise starts the French contribution to 
the WOCE Hydrographic Programme in the 
South Atlantic ocean. These CO2 data are com- 
pared with the last data collected at the same 
period (boreal winter) in the FOCAL programme 
(1982-1984). The FOCAL programme was an 
observational and theoretical study of the low 
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frequency response of the Atlantic ocean to the 
seasonally varying surface winds and was joint 
with the US SEQUAL programme. The location 
of observations during the FOCAL 6 cruise is 
given in Fig. Ib. The COz data of FOCAL cruises 
has been described in several manuscripts (Oudot 
and Andrie, 1986; Andrié et al., 1986; Oudot et al., 
1987). . 

2. I. Atmospheric CO, 

The measurement of atmospheric CO- , concen- 
tration (ppm) was made twice a day by pumping 
an air stream taken at a mast at the bow of the 
vessel (about 20m above the sea surface). An 
aliquot of air (500 cm3 min-’) was introduced 
for about 30 min into the Infrared Analyzer 
(SIEMENS Ultramat 5F) after dehumidification 
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Fig. I. CITHER 1 cruise track (R/V l’ATALANTE) (a) where CO2 measurements were made during the period from 
‘2 January to 19 March 1993. FOCAL 6 cruise track (R/V CAPRICORNE) (b) where CO, measurements were made 
during the period from 1 1  January to 15 February 1984 (according to Oudot et al. (1987)). 
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72 C .  OUDOT ET AL. 

successively on a cold trap ( - 3 0 ° C )  and on a 
P 4 0 1 ,  column. The CO, concentration in dry 
air was determined after calibration of the IR 
Analyzer with two standard gases of 349.7 and 
407.7 ppm in artificial air, supplied by Air Liquide 
(France). The C O ,  concentrations (with a 
precision of k0.25 ppm) produced by the French 
manufacturer agree within 0.25 ppm with the scale 
of the S I 0  standards (Gaudry et al., 1987). The 
CO2 fugacity in the atmosphere (patm) was then 
computed taking the water vapor pressure and 
the barometric pressure into account. The uncer- 
tainty for the atmospheric C O 2  concentration is 
estimated at k0.3 ppm. 

2.2. CO, fugacity in surface seawater 
The measurement of CO, fugacity in seawater 

was carried out as previously (Oudot and Andrié. 
1986) by equilibrating an air stream with the 
seawater sample (550 cm3) in the sampling flask 
itself, after removing a small volume of water in 
order to allow a gas dispersion tube to be intro- 
duced. The air driven by a bellows pump was 
spread in tiny bubbles in the thermostated sample 
( 2 5 0 ° C )  and flowed in a closed circuit through a 
sampling loop (25 cm3). The equilibrated air inside 
the loop was injected with a valve into the air flow 
penetrating into the IR Analyzer (SIEMENS 
Ultramat 5F) after passing through a P 4 0 , 0  
column. The measured signal was compared with 
those produced by 3 standard gases (486,415 and 
291 ppm) injected in the same way as the equi- 
librated air. Based on the CO2 concentration of 
the dried equilibrated air, the CO2 fugacity in the 
seawater sample at 25.OoC, f C O z ,  was calculated 
following the Weiss (1974) equation: 

f CO, = xCO,( P - p H2 O) 

x exp[ P( B + 2S)/RT], ( 1 )  

where xC0, is the C O ,  concentration of the dried 
equilibrated air, P is the total barometric pressure 

- at the liquid-gas interface, p H , 0  is the vapor 
pressure of water, (B + 26)  is the COz nonideality 
correction term, R is the gas constant and Tis the 
absolute temperature. The vapor pressure of water 
is given by the following polynomial (Weiss and 
Price, 1980): 

In(pH,O) = 24.4543 - 67.4509(100/T) 

- 4.8489 In( T/lOO) - 0.0005448, ( 2 )  

where pH,O is in atm and S is the salinity. The 
term (B + 26) /RT is calculated from Weiss (1974): 

( B  + 26) /RT = 0.14386 - 3.99675 x 10 -4T 

+ 3.85746 x 10-'T2 - 18.5404/T. (3) 

Then, the C O 2  fugacity was corrected for in situ 
temperature according to the temperature depen- 
dence equation described ' by Copin-Montegut 
(1989).  During CITHER 1 cruise, duplicates for 
oceanic f C O z  measurements were taken from the 
surface bottle of the rosette. The reproducibility 
of measurements tested as the mean difference for 
47 pairs of duplicates is 2.4 patm, or 0.6 YO, with a 
standard deviation of 2.1 patm, or 0.5 YO. 

2.3. Total iriorganic carbon TCO, 
Measurements of total inorganic carbon, 

í"CO2, were made by gas chromatography 
according to the method described by Oudot and 
Wauthy (1978).  Since the FOCAL cruises, 
modifications were introduced: reduction of the 
sample volume ( 1 ml instead of 2 ml), replacement 
of Cheminert valves by Valco valves, use of a new 
integrator (DataJet) with a Spectra-Physics 
WINNER chromatography workstation. During 
CITHER 1 cruise, duplicates were taken from 
pairs of bottles fired at the same depth, the 
level being different for each hydrographic station. 
The reproducibility of measurements tested as the 
mean difference for 30 pairs of duplicates is 
5,umol kg-', or 0.25 YO, with a standard deviation 
of 3 pmol kg-', or 0.2%. 

2.4. Total alkalinity TA 
The total alkalinity of sea water, TA, is deter- 

mined from T C O Z  and pH measurements using 
the equation describing the terms of component 
alkalinity contributions (Unesco, 1987): -- 
TA = [HCO;] + 2[  CO:-] 

+[B(OH),]+[OH-]-[H+]. ( 4 )  

T C O 2  was determined as described in Subsec- 
tion2.3. During the CITHER 1 cruise, the PH 
measurements were based on the total hydrogen 
ion concentration scale (pHsws scale) and the 
electrode (Ross combination electrode, model 
ORION 8 1-02) was calibrated in 0.04M Tris b&er 
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prepared according to Dickson (1993). The poly- 
nomial equations used for determination of the 
dissociation constants relative to pHsws scale were 
obtained from Dickson and Millero (1987) for 
carbonic acid, from Dickson (1990) for boric acid 
and from Millero (1979) for ionization of water. 
During FOCAL 6 cruise, the pH measurements 
were made on the NBS buffer scale and the 
thermodynamic constants relative to NBS pH 
scale were obtained from Millero (1979). The 
reproducibility of TA results from CITHER 1 
cruise, tested as the mean difference for 28 pairs 
of duplicates, is .5peq kg-', or 0.2%, with a 
standard deviation of 4peq kg-', or 0.2%. 

3. Variation of atmospheric CO, 

The distribution of atmospheric CO2 along the 
two cross-equatorial sections (35" W and 4" W) 
during CITHER 1 cruise (1993) is studied in 
comparison with that observed during FOCAL 6 
cruise (1984) carried out in the same season 
(boreal winter) (Fig. 2). The increase of atmo- 
spheric CO, between 1984 and 1993 is evident. 
On an average, the CO, concentration above 
the Atlantic equatorial belt. increases from 
344.1 k 2.0 ppm to 357.9 f 1.3 ppm at 35" W and 
from 345.6 f 1.8 ppm to 357.0 f 1.3 ppm at 4" W 
(Table 1). The apparent increase is 13.8 k 2.4 ppm 
in the western part and 11.4k2.2ppm in the 
eastern part, the difference between both values 

35ow 

being not statistically significant. This apparent 
increase in the Atlantic equatorial region, over a 
period of nine years, agrees with the secular trend 
of atmospheric CO,. The last results (4th Intema- 
tional CO, Conference, Carqueiranne, France, 
13-17 September 1993, Aoki, pers. comm., Hirota, 
pers. comm., Peterson,.. pers. comm. ) indicate a 
growth rate for atmospheric CO2 ranged between 
1.3 and €.7 ppm per year, while our apparent 
increase is 1.5 & 0.3 ppm yr-' in the western part 
and 1.3 f 0.2 ppm yr-' in the eastern part of the 
equatorial belt. 

The CITHER 1 data confirm the north-south 
decrease of atmospheric CO, from 5"N to 5"s 
noted during winter FOCAL cruises (Oudot et al., 
1987). The decrease of atmospheric CO, between 
the northern and southern boundaries of the 
equatorial belt reflects the interhemispheric 
gradient of COz (Tans et al., 1989). A regression 
line fitted to the CITHER 1 data (Fig. 2) shows a 
north-south gradient of 0.32 & 0.10 ppm and 
0.31 AO.09 ppm per degree of latitude at 35"W 
and 4" W, respectively, in good agreement with the 
results collected along the zonal transects of the 
CITHER 1 cruise. Along the 7"30N parallel, from 
the American coast to the African coast (Fig. la), 
the average CO, concentration is 359.8 f 1.1 ppm 
(n = 28); along the 4'30s parallel it is 
356.2 f 1.0 ppm (n = 30). The difference of 3.6 ppm 
over 12 degrees of latitude is close to the average 
gradient along the 35"W and 4"W meridians. 
Such results on the meridional gradient of atmo- 
spheric CO2 in the equatorial area have been 

A O W  

Fig. 2. Atmospheric COz (ppm) along the 35O W and 4"W sections in the equatorial Atlantic during January-March 
1993 (CITHER 1 )  and January-February 1984 (FOCAL 6). The dotted lines show the north-south trend fitted to 
the data (see text). 
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Table 1. Concentratioìrs of atinospheric CO, 
( p p m )  along the 35"W and 4" W sections in the 
equatorial Atlantic in 1993 (CITHER I )  and in 
1984 (FOCAL 6) .  The mean values between 5"N 
and 5"s are given with lo  

already pointed out during the 1982-1984 period 
(Oudot et al., 1987). 

4. Variation of ocean surface CO, fugacity 

CITHER 1 (January-March 1993) 

35"W 4" w 
coz CO1 

Latitude (ppm) Latitude (ppm) 

5'00N 
3'30N 
l"30N 
0'39N 
O"02 s 
1'28 S 
2"43 S 
3O35S 
4"16S 

359.6 
359.5 
359.1 
358.2 
356.7 
356.0 
358.3 
356.8 
357.0 

4'00N 
3'00N 
2'00N 
1 "O0 N 
O O O O  

looOS 
2"OOS 
3"OOS 
4"OOS 
4"30S 

360.0 
357.9 
356.9 
356.8 
356.6 
356.4 
356.5 
356.5 
355.7 
356.6 

mean value 357.9 & 1.3 357.0 & 1.3 
( 5' N-5" S ) 

FOCAL 6 (January-February 1984) 
35"W 4" w 

5'00 N 
4"33N 
4"OO N 
3"31N 
3'01 N 
2"30N 
2'00 N 
l"30N 
1"OON 
O030N 
oooos 
0'29 S 
l"O0S 
l"30 S 

- 2"OOS 
2"30 S 
3'03 S 
3"30S 
4"OO S 
4"30 S 
5'00s 

mean value 
(5 N-So S) 

345.4 
344.3 
344.8 
344.9 
345.1 
345.2 
345.8 
346.9 
346.8 
346.1 
345.1 
344.5 
344.1 
344.9 
344.4 
343.5 
341.7 
340.9 
341.0 
340.3 
340.8 

344.1 & 2.0 

4'54N 
4"30N 
4'00N 
3'30N 
2'59 N 
2'30N 
1'59N 
1'30N 
1"OON 
O"30N 
O000 
0'31 S 
l"O0S 
1'30s 
2"OO s 
2'30 S 
3'00s 
3'30s 
4'00 S 
4'30s 
5'00s 

347.2 
347.1 
348.7 
346.5 
347.0 
346.8 
345.9 
346.3 
348.3 
346.9 
346.3 
345.6 
343.9 
344.4 
344.3 
344.6 
344.3 
344.4 
343.2 
343.6 
342.1 

345.6 f 1.8 

In ocean surface, the evolution of the CO, 
fugacity is not so clear (Fig. 3). Along the 35"W 
section (on the left)fCO, in 1993 is always higher 
than f CO, in 1984, but this is not the case along 
4"W (on the right). We observed like Oudot et al. 
(1987) that fCO, is higher south of the equator 
than north of it, along 4" W as well as along 35" W. 
To compare the distribution offCO, in 1993 with 
that in 1984, we have to take into account the 
seasonal or interannual effects of temperature and 
salinity on the CO, fugacity in seawater. These 
effects are due to the modification of the solubility 
of CO, and of the dissociation of carbonic acid in 
seawater by temperature and salinity (Weiss et al., 
1982). Though CITHER 1 was conducted during 
the same season as FOCAL 6,  we can note some 
differences in the distributions of temperature and 
salinity (Fig. 4). The difference of temperature 
between the two periods is more important along 
35" W whereas that of salinity is more noticeable 
along 4" W. Therefore we corrected the f COz 
data of CITHER 1 to hydrographic conditions 
of FOCAL 6. For the tropical region, the tem- 
perature dependence offCO, is assumed to be 
1.3% (OC)-' (Takahashi et al., 1983; Roos and 
Gravenhorst, 1984; Oudot et al., 1987). For the 
salinity dependence offCO, we chose the empiri- 
cal relationship fitting the fugacity of CO, to the 
salinity through the FOCAL data (Fig. 5) rather 
than the thermodynamical relationship of Weiss 
et al. (1982). This salinity dependence of fCO? 
found in the equatorial Atlantic (44 patm per unit 
of salinity) is comparable with that reported by 
Fushimi (1987) in the western Pacific (40patm per 
unit of salinity). Corrections of 'ihefCO, based on 
these temperature and salinity dependences are 
shown in Table2. The last column of Table? 
indicates, for each latitude, the increase (positive 
change) of ocean surfacefC0, between 1984 and 
1993. These corrections, even if approximate. 
allow us to estimate an apparent increase of ocean 
surface fCO,, that can be compared with the 
secular trend of the atmospheric CO,. Somr: 
negative values, that mean a decrease of feo: 
during this period, are found north of the equator 
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Fig. 3. CO, fugacity (patm) in surface seawater along the 35" W and 4" W sections in the equatorial Atlantic during 
January-March 1993 (CITHER 1) and January-February 1984 (FOCAL 6). 
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Fig. 4. Distributions of temperature (below) and salinity (above) in surface seawater along the 35OW and 4" W sec- 
tions in the equatorial Atlantic during January-March 1993 (CITHER 1) and January-February 1984 (FOCAL 6). 
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76 C. OUDOT ET AL. 

450 10.0 to 30.9 patm with a mean value of 22.5 patm 
( l o  = 5.9 patm) along the 4" W transect (Table 2, 
last column). 

A few preceding studies include estimates of an 
increase of the partial pressure or fugacity of COz 
in surface seawater. Takahashi et al. (1983) com- 
pared the 1981 TTO/NA data with those of 1972 
GEOSECS and 1957 IGY in Sargasso Sea. They 
showed that the surface water pCOz has increased 
at a mean rate of 1.5 0.5 patm yr-', what corre- 
sponds to a range of 9.0 to 18.0patm for a 
9-year period. Roos and Gravenhorst (1984) with 
older data in the North Atlantic came to the same 
estimate with an ocean surface f C O z  increase 
ranging between 0.4 and 1.9patmyrb1, or 
between 3.6 and 17.1 patm for 9 years. In the 
western North Pacific and in the Southern Ocean 
Inoue and Sugimura (1988) . found apparent 
increases of 20.0 5 10.6 patm and 24.4 & 8.3 patm 
respectively for the period 1969-1984. More 
recently, during a period similar to ours (January 

fugacity was about 14 patm in the western North 
Pacific (4th International COz Conference, 

400 

2350  

8 
300 

EO2 =44.03 S - 1210.9 
n=336 r=0.75 

250 
37 34 35 36 

Salinity 

Fig. 5. Relationship between COz fugacity and salinity in 
surface seawater in the equatorial Atlantic through five 

from Oudot et al. (1987)). 
FOCAL cruises (July 1982 to August 1984) (derived 1986 to January 1992), the increase in coz 

the 4"W section (Fig. 6)* are due to Carqueiranne, France, 13-17 September 1993, 
Inoue., pers. Co".). The results of 18 cruises, high values Of Ocean surfacefc02 during 

6 that correspond to abnormally high values of between 1984 and 1988 in the northeast and south- 
salinity for this area (Hisard et al., 1986; Oudot 
et al., 1987). For this reason, we only consider the 
data south of the equator to estimate the evolution 

period of 9 years, the apparent increase of surface 

west subtropical Pacific (4th CO, 
Conference, Carqueiranne, F ~ ~ ~ ~ ~ ,  13-17 sep- 
tember 1993, Wang., comm.), lead to a 

Of fCo2 between l984 and l993. During this weaker secular increase in surface fCO,: 1.1 to 
Clatm yr-i. 

seawater fco, south of the equator ranges from 
Of 24.9 patm 

o u r  estimate of an apparent increase of Ocean 
surface f C O z  (22.5 to 24.9 patm Over a g-year la l  to 42.3 Clatm, with a mean 

(lo = 7.6 patm) along the 35"w section, and from period) is about twice the increase of 11.4 and 
13.8 ppm measured in the atmosphere during the 
same time period. This could be due to different 
reasons. First, our corrections related to the 
temperature and salinity effects on fCOz  are 
approximate; the uncertainties in f C O z  linked 
to the temperature and salinity corrections are 
difficult to quantify, but they should be within the 
standard deviations of the mean values of the 
fCOz  change (Table 2: 7.6 and 5.9 patm). Also, 
the alkalinity could have changed over the con- 
sidered period. A decrease in surface seawater 
alkalinity could explain a too large increase in 

Fig. 6. Interannual change of ocean surface CO? fuga- oceanic f C O z .  This possibility will be discussed 
city between January-February 1984 (FOCAL 6) and 
January-March ]993 [CITHER 1). The positive values later in the text, when we will consider a possible 
mean an increase of oceanic fCO, between 1984 and increase in the total inorganic carbon in the surface 
1993. layer over the same period. 

5w O" 

Latitude 

Tellus 47B (1995). 



". r 

MEASUREMENTS OF ATMOSPHERIC AND OCEANIC COz 77 

Table2. Ocean suflace f C 0 ,  (pattn) in January-March 1993 (CITHER I cruise) and in 
January-February I984 (FOCAL 6 cruise); the niean values (&I  standard deviation CT) of the f C 0 ,  
change, A( feo,), are given for the area soutli ojthe equator ( 0°-5"S) 

Longitude 35" W 
f C O ,  ( m m )  fCOf (patm) f C 0 2  (patm) fCO, change (patm) 

Latitude CITHER 1 (1993) CITHER 1 (1993) FOCAL 6 (1984) 1993/1984 

5'00N 397.0 391.5 374.1 17.4 
4'30N 399.0 398.7 368.4 30.3 
4'00 N 400.5 403.5 366.4 37.1 
3'30N 402.5 400.9 362.5 38.4 
3"OON 404.0 409.0 ' 371.6 37.4 
2'30N 407.5 408.2 366.7 41.5 
2"OON 4 12.3 41 1.6 380.1 31.5 

4 15.4 382.0 33.4 
397.0 13.1 

1'30N 412.5 
I"00N 406.7 410.1 
0'30N 416.0 423.9 408.7 15.2 
0"OO 423.0 426.6 398.1 28.5 
0'30s 412.5 416.6 399.3 17.3 
1"OOS 415.0 419.2 393.7 25.5 
1'30s 415.1 420.2 396.4 23.8 
2"OO s 423.0 426.5 399.8 26.7 
2'30s 422.5 427.5 405.0 22.5 
3'00s 425.0 432.8 407.2 25.6 
3"30S 430.5 441.4 399.1 42.3 
4'00s 420.1 425.6 414.5 11.1 
4"30S 42 1.2 426.2 401.7 24.5 
5OOOS 419.6 426.9 400.8 26.1 

mean value 24.9 f 7.6 

Longitude 4" W 

(OC-5"S) 

fCO, (patm) fCOf (patm) fCO, (patm) fCO, change (patm) 
Latitude CITHER 1 (1993) CITHER 1 ( 1993) FOCAL 6 (1984) 1993/1984 

5 "00 N 
4"30N 
4'00N 
3"3ON 
3 "O0 N 
2'30N 
2"OON 
I"30N 
I"00N 
O"30N 

1 0"OO. 
0'30s 
1"OOS 
I"30S 
2"OOS 
2"30S 
3'00s 
3'30s 
4'00s 
4'30s 
5"OOS 

mean value 

I 

(Oo-5"S) 

389.5 
342.2 
334.1 
333.0 
334.0 
344.2 
341.5 
354.2 
350.7 
354.9 
353.8 
352.5 
35 1.3 
35 1.5 
392. I 
391.7 
395.8 
398.1 
408.5 
413.5 - 

410.8 
355.4 
356.2 
354.2 
348.6 
349.1 
350.6 
356.3 
361.4 
373.5 
378.1 
376.6 
375.1 
374.8 . 
432.4 
428.5 
420.9 
424.5 
426.2 
427.1 - 

379.1 
361.6 
344.2 
373.6 
355.5 
358.5 
350.7 
358.0 
360.8 
354.7 
347.2 
353.3 
352.6 
364.8 
404.6 
400.0 
400.4 
403.8 
407.8 
404.4 
407.6 

31.7 
- 6.2 
12.0 

- 20.5 - 6.9 
- 9.4 
-0.1 
- 1.7 

0.6 
18.8 
30.9 
23.3 
22.5 
10.0 
27.8 
28.5 
20.5 
20.7 
18.4 
22.7 - 

22.5 & 5.9 

f C O f :  CO, fugacity data 
6 cruise. 

of CITHER 1 corrected to temperature and salinity conditions observed during FOCA LL 
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Fig. 7. Distributions of CO2 flu (a), gradient of CO2 fugacity, AfC02,  at the air-sea interface (b)  and 24-h mean 
shipboard wind speed at 10 m above the sea level (c) along the 35" W and 4" W sections in the equatorial Atlantic. 
during January-March 1993 (CITHER 1) and January-February 1984 (FOCAL 6). 

Tellus 47B ( 1995 )- I!' 

I 

4 



MEASUREMENTS OF ATMOSPHERIC AND OCEANIC CO2 

Table 3. CO, j lux calculations (niniol ni-' d - I ) .  The niean values between 5"N and 5"s are given 
with IC 

79 
I 

CITHER 1 (January-March 1993) 

35" w 4"W 

vio  AfCOz CO, flux Vio AfCOZ COZflux 
Latitude (m s-l) (patm) (mmol m-2 d- ' )  Latitude (m s-I) (patm) (mmol m-*d-') 

I 5 "O0 N 9.8 50.5 6.94 4'00N 0.9 -11.7 -0.01 
3'30N 10.5 54.5 8.3 1 3"OON 2.6 0.4 0.0 1 

I l"30N 8.5 66.3 7.28 2'00N 3.0 4.9 0.02 
O"39N 7.0 65.5 5.07 1"OON 3.3 8.6 0.04 I 
O"02S 7.5 79.3 6.99 0"OO 3.3 11.8 0.05 
1'28 S 9.1 71.9 8.80 1"OOS 3.9 9.6 0.1 1 

I 2'43 S 8.6 77.2 8.61 2"OO s 5.8 49.5 2.58 
3"35 s 7.1 88.5 7.04 3"OO S 7.3 53.0 4.47 
4"16S 7.5 81.1 7.15 4"OO S 6.6 66.7 4.62 

4"30 S 6.2 69.1 4.30 

1.62 f 2.12 ', mean value 7.35 f 1.13 
(5ON-5"S) 

FOCAL 6 (January-February 1984) 

35"W 4"W 
I 

VIO AfCO, CO, flux VIO AfC02 CO* flux 
Latitude (m s-') (patm) ("o1 m-'d-') Latitude (m s-') (patm) ( m o l  m-'d-' ) 

~~ 

5'00N 
4"OO N 
3"OON 
2'00N 
1 "O0 N 
0"OO 
1 "O0 s 
2"OO s 
3'00s 
4"OO S 
5'00s 

mean value 

I 

I 

(5 N-5" S ) 

6.13 
7.34 
7.76 
7.15 
5.29 
3.49 
3.25 
5.29 
6.61 
6.91 
7.33 

~~ 

41.5 
34.4 
39.8 
47.9 
62.7 
66.0 
62.0 
68.9 
79.1 
86.6 
72.3 

2.45 
2.16 
3.73 
3.88 
2.56 
0.3 1 
0.27 
2.81 
5.46 
6.53 
6.10 

3.30 f 2.1 1 

5'00N 
4"OON 
3'00N 
2'00N 
1"OON 
0"OO 
1 "O0 s 
2"OO s 
3'00 S 
4'00 S 
5'00s 

4.03 ' 

3.43 
3.97 
3.49 
3.37 
3.49 
3.61 
4.09 
4.8 1 
5.41 
4.75 

47.1 0.69 
10.3 0.05 
23.6 0.32 
19.7 0.10 
26.8 0.13 
15.2 0.07 
22.5 0.1 I 
74.0 1.12 
69.2 2.1 1 
77.8 3.38 
78.8 2.30 

0.97 f 1.21 

5. The net CO, flux in the equatorial Atlantic 
in 1993 

The net CO, flux between the ocean and the 
atmosphere is computed from 

F = k , x A f C 0 2 ,  (5) 

where k, is the CO, transfer velocity (Liss and 
Merlivat, 1986), Q is CO2 solubility in seawater 

(Weiss, 1974) and . A f COz is the difference 
between the CO2 fugacity in the ocean and that in 
the atmosphere. The COz flux is positive when 
CO, escapes from the ocean into the atmosphere 
and negative otherwise. 

The transfer velocity, k,, is a function of the 
wind speed and of the temperature through the 
Schmidt number Sc dependency (Liss and 
Merlivat, 1986). The dependence of COz exchange 
at 20°C on wind speed at 10m above the sea 
surface is given for different wind regimes: 

Tellus 47B (1995). 1/2 
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I L  

I 

kz0 = 0.17 Vi, 

for O < VI, < 3.6 m s-', (6) 

for 3.6 < VI, < 13 m s.-'. (7) 

kz0 = 2.85 VIO - 9.65 

Aboard the R/V l'ATALANTE, the wind speed 
was measured at 27 m above the sea level and the 
wind speed at 10m height was estimated by 
assuming a drag coefficient of 1.5 x Thus 
Vl,=0.912V,,. As did Smethie et al. (1985) and 
Oudot et al. (1987), we used the 24-h mean ship- 
board wind speed to compute the transfer velocity. 

Finally the dependence of the exchange coef- 
ficient on the temperature is evaluated as follows: 

k, = 70.74k,,(S~,)-~'~, 

for O < VI, < 3.6 m s-', (8) 

for 3.6 e V,, < 13 m s-I, (9) 

k, = 24.39k2,(  SC,)-"^, 

where Sc,, the Schmidt number for CO2 à toc ,  is 

determined with the polynomial relationship of 
Wanninkhof (1992): I 

SC, = 2073.1 - 125.62t 

The results of the net CO2 flux throughout the 
CITHER 1 period are displayed and compared 
with those of the FOCAL 6 period, in Fig. 7. 

The computed mean value of the net CO, flux 
between 5"N and 5"s is higher during CITHER 1 
than during FOCAL 6 in the western part (35" W: 
7.35 & 1.13 and 3.30 _+ 2.12 mmol m-' d-I respec- 
tively), as well as in the eastern part (4"W: 
1.62 $2.12 and 0.97 & 1.21 mmol m-' d-I respec- 
tively) (Table 3). The difference between the fluxes 
during FOCAL 6 and CITHER 1 is about 120% 
along 35" W and 60 % along 4" W, and it is mainly 
due to the different wind speed fields (Fig. 7, 
below). In particular on the 4" W meridian, south 
of the equator, the net COz flux is higher in 1993 
than in 1984 in spite of a lower gradient o f fC02  
at the air-sea interface, ASCO2. The wind speed is 

2360 

2340 

2320 

2300 

2280 ClTHER 1 (Jan-Mar. 1993) 

2260w 1 2 2 6 0  O' 5"s 
5% 00 50s 5w 

Latitude Latitude 

Fig. 8. Distributions of total inorganic carbon TCOZ (normalized to S= 35) and total alkalinity TA* (normalized 
to S=35) in surface seawater along the 35OW and 4"W in the equatorial Atlantic during January-March 1993 
(CITHER 1) and January-February 1984 (FOCAL 6). 
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really seen as the dominant factor that modulates 
the variation of the CO, flux in the equatorial 
rggion. The larger increase in ocean surfacefC0, 
than in atmospheric CO, causes the rise of the 
CO, gradient, AfCO,, along the 35" W meridian 
(Fig. 7, in the middle) between 1984 and 1993. 
Along the 4" W meridian, Af CO, decreased 
between 1984 and 1993 because of the abnormally 
high values of oceanic f C 0 ,  in 1984. 

6. Interannual variation in total inorganic 
carbon T C O ,  

If, as it was shown on several occasions, the 
ocean surface fCO, increases as a result of the 
transfer of fossil fuel CO, to the ocean, it should be 
possible to display an accumulation of CO, in the 
mixed layer. Some studies to estimate a growth 
rate of TCO, in surface seawater were already 
attempted (Broecker et al., 1979; Keeling et al., 
1987). 

To highlight a possible interannual change in 
TCO,, we plotted TCO, data normalized to 
S = 35 (noted as TCOf) versus latitude along the 
two transects 35"W and 4"W (Fig. 8). TCO, 
clearly increased along the 35" W section, between 
1984 and 1993 (Fig. 8). The increase is not so 
obvious along 4" W. Along 35" W, TCO: is not 
very different north and south of the equator. 
In turn, along 4"W, TCO: is higher south 
than north of it, following the salinity (Fig. 4). 
So we consider the change of TCOf only in 
the area south of the equator, as we did for the 
oceanic CO, fugacity. Between January-February 
1984 and January-March 1993, south of the 
equator, TCOf increases from 1954 +'9 pmol kg-' 
to 1965f lOpmol kg-' at 35"W and from 
1942 h 17 pmol kg-' to 1953 & 16 pmol kg-', at 
4" W (Table 4). Thus the apparent increase of 
TC0,is 11 $.13pmol kg-' at 35"Wand 11 2 1 6  
pmolkg-' at 4"W, in the area south of the 
equator. 

This TCO, increase (1.2 pmol kg-' yr -') is 
within the range of results reported in the 
literature. Broecker et al. (1979) estimated the 
mean global rate of TCO, increase at 0.7pmol 
kg-' yr-'. Keeling et al. (1987) found an interan- 
nua1 TCO, increase of about 1.7pmol kg-' yr-' 
but he admitted that it was too large in a constant 
alkalinity environment. 

Tellus 47B (1995). 1/2 
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We checked whether our observations of TCOf 
increase are consistent with the measured change 
of CO, fugacity, via the buffer factor or Revelle 
factorß 

ß= (AfCO,/fCO,)(ATCO,/TCO,)-'. (1 1) 

The amount of CO, accumulated in the mixed 
layer can be roughly estimated from the increase of 
thef CO, in surface seawater, as long as alkalinity 
in seawater remains constant. According to the sea 
surface temperature range of 27 to 29°C (Fig. 4), 
we chose a buffer factor of 8.5 (Sundquist et al., 
1979). The TCO, augmentations expected from 
the fC0, increases (22.5patm at 4"W and 
24.9patm at 35"W) are about 13pmolkg-' at 
4" W and 14pmol kg-' at 35" W. These results are 
not too far from the observed TCO, increase, 
11 pmol kg-' at both longitudes. 

The uncertainties of the TCO, determinations 
(reproducibility of measurements during CITHER 
1 cruise = 5 pmol kg-') and of the estimations 
of TCO, and f C 0 ,  increases (standard devia- 
tions attached to the mean values) could explain 
the small difference between the observed apparent 
TCOZ increase and TCO, expected from the 
apparent fCO, change. Furthermore, the alka- 
linity could have changed during the 1984 to 
1993 period. Considering the increase in alka- 
linity (1.0 peq kg-' yr-'), Keeling et al. (1987) 
explain their observed TCO, increase of 1.7 pmol 
kg-' yr-' as the possible result of uptake related 
to raising atmospheric CO, and concurrent 
reaction of some of that CO, with carbonate 
ions. We also examined the change of alkalinity 
normalized to S=35. (noted as TA*) over this 
period (Fig. 8, Table 4). No clear trend appears for 
TA* between 1984 and 1993. The TA* mean value, 
for the 0"-5" S area, increases from 23 12 & 11 to 
2319 + 13 peq kg-' at 35" W and decreases from 
2331 J.8 to 2319t. 10peq kg-' at 4"W. We 
cannot conclude that alkalinity changed between 
1984 and 1993. 

7. Conclusions 

The atmospheric CO, in the tropical Atlantic 
has been increased between 1984 and 1993. The 
average increase of CO, ,in air is 1.3 ppm yr-' 
in the eastern part and 1.5 ppmyr-' in the 

: ..,..,,.,,..,..,. ... ' - .  
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Table 4. Variations of temperature, salinity, total CO, ,  TCO, ,  und total alkalinity, TA, at the sea surface in January-March 1993 (CITHER 1 cruise) 
and January-February 1984 (FOCAL 6 cruise); the tnean values ( +1 standard deviation, u) of TCO,  and TA normalized to S= 35 (noted TCO; and 
T A * )  are given for  the area south of the equator ( O O - S O S )  

s 
rl 

CITHER 1 (January-March 1993) r 9 

35" w 4"W 

Latitude (OC) S (pmol kg-') (pmol kg-') (peq kg-') (peq kg-') Latitude (OC) S (pmol kg-') (pmol kg-') (peq kg-') (peq kg-') 
T TCOZ TCO: TA TA * T TCOZ TCO: TA TA * 

4'15N 26.84 35.93 2018 1966 2389 2322 4'55N 27.44 34.85 1960 1968 2320 233 1 
2"45N 26.82 35.78 2028 1984 2399 2346 4"OON 28.40 34.48 1889 1917 2271 2305 
I030N 27.20 35.82 1989 1943 2353 2300 3'00N 28.48 35.03 1940 1938 2323 2322 
O"38N 27.06 36.19 2046 1979 2417 2337 2'00N 28.80 35.05 1927 1924 2312 2310 
0'02s 27.16 36.27 203 1 1 960 2399 2315 l"00N 28.69 34.91 1906 191 I 2285 2291 
0'46s 26.77 36.31 2048 1974 2417 2330 0"OO 28.50 34.49 1915 1943 2286 2320 

CD I"28S 27.12 36.28 2055 1982 2426 2341 1"OOS 28.41 34.46 1906 1936 2275 231 1 4 

v) P 2'17s 27.10 36.30 2040 1967 2409 2323 2'00s 28.12 34.99 1949 1950 2317 2318 
P 3"IOS 27.24 36.26 2024 1954 2391 2308 3"OOS 27.97 35.33 1969 1951 2337 2315 

3"59S 27.20 36.35 2032 1957 2397 2308 4'00s 28.19 35.61 1989 I955 2355 2314 W 
h c 4'30s 27.10 36.40 2039 . 1961 2402 2310 4'30s 28.09 35.80 2027 1982 2391 2338 

meanvalue 1965 2319 1953 2319 

4 

\o 

v 

(Oo-5"S) . I 4  *la -110 -113 -116 f IO I 

. . .  _ _  
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2 FOCAL 6 (January-February 1984) 
E 

W T TC02 TCOf TA TA * T TCOZ TCOf TA TA * 

35"W 4"W v1 

P 4 

Latitude (OC) S (pmol kg-') (pmol kg-') (peq kg-') (peq kg-') Latitude (OC) S (pmol kg-') (pmol kg-') (peq kg-') (peq kg-') 

5'00N 27.15 35.89 1980 1931 2360 2302 4"54N 27.64 35.31 1957 1940 2351 2330 
\ h, 4"33N 21.20 35.93 1982 1931 2364 2303 4"30N 27.87 35.00 1963 1963 2348 2348 

4'00N 27.21 35.94 1976 I924 2355 2293 4"OON 29.12 34.91 1890 1895 2314 232 1 

3"OIN 27.44 35.85 I994 1947 2375 2319 2"59N 29.38 35.12 1928 1921 2348 2340 
2"30N 27.57 35.76 1991 I949 2372 2322 2'30N 28.64 35.13 1928 1921 2336 2328 
2'00N 27.52 35.81 1990 1945 2365 231 1 1'59N 28.61 35.14 1917 1909 2334 2325 
I030N 27.50 . 35.85 ''I 1984 1937 2356 230 I I"30N 28.71 35.02 .I924 1923 2342 2340 
I"00N 28.18 36.18 2020 1954 2395 2317 l"00N 28.72 35.15 1928 I920 2343 2333 
O"30N 28.75 36.25 2025 1955 2402 2319 O"30N 28.81 35.12 1924 1917 2342 2334 
0'00 27.82 36.27 2015 I944 2390 2306 0"OO 28.49 35.04 1911 1909 2330 2328 

W u 
v 
w 

3'31N 27.32 35.79 2084 I940 2368 2316 3"30N 29.38 35.25 1928 1914 2347 2330 

O"29S 27.69 
l"00S 27.67 
I"30S 27.99 
2'00s 28.01 
2"30S 27.79 
3'03s 27.60 
3'30s 27.59 
4"OOS 27.62 
4'30s 27.69 
5'00s 27.80 

mean value 
(Oo and 5" S)  

&la 

36.28 
36.31 
36.27 
36.26 
36.32 
36.40 
36.48 
36.42 
36.44 
36.56 

2030 
2022 
2038 
2023 
2032 
2047 
203 I 
2019 
2042 
2033 

1958 
1949 
I967 
1953 
1958 
1968 
1949 
1940 
1961 
1946 

1954 

+9 

2404 
2394 
2413 
2397 
2409 
2415 
240 1 
2382 
241 I 
2410 

2319 
2308 
2329 
2314 
2321 
2322 
2304 
2289 
2316 
2307 

2312 

+ I I  

0'31 S 
I"O0S 
1'30s 28.30 35.21 
2"OOS 27.71 35.95 
2"30S 27.51 35.97 
3"OOS 
3"30S 
4"OO S 
4"30S 
5'00s 

28.37 35.00 
28.22 35.02 

27.52 35.95 
27.59 36.03 
27.61 36.08 
27.66 36.16 
27.38 36.17 

1923 
I926 
1946 
2010 
2009 

2010 
2010 
2012 
2029 

2004 

I923 2332 2332 2 
1925 2337 2336 8 
I934 2356 2342 
1957 2406 2343 > 9 
1955 2402 2337 8 
1951 2393 2330 
1953 2396 2328 8 

2330 E I950 240 I 
1947 2400 2323 

2315 > 3 1963 2392 

I942 233 1 O 

+I7 +8 z 
Fi 

n 

!? 
n -  
O 

00 w 
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western part, in agreement with the secular trend. 
The 1993 results confirm the north-south decrease 
of atmospheric CO, from 5 ” N  to 5“s during 
winter season: the interhemispheric gradient of 
atmospheric CO, above the equatorial belt is 
about 0.3 ppm per degree of latitude. The apparent 
increase of ocean surface CO, fugacity is some- 
what higher (22.5 to 24.9patm) than the atmo- 
spheric CO2 increase (11.4 to 13.8 ppm). 

The air-sea CO2 flux is enhanced in 1993 
compared to 1984. This increase reflects in part 
the larger change offCO, in seawater than that in 
air, at least in the western part (35” W), but the 
dominant factor which influences the CO2 flux is 
the wind speed. 

The apparent TCO, increase (11 pmol kg-’) 
observed in the surface layer between the period of 

the FOCAL experiment and that of the CITHER 
1 cruise appears to be in rather good agreement 
with that (13-14pmol kg-’) expected from the 
apparent ocean surface f C 0 ,  increase and could 
be related to the accumulation of fossil fuel CO, to 
the ocean. 
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