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One of the main goals of the WOCE programme is to assess 
meridional heat fluxes across various hydrographic sections 
in the three oceans. Indeed, except in the North Atlantic 
Ocean, where numerous convergent estimates exist, the 
magnitude and sometimes even the sign of oceanic heat 
fluxes may appear questionable, and the seasonal variability 
of this heat transport has yet to be documented. Table 1 
yields some estimates of meridional heat transports, based 
on hydrological transects, for the Atlantic Ocean between 
30"s and 30"N: heat transport is northward at all latitudes, 
and seems to increase from 30"s to 

quantities, i.e. the difference between in-situ values and 
their vertical average. This method assumes that there is no 
volume transport across the whole section. that  the vertically- 
averaged (or barotropic) temperature 6 is constant along 
the section (equcll to 4.S4"C and 3.23"C respectively for 
7.5"N and 4.5"s sections) and that absolute currents are 
only composed of geostrophic and Ekman currents. Under 
these conditions, we do not need to determine a reference 
velocity for geostrophic currents, and the barotropic heat 
transport becomes: 

11"N, particularly in the tropical 
region, where the heat gain by the 

To study the contribution of 
the equatorial area in this heat gain 
by the ocean, the A7 and A6 WOCE 
sections were carried out aboard N/O 
l'Atalante as part of the CITHER 
project: A7 took place in January 
1993 along 4.5"S, A6 in February- 
March 1993 along 7.5"N. Fig. 1 
shows the location of the 17.5 
considered hydrographic stations; 
station spacing is about70 km in the 

ocean is the strongest. 10" 
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Figure 1. Location of the 175 hydrological stations of interest aloiig 7.5"Nattd4.5"S 
iii the Atlantic. lsobaths of 200, 2000 and 4000 metres are slzo\vn. 

midocean, butshorter near the coasts 
to follow the bathymetric features. A RDI 75 kHz ship- 
mounted ADCPprovidedabsolute velocitiesfrom28 metres 
to about 700 metres depth. Heat flux estimates are first 
presented for both A6 and A7 sections. Then, a study of the 
heat flux variability across the 7.5"N section is presented, 
based on data collected during the two ETAMBOT (Etude 
duTransport AtlantiqueMeridien de Bord Ouest equaToria1) 
cruises; the latter have repeated the WOC'E A6 section west 
of 35"W, in September 199.5 and April 1996. 

Method and results 

Following Hall and Bryden (1982), the meridional heat 
flux is split into four components: 

H = HwBC f  HE^ +H,+Hb 

H,,, is the contribution of the shallow-westem boundary 
current on the continental shelf, down to 200 metres; HE, 
is the wind-generated Ekman transport across the section; 
HE is the vertically-averaged barotropic component and 
Hb the baroclinic geostrophic part: 

H, = p .  C, . 8' (x) . V' (x)dx 

where p is the density of water, C, the specific heat at 
constant pressure, 8 the potential temperatuqe, v the 
geostrophic velocity, and where primes refer t baroclinic 
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Unlike the 4.5"s section Fvhere the 200 m isobath is 
near the coast, H,,, can not be neglected for the 7.5"N 
section: there, the continental shelf extends 170 km off 
French Guiana. No estimate of this transport is available for 
the period of the cruise. Bourlks et al. (1998) collected 
various estimates of this transport between 1989 and 1996, 
and found a mean volume transport of 3 .8~1.2  Sv, with no 
clear seasonal cycle. Such an estimate leads, for a mean 
temperature of 26;8"C, to a heat transport of 0.4250.13 PW. 
These values are retained in this paper. 

Two methods for the computation of Ekman heat 
transports are compared in this note: 

first, the traditional approach based on climatological 
wind stresses is used; because ship measured winds are not 
available for theuaise, we have used Servain et al. (1996)'s 
monthly pseudo-windstresses linearly interpolated at the 
date and the location of the stations, Wind stresses are 
computed using the bulk formula: 

T = pa . c, .lu]. u 

where pa =1.25kg.m-3 is the air density and 
C, = 1.15 lo4 thedragcoefficient.FollowingtheEkman 
theory, the mass transport TEk and the heat transport HE, 
will then be expressed as: 
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Ek = zy (x) /(p ' f ,  

where f is the Coriolis parameter, the cross-section com- 
ponent of wind and the Ekman layer temperature that will 
be replaced in our computation by the sea-surface tem- 
perature. The following Ekman volume and heat transports 
are obtained: 11.5 Sv and 1.23 PW across 7.5"N, -9.3 Sv 
and -1.01 PW across 4.5"s. The western parts of each 
section are the major contributors for both estimates. To 
evaluate the error bars on these estimates, Ekman transports 
are computed for December, January and February; we get 
the following average estimates: 11.721.0 Sv and 
1.28k0.08 PW for7S0N,-13.7k3.2 Svand-1.37k0.20 PW 
for 4.5"s. Thus, whereas estimates for the northern section 
prove to be constant for the period of the cruise, Ekman 
transports across 4.5"s change significantly when con- 
sidering the average for the three months, because the 
Ekman transports are particularly weak in January. The 
problem of knowing whether the two sections may be 
considered as synoptic is already raised. 
* secondly, following Chereskin and Roemmich (199 1) 
and Wijffels et al. (1992), we assume that the Shipbome 
ADCP (S-ADCP) absolute velocities are only composed of 
the geostrophic and Ekman currents; ageostrophic 
components, but the Ekman velocity, are then neglected. 
The problem is then to choose a reference level where 
ageostrophic velocities cancel, i.e. where S-ADCP and 
geostrophic velocities merge. For 7.5"N, this level is chosen 
at 600 metres, and Fig. 2 presents the profiles of 
ageostrophic, geostrophic and ADCP transports versus 
depth; a slab layer extrapolation is applied for S-ADCP 
currents at the surface. The ageostrophic transport appears 

7.5"N 
volume transport 
per unit depth 
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Figure 2. S-ADCP (dotted), geostrophic (dashed) and 
ageostrophic (solid line) transport per unit depth across 
7.5"N (in Sdni). Geostrophic ciirrents are chosen to merge 
with S-ADCP ciirrents on mserage on the depth range 500- 
600 metres. 

to vanish at 65-80 m, for potential density between 24.5 
and 25.3, precisely in the core of the thermocline, even 
though a weaker ageostrophic signal persists deeper; Ekman 
dynamics is likely to govern this surface-trapped transport 
of 7.7 Sv and 0.68 PW. If we choose a linear extrapolation 
at the surface instead of a slab layer, these estimates 

become 8.7 Sv and 0.77 PW. We will arbitrarily 
synthetise these results and give the following 
estimates of Ekman transports across 7.5"N: 
8.220.5 Sv and 0.72k0.05 PW. The case of the 4.5"s 
section is more complex: the ageostrophic velocities 
no longer vanish at the core of the thermocline. The 
4.5"s section is indeed at the location of the South 
Equatorial Undercurrent (SEUC), with speeds greater 
than 40 c d s  in its core at a depth of about 180 m: the 
assumption that ageostrophic velocities other than 
Ekman ones are negligible is all the more questionable 
here, as Coriolis terms are of less importance at 4.5"s. 
Particularly, the thermocline does no longer play the 
role of a barrier between the strong wind-generated 
signal above and the weaker ageostrophic one beneath. 
Consequently, besides the level of cancellation of 
ageostrophic velocities, the depth of the Ekman layer 
must be specified arbitrarily; we choose it at the core 
of the thermocline, as for 7.5"N, and find Ekman 
transports equal to -4.Ok1.7 Sv and -0.53+0.20 PW, 
with error bars representing the difference between a 
slab layer and a linear extrapolation at the surface. 

The two methods used to compute the Ekman 
transports give divergent results: S-ADCP deduced 
wind-generated velocities lead to weaker estimates 

Table 1. Estimates of meridional heat fluxes across various 
transatlantic sections between 30"s and 30"N. Positive values 
represent northward heat transports. Error bars account for 
uncertainties on the method of conipiitntion andor on seasonal 
va ria bil ities. 

References Latitude Heat Flux (PW) 

Molinari et al. (1990) 
Johns et al. (1997) 
Hall and Bryden (1982) 
Roemmich et al. (1984) 
Klein et al. (1995) 

Friedrichs and Hall (1995) 

Klein et al. (1995) 

Speer et al. (1994) 
Holfort (1 994) 
Holfort (1994) 
Holfort ( 1994) 
Holfort (1994) 

26.5"N 
26.5"N 
25"N 

24.5"N 
14.5"N 

1 1"N 

8"N 

11"s 
11"s 
19"s 
23"s 
30"s 

1.21k0.34 
1.44kO.33 
1.2k0.3 
1.2k0.2 
1.22 (annual) 
1.3750.42 (February) 
1.1 (annual) 
0.30k0.18 (May) 
1.18 (annual) 
1.69k0.52 (May) 
0.6k0.17 
0.720.25 
0.6920.25 
0.36k0.25 
0.40k0.25 
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Table 2.  Volume and heat fluxes across A6 and A 7  sectiorts for  varioiis Eknian transport compatatiotis: 
a - with Sewain et al. (1996)'s pseuclo-~t,irzdstresses interpolated at the location and the dote of CTD stations. 
b - with'cvind-generated velocities deduced from the corriparison of geostrophic arid S-ADCP ciirrents. 
c - wirlt Sewain et al. (1996)'s pseiido-,vindstresses interpolated at the location of CTD stations, averaged for 
January-Febrilary-March. 

Section Hwsc 
3.8k1 .2 

3 . 8 ~  1.2 

3.8k1.2 

0.42k0.13 

0.42k0.13 

0.4250.13 

Ek 

1 1.5k0.5 

8.2k0.5 
1.23k0.05 

0.86k0.05 
11.7k1.0 

1.28k0.08 
-9.3k1.2 

-1.01k0.14 
-4.0k 1.7 

-0.53+0.20 
- 13.7k3.2 

- 1.37k0.20 

for both 7.5"N and 4.5"s. For 7.5"N, the underestimation 
may be the consequence of the large mesoscale variability 
in this region (Richardson et al., 1994)- The problem seems 
greater for the 4.5"s section, because, besides the large 
monthly variability in climatological data, the assumption 
that ageostrophic velocities, except Ekman ones, are 
negligible seems no longer valid there. 

The baroclinic heat fluxes are easier to estimate, 
because they are directly computed from hydrological 
data. These fluxes occur essentially in the upper ocean, 
where both temperatures and velocities take their greater 
values. We find the following estimates: -0.13PW for the 
7.5"N section, and 2.13 PW across 4.5"s. It must be noted 
that the estimate for 7.5"N is subject to an important error 
bar, given the strikingly variable character of this flux near 
the western boundary of the basin (Fig. 3). 

H b  

-0.13 

-0.13 

-0.13 

2.13 

2.13 

2.13 

HE 
-15.321.7 

-12.0k1.7 

- 15 Srt2.2 

; -0.29k0.04 

-0.2 1 k0.03 

-0.29t0.04 
9.351.2 

4.0k1.7 

13.7k3.2 

0.16k0.02 

0.07+0.03 

0.24k0.06 

H 

1.23+0.14 

0.94k0.16 

1.28k0.17 

1.2820.12 

1.67k0.14 

l.OOk0.04 

The last component to evaluate is the barotropic 
contribution, whose computation is based on the assumption 
of no volume flux across a zonal transect. For each section, 
the estimates are computed separately from the twodifferent 
values obtained for the Ekman volume transport. The 
results are reported on Table 2. Heat flux estimates are very 
sensitive to the computation method of Ekman transports: 

to North, which can not be explained with traditional 
estimates for air-sea fluxes. Results with Servain et al. 
(1996)'s pseudo-windstresses lead to a net heat gain of 
approximately 0.3 PW within error bars if we consider the 
winds averaged on the trimester of the cruise. We prefer to 
retain these values (1.2850.17 PW across 7.5"N and 
1.00k0.14 PW across 4.5"s) as seasonally significant,even 
though we have in mind that a huge month-to-month 

the S-ADCP method gives an amazing heat loss fromSouth I 

variability exists across the southern transect. 

Seasonal variability across 7.5"N 
0.8 

ETAMBOT 1 and 2 cruises repeat the 7.5"N section 
west of 35"W, in aregion that largely contributes to the 
heat fluxes across 7.5"N; if we complete the 7.5"N 
sectioneastof35"W withLevitus (1982)climatological 
data, wecanestimate heat flux variabilityacross 7.5"N 
and compare them with the numerical model results - 
Sarmiento (1956), Philander and Pacanowski (1986), 
Böning and Hermann (1994). The estimates for each 
component of the heat fluxes are summarisedinTable 3; 
Ekman transports are computed here from Servain et 
al. (1996)'s climatological pseudo-windstresses, for 
the month of the campaign. Of particular interest are 

500 450 400 350 300 250 200 1 5 0 ~  the important weakeningofEkman transportsin April, 
that causes a sensitive decreasing of total heat flux 
across the section, and the non-negligible Semm1 
variability on baroclinic heat fluxes: in September, we 

7.5"N Baroclinic Heat Flux 
0.6 integrated from the 

western boundary 
0.4 

5 F 0.2 
K 

2 0  

-0.2 

-0.4 

0. 

f? 
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Figure 3. Baroclinicheatflii,~, integmtedfrorn the western boundary, 
across 7.5"N. The unit is PW. 
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must estimate the latter flux halfway 
between 0.30 P W  for July-August- 
Septemberand-0.41 P W  forOctober- 
N o v e m b e r - D e c e m b e r .  F ig .  4 
reproduces the seasonal variability 
s e e n  b y  d i f f e r e n t  models; our 
estimates, with their error bars, are 
also represented. Within error bars, 
the agreement between our  direct 
computat ions a n d  t h e  resul ts  of  
numerical models  is  striking: the 
seasonal cycle is reproduced, but our 
datado not allow to conclude whether 
the heat flux across 7.5"N can take 
negative values or not. 

ETAMBOT 1 (September 1995) 

Western half Eastern half 

2 

1.5 

1 

22 a E 0.5 

E 
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-0.: 

ETAMBOT 2 (April 1996) 

Western half Eastern half 

Table 3. Heat f lu  components across 7.5"Nfrom ETAMBOTcatnpaigns. Sections 
are completed east of 35"W with Levitus (1994)'s data. Error bars refer to the 
seasonal variability. 

0.45 
O. 10ir0.07 -0.1OkO.07 

-0.23 -0.0550.35 

-0.08k0.08 
0.0920.49 

0.42k0.13 
0.97k0.15 0.2820.05 

0.06 -0.13 
-0.29k0.2 1 
1.3 1-1.0.29 
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Ek 
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Figure 4. The seasonal variability of the meridional heat 
fliixacross 7.5"N, as seen by niinterical models [Sarmiento, 
1986(solidline); Philartderand Pacanowski, 1986(dotted- 
dashed); Böning and Herrniann, I994 (dotted line)] and 
oiirestimates - where vertical bars referto errorbars - from 
CITHER 1 [windstress f o r  the campaign (cross), 
ageostrophic method (x) and trirnestrially-averaged 
windstress (star)], ETAMBOT I (square) and ETAMBOT 2 
(circle) data. The unit is PW. 
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WOCE/CLIVAR Workshop on Ocean 
Modelling for Climate Studies, 
NCAR, Boulder, CO, USA, 70-13 August 7 998 
The workshop aims to bring together ocean and climate 
modellers and observationalists. in order to understand how 
current and future observational datasets can be used to guide 
the development. of ocean models, particularly those used to 
study climate. The goals are: (1) to develop an understanding 
and consensus in the modelling community of how well 
different aspects of ocean dynamics need to be represented in 
order to achieve realistic simulations of the ocean's role in 
climate variability on decadal time scales, and (2) to develop 
a consensus of benchmark data sets for quantitative model 
tests that could lead to more co-ordination, transparency and 
feedback between individual model development efforts. 

The group of invited participants is expected to produce 
a research plan directed towards clarifying the role of certain 
small-scale ocean processes and their numerical representation 
in simulations of climate variability. 
Scientific Committee: C. Böning (chair), M.  England, 
P. Gent, D. Haidvogel, W. Large, L. Talley, E. Tziperman, 
D. Webb, J. Willebrand, R. Wood, C. Wunsch. 
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