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ABSTRACT

The annual cycle of meridional heat transport in the North and equatorial Atlantic Ocean is studied by
means of the high-resolution numerical model that had been developed in recent years as a Community Modeling
Effort for the World Ocean Circulation Experiment. Similar to previous model studies, there is a winter maximum
in northward heat transport in the equatorial Atlantic and a summer maximum in midlatitudes. The seasonal
variation in heat transport in the equatorial Atlantic, with a maximum near 8°N, is associated with the out-of-
phase changes in heat content to the north and south of that latitude in connection with the seasonal reversal
of the North Equatorial Countercurrent. The amplitude of the heat transport variation at 8°N depends on
model resolution: forcing with the monthly mean wind stresses of Hellerman-Rosenstein (HR ) gives an annual
range of 2.1 PW in the case of a 1/3° meridional grid, and 1.7 PW in the case of a 1° grid, compared to 1.4
PW in a previous 2° model. Forcing with the wind stresses of Isemer-Hasse (IH) gives 2.5 PW in the 1/3° and
2.2 PW in the 1° model case. The annual range of heat transport in the subtropical North Atlantic is much less
dependent on resolution but sensitive to the wind stress: it increases from 0.5 PW in the case of HR forcing to
almost 0.8 PW with IH forcing.

The annual cycle of heat transport can be understood in terms of wind-driven variations in the meridional
overturning; variations in horizontal gyre transport have only little effect both in the equatorial and in the
subtropical Atlantic. In all model solutions the seasonal variations in the near-surface meridional Ekman transport
are associated with deep seasonal overturning cells. The weak shear of the deep response suggests that the large
variations in heat transport on seasonal and shorter time scales should be of little consequence for observational
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estimates of mean oceanic heat transports relying on one-time hydrographic surveys.

1. Introduction

The poleward transport of energy in the atmosphere
and oceans represents an essential factor in the annual
mean global heat budget and serves to maintain the
global thermal equilibrium. Increasing efforts have
gone into developing a better understanding of the
quantitative role of the ocean since the revolutionary
study of Vonder Haar and Oort ( 1973) had shown that
a large fraction of total poleward transport in low lat-
itudes must be carried by the ocean circulation. How-
ever, there are still considerable uncertainties due to
the limited ocean database. The direct method to cal-
culate the meridional transport of heat in the ocean is
based on transoceanic, zonal hydrographic sections,
coupled with current measurements near the bound-
aries. Such “heat flux lines” constitute an essential part
of the observational program of the World Ocean Cir-
culation Experiment (WOCE). An as yet unsettled is-
sue concerns the representativeness of heat transport
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values from one-time surveys. In particular, the annual
variation in northward heat transport is controversial.

A huge annual cycle of ocean heat transport had
been indicated by the studies of Oort and Vonder Haar
(1976) and Carrissimo et al. (1985). Their indirect
estimates were based on the radiation balance at the
top of the atmosphere, atmospheric transports calcu-
lated from radiosonde data, and oceanic heat storage
changes calculated from hydrographic data. The heat
transports in the ocean derived in this way were directed
from the summer to the winter hemisphere, with an
annual range exceeding 7 PW at the equator and 5 PW
at 25°N (1 PW = 10'*W) (Fig. 1a). First clues to the
mechanism of these annual changes were obtained in
a model study of Bryan and Lewis (1979), henceforth
referred to as BL. The global BL model also showed a
winter maximum of northward heat transport in the
tropical ocean, but in contrast to the former observa-
tions a weak summer maximum in midlatitudes (Figs.
1b,c). The forcing of the BL model included only the
first annual harmonic of the climatological wind
stresses compiled by Hellerman (1967). Later studies,
notably the global model of Meehl et al. (1982) and
the Atlantic model of Sarmiento (1986, hereafter S),
confirmed the principal feature of BL, that is, the op-
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F1G. 1. (a) Northward heat transport in the World Ocean during
winter (DJF) and summer (JJA), from the analysis of Carissimo et
al. (1985); (b) difference between their winter and summer transports,
compared to the model result of BL; (¢) the BL result for the Atlantic
sector of their World Ocean model, from the analysis of Bryan (1982).

posite phases of the annual cycle in the tropics and
subtropics, but also emphasized the significance of a
more detailed representation of the wind stress. With
the monthly mean wind stresses of Hellerman and Ro-
senstein (1983; henceforth HR), S obtained much
larger annual ranges compared to the Atlantic sector
results from the BL model. Maximum values in the
equatorial Atlantic, between 5° and 10°N, were about
1.4 PW, and in midlatitudes, about 0.4 PW. -

In recent years, an annual cycle of northward ocean
heat transport qualitatively corresponding to the model
patterns of BL and S, that is, with a summer maximum
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in the subtropics, had been obtained by two different
observational studies. Following earlier attempts by
Lamb (1981) and Lamb and Bunker (1982), Hsiung
et al. (1989) calculated seasonal oceanic heat transports
indirectly from computations of the air-sea heat ex-
change and estimates of heat storage. Molinari et al.
(1990) applied the direct method of Hall and Bryden
(1982) to the monthly mean climatological data of
Levitus (1982) for the Atlantic Ocean at 26.5°N where
the seasonal variability of the western boundary current
is fairly well known from observations. The annual
cycle obtained in these studies for the subtropical North
Atlantic is shown in Fig. 2. One certainly has to account
for a large error of the single monthly values (0.4 or
0.5 PW as given by the authors), which may explain
the unrealistically large month-to-month variability.
An interesting feature, however, is that both studies
indicate a minimum of northward heat transport in
winter and a more or less broad maximum in summer.
That variation is in gualitative accordance with the
model simulations. However, the annual range of about
1 PW is twice as large as that of S and about four times
as in BL; it is nearly as large as the mean northward
transport of 1.2 PW obtained by Hall and Bryden
(1982) and Roemmich and Wunsch (1985) from hy-
drographic sections at 24.5°N.

As had been demonstrated especially in Bryan’s
(1982) analysis of the BL results, the prime cause for
the annual cycle of heat transport in the model solution
is the variation of zonal wind stress. The corresponding
changes in the meridional Ekman transport were as-
sociated in the BL model with deep seasonal overturn-
ing cells in the meridional-vertical plane (Bryan 1982).
Some attempts have been made in recent years to cal-
culate the effect of seasonal changes in wind stress on
the meridional heat transport in the ocean. However,
the role of variations in meridional Ekman transport
is controversial, since assumptions have to be made
about the vertical structure and, thus, temperature of
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FIG. 2. Annual cycle of northward heat transport in the subtropical
North Atlantic (25°N/26.5°N): monthly values of (H) Hsiung et
al. (1989) and (M) of Molinari et al. (1990).
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the compensatory flow at depth. While Kraus and Lev-
itus (1986) assumed implicitly that Ekman transport
variations are compensated by transport anomalies in
the deep ocean, Bryden et al. (1991) thought it was
more reasonable to assume that seasonal circulation
changes are confined to the upper 700 m of the ocean.
Thus, despite of their similar values for the seasonal
changes in the wind-driven volume transport, Kraus
and Levitus (1986) and Bryden et al. (1991) arrived
at widely differing conclusions about the associated
variations in meridional heat transport.

The annual cycle of poleward heat transport is stud-
ied here by means of a high-resolution model of the
wind-driven and thermohaline circulation in the At-
lantic Ocean. The model had been developed in recent
years as a community modeling effort (CME) for
WOCE. After the implementation of the model and
an initial spinup experiment by Bryan and Holland
(1989) at the National Center for Atmospheric Re-
search (NCAR), a number of runs have been con-
ducted both at NCAR and IfM Kiel, differing in res-
olution, friction, wind forcing, mixed-layer dynamics,
and boundary conditions. Various model evaluations
have been concerned with the seasonal variability of
the current system in different parts of the Atlantic.
These indicated a fairly realistic simulation of the sa-
lient features of the vigorous seasonal circulation
changes in the equatorial Atlantic (Schott and Béning
1991; Didden and Schott 1992). Boning et al. (1991a)
had studied the annual cycle of the western boundary
currents in the subtropical North Atlantic. They found
a strong influence of the wind stress climatology on
the annual amplitude of the volume transport through
the Florida Straits as well as on the amplitude of the
zonally integrated heat transport in the North Atlantic.
In the present study we are concerned with the mech-
anism of the heat transport variations and their con-
tribution to changes in heat storage in various parts of
the North and equatorial Atlantic.

2. The model experiments

The CME model configuration has been developed
by Bryan and Holland (1989) based on the primitive
equation model described by Bryan (1969) and Cox
(1984). The first experiment performed at NCAR was
a 25-year simulation of the wind-driven and thermo-
haline circulation in the Atlantic Ocean starting from
initial conditions given by the climatology of Levitus
(1982). The model domain extends from 15°S to
65°N, and the grid spacing is 1/3° in meridional and
0.4° in zonal direction. In the vertical 30 levels are
used, with a vertical spacing smoothly increasing from
35 m at the surface to 100 m near the depth of 500 m
and 250 m below 1000 m. For further details of the
model configuration and a description of the different
experiments, the reader is referred to Bryan and Hol-
land (1989) and Boning et al. (1991a).
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The thermohaline circulation is driven by a relax-
ation of surface salinity to the monthly mean values
of Levitus on a time scale of 50 days and a linear bulk
formula for the surface heat flux. Following Haney
(1971), the downward heat flux across the ocean sur-
face @ can be expressed as

Q=0+ QT4 Ts), (2.1)

where T4 is an atmospheric equilibrium temperature
and T the sea surface temperature. The coefficient Q,
contains the effect of solar radiation and Q, the net
flux of longwave radiation and sensible and latent heat
per degree Celsius excess of Ts over T,. Expression
(2.1) may equivalently be written in the form

0 =0Q:T% - Ts),

where 7% = T4+ Q1/0Q, is a kind of apparent atmo-
spheric equilibrium temperature. It is larger than 7
due to the effect of direct solar radiation, especially in
the tropical ocean. The coupling factor Q, is not a con-

stant in the scheme but varies with position and season;
it is primarily a function of wind speed. Since both
T% and Q, depend on atmospheric and radiation pa-
rameters only, they can, in principle, be computed us-
ing a set of climatological data. The prescribed func-
tions 77 and Q, for the thermal boundary condition
used in the CME formulation of Bryan and Holland
(1989) had been computed for each month based on
various climatological datasets and empirical formulas
as described by Han (1984). The same functions are
taken for the present experiments.

Another factor determining the strength of the ther-
mohaline overturning cell is given by the boundary
conditions at the northern and southern edges of the
model. As in the model of Sarmiento (1986), buffer
zones are incorporated there in which potential tem-
perature and salinity are restored to the monthly mean
values as given by Levitus (1982). A number of sen-
sitivity experiments have been performed that show
the annual mean overturning and meridional heat
transport critically depend on details of the boundary
condition formulation (Holland and Bryan 1993;
Ddscher et al. 1993). As will be shown, however, the
seasonal variation of heat transport in the model is
largely a wind-driven effect; hence, the dependencies
on the boundary conditions at the northern and south-
ern walls need not be considered in the context of the
present paper.

The main focus of the present study is provided by
two of the IfM Kiel CME experiments, of five-year
duration each, as described in Béning et al. (1991a):

(2.2)

Experiment 1 is forced with the monthly mean wind
stresses of HR;

Experiment 2 is forced with the monthly mean wind
stresses of Isemer and Hasse (1987; henceforth 1H)
north and HR south of the equator (with a transition
zone between 0° and 5°N).
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In both cases, constant eddy coefficients for vertical
viscosity (10 cm? s™') and diffusivity (0.3 cm?s™!) and
constant coefficients (—2.5 X 10! cm* s™") for the bi-
harmonic lateral friction and diffusivity were used. To
assess the influence of horizontal resolution on the sea-
sonal variation of heat transport, the results of the
1/3° models will be compared to coarse-resolution ver-
sions using a 1° X 1.2° grid (experiments 1C and 2C),
Experiment 3 in that sequence, with reduced coef-
ficients for the biharmonic lateral friction, had rela-
tively minor effects on volume transport and will not
be considered here. However, we shall briefly mention
another experiment that provides some useful com-
plementary information. Whereas in. the previous ex-
periments a wind-forced deepening of the mixed-layer
was not taken into account.
Experiment 4 included simple mixed-layer dynamics
following the formulation of Camp and Elsberry
(1978); all other model parameters are the same as in
experiment 2.

The wind-induced turbulent kinetic energy available
for entrainment at the base of the mixed layer D,, is
given by

W = aW e Pmn/Do, (2.3)
where the atmospheric energy flux W, is taken from
the computations of Hellerman and Rosenstein (1983)
and the scale depth Dy is taken as 50 m. Several test
runs have been made with different values for the pa-
rameter «. The effect of the wind-induced mixing with
a taken as 0.02 is illustrated in Fig. 3, which shows the
annual cycle of potential temperature 6 at a position
in the subtropical gyre.

3. Seasonal heat storage and surface fluxes

The vertically integrated oceanic heat budget may
be written as
0 90 0
0= f pc,—dz + V, f pcyldz
-D ot D

0
+f pCcpAgV30dz, (3.1)
D
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where ¢, is the specific heat at constant pressure, 6 the
potential temperature, and A, the coefficient for the
biharmonic diffusion of heat in the model. The net
surface flux of heat from the atmosphere to the ocean,
Q, is balanced by the time rate of change of heat storage
and the horizontal divergence of heat advection and
diffusion in the ocean. Only the first two terms of (3.1)
are directly accessible from available data; Lamb
(1981), Lamb and Bunker (1982), and recently Hsiung
et al. (1989) calculated the seasonal cycle of oceanic
heat transport as a residual term. The prime difficulty
of this indirect method lies in the near balance between
the first two terms of (3.1) in midlatitudes: as suggested
by theoretical considerations of seasonal variability
(Gill and Niiler 1973) and demonstrated in observa-
tional studies (Hsiung et al. 1989), the seasonal vari-
ation of the net surface heat flux mainly affects the
local storage of heat. Thus, the transport divergence in
midlatitudes is a small residual of two large terms. That
situation is in sharp contrast to the seasonal heat budget
of the tropical oceans: there fast equatorial waves allow
a baroclinic response to seasonal wind forcing; hence
the seasonal variation of the surface currents is asso-
ciated with large changes of heat content. As shown by
Merle (1980), the seasonal heat storage in the equa-
torial Atlantic is governed mainly by the heat transport
divergence. _

The basic difference between tropical and extratrop-
ical regions had been demonstrated in the model study
of S and is also evident in the results of the present
model. Figure 4 shows zonal averages of the surface
heat flux and the annual march of heat content change
integrated over the top 295 m. The flux Q is derived
from the linear relation (2.2). Compared to S, who
used a simplified version of that boundary condition
with a constant coupling parameter Q, and sea surface
temperatures as given by Levitus (1982) instead of the
“apparent” atmospheric temperatures 7% (which in-
clude the effect of direct solar radiation), the formu-
lation in the CME leads to a larger summer heat gain:
in S it exceeded 100 W m~2 between 36°N and 50°N;
in the same latitude range, the CME model yields fluxes
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FIG. 3. Annual cycle of potential temperature (°C) over the upper eight levels of the CME model, at 35°N, 30°W:
(a) experiment 2 without wind-forced convection; (b) experiment 4 including the mixed-layer parameterization with

a = 0.02.
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JIF

, with a maximum of 200
W m™2 at 43°N. The larger values seem to better cap-
ture recent observational estimates. Taking 25°N as

0 .
d : noh !
T ATSTOTNID
FiG. 4. Annual cycle of zonally averaged quantities in model experiment 4: (a) surface heat flux,
(b) heat content change in the top 295 m. The contour interval is 50 W m™>
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an example, the model fluxes vary between —120
W m~2in December and 120 W m~2in June. The heat
loss in winter is similar as in Sarmiento’s model, but
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in his case the summer heat gain was only about 50
W m™2 at this latitude. The observational estimates
of Isemer and Hasse (1987) and Hsiung et al. (1989)
both indicate an annual range of about 250 W m™
at 25°N.

The annual march of surface heat flux in midlati-
tudes corresponds to the change of heat content shown
in Fig. 4b. North of about 15°N, heat is stored from
April to September and released from October to
March. Except for finer meridional scales, the model
pattern is similar to results based on the climatological
data of Levitus (1982) as shown by S (his Fig. 7b). As
in these observational results, the model amplitude is
largest at about 40°N.

The seasonal heat budget is of a completely different
nature in the equatorial Atlantic. South of 15°N the
annual vanation of surface heat flux is rather weak.
The ocean gains heat throughout the year between 4°S
and 7°N (Fig. 4a). Averaged over the year and across
the basin the heat uptake at the equator is 75 W m™2
for experiments 1 and 2; maximum heat fluxes of more
than 100 W m™2 are found between 20° and 30°W. In
contrast to the surface flux, there is a strong variation
in the heat content with opposite phases to the north
and south of 8°N (Fig. 4b). Previous observational
studies ( Merle 1980; Garzoli and Katz 1983) and the
model simulations of Philander and Pacanowski
(1986a,b; hereafter PP) and S have shown that the sea-
sonal variation in heat storage is associated with the
vigorous circulation changes in the equatorial Atlantic.
In boreal summer, when the North Equatorial Coun-
tercurrent (NECC) is most intense, the ocean gains
heat to the south of 8°N where the thermocline deepens
and releases heat to the north of 8°N where the ther-
mocline shoals. The heat content between 8° and 15°N
1s replenished in winter when the NECC and the as-
sociated thermocline slope disappear. Schott and Bén-
ing (1991) found the general features of the seasonal
circulation changes in the present model to be similar
as in the PP model but noted narrower current cores
in the NECC region. \

The meridional gradients in the pattern of heat
storage change associated with the variation of the
NECC are captured to a much lesser degree in ob-
servational studies relying on smoothed datasets; for
example, there is only a weak indication of a corre-

sponding heating/cooling pattern in the analysis of

Hsiung et al. (1989), probably due to their averaging
over 5° latitude belts. As will be shown in section 4,
the opposite heating /cooling cycles to the south and
north of 8°N are associated with a large annual vari-
ation of meridional heat transport across this latitude

belt.

In Fig. 5 the annual cycle of surface heat flux is com-
pared to the heat content change at four selected lati-
tudes. The curves clearly demonstrate the different na-

ture of the seasonal heat budget in the equatorial regime
compared to the higher latitudes. In the subtropical
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FIG. 5. Annual cycle at selected latitudes of experiment 4: zonally
averaged surface heat flux and heat content change, calculated over
the whole water depth (0 m-bottom) and over the top 295 m (0-
295 m).
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(20°N), midlatitude (45°N), and subpolar North At-
lantic (60°N) the variation in heat content is largely
explained by the surface flux. The heat transport di-
vergence is obviously of minor importance for the sea-
sonal heat budget in these regions. The seasonal vari-
ation of heat storage is shown for two different depth
ranges: calculated over the whole water column, and
the top 295 m only (i.e., the same as in Fig. 4). Due
to the sparsity of deeper ocean data, observational
studies have usually relied on data from a similar depth
range; for example, Hsiung et al. (1989) limited their
calculations to 300 m. The analysis of Levitus (1984)
had indicated only little differences between heat stor-
age cycles integrated through depths 275 m and 550
m in the Northern Hemisphere midlatitudes. However,
his 550-m heat storage exhibited larger magnitudes
compared to the 275-m values in the equatorial ocean
(12°N). The model results (Fig. 5) show a similar be-
havior. In the subtropical (20°N) and midlatitude
(45°N) North Atlantic the heat content changes in the
top 295 m resemble most of the total change. This is
not the case in higher latitudes where wintertime con-

vection reaches to greater depth, and also not in the .

equatorial Atlantic, apparently, the heat content
changes associated with displacements of the tropical
thermocline are not fully captured in the 295-m inte-
grals.

A comparison of the simulated heat content changes
with climatological data from the midlatitude North
Atlantic is offered in Fig. 6. It had been suggested by
S that the summer heat gain in model simulations
without vertical mixing by wind-forced convection
could be too small. However, as noted above, the pres-
ent model yields much larger summer fluxes even
without wind-forced mixing, due to the different
boundary condition that includes the effect of solar
radiation. As shown by Fig. 6, the addition of the
mixed-layer scheme in experiment 4 leads only to a
slightly enhanced variation of heat content in the
model. Without wind-forced convection (experiments
1 and 2) the depth of the mixed layer during the heating
season is given by the first model level; in experiment
4 typical mixed-layer depths in midlatitudes are about
50 m (Fig. 3). Both model cases show a reasonable
simulation of the observed changes. While at 20°N the
mixed-layer model seems to improve the simulation,
the reverse seems to be the case at 45°N. A detailed
quantitative validation of the heat content change in
the model appears difficult given the considerable dif-
ferences between various observational studies, using
different oceanic datasets.

4. Seasonal heat transport and meridional
overturning

The annual cycle in the northward transport of heat
H through zonal cross sections of the ocean basin as a
function of latitude for case 1 (HR forcing) and case
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2 (IH forcing) is shown in Fig. 7. The pattern in both
experiments is similar to the result of S obtained with
a 2° X 2° model and HR forcing. The equatorial At-
lantic is characterized by seasonal heat transports from
the summer to the winter hemisphere, the amplitude
of the annual variation being largest at about 8°N. In
midlatitudes, maximum northward transports occcur
in summer. In the transition zone between the two
regimes from about 12° to 25°N there is a semiannual
variation with transport maxima both in winter and
summer.

As had been noted in previous analyses of CME re-
sults (Bryan and Holland 1989; Boning et al. 1991a),
the annual mean northward transport of heat is too
weak compared to observational estimates: the maxi-
mum transports of the various high-resolution runs are
between 0.65 and 0.75 PW, in the latitude range of
30°-35°N. The main reason for this model deficiency
appears to be an unsatisfactory simulation of the pro-
duction and southward transport of lower North At-
lantic Deep Water, resulting in a maximum overturn-
ing in the latitude—depth plane of only 12 Sv (Sv = 10¢
m®s™!). Various sensitivity experiments have been
performed that demonstrate the important role of the
boundary conditions at the artificial walls in the north
and south on the strength of the thermohaline circu-
lation. An analysis of the mean heat transport and its
sensitivity to various model factors will be presented
separately. As will become clear in the following dis-
cussion, seasonal (and shorter period) variations in
meridional heat transport can be understood largely as
a wind-driven effect.

In Fig. 8 particular aspects of the seasonal variation
of H are emphasized to allow an easier comparison
with the observational and model results presented in
Fig. 1. The latitudinal dependence of heat transport
during January and July (Figs. 8a—c) is in qualitative
correspondence to previous model solutions. However,
the amplitude of the annual variation is larger than in
some of the earlier studies and indicates a dependency
on wind stress climatology and grid resolution ( Table
1). The maximum annual range is found in the tropical
Atlantic near 8°N, corresponding to the large changes
in heat content to the north and south of that latitude
associated with the seasonal variation of the NECC
(Fig. 4b). In experiment 1, the difference between the
winter maximum and summer minimum of northward
heat transport is very similar to the result obtained by
PP using the same latitudinal grid spacing (1/3°)in the
equatorial Atlantic and the same wind stresses (HR ).
That annual range, roughly 2 PW, is significantly larger
than the range of about 1.4 PW obtained by S with a
2° model, also forced with the HR stresses. The sen-
sitivity to horizontal resolution in the NECC regime is
demonstrated also by the coarser grid (1°) version of
the CME model (experiment 1C), yielding an annual
range of 1.7 PW at 8°N. With IH forcing the annual
range at that latitude increases to nearly 2.5 PW in the
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F1G. 6. Annual cycle of zonally averaged heat content change (0~
295 m) at 20° and 45°N, compared to the climatology of Levitus
(1982) (from Sarmiento 1986, Fig. 7b): model experiment 2 without
and experiment 4 with wind-forced mixing.

1/3° case and 2.2 PW in the 1° case (experiment 2C).
In the subtropics, the annual variation of heat transport
seems to be much less sensitive to horizontal resolution.
The annual range of the 1/3° CME model with HR
forcing (experiment 1) is about 0.5 PW, similar to the
result of the 1° version of that model and not much
different from Sarmiento’s 2° model results. The dif-
ference between the summer maximum and winter
minimum of northward heat transport is substantially
enhanced with IH forcing (experiment 2), whereby
the latitude of maximum annual variation moves
southward from 34° (HR) to 27°N (IH). The incor-
poration of wind-forced convection (experiment 4) has
little influence on the seasonal heat transports in the
tropics and is negligible in higher latitudes.

Some insight into the mechanism of the seasonal
variation may be gained by considering the different
components of heat transport obtained by a formal
decomposition. First, it should be noted that the dif-
fusive heat transport is very small in the present high-
resolution model, that is, less than 0.01 PW at all lat-
itudes. In good approximation, the meridional heat
transport is given by advection alone and may be writ-
ten as
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H = poc,{v6}, (4.1)

where { } denotes an area integration over a zonal
cross section of the ocean basin for which there is no
net volume transport, that is, { v } = 0. Let angle brack-
ets denote a zonal average over the width of the section.
Writing the variables as

v={_v)+v* 0={0)+06% 4.2)
the total heat transport at any latitude may be decom-
posed as

H = pocy{ (v)(8) + (0%8*)).

The first term on the right-hand side represents the
effect of overturning in the latitude-depth plane and
will be denoted by Hopt; the second term represents
the effect of correlations in the horizontal plane and

(4.3)
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F1G. 7. Northward heat transport as function of time in petawatts,
averaged over five years (a) of model experiment 1 (HR) and (b)
experiment 2 (IH). Contour interval is 0.1 PW; negative contours
are dashed.
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FIG. 8. (a) Northward heat transport as function of latitude in January and July, averaged over
five years of experiment 1 (HR) and (b) of experiment 2 (IH). (c¢) Difference between heat
transport in January and July of experiments 1 and 2, and (d) the annual range, defined as the
difference between the maximum and minimum northward heat transports for each latitude.

may be understood as the effect of oceanic gyres; we
will refer to it as Hgy.

Figure 9 shows the annual cycle of H, Hot, and Hgy
for several latitudes. Almost everywhere the variation
of H is governed by the variation of the overturning
component Hgy; neither in the tropics nor in the sub-
tropics is there a significant contribution by Hgy; at
25°N the annual range of Hgy is less than 0.1 PW,
and at 8°N less than 0.2 PW. Further analysis of the
physical mechanism and cause of the seasonal variation
in H can be based therefore on an examination of the
variation in meridional overturning.

The pattern of the transport streamfunction for the
zonally averaged flow is very similar for experiments
1 and 2 (Fig. 10). The main difference is the strength
of the shallow wind-driven cells near the surface; the
stronger zonal wind stresses of the IH climatology
(Boning et al. 1991b) cause an enhanced equatorial
upwelling and subtropical convergence. The stronger
wind-driven cell in the subpolar Atlantic of experiment
2 may explain the slight reduction of the deep over-
turning cell associated with the formation of North
Atlantic Deep Water (NADW) in that experiment; the
transport maximum near 50°N is 12.2 Sv for HR and
11.9 Sv for IH forcing. The NADW cell reaches only

to about 2500-m depth; below that the model produces
a prominent counterrotating cell associated with
northward transport of Antarctic Bottom Water
(AABW), As noted above, the mean overturning pat-
tern strongly depends on the boundary conditions at
the northern and southern walls; these dependencies
will not be investigated here.

The January and July distributions of the meridional
transport streamfunction are displayed in Figs. 11a,b.
There is almost no difference in the deep sinking north
of 50°N. As shown by the sensitivity experiments of
Doscher et al. (1993), the deep circulation responds
to changes in the thermohaline boundary conditions
on time scales of a few years. Therefore, the annual
cycle of heating and cooling cannot exert a significant
influence on the meridional overturning. Instead, the
patterns reveal a strong seasonal variation in the me-
ridional overturning farther south. The structure of
these seasonal circulation changes is elucidated in Figs.
11¢,d, which show the January minus July differences
of the transport streamfunctions. The experiments
show two deep seasonal overturning cells, correspond-
ing to a northward transport anomaly at the surface of
the tropical Atlantic and a southward transport anom-
aly at the surface in midlatitudes. Similar, albeit weaker,
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TABLE 1. Annual range of northward heat transport (in PW) in models of the Atlantic Ocean, forced with the monthly mean wind
stresses of Hellerman-Rosenstein (HR) or Isemer—Hasse (IH).

Annual range (PW)
Horizontal grid Vertical Wind
(lat X long) levels stress Equatorial Subtropical

Sarmiento (1986) (S) 2° X 2° 25 HR ~1.4 ~0.4
Philander and Pacanowski (1986b) (PP) 1/3° X 1° 27 HR 1.95 —
Present experiments (CME)

1 1/3° X 0.4° 30 HR 2.06 0.53

2 1/3° X 0.4° 30 IH 2.48 0.77

4 1/3° X 0.4° 30 IH 2.30 0.77

IC 1° X 1.2° 30 HR 1.70 0.50

2C 1° X 1.2° © 30 IH 2.23 0.72

seasonal cells had been noted by Bryan (1982) in his
analysis of the BL model. In that coarse-resolution
model the tropical anomaly was more symmetrical
about the equator whereas in the present case it has its
maximum between 5° and 10°N. Forcing the model
with IH instead of HR increases the strength of the
cells. A second effect of the different wind stresses may
be seen in the position of the subtropical maximum:;
with TH stresses it shifts to the south and the seasonal
variation becomes much stronger between about 15°
and 25°N. As had been shown above (Fig. 9), the sea-
sonal heat transport changes are caused primarily by
the circulation in the meridional-vertical plane. Ac-
cordingly, a comparison between Fig. 8c and Figs. 11c,d
indicates strong similarities between the latitudinal
patterns of seasonal overturning and meridional heat
transport.

Some relevant features of the monthly mean zonal
wind stresses of HR and IH causing the seasonal
changes in meridional circulation are illustrated in Fig.
12. The seasonal variation of the westerlies centered at
about S0°N is somewhat stronger in the climatology
of HR. More important for the ocean’s response is the
seasonal variation of the stress at lower latitudes. The
annual amplitude seems to be small near the peak of
the trades at 15°N (however, there is a semiannual
component at this latitude; see the following). The lat-
itude of the trade wind maximum separates two dif-
ferent regimes of seasonal variation. The variation to
the north can be understood as a consequence of the
meridional shift of the Azores high; its northward mi-
gration from winter to summer, reflected in the latitude
of vanishing zonal wind stress (Figs. 12a,b), is asso-
ciated with increasing westward stresses in the sub-
tropics. It should be noted that the seasonal variation
in the latitude range from 15° to 35°N is much stronger
in the IH stresses (Fig. 12¢). The behavior to the south
of the trade wind maximum is governed by the sea-
sonality of the intertropical convergence zone (ITCZ),
which leads to smaller westward stresses between 2°
and 15°N in summer. As the phase of the northward
migration of the ITCZ is different from that of the
Azores high—the former occurs rather abruptly during

June/July—there is a tendency toward a semiannual
variation of the meridional pressure gradient between
about 10° and 20°N (e.g., see Boning et al. 1991b,
their Figs. 4 and 5). In this transition zone, relative
maxima of the westward trades occur in January and
June.

The opposite seasonal cycles of the zonal wind stress
in the tropics and subtropics are reflected in the wind-
driven meridional volume transport in the surface layer
of the ocean. The Ekman transport, integrated across
the width of the ocean basin L, is given by

L
Tex = —J; (79 f)dx. (4.4)

The January — July difference of the transport density,
that is, the zonal average of the argument —7 ¥/, is
shown in Fig. 12d. (A value of 10* dyn s cm™' = 10°
Pa s™! translates to a zonally integrated Ekman trans-
port of 6 X 10° m> s™' in a basin of width 6000 km.)
The combined northward transport anomaly in the
trade wind regime and the southward transport anom-
aly in the midlatitudes lead to an enhanced subtropical
convergence in winter. Again, the meridional patterns
of the seasonal transport changes are different for the
HR and IH stresses; in the subtropical North Atlantic,
the annual amplitude inferred from IH is more than
twice the amplitude from HR. A comparison between
Figs. 11¢,d and Fig. 12d reveals a striking similarity in
the latitudinal pattern of the simulated volume trans-
port changes at the surface and the meridional Ekman
transport anomalies. This gives a first indication that
the seasonal overturning cells represent the model’s
response to the zonal wind stress variations.

An important feature of the model is that the depth
distribution of the compensatory flows to the seasonal
surface transport anomalies (Figs. 11c,d) is very dif-
ferent from the annual mean pattern as shown in Fig.
10. The response to the seasonal transport changes at
the surface seems to be approximately depth indepen-
dent; except for a narrow regime near the equator, there
is no indication of a baroclinic compensation that in
the annual mean case causes the wind-driven flow to
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be confined to the upper few hundred meters. The effect
of the Ekman transport changes for the seasonal vari-
ation of northward heat transport (Hg,) can be cal-
culated only if there is information about the temper-
ature difference between the wind-driven transport at
the surface and the compensatory flow at depth. An
assumption has often been made that the deep return
flow associated with the Ekman transport at the surface
takes place with the depth-averaged potential temper-
ature [f]; hence,

L (x)
Hgy = pOCpJ; (‘ Tf )(05 —[dx, (4.5)

where 6, either represents the surface temperature (e.g.,
Kraus and Levitus 1986) or is taken as a weighted av-
erage of the temperatures in the mixed layer (e.g., Hall
and Bryden 1982; Bryden et al. 1991). Lacking direct
measurements, the applicability of (4.5) to the calcu-
lation of seasonal changes in meridional heat transport
is controversial, While Kraus and Levitus (1986), in
using (4.5), implicitly assumed a deep compensatory
flow, Bryden et al. (1991) assumed that there is only
little seasonal variation in the deep ocean (below 700
m). Therefore, with a much smaller temperature dif-
ference than in (4.5), they predicted much lower values
for the annual amplitude of heat transport in the sub-
tropical ocean than Kraus and Levitus (1986) had cal-
culated on the basis of (4.5).

In contrast to observations, model results allow an
examination of the question to which extent (4.5) rep-
resents a good approximation to the effect of seasonal
Ekman transport changes on meridional heat transport.
Since the annual range of Hgy is small (Fig. 9), the
variation of Hor approximately represents the variation
of total heat transport H. Figure 13 demonstrates that
the annual cycle in the overturning component Hor is
quite well approximated by the calculation of Hg, based
on (4.5). This again suggests that the seasonal over-
turning cells seen in Figs. 11c,d can be understood as
an effect of the Ekman transport changes at the surface.
The variation of Hg, somewhat underrepresents the
annual range of Hor, indicating that the mean tem-
perature of the deep return flow may be actually lower
than the depth-averaged temperature [6]. Given the
rapid decrease of temperature over the thermocline,
such an effect would have to be expected in the case
of an approximately depth-independent return flow.

Though the zonally integrated pattern of the wind-
induced transport anomalies looks very simple (Figs.
lic,d), it in fact conceals the rather complicated lon-
gitudinal distribution of the meridional velocity
anomalies across the ocean basin (Fig. 14a). The heat
transport analysis in terms of zonally integrated quan-
tities lumps together local and nonlocal effects in the
ocean’s response to the seasonal wind forcing. In ad-
dition to the Ekman drift currents there is also a re-
sponse of the oceanic gyres to variations in the wind
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stress curl. Theory (Gill and Niiler 1973) and model
studies (Anderson et al. 1979) suggested that except
for a narrow equatorial belt the seasonal response to
large-scale forcing is primarily barotropic; baroclinic
Rossby waves have only little effect on transport vari-
ations unless forcing adjacent to the western boundary
is considered. As was first indicated in an idealized
model study of Anderson and Corry (1985), the baro-
tropic signal in the subtropical North Atlantic should
be blocked by the topography of the Bahamian archi-
pelago. In the present model, a large annual signal in
boundary current transport was found to the east of
the Bahamas, decoupled from the smaller and locally
forced variation in the Florida Straits (Boning et al.
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1991a). A corresponding, large signal in meridional
velocity at the continental slope is evident in Fig. 14a.
Somewhat enhanced deep velocity variations also occur
over the eastern flank of the Mid-Atlantic Ridge, which
acts as barrier for barotropic Rossby waves carrying
the wind-induced signal from the eastern basin west-
ward. With the exception of these regions with steep
bottom slopes, the seasonal velocity signal in the deep
ocean interior is very weak, on the order of a milli-
meters per second.

The volume transport anomalies through various
portions of the cross section at 25°N are shown in Fig.
14b. Integrated zonally across the basin, the difference
in Ekman transport between the two seasons is roughly
4 Sv, consistent with the overturning anomaly of Fig.
11c. While the wind-driven flow in the surface layer is
distributed rather uniformly across the basin, the deep
ocean return flow is not. The subsurface transport pat-
tern is dominated by the variation of the subtropical
gyre. The gyre transport in the winter quarter exceeds
the summer value by 13 Sv. The model analysis of
Boning et al. (1991a) showed a seasonal variation of
the western boundary current approximately following
the wind stress curl over the western half of the basin,
with a maximum in January and minimum in October,
and an annual range of about 25 Sv. The phase of the
Florida Current variation, which follows the local wind
stress, is different, with a maximum in summer and a
minimum in fall; the annual range is about 6 Sv with
IH forcing. The difference between the summer and
winter quarter as defined in Fig. 14 is only 0.8 Sv. The
important point to be made here is that despite the
strong variation in gyre transport it has a negligible
effect on the seasonal cycle of heat transport in the
model (Fig. 9). The annual signal in H is due to the
comparatively small variation in Ekman transport and
its associated deep return flow that, according to Fig.
14b, is concentrated at the western boundary.

A corresponding calculation of summer minus win-
ter transport differences is given in Fig. 14c for the
cross section at 8°N. Vertical overturning associated
with the Ekman transport signal is stronger here and
comparable in magnitude to the variation in gyre
transport. The surface transport anomaly is compen-
sated to a larger degree in the top 1500 m than it is the
case in the subtropics, indicating a stronger baroclinic
nature of the seasonal response. The vertically inte-
grated transport shows an enhanced cyclonic gyre dur-
ing summer (by 16 Sv), corresponding to the summer
maximum of the NECC, which is partially fed by
southeastward flow along the western boundary; the
model analysis of Schott and Boning (1991) showed
10.3 Sv feeding into the NECC, mostly of NEC water,
from west of 53°W in August, compared to north-
westward transport of 4.5 Sv across that longitude in
February. The semiannual variation of Hgy at 8°N
(Fig. 9) cannot easily be related to the NECC cycle.
On the other hand, the contribution to the heat trans-
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port by the gyre signal, which has an annual range of
less than 0.2 PW (Fig. 9), is very small.

5. Summary and discussion

The basic characteristics of the annual cycle in me-
ridional heat transport found in the CME simulations
are the same as in previous mode! studies: the north-
ward heat transport has a winter maximum in the
equatorial Atlantic and a summer maximum in the
subtropics. The nature of the seasonal heat budget is
quite different in these two regimes. In the equatorial
Atlantic, the variation of the surface fluxes is weak and
the transport divergence is balanced primarily by the

change in heat content. During the northern summer,
the thermocline deepens and heat is gained south of
8°N, and the thermocline rises and heat is lost between
8° and 15°N. The amplitude of the annual variation
in heat transport across 8°N associated with the me-
ridional gradient in the heat storage cycle in that regime
is strongly dependent on the model resolution, which
affects the representation of the NECC (Schott and
Boning 1991). The CME model with HR forcing gives
approximately the same annual variation at 8°N as the
model of PP, using the same meridional grid spacing
(1/3°) in the equatorial Atlantic. The annual range is
significantly larger than in models with coarser grids
(Table 1). North of about 15°N, seasonal changes in
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heat content are mainly brought about by the surface and the change of oceanic heat storage. Even relatively
heat flux. The transport divergence represents only a small errors in these two terms can thus have a large
minor term in the heat budget. The present experi- impact on the inferred transport divergences. The un-
ments suggest that the annual variation of northward certainty in the meridional heat transport, obtained by
heat transport in the subtropical North Atlanticis only integrating these divergences over the polar cap, in-
weakly dependent on model resolution but very sen- creases monotonically southward. Isemer et al. (1989)
sitive to the wind stress climatology; the maximum noted that an error of 20 W m™2 in net surface heat
variation in the case of IH forcing is found at 27°N  flux corresponds to an error of about 0.5 PW in mean
with 0.77 PW, up from 0.53 PW at 34°N in the case meridional heat transport at 25°N, and 0.8 PW at the
of HR forcing (Table 1). equator. Hsiung et al. (1989) estimated uncertainties

There is little in the way of observational data that of their monthly heat transports of 0.5 PW in the sub-
could provide a direct, quantitative test of these model tropical North Atlantic, increasing to 0.7 PW at the
results. Indirect studies of the annual cycle of oceanic  equator. Given this error range, the model results for
heat transport based on the energy flux at the air-sea  the subtropical North Atlantic are not significantly dif-
interface, most recently by Hsiung et al. (1989), are ferent from the annual cycle derived by Hsiung et al.
faced with the problem that in the seasonal heat budget (1989) (Fig. 2). The result with IH forcing seems to
of extratropical regions the transport divergence rep- better capture the observed amplitude; however, due
resents a rather small residual of the surface heat flux to the existing uncertainties of the observations, it is
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difficult to assess the validity of the different model
versions.

The mechanism of the seasonal variation in heat
transport in the present model can be understood in
terms of volume transport variations in the meridional-
vertical plane. As in the earlier, coarse-resolution model
studies of Bryan (1982) and Sarmiento (1986), the
effect of variations in horizontal gyre transport remains
comparatively small, both in the equatorial and in the
subtropical Atlantic. The meridional circulation
changes in the surface layer are induced by the seasonal
variation of zonal wind stress; these Ekman transport
anomalies are compensated by return flows in the deep
ocean. Perhaps the most intriguing aspect of the model
solutions is the vertical structure of the seasonal anom-
alies in the zonally integrated overturning motion: ex-
cept for a narrow equatorial zone, the compensatory
flow is only weakly depth dependent; it gives the
impression of an approximately barotropic response
of the deep ocean to the variability in the surface layer.
A similar behavior had been noted already in the model
analysis of Bryan (1982). It is consistent with theoret-
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ical considerations (Gill and Niiler 1973) and model
studies (e.g., Anderson et al. 1979) of the ocean’s re-
sponse to time-dependent forcing; due to the small
phase speed of baroclinic Rossby waves away from the
equatorial waveguide, no baroclinic compensation to
surface forcing can be expected at seasonal or shorter
time scales. Since a barotropic response of the ocean
to variations in surface forcing is established within a
few days, a similar type of variation in meridional
overturning and heat transport as seen on the seasonal
time scale could also be expected on synoptic time
scales. Indeed, preliminary results from an experiment
forced with daily wind stresses from the European
Centre for Medium-Range Weather Forecasts ( Expt.
5 in the Kiel CME sequence) indicate a considerable
variability in meridional heat transport on a time scale
of weeks. Its amplitude in midlatitudes is strongest in
winter and exceeds the annual signal. The patterns of
zonally integrated volume transport associated with
these variations are of much smaller meridional extent
than the seasonal overturning anomalies but they in-
dicate a similar, weakly depth-dependent response in
the deep ocean.

The deep velocity signal associated with the seasonal
transport variations is on the order of a millimeters
per second over most parts of the ocean, not detectable
in actual measurements against the much stronger eddy
noise. It seems that the validity of the model response
to seasonal forcing can only be assessed by consistency
checks against the transport variations observed at the
western boundary. The annual cycle of transport
through the Florida Straits is known quite well from a
number of observational studies (e.g., Larsen 1992)
and is reasonably reproduced in the CME experiments
(Boning et al. 1991a). However, as that and other
model studies indicated, the annual cycle in the straits
represents an effect of regional wind forcing over the
continental shelf and is decoupled from the transport
variations occurring in the deep ocean. Measurements
to the east of the Bahamas by Lee et al. (1990) gave
no indication of a seasonal signal but did give one of
a strong, barotropic variability of the boundary current
transport on subseasonal time scales. It seems unclear
at present whether that large, stochastic variability, also
found in the CME model (Boning et al. 1991a), masks
the smaller signal that is expected from the seasonal
wind forcing. A significant annual signal was also not
detected in recent year-long deep current measure-
ments in the western equatorial Atlantic (Schott et al.
1993). Again, the presence of an annual signal of a
few centimeters per second amplitude hidden in the
strong eddy signal cannot be excluded on the present
observational basis,

The vertical structure of the wind-induced over-
turning anomalies bears a strong implication for the
magnitude of the associated heat transports. The model
results are not consistent with the assumption of Bryden
et al. (1991) that the seasonal response of the ocean
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should be confined to the upper 700 m. Instead, the
model analysis suggests that a first approximation of
the seasonal heat transport variations in the ocean may
be obtained with a simple calculation of the Ekman
effect as proposed by Kraus and Levitus (1986). The
main uncertainty in such estimates of the seasonal cycle
arises from the poor knowledge of the wind stresses
and resulting Ekman transports. Based on the IH
stresses, the annual range in the subtropical North At-
lantic is nearly as large as the mean meridional trans-
port of heat. However, whatever the actual value, all
model results consistently show that the large seasonal
variation in meridional transport of heat does not con-
tribute to the changes in the heat storage in extratropical
regions. In those regions it may also be of little con-
sequence for the calculation of mean heat transports
by the direct method: Due to the barotropic nature of
the deep oceanic response to forcing at seasonal and
shorter time scales, the geostrophic shear observed in
one-time hydrographic sections should still reflect, to
a large degree, the annual mean conditions.
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