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ABSTRACT

An atmospheric GCM coupled to a slab ocean model is used to investigate how temperature and
precipitation over South America and Africa affect the annual cycle of the Atlantic ITCZ. The main
conclusion of this study is that variations in precipitation and temperature forced by the annual cycle of
insolation over the continents are as important as variations in insolation over the ocean and in ocean heat
transport convergence in forcing the annual march of the Atlantic ITCZ observed in the control simulation.
The processes involved are as follows.

The intensity of precipitation over land affects the stability of the atmosphere over the tropical Atlantic
Ocean, and thus modulates the intensity of deep convection and convergence in the ITCZ. Both the
imposed changes in land precipitation and the subsequent changes in the strength of the ITCZ drive surface
wind anomalies, thereby changing the meridional gradient of SST in proximity of the basic-state ITCZ.
Finally, atmosphere—ocean feedbacks cause the ITCZ to be displaced meridionally.

Seasonal changes in surface temperature in the Sahara also have a strong influence on the position of the
Atlantic ITCZ. Cold wintertime temperatures produce high surface pressure anomalies over Africa and into
the tropical North Atlantic and drive stronger trade winds, which cool the North Atlantic by evaporation.
The coupled interactions between the SST, the wind, and the ITCZ intensify the anomalies in the equatorial
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region, causing the southward displacement of the ITCZ in boreal spring.

1. Introduction

This is the third in a series of papers aimed at de-
composing the annual cycle of precipitation in the
tropical Atlantic sector into its constituent elements. In
Biasutti et al. (2003, hereafter BBS1) and Biasutti et al.
(2004, hereafter BBS2) we have described a set of at-
mospheric general circulation model (AGCM) experi-
ments that separate the annual cycle at any given loca-
tion into “locally” and “remotely” forced components.
These papers described how the annual cycle over land
influences the annual cycle of the Atlantic ITCZ when
SST is fixed, and how the annual cycle of SST influences
precipitation over the continents, in equatorial Africa
and equatorial South America, and in the Sahel.

Our strategy for identifying the influence of SST on
the continental annual cycle of temperature and pre-
cipitation and the influence of the continents on the
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maritime annual cycle of precipitation was to treat the
SST and the insolation boundary conditions as indepen-
dent forcings. So, for example, the influence of SST on
the continental climate was inferred from a simulation in
which insolation was kept fixed at March value but SST
cycled through the observed climatology: in such an ex-
periment, any annual variations of the continental climate
must be solely due to the remote influence of the SST.
Similarly, the reverse experiment—in which SST was kept
fixed at March value but insolation cycled through the
observed climatology—illuminated the influence of con-
tinental climate on the oceanic climate in an AGCM.
One limitation of our previous work is obvious: the
terrestrial influence on the oceanic climate is artificially
constrained by the specification of SST. In this study,
we couple a slab ocean model (SOM) to the AGCM so
that SST can respond to the terrestrial forcing via ther-
modynamic processes (i.e., in response to changes in
surface heat fluxes), albeit not via ocean dynamics. This
is still a strong limitation, especially in the equatorial
region, where Ekman transport and upwelling force the
annual appearance of the equatorial cold tongue. This
study will quantify the first-order effect of ocean dy-
namics in forcing the annual cycle of SST and of the
oceanic ITCZ, but will mostly focus on identifying the
mechanisms that are important for the development of
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the annual cycle in the Atlantic in the absence of inter-
active ocean dynamics. It should primarily be consid-
ered another step toward understanding how our fully
coupled models work.

Three considerations spur our interest in understand-
ing the mechanisms by which the annual cycle is simu-
lated in an AGCM+SOM model configuration. First,
current coupled general circulation models do a poor
job at simulating the climate of the Atlantic without
using flux adjustments (Davey et al. 2002). In order to
identify which processes might be responsible for this
failure, it is wise to look at a simpler model that can
reproduce the annual cycle of the Atlantic climate and
identify the mechanisms controlling the annual cycle in
this simplified context. That knowledge can then be a
starting point for diagnosing the source of error in more
complete coupled models. Second, we anticipate that
mechanisms important for the annual cycle in the tropi-
cal Atlantic are also relevant to interannual variability
(Hastenrath 1984). AGCM+SOM configurations have
been widely and successfully used to simulate the At-
lantic interannual variability (e.g., Seager et al. 2001;
Saravanan and Chang 1999), indicating that any insight
on the annual cycle gained from the same configuration
might be applicable to the interannual variability prob-
lem. Third, understanding the first-order response of
the tropical Atlantic sector to large changes in external
forcing—such as changes in local insolation—can offer
guidance in organizing the climate information in the
paleo records from the Atlantic Ocean, Africa, and
South America into a cohesive picture.

This paper is organized as follows: Section 2 intro-
duces the model and details the experimental design.
Section 3 describes the response of the ITCZ to a pre-
scribed change in continental convective heating. Sec-
tion 4 describes the remote influence of the annual
cycle in land surface temperature and land precipitation
on the seasonal cycle of the maritime I'TCZ. Section 5
describes the local response of the ITCZ to the annual
cycle of insolation over the ocean and the annual cycle
of ocean heat transport convergence. Section 6 summa-
rizes the paper, draws a comparison of the response of
the tropical Atlantic to local and remote forcings, and
discusses the implications of our results.

2. Experimental design

We use the Community Climate Model version 3
(CCM3) AGCM at its standard resolution (T42 with 19
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vertical levels), coupled in the tropical Atlantic region
to a fixed 50-m-depth ocean mixed layer. This con-
figuration allows for thermodynamic atmosphere—
ocean interactions, but no ocean dynamics. A detailed
description of the atmospheric model and a compari-
son of the simulated climate with observations can be
found in Kiehl et al. (1998), Hack et al. (1998), and
other articles in the same special issue of Journal of
Climate (1998, vol. 11, no. 6). Chang et al. (2000) and
BBS1 have looked in more detail at how CCM3 simu-
lates the climate of the tropical Atlantic in the un-
coupled configuration. Saravanan and Chang (2000)
and Chiang et al. (2003), each using a configuration
similar to the one used in this study, have shown that
CCM3 coupled to a slab ocean model simulates the
mean state and the variability of the tropical Atlantic
climate fairly well.

The effect of ocean dynamics on the annual cycle of
SST is parameterized in the SOM by specifying an an-
nually varying heat flux correction (referred to as the Q
flux). The Q flux is derived from an uncoupled simula-
tion that used fixed monthly mean observed SST; it is
calculated as the difference between the mixed layer
heat content tendency and the heat flux provided by the
atmosphere (the sum of turbulent surface fluxes and
radiative fluxes). The application of the Q flux can be
interpreted as the imposition of the ocean heat trans-
port convergence into the oceanic mixed layer, al-
though in reality it also corrects for biases in the atmo-
spheric fluxes. Note that the Q flux is calculated from
monthly mean SST tendency and atmospheric fluxes,
and this mean value is then linearly interpolated to ob-
tain the instantaneous values used in the integration.
This procedure introduces a small additional bias in the
simulated climatology.

We couple CCM3 to the SOM only in the tropical
Atlantic region and impose climatological SST else-
where, smoothing the transition over 10° of latitude.
This configuration permits us to observe the response
of the tropical Atlantic to a forcing over Africa and
South America, while at the same time minimizes the
influence of the midlatitudes and of other oceans on the
tropical Atlantic climate.

Tables 1 and 2 give a succint overview of the un-
coupled and coupled experiments presented in this pa-
per. A more expansive summary is given in the appen-
dix. Recall that in our effort to decompose the annual
cycle of the Atlantic ITCZ into locally forced and re-

TABLE 1. Uncoupled experiments: name, insolation forcing over land, SST boundary conditions, and elevated condensational
heating over South America and Africa.

Name Insolation over land SST Land condensational heating
CTL (Control) Climatological Climatological Calculated (=Climat)
PM (Perpetual Mar) Vernal equinox (21 Mar) Mar Calculated (~Mar)
PMS (Perpetual Mar SST) Climatological Mar Calculated (~Climat)
PMJQ (Perpetual Mar with Jun heating) Vernal equinox (21 Mar) Mar Prescribed (=Jun)
LPVE (Perpetual vernal equinox over land) Vernal equinox (21 Mar) Climatological Calculated (~Mar)
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TABLE 2. Coupled experiments: name, insolation forcing over land, Q flux, and elevated condensational heating over South
America and Africa.

Name Land insolation Ocean insolation O flux Land condensational heating
CpldCTL Climatological Climatological Climatological Calculated (=Climat)
CpldPJQ Climatological Climatological Climatological Prescribed (=Jun)
CpldPMQ Climatological Climatological Climatological Prescribed (=Mar)
CpldLPVE Vernal equinox (21 Mar) Climatological Climatological Calculated (~Mar)
CpldLPVEQflux Vernal equinox (21 Mar) Climatological Annual mean Calculated (~Climat)
CpldLOPVE Vernal equinox (21 Mar) Vernal equinox (21 Mar) Climatological Calculated (~Mar)

motely forced processes, we treat the ocean forcings
and the land forcings as independent. Accordingly, our
simulations are distinguished by independently consid-
ering the annual cycle of insolation over land, SST (for
the uncoupled simulations), and insolation over the
ocean and Q flux (for the coupled simulations).

In most simulations the elevated condensation heat-
ing is calculated by the convective parameterization in
CCM3. However, in selected simulations (see Tables 1
and 2 and the appendix), we have discarded the con-
densation heating over Africa and South America cal-
culated by the model and instead prescribed a constant
value (obtained from a previous simulation correspond-
ing to either June or March insolation values). By pre-
scribing the continental condensation heating, we de-
couple continental convection from continental surface
temperature and can observe the response of the ocean
to each forcing separately.

In the following sections we will show differences
between a control simulation, in which insolation and
ocean Q flux vary climatologically, and simulations in
which the annual cycle has been totally or partially sup-
pressed over either the landmasses or the oceans. For
example, the difference between the control simulation
and an experiment with perpetual boreal vernal equi-
nox insolation over land (coupled control minus
coupled land perpetual vernal equinox, CpldCTL-
CpldLPVE) shows the ocean response to the annual
cycle over land induced by insolation. Similarly, the
difference between the control simulation and an ex-
periment with climatological insolation and Q flux but
prescribed fixed elevated condensation heating over
Africa and South America (coupled control minus
coupled perpetual March heating, CpldCTL-CpldPMQ)
shows the ocean response to the annual cycle of pre-
cipitation over land, in the absence of an annual cycle of
land surface temperature.

In the rest of the paper we will briefly reintroduce
our experiments and explain how we interpret the dif-
ferences among them. The reader is directed to Tables
1 and 2 and the appendix for a comprehensive refer-
ence to all the experiments and the differences in the
applied forcings that distinguish them.

All simulations that have an annual cycle in the
forcing were run for at least 12 years; the first 4 years
were discarded, and the analysis was conducted on
the average of the remaining years. Simulations in

which all forcings were kept constant were run for 12
months.

3. The ITCZ response to a steady
continental forcing

When SST is prescribed underneath an AGCM, the
response of the simulated oceanic ITCZ to annual
changes in insolation over the adjacent continents is a
change in intensity, but not in position (BBS1). Sensi-
tivity experiments forced by continental elevated heat-
ing (and analyzed in detail in BBS2) suggest that, in
uncoupled simulations, continental precipitation modu-
lates the intensity of maritime precipitation. The inso-
lation-induced changes in continental convection drive
changes in the stability (temperature) of the free tro-
posphere throughout the tropical Atlantic, and thus af-
fect the intensity of convection; the changes in land
surface temperature do not appreciably affect the oce-
anic precipitation directly (BBS2). What is the response
of the ITCZ to continental forcings when we expand
our model to include thermodynamic atmosphere—
ocean interactions? What other mechanisms come into
play? We approach this question in steps: First, we in-
vestigate the response of the Atlantic SST and ITCZ to
a steady elevated condensation heating imposed over
South America and Africa (this section). Second, we
show the maritime response to insolation-induced an-
nual variations in land surface temperature and precipi-
tation over the continents (section 4).

Figure 1 shows the forcing applied in all experiments
described in this section. The imposed forcing is the
difference in condensation heating over South America
and Africa between the months of June and March [as
simulated by CCM3 in an experiment with prescribed
March SST and climatologically varying insolation, de-
noted in BBS1 by perpetual March SST (PMS)]. Figure
la shows the horizontal pattern of the heating differ-
ence at 500 mb; Fig. 1b shows the vertical profile of the
heating difference averaged over South America.

Figure 2a shows the oceanic response in precipitation
and surface winds to the forcing shown in Fig. 1 in an
uncoupled simulation with March SST and insolation
conditions (we also performed a similar set of simula-
tions, but with September conditions, which supports
the conclusions drawn in this section). Specifically, Fig.
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Land (June-March) Condensational Heating at 500mb
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FiG. 1. The Jun-Mar difference in condensational heating over South America and Africa, taken
from a simulation with perpetual Mar SST and climatologically varying insolation over land. (a) Heating
difference at 500 mb. The contour interval is 2 X 107> K s™%, starting with =107>. Negative contours are
dashed, the zero line is omitted, shading indicates values larger than 10™> K s~'. (b) Vertical profile
as a function of pressure (mb) of the heating difference averaged over South America (in units of

1075 K s™h).

2a shows the “PMJQ minus PM” difference, where PM
simulates a perpetual March and PMJQ simulates a
perpetual March with imposed June condensation heat-
ing over the continents. The mechanisms responsible
for the uncoupled response have been described in
BBS2 and can be summarized as follows. A prescribed
negative heating over the continents causes a cooling of
the free troposphere that is spread horizontally by the
atmospheric circulation, thereby changing the stability
profile of the atmosphere everywhere in the Tropics
outside the area of prescribed heating. In the Atlantic
ITCZ region, CAPE is enhanced and precipitation be-
comes more vigorous. In regions that are nonconvec-
tive in the basic state, the change in stability is not
sufficient to induce deep convection, and thus the pre-
cipitation response is muted outside of the ITCZ re-
gion.

Figures 2a and 2b show that the surface wind re-
sponse is more intense near the equator and to the
southern edge of the precipitation anomalies. The
analysis of sensitivity experiments (not shown) in which
the elevated heating is applied only in South Africa or
only in South America suggests that the wind anomalies
shown in Fig. 2a should be interpreted as mostly due to
both the Rossby wave response to African heating and
the feedback associated with changes in the ITCZ itself;
the wind response to South American heating is small
by comparison.

How does the coupling affect the ITCZ response?
Figure 2b shows the difference in precipitation and sur-
face winds between the CpldPJQ and CpldPMOQ simu-
lations, that is, between coupled AGCM+SOM simu-
lations in which condensation heating over Africa and
South America is prescribed to be fixed at the June and
March values, respectively, but otherwise the climate is

forced by the annual cycle of insolation and Q flux.
Therefore, the difference “CpldPJQ minus CpldPMQ”
is due to the difference in the continental condensation
heating shown in Fig. 1, but the coupled simulations
have an annual cycle in their basic state. Figure 2b
shows the CpldPJQ—-CpldPMQ difference during
March, to be compared with Fig. 2a.

As in the uncoupled case, when continental precipi-
tation is decreased, the intensity of precipitation in the
ITCZ is enhanced (by roughly 20%, when averaged
over the whole ITCZ). However, the coupled response
is drastically different from the uncoupled response in
that, in the coupled case, the ITCZ has shifted 7° north-
ward in response to the imposed continental condensa-
tion heating anomalies. This suggests that precipitation
over the African and South American landmasses has
the ability to affect the annual meridional march of the
ITCZ.

The northward shift of the ITCZ could have been
anticipated in light of the surface wind response in the
uncoupled case (Fig. 2a): the southeasterly trades to the
south of the ITCZ are anomalously strengthened in
response to the continental forcing. Stronger winds
mean stronger evaporation and latent heat loss from
the ocean. When a slab ocean model is coupled to the
AGCM, this anomalous latent heat flux cools the SST
to the south of the mean ITCZ, establishing a cross-
equatorial gradient that “pushes” the ITCZ northward.
Associated with the SST gradient and the ITCZ shift is
an enhanced meridional wind response (cf. Figs. 2b
with 2a). The mechanisms by which the surface wind,
and thus the surface convergence and the ITCZ, are
thought to respond to a meridional SST gradient
anomaly have been described, for example, by Lindzen
and Nigam (1987) and Hastenrath and Greischar













































