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University of Washington
Abstract

On the Annual Cycle over the Atlantic Sector.
The Relative Role of Land and Ocean.

by Michela Biasutti

Co-Chairs of Supervisory Committee:

Professor David S. Battisti
Atmospheric Sciences

Professor Edward S. Sarachik
Atmospheric Sciences

This study investigates how local and remote forcings shape the annual cycle of surface
temperature and precipitation in the tropical Atlantic ocean, Africa, and South America.

We use an atmospheric general circulation model with prescribed SST or coupled to a
slab ocean model, and prescribe insolation over land and SST—or, in the coupled case, in-
solation and ocean heat transport convergence (OHTC)—independently of each other. The
annual cycle in a simulation in which only one forcing varies annually indicates the impor-
tance of that particular forcing for the observed annual cycle. Additional experiments in
which we specify the elevated condensational heating in selected regions are used to distin-
guish between circulations driven by elevated heating and circulations driven by boundary
layer processes.

SST determines the location of the maritime ITCZ and influences precipitation in equa-
torial coastal regions and the Sahel. The circulation generated by the ITCZ elevated heat-
ing generates the low-level convergence and precipitation response in the coastal regions.
Changes in subtropical SST are advected inland and force changes in sea level pressure,

low-level convergence, and precipitation in the Sahel.



The Atlantic ITCZ intensity is modulated by the precipitation intensity in Africa and
South America. Reduced land precipitation cools the upper troposphere and enhances the
convective available potential energy in the ITCZ region, thereby making precipitation more
intense.

In coupled experiments, annual variations in the continental climate impact the position
of the Atlantic ITCZ. The annual changes in Saharan surface temperature affect the strength
of the northern subtropical Trades, while changes in continental precipitation affect the
surface wind in proximity of the ITCZ. Both processes trigger a coupled response in the
equatorial Atlantic surface wind, the ITCZ, and the cross-equatorial SST gradient, whose
net effect is the meridional displacement of the ITCZ.

It is shown that the annual cycles of precipitation and temperature over the continents
are as important as the annual cycle of insolation over the ocean and of OHTC in forcing

the annual march of the Atlantic ITCZ seen in the control simulation.
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Chapter 1

INTRODUCTION

A number of short-term climate forecast techniques have recently been developed for spe-
cific land regions of the tropics, in particular Northeast Brazil (e.g. Folland et al., 2001) and
the Sahel (e.g. Ward, 1998). These techniques are based on proven interannual (or longer)
correlations of global sea surface temperature (SST) with air temperature and precipitation
in the given regions which are interpreted as prove that SST anomalies cause precipita-
tion anomalies. Most past research on precipitation variability has focused on land regions
where precipitation is scarce and the human and economic impact of climate variability is
large. Yet, the reach of the SST influence might be broader. For example, variability in
precipitation in central Africa is also correlated with global SST (not shown). Moreover, in-
terpreting the simultaneous correlation of SST and precipitation in central African as prove
of a one-way influence of SST on continental precipitation might not be warranted. Given
that the amount of rainfall in central Africa is substantial, and that the reach of convection-
driven circulation is broad, we might expect a mutual influence between the oceanic and

continental climate.

The correlations between continental and oceanic climates are hard won (e.g Folland
et al., 1986, for the Sahel and Uvo et al., 1998, for Northeast Brazil), since long time
series are needed to gather the statistics of SST anomalies from the annual cycle and for
local temperature and precipitation anomalies. Yet there is no process in the atmosphere
on these longer time scales that doesn’t also act on the shorter annual time scale. Thus
one is tempted to turn to the annual cycle as a convenient analogue for the longer time-
scale variability. The difficulty, of course, is that everything varies annually so that perfect

correlations tell us nothing about the influence of SST on the annual cycle over land.



Thus, in this study, we will employ a general circulation model (GCM) to identify the
processes that govern the annual cycle of tropical precipitation over both the continents
and the Atlantic ocean, with a special focus on the mechanisms of oceanic influence over
continental precipitation, and mechanisms of terrestrial influence over the oceanic ITCZ.

The annual cycle over land can be thought of as forced locally by the direct action of the
sun and remotely by circulations forced primarily by SST and, secondarily, by other land
masses. This distinction can be applied to monsoon regions as well, because the reversal
of land-sea temperature gradients that drives the monsoon is determined primarily by land
temperature changes, and therefore primarily by insolation. If local and remote sources of
annual variability could be separated, then where and when the remote effects of SST are
important could be quantified simply by decomposing and analyzing the annual cycle.

This separation clearly cannot be done observationally, but can be done in atmospheric
models of the annual cycle. Thus Shukla and Fennessy (1994) investigated the Asian summer
monsoon in a set of six-month-long atmospheric GCM (AGCM) simulations with seasonally
varying SST and insolation, fixed SST and seasonally varying insolation, and seasonally
varying SST and fixed insolation; they concluded that the annual cycle of SST is just as
important as the annual cycle of solar forcing in the establishment of the summer Asian
monsoon. Li and Philander (1997), using an atmospheric GCM forced by specified SST,
suppressed the annual cycle of SST by replacing it with an unchanging annual mean while
leaving the annual solar variation untouched. They found that even over the unchanging
ocean in the Gulf of Guinea, an annual cycle of the model meridional winds could be induced
by the annual variation of temperature over land forced locally by the annual cycle of solar
heating. Similarly Fu et al. (2001) selectively suppressed the annual cycle of SST in different
regions to examine effects of SST on precipitation in the Amazon basin.

In the first part of this study, we employ an AGCM in a manner similar to Li and
Philander (1997) but, instead of specifying an unchanging mean SST, we specify constant
values of SST at various phases of the annual cycle and allow the sun to vary through its
annual cycle. To complete the separation, we specify constant values of the sun at two
(extreme) phases of its annual cycle and allow the SST to vary annually. This separation

of local and remote effects allows us to estimate not only where SST is important, but also



when.

The effect of SST on land is totally taken into account in such AGCM experiments, but
the effect of land on the oceanic climate is artificially constrained by the specification of
SST. In the second part of this study, we couple a slab ocean model (SOM) to the AGCM,
so that SST can respond to the terrestrial forcing via thermodynamic 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.

We concentrate on the Atlantic because there the annual cycle is relatively pure: internal
variability is small compared to annual variability (Carton and Zhou, 1997) and occurs
mostly on decadal time scales. In the Pacific, by contrast, a good deal of the annual cycle
is due to averaging of mostly longer term ENSO variability that is tied to the annual cycle.

Moreover, understanding the relationship between the climate of the Atlantic and that
of Africa and South America in AGCM and AGCM+SOM model configurations will have
important ramifications. First, current coupled general circulation models do a terrible
job at simulating the climate of the Atlantic without using flux adjustments (Davey et
al., 2002) . In order to identify what 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 the
more complete coupled model. Second, we anticipate that mechanisms important for the
annual cycle in the tropical Atlantic are also relevant to interannual variability (Hastenrath,
1984). AGCM+SOM configurations have been widely and successfully used to simulate the
Atlantic 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 problem. 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 thesis is based on Biasutti et al. (2003c, a, b) and is organized as follows. Chap-



ter 2 introduces our model in its uncoupled and coupled configurations, and evaluates its
performance in simulating the climate of the Atlantic sector (here defined as the tropical
Atlantic, South America, and Africa) against observations. Chapter 3 gives an overview
of our modeling strategy and provides a reference for all the experiments presented in this
work.

Chapter 4 describes the results of our main uncoupled experiments. We will show that
annual changes in SST determine the annual meridional march of the oceanic ITCZ and
precipitation over equatorial coastal regions and heavily affect precipitation in the Sahel.
We will also show that annual changes of insolation over land determine the gross features of
the annual cycle of continental precipitation, namely the north-south displacement follow-
ing summer insolation, and also affect the intensity of precipitation in the oceeanic ITCZ.
Chapter 4 also discusses the degree to which local and remote forcings either add up linearly
or interact non-linearly in producing the annual cycle of surface temperature and precip-
itation at any given location. Chapter 5 brings the focus on the mechanisms responsible
for the behavior detailed in Chapter 4, and isolates the effect of boundary layer processes
from the effect of the elevated heating in regions of persistent precipitation. Specifically,
we will show that the influence of SST on the equatorial coastal regions is mediated by the
maritime ITCZ, but the influence on the Sahel is direct.

Chapter 6 describes the results of our coupled experiments. We will show that tem-
perature and precipitation variations over the continents trigger a coupled response in the
tropical Atlantic surface wind, the ITCZ, and the cross-equatorial SST, whose net effect
is the meridional displacement of the ITCZ. Furthermore, we will isolate and compare the
relative importance of local insolation, ocean heat transport, continental surface temper-
ature, and continental precipitation for the development of the annual cycle of SST and
precipitation over the Atlantic ocean. We will show how suppressing the annual cycle over
land suppresses the annual march of the oceanic ITCZ.

Chapter 7 summarizes our work and draws conclusions and implications.



Chapter 2

THE MODEL

The atmospheric model used in this study is the Community Climate Model version 3
(CCM3) developed at NCAR, run at the standard resolution T42L19 (triangular spectral
truncation at wavenumber 42, corresponding to a grid about 2.8° x 2.8°; and 19 mixed
sigma and pressure vertical levels). The NCAR Land Surface Model (LSM, Bonan, 1996) is
coupled to the atmospheric component to simulate the effect of vegetation and soil hydrology
on land-atmosphere exchanges (Bonan, 1998). A detailed description of the model, its
dynamical core, its physical parameterizations, and its overall performance, can be found in
Kiehl et al. (1998); Hack et al. (1998); Bonan (1998) and other papers in the same special
issue of Journal of Climate (volume 11, June 1998). Fu et al. (2001) have used the same
atmospheric model, but coupled to a different land surface model (BATS, Dickinson et al.,
1993), to determine how SST influences precipitation in the equatorial Amazon, and found
that the model qualitatively agrees with observations, and is therefore suitable for this kind
of experiment.

For the coupled experiments described in Chapter 6, we have coupled CCM3 in the trop-
ical Atlantic to a fixed 50m depth ocean mixed layer. Outside the tropical Atlantic, the SST
field is prescribed, and the transition is eased over 10 degrees of latitude. This configuration
allows for thermodynamic atmosphere-ocean interactions (but no ocean dynamics) in the
tropical Atlantic, while at the same time minimizes the influence of the midlatitudes and of
other oceans on the tropical Atlantic climate.

The effect of ocean dynamics on the annual cycle of SST is parameterized in the slab
ocean model (SOM) by specifying an annually varying heat flux correction (referred to as
the Q-flux). The Q-flux is derived from an uncoupled simulation 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 transport convergence into the oceanic mixed layer, although in reality it
also corrects for biases in the atmospheric 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 obtain the instantaneous values used in the integration. This procedure
introduces a small additional bias in the simulated climatology. 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 climate simulated in a control simulation by the uncoupled AGCM model and that
simulated by the coupled AGCM-+SOM model are very similar to each other, and differences
between the two simulations are negligible when compared to the difference between the
simulations and the observations. Thus, here we will verify against observations only the
AGCM control simulation.

We compare precipitation, surface air temperature, and surface winds simulated by the
uncoupled control run (CTL) with those observed (the GPCP precipitation product, Huff-
man et al., 1997) or produced by the NCEP reanalysis project (for surface air temperature
and wind, Kalnay et al., 1996). Note that the observed and reanalyzed climatologies refer
to different time periods, and that the CTL climatology is obtained from a run with clima-
tological SST boundary conditions (Shea et al., 1992), themselves different from the ones
used by the reanalysis (Reynolds and Smith, 1994; Parker et al., 1996). Therefore, in-detail
agreement should not be expected.

Figure 2.1 compares the reanalyzed and simulated March, June, September, and Decem-
ber surface air temperature. The differences over the ocean are consistent with the discrep-
ancies in the SST products noted above. Over the continents the temperature pattern is
quite similar to that observed, and the progression of the annual cycle is well simulated. This
consistency goes beyond the obvious cooling in the winter and warming in the summer, and
can be found in some of the spatial details. For example, over northern Africa the isotherms
are quite zonal in March, but a localized maximum confined to western Africa develops in

June; in the Amazon basin a temperature maximum develops in September. Nevertheless,
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Figure 2.1: Climatological annual cycle of surface air temperature in the NCEP reanalysis
(OBS, left column) and the control run (CTL, right column). All fields are regridded to
the T42 grid. “Surface” is defined as the 0.995 sigma level in the NCEP model, and as
the 0.992 sigma level in CCM. The contour interval is 2° C. The CTL run reproduces quite
well the evolution of the annual cycle, although it consistently underestimates continental
temperatures.



the model has a substantial cold bias throughout the year in the Sahara desert (because the
soil albedo is too high, as reported by Bonan, 1998), Chile and Argentina, and—to a lesser
degree—South Africa. A warm bias is present in the Amazon basin during austral winter
and spring.

Figure 2.2 compares observed rainfall and reanalyzed surface winds with the CTL sim-
ulation. The CCM3 reproduces fairly well the seasonal movement of the ITCZ and the
succession of dry and wet seasons over the continents. The agreement is less satisfactory
when we compare the mean precipitation, instead of the seasonal changes. The CCM3
exhibits a substantial bias over central equatorial Africa, where it produces twice the ob-
served precipitation all year round, and in the mountainous regions of southern Africa and
South America (wet bias during March and December). In general the ITCZ is displaced
somewhat too far to the south, and the Caribbean region is too wet during boreal summer
and fall. While the wet bias in the equatorial and southwestern Africa is a shortcoming
specific to the CCM3, the other biases (position of the ITCZ, orographic effect over the An-
des during the summer months, and wet Caribbeans) are shared with the NCEP reanalysis
(not shown). The fact that a model simulation (i.e. the reanalysis) constrained to be close
to the observed circulation produces errors in the rainfall field similar to those seen in the
CCM3 suggests that such common biases are due to the inadequate representation of con-
vection in current GCMs, and that the CCM3 is otherwise capable of producing a realistic
large scale circulation. Figure 2.2 shows that the low-level circulation is in fact satisfactory,
aside for the exaggerated strength of the wind over the Sahara and in southern Africa: the
local orography (Fig. 2.3) is not properly represented at the T42 resolution, and does not
constitute an efficient barrier to the moist wind blowing into Africa from the Indian ocean.
Most likely, the excessive moisture thus spuriously imported into Africa causes the excessive
precipitation.

In summary, the CCM3 reproduces fairly well the main patterns of the seasonal evolution
of temperature and precipitation in the tropical Atlantic, South America, and Africa, but
presents substantial biases in the amount of continental precipitation. Thus, our model
results can be applied to the annual cycle in the real world only as long as no pretense is

made of explaining the subtleties of the observed climatology. In particular, we caution the
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Figure 2.2: Climatological annual cycle of precipitation and surface wind in the GPCP
dataset and NCEP reanalysis, respectively (OBS, left column) and in the control run (CTL,
right column). All fields are regridded to the T42 grid. “Surface” is defined as the 0.995
sigma level in the NCEP model, and as the 0.992 sigma level in CCM. The contour interval
for precipitation is 3mm/day, starting with the 2mm/day contour. The smallest arrow
plotted corresponds to a 2m/s wind. The CTL run reproduces quite well the evolution of
the annual cycle, although it consistently overestimates African rainfall, and displaces the
ITCZ to the south.
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Figure 2.3: The region of interest, and its orography at T42 resolution. The contour interval
is 400m, starting at the -200m value. (Negative altitudes below -200m—due to Gibbs
fringes—are contoured in black, barely visible west of the Andes.) At T42 resolution the
highest peak in the Andes is 3000m high.

reader about the risk that the effect of continental precipitation might be exaggerated in
our study, due to the conspicuous wet bias of the model over equatorial South America and

Africa.
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Chapter 3

EXPERIMENTAL DESIGN

The main purpose of this study is to separate the response of the climate of the At-
lantic Ocean and of Africa and South America to local and remote forcings on the annual
time-scale. For the tropical land masses, the local annual forcing comes, to zeroth order,
from the insolation overhead , and the remote annual forcing comes—via the atmospheric
circulation—from the annual cycle of SST. An analogous decomposition applies to the case
of the ocean: the local annual forcing comes from the insolation overhead and the ocean
heat transport convergence (parameterized in our model by the Q-flux), and the remote
annual forcing comes—via the atmospheric circulation—from the annual cycle of insolation
over land.

A way to separate the local and remote response is, therefore, to run a set of experiments
in which the direct (local) annual forcing is applied either to the ocean or to the land and
to investigate the response to such forcing over both the ocean and the land regions. Over
land the local forcing is insolation; over the ocean the local forcing is the prescribed SST, in
the case of uncoupled experiments, or the combination of insolation and Q-flux in the case
of the coupled experiments.

Table 3.1 gives a brief reference for the experiments presented in Chapter 4. We ran a
control simulation (CTL), four main experiments (PMS, PSS, PVE, and PWSol) and two
additional experiment (PMAS, PM). In the first two experiments, insolation cycles through
the annual climatology, while the SST is kept fixed either to the March value (Perpetual
March SST, PMS) or to the September value (Perpetual September SST, PSS). In the second
two experiments, conditions are reversed: SST cycles through its annual climatology, while
the insolation is kept fixed either to the boreal spring equinox value (Perpetual Vernal

Equinox, PVE) or to the boreal winter solstice value (Perpetual Winter Solstice, PWSol)?.

'In the PVE and PWSol runs the phenology of the vegetation, describing the leaf and
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Table 3.1: List of experiments presented in Chapter 4: name, insolation forcing, SST bound-
ary conditions, interpretation

Name | Insolation SST Month to month changes
are due to seasonal changes
in:

CTL Climatological Climatological SST Insolation and SST (Fig. 4.3)
PMS Climatological Perpetual March SST
PSS Climatological Perpetual September SST
PVE Perpetual Vernal Equinox | Climatological SST
PWSol | Perpetual Winter Solstice | Climatological SST

Insolation only (Figs. 4.6-4.7)

SST only (Figs. 4.4-4.5)

PMAS | Climatological Perpetual March Atlantic | Insolation and SST everywhere
SST (Climatological SST | ezcept in the Atlantic (not
elsewhere) shown)

PM Perpetual Vernal Equinox | Perpetual March SST N/A (not shown)

In the fifth experiment (PMAS, Perpetual March Atlantic SST) both the insolation and the
Pacific and Indian SSTs are allowed to vary according to their climatology, and only SST
in the Atlantic is held fixed at the March value. We will not show the PMAS simulation,
but we will use results from it as an aid for the interpretation of the main experiments. In
all these cases we ran the CCM3 for at least 8 years and disregarded the first few years, in
which fhe model had not yet fully reached equilibrium. The last experiment is a perpetual
March experiment (PM, with perpetual vernal equinox insolation and perpetual March SST
boundary conditions). PM will only be used in sec. 4.5 (in conjunction with PVE, PMS,
and CTL) to measure the statistical significance of our results.

The annual cycle in the PMS and PSS experiments—in which insolation varies annually
while SST is fixed at March or September value—is the effect of insolation changes over
land; thus the experiments indicate where the annual cycle over land is driven locally, and
where the annual cycle over the ocean is affected by continental changes (with the restriction
of a non-interactive ocean—this restriction will be removed in Chapter 6). The PVE and
PWSol experiments—in which SST varies annually while insolation is fixed at March 21st

or December 22nd value—indicate where the annual cycle of precipitation over the ocean is

stem area, is also held fixed at the March and December values, respectively. Note that
we have verified that an experiment with fixed vernal equinox insolation and annually
varying phenology gave results virtually indistinguishable from those obtained from the
PVE run.
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Table 3.2: List of experiments presented in Chapter 5: name, insolation forcing, SST bound-
ary conditions, condensational heating over land, condensational heating over in the oceanic
ITCZ region.

Name Insolation SST Land Condensational | ITCZ Condensational
Heating Heating

CTL Climatological | Climat. | Calculated (= Climat.) Calculated (= Climat.)

PMS Climatological | March | Calculated (~ Climat.) Calculated (~ March.)

PVE Vernal Equinox | Climat. | Calculated (~ March) Calculated (~ Climat.)

PM Vernal Equinox | March | Calculated (~ March) Calculated (~ March)

PMw/SIQ Vernal Equinox | March | Calculated (~ Climat.) Imposed (= Sept.)

PMw/JAf+SAQ | Vernal Equinox | March | Imposed over South | Calculated (~ Climat.)
America & Africa
(= June.)

PMw/JAfQ Vernal Equinox | March | Imposed over  Africa | Calculated (~ Climat.)
(= June.)

PMw/JSAQ Vernal Equinox | March | Imposed over South | Calculated (~ Climat.)
America (= June.)

PMw/JTQ Vernal Equinox | March Imposed over Tropics | Calculated (~ Climat.)
except Atlantic (= June.)

driven by the local SST, and where the annual cycle over land is affected by SST changes.

Table 3.2 gives a brief reference for the experiments presented in Chapter 5. Our anal-
ysis of the mechanisms responsible for the uncoupled results is largely based on two of
the experiments introduced above, namely the PMS simulation (in which only insolation
is varying, and SST is prescribed to March value) and the PVE simulation (in which only
SST is varying, and insolation is kept fixed at March 21st value). In addition, we refer to
other experiments in which both insolation and SST are kept fixed at March values, but
the elevated condensational heat released in convection in selected areas is prescribed to
be constant with values taken either from the PVE experiment or the PMS experiment.
We compare these additional experiments with the PM run in order to assess the atmo-
spheric response to elevated condensational heating, when everything else is left unchanged.
We caution the reader that, because the heating is specified, these experiments are not

constrained to conserve heat.

Tables 3.3 and 3.4 give an overview of the uncoupled and coupled experiments presented
in Chapter 6. Recall that the focus of Chapter 6 will be the influence of land on the

annual cycle over the Atlantic when SST is allowed to interact thermodynamically with the
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Table 3.3: List of the uncoupled experiments presented in Chapter 6: name, insolation
forcing over land, SST boundary conditions, elevated condensational heating over South

America and Africa.

Name Insolation over Land SST Land
Condensational Heating

CTL Climatological Climatological | Calculated (= Climat.)

PM Vernal Equinox (3/21) March Calculated (~ March)

PMw/JQ | Vernal Equinox (3/21) March Prescribed (= June)

PSw/MQ | Autumnal Equinox (9/23) | September Prescribed (= March)

PSw/JQ | Autumnal Equinox (9/23) | September Prescribed (= June)

LPVE Vernal Equinox (3/21) Climatological | Calculated (~ March)

Table 3.4: List of the coupled experiments presented in Chapter 6: name, insolation forcing

over land, Q-flux, elevated condensational heating over South America and Africa.

Name Land Insolation Ocean Insolation | Q-flux Land
Condensational
Heating
CpldCTL Climatological Climatological Climatological | Calculated (= Climat.)
CpldPJQ Climatological Climatological Climatological | Prescribed (= June)
CpldPMQ Climatological Climatological Climatological | Prescribed (= March)
CpldLPVE Vernal Eq’x (3/21) | Climatological Climatological | Calculated (~ March)
CpldLPVEQflux | Vernal Eq’x (3/21) | Climatological Annual Mean | Calculated (~ Climat.)
CpldLOPVE Vernal Eq’x (3/21) | Vernal Eq’x (3/21) | Climatological | Calculated (~ March)
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atmosphere. To deconstruct the annual cycle of the Atlantic ITCZ into locally forced and
remotely forced processes, we treat the ocean forcings and the land forcings as independent.
Accordingly, our simulations are distinguished by independently considering the annual cycle
of insolation over land, SST (for the uncoupled simulations) and insolation over the ocean
and Q-flux (for the coupled simulations). Note that, in order to make a fairer comparison
between the coupled and uncoupled simulations, we have performed an uncoupled run in
which insolation is fixed at the March 21st value over land only, but varies annually over
the ocean (Land only Perpetual Venal Equinox, LPVE). Because the SST is prescribed
independently of insolation and the tropical atmosphere by itself responds weakly to changes
in insolatioh, the LPVE simulation and the PVE simulations give very similar results in the
tropical Atlantic.

In most of the simulations presented in Chapter 6, the elevated condensational heating
is calculated by the convective parameterization in CCM3, but in selected simulations (see
Tables 3.3 and 3.4) we have discarded, over land only, the condensational heating calcu-
lated by the model, and instead have prescribed a constant value (obtained from the PMS
simulation, and corresponding to either June or March insolation values). By prescribing
the continental condensational heating, we decouple continental convection from continental
surface temperature, and we can observe the response of the ocean to each forcing separately.

Throughout this study, we focus on the monthly-mean, large-scale fields, with the un-
derstanding that the large scale features are the backdrop for rain-bearing synoptic and
mesoscale processes. Thus, while recognizing the singularity of rain events at each location
and in each season, we hope to build a conceptual model that can explain the coarse features

of the simulated annual cycle in the Atlantic sector and, by extension, in the Tropics.
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Chapter 4

UNCOUPLED EXPERIMENTS: THE LOCAL AND REMOTE
RESPONSE TO SST AND INSOLATION

4.1 Outlook

The main purpose of the uncoupled experiments presented in this chapter is to separate
the response of the climate of Africa and South America to local and remote forcings on
the annual time-scale. For the tropical land masses, the local annual forcing comes, to
zeroth order, from the insolation overhead , and the remote annual forcing comes—via the
atmospheric circulation—from the annual cycle of SST. As a way to separate the local and
remote response, therefore, we have run a set of experiments in which only one of the two
annual forcings is present (either the annual cycle of SST or the annual cycle of insolation).
In this chapter, we report on the response to each isolated forcing over both the oceanic

and the continental regions.

Instead of presenting the annual cycle as an anomaly from the annual mean, we present
it as changes from a single reference month, namely March (note that we we will refer to
the “differences from the reference month March” as to “anomalies”). The only reason
for this choice is that it makes the discussion in the next sections more effective, but any
other method to describe the evolution of the annual cycle, such as differences from any
other reference month or from the annual mean, would be equivalent. For example, the
temperature difference June-March in the PMS simulation will give us an estimate of the
amount of March to June seasonal change that can be ascribed solely to the correspond-
ing changes in insolation. Similarly, the temperature difference June-March in the PVE

simulation estimates the change ascribable solely to changes in SST.

In Section 4.3 and Section 4.4 we will refer to such seasonal changes as to the “portion”

of the annual cycle due to each individual forcing. Yet, the reader should keep in mind
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that these “portions” do not add up linearly to the full control annual cycle. Moreover,
because the climate system is non-linear and has long-term memory, the response to the
same prescribed forcing may be different when the forcing is applied to a different basic state.
Therefore, estimates of the response to insolation changes or SST changes can be different
for different experiments. For example, the difference June(PMS)-March(PMS) estimates
the effect of insolation in a world with perpetual March SST, while June(PSS)-March(PSS)
estimates the same quantity, but for a world with perpetual September SST. The two
estimates turn out to be somewhat different (see Section 4.4). Similar considerations apply
for the case of the PVE simulation (from which we can infer the effect of SST under perpetual
boreal spring insolation) and the PWSol simulation (from which we can infer the effect of
SST under perpetual boreal winter insolation). In the next sections we will present the
different estimates and comment on their differences and the effect of non-linearities, but

will focus mostly on those structures that are more robust.

4.2 On the simulated climatologies

4.2.1 Comments on the fized-boundary-conditions simulation

Because the memory of the land-atmosphere system is longer than a month, the climate
of any given month is dependent upon the history of the system in the previous months.
Therefore, March(PMS) and March(PVE) can be expected to differ from March(CTL),
and similarly, September(PSS) and December(PWSol) should differ from September(CTL)
and December(CTL). Figures 4.1 and 4.2 show how important this effect is on surface air
temperature and precipitation, respectively.

As expected, temperature effects are virtually limited to the land, where the soil main-
tains its memory from one month to the next via its moisture content. Over the ocean,
air temperature is “slave” to SST and the memory of the system is artificially suppressed
in an AGCM simulation. As a result, SAT anomalies over the ocean are quite closely con-
fined to coastal regions (although, in the PWSol simulation, wintertime advection from
the cold continent makes them reach as far as 45° W in the North Atlantic). The surface

air temperature anomalies due to fixed insolation are a reflection of the change in annual
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Figure 4.1: Surface air temperture anomalies (SAT) from the CTL run: (a) March(PMS)-
March(CTL); (b) March(PVE)-March(CTL); (c) September(PSS)-September(CTL); (d)
December(PWSol)-December(CTL). The contour interval is 1°C in all panels; the zero
contour is omitted. The memory inherent in land surface properties records the history of
the forcing, so that having the same forcing of the CTL run during a specific month does
not ensure the same climate for that month. SAT anomalies in the fixed insolation runs
reflect differences in annual mean insolation.
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Figure 4.2: Rainfall anomalies from the CTL run: (a) March(PMS)-March(CTL); (b)
March(PVE}-March(CTL); (c) September(PSS)-September(CTL); (d) December(PWSol)-
December(CTL). The contour interval is 2mm/day in all panels; the zero contour is omitted.
The memory inherent in land surface properties records the history of the forcing, so that
having the same forcing of the CTL run during a specific month does not ensure the same
climate for that month.
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mean insolation: March insolation is up to 20Wm™2 larger than the annual average in the
Tropics, and December insolation is 50 to 150Wm™2 less (more) than the annual average in
the northern (southern) Tropics. The surface air temperature anomalies due to fixed SST
conditions are much smaller than those due to fixed insolation, because in the former case
the effect is only indirect, via the changes in circulation and precipitation associated with
SST.

In contrast, changes in precipitation (Fig. 4.2) are not confined to the continents, but
extend into the Caribbean Sea and the equatorial Atlantic Ocean, and their magnitude is
comparable to that of continental anomalies. Over land, anomalies are a response to changes

in low level stability and soil moisture; over the ocean they are a dynamical response.

Finally, we wish to point out that the equilibrium states in the four experiments do not
inordinately diverge from a “reasonable” climate. If, for example, evaporation exceeded
precipitation over a certain land region during March, a simulation with perpetual March
forcing would reach equilibrium by drying the soil out in that region. It turns out that
these conditions are not met in any of the experiments, and the simulated annual mean
soil moisture falls in every case within the range seen in the the control climatology (not
shown). Still, each simulation equilibrates to a different annual mean soil moisture content
and surface temperature, and such difference can account for some of the non-linearities

that will be discussed in the next sections.

4.2.2  The annual cycle of the control simulation

The CTL simulation shows the combined climate response to seasonal changes in both
SST and insolation, thus providing a reference against which one can separately compare
the anomalies due to SST and those due to insolation. Figure 4.3 shows the anomalies
with respect to March values of surface air temperature and precipitation in the CTL
simulation, an alternate view of the right-hand column of Figs. 2.1 and 2.2. In addition,
the rightmost panel shows the anomalies from the March value of the zonally averaged
boundary conditions: insolation at the top of the atmosphere and SST (which has been

zonally averaged in the Atlantic basin only). The SST anomalies are strongest in September
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Figure 4.3: The annual cycle of the CTL run, presented as anomalies from the month
of March. Left column: surface air temperature (contour interval of 2°C; the zero con-
tour is omitted); central column: precipitation (contour interval of 6mm/day, starting at
+2mm/day; right column: zonally averaged insolation at the top of the atmosphere (dash-
dotted line; bottom x-axis; units of Wm™2) and zonally averaged Atlantic SST (solid line;
top x-axis; units of °C).
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(note the change of scale among panels in 4.3) and are always positive in most of the
northern part of the domain (north of about 5°N), and negative in the southern part.
The insolation anomalies are weak in September (with the Northern Hemisphere receiving
a slightly higher insolation than in March), and four times as large—and, of course, of

different signs—in the two solstice months, June and December.

Temperature anomalies over land have mostly the sign expected from the insolation
anomalies, suggesting that insolation is the dominant forcing. On the other hand, two
features suggest that SST must play a non-negligible role on land surface temperature: (i),
the December temperature anomalies are much smaller than those of June (cf. Figs. 4.3a
and 4.3e), even though the insolation forcing is of equal magnitude, and (ii), in September,
between 15°N and 15°S, the temperature anomalies over land in Africa and South America
have signs opposite to those of the solar forcing anomalies. (Note that while (i) holds true
in observations (not shown), (ii) is true only in South America and not in Africa, where
anomalies are slightly negative. Surface air temperature anomalies in the model are too
strongly positive; they are associated with excessive negative precipitation anomalies and

consequently excessive reduction in latent heat loss.)

The second column of Fig.4.3 shows the annual cycle of precipitation and indicates that,
as expected, the ITCZ moves following the warmest waters, and is at its southernmost posi-
tion during March. Over land, precipitation anomalies have a more complicated structure,
but the general picture is of positive anomalies to the north and negative anomalies to
the south during June and September, and the opposite during December. This pattern is

consistent with continental precipitation following the maximum in insolation.

The modeling results presented in the next two sections support the conclusions sug-
gested above, and evidence a more complex relation between continental and oceanic pre-
cipitation that is not readily visible from the analysis of the annual cycle in the control

simulation.
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4.3 The effect of SST

Figure 4.4 shows the portion of the annual cycle of surface air temperature that can be
attributed solely to changes in SST. In the first two columns are mapped the two different
estimates—obtained from the PVE and PWSol run—of the surface air temperature (SAT)
response to the evolution of seasonal SST anomalies; the zonal average of the final SST
anomaly is shown in the third column. For example, Fig. 4.4a shows the June-March SAT
difference in the PVE run. In this case June and March are distinguished only by the value
of the SST boundary condition, because the insolation is kept fixed at the vernal equinox
value; therefore their difference indicates the response to June-March SST. Fig. 4.4b shows
the same quantity, but for a run with a different basic state: a different model world, with
perpetual winter insolation. The June-March SST (zonally averaged in the Atlantic domain)

responsible for both these anomalies is plotted in the last column.

Over most of the ocean, the June-March SAT anomalies due to SST are indistinguishable
from the total anomalies (shown in Fig. 4.3), with the noticeable exception of the Eastern
U.S. seaboard/northwest Atlantic region, where the temperature gradient is washed out
in the absence of insolation changes. The SST changes induce SAT changes well inland,
but their magnitude is overall quite small: 15% to 30% (depending on the estimate) of the
CTL changes in northwest Africa, 50% in extratropical South America. SST also induces
positive anomalies in northeast Brazil and in south-central Africa that are not present in
the CTL annual cycle. The two experiments provide somewhat different estimates of the
SST-induced June-March anomalies in the Guiana Highlands (northern South America),
the Guinea region, and the eastern Sahara. In Guiana and Guinea the negative anomalies
do not reach as far north in the PWSol run as in the PVE run; in Sahara the PWSol run

is 3° C warmer than the PVE run.

The patterns of the September-March and December-March terrestrial surface air tem-
perature anomalies due to SST are very similar to the June-March, and only the magnitude
of the anomalies changes noticeably. The September-March SST produces SAT anomalies
with a pattern very similar to the CTL case—especially in the PVE run, less so in the

PWSol run, in which the negative anomalies over North Africa do not extend far enough
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Figure 4.4: The portion of the annual cycle of surface air temperature (presented as anoma-
lies from the month of March) that can be attributed solely to seasonal changes in SST.
Left column: estimate obtained from PVE (March insolation boundary conditions). Center
column: estimate obtained from PWSol (December insolation boundary conditions). Right
column: zonally averaged Atlantic SST (°C). The contour interval is 2°C in all maps; the
zero contour is omitted. Land surface temperature are affected by SST. The September-
March anomalies due to SST are 60% to 100% of the total seasonal changes, shown in
Fig. 4.3. SST plays a more modest role in the solstice months.
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north—and 60% or more of the magnitude (compare Figs. 4.4c,d with Fig. 4.3c). The ef-
fect of SST on the December-March changes (Figs. 4.4e,f) is very small, and is more than
counteracted by the effect of insolation nearly everywhere (cf. Fig. 4.3e with Figs. 4.4e,f).
Only along the northeastern coasts of South America (in Guiana and northeast Brazil) is
the December-March change in SAT determined by SST. (Note also that in this region SAT
anomalies are larger in December than in June, and that, even if the basin-averaged forcing
is smaller, the anomalous SST meridional gradient in the western equatorial Atlantic is
actually larger in December.) Finally, we note that the terrestrial SAT response to SST is
approximately linear, in the sense that the general features of the response of the system
to a given SST change are similar in the two runs, regardless of the different insolation
conditions.

Figure 4.5 presents the portion of the annual cycle of precipitation that is due to chang-
ing SST. It is structured as Fig. 4.4. Over the equatorial Atlantic Ocean, the anomalous
precipitation field is a north-south dipole in all months, indicating that, as anticipated in
Sec. 4.2.2, the oceanic ITCZ moves north with the warm SST in all months (inspection
of the annual cycle in the PMAS confirms that only the Atlantic SST influences the po-
sition of the Atlantic ITCZ). The fact that the anomalous precipitation dipole is roughly
symmetric about the zero line indicates that, in the PVE and PWSol runs, the intensity
of precipitation in the ITCZ changes little from one season to the next. The influence of
SST on the rainfall of coastal regions is apparent. The positive rainfall anomalies in the
north equatorial Atlantic extend into the Guiana Highlands, the Caribbeans, and Central
America. The negative anomalies to the south extend into north east Brazil (to 50°W in
June and December, somewhat farther inland in September, when the SST anomalies are
strongest). Note the correspondence between negative precipitation anomalies and positive
temperature anomalies (and vice-versa) in this region, which indicates that SAT anomalies
are due to changes in cloudiness and evaporation. In equatorial Africa, the influence of SST
is substantial in June and September, but limited in December.

In the PVE run, the June-March SST anomalies induce positive rainfall anomalies in
eastern Sudan and negative anomalies in Guinea, the Congo basin and the East Africa High-

lands; in September, the rainfall anomalies intensify and extend over the entire Sahel/Sudan
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Figure 4.5: The portion of the annual cycle of precipitation (presented as anomalies from
the month of March) that can be attributed solely to seasonal changes in SST. Left column:
estimate obtained from PVE (March insolation boundary conditions). Center column: es-
timate obtained from PWSol (December insolation boundary conditions). Right column:
zonally averaged Atlantic SST (°C). The contour interval is 6mm/day in all maps, starting
at £3mm/day. SST controls the position of the ITCZ. SST also affects the Guinea and
Sudan regions in Africa and the Guiana Highlands and northeast Brazil in South America.
SST is the dominant forcing over the tropical continents in September.
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region and central equatorial Africa. The general pattern of rainfall anomalies simulated
by the PWSol run over tropical Africa is similar to that of the PVE run: it indicates that
a positive meridional SST gradient pushes rainfall farther north into the Guinea region,
intensifies it in the central equatorial Africa, and reduces it in the Congo basin and in the
East Africa Highlands. Nevertheless, the rainfall anomalies in the PWSol run are confined
south of 10° N, and do not reproduce the strong effect of SST on the Sahel/Sudan rainfall
captured by the PVE run. The PWSol run shows an influence of SST on African rainfall
south of 15° S that is not reproduced in the PVE run.

4.4 The effect of Insolation

In this section we present results from the PMS and PSS runs, in which the SST boundary
conditions are held fixed, while insolation varies seasonally. We will refer to our results as
to the insolation-induced anomalies. In nature all seasonal changes are ultimately caused
by the seasonal changes in insolation. In our simulations, instead, the state of the ocean
is not modeled, but is prescribed as a boundary condition; thus insolation does not affect
SSTs. Therefore when we say “insolation-induced anomalies” we mean it as a shorthand for
“changes that are a direct response of the land-atmosphere system to changes in insolation,
and that are not mediated by changes in the ocean surface temperature”.

Figure 4.6 presents the portion of the surface air temperature (SAT) annual cycle due
to insolation, along with the zonally averaged insolation forcing. Comparison with Fig. 4.3
confirms that insolation is the dominant forcing during the solstice months for SAT over
both the land masses and the western North Atlantic, in the Gulf Stream region. Insolation-
induced SAT anomalies in Fig 4.6 are typically 60-100% of the total change shown in Fig. 4.3.

Figs. 4.6a and 4.6b represent two estimates of the insolation-induced June-March anoma-
lies associated with fixed March and September SST boundary conditions, respectively. The
general pattern is quite similar in the two maps, but there are many small but interesting
differences. For example, the SAT anomalies outside the deep tropics have smaller mag-
nitude in PMS than in PSS and the negative anomalies in the Sahel region is weaker and

displaced farther south. This suggests that, in this region, SAT anomalies are not generated
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Figure 4.6: The portion of the annual cycle of surface air temperature (presented as anoma-
lies from the month of March) that can be attributed solely to seasonal changes in insolation.
Left column: estimate obtained from PMS (March SST boundary conditions). Center col-
umn: estimate obtained from PSS (September SST boundary conditions). Right column:
zonally averaged insolation at the top of the atmosphere (Wm™2). The contour interval is
2°C in all maps; the zero contour is omitted. Insolation alone suffices to determine the bulk
of land surface temperature changes in June and December.
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as a direct response to insolation, in fact differences between SAT anomalies in the Sahel in
the PMS and PSS are reproduced in differences in the precipitation anomalies (see Fig. 4.7).

The two estimates of the SAT response to September-March insolation changes shown
in Figs. 4.6c,d reproduce the coarser features of the control September-March changes
(Fig. 4.3c), but are generally smaller. Moreover, the two estimates are quite different from
each other, and where one experiment produces sizable anomalies (North Africa in the PMS,
Brazil in the PSS), the other doesn’t. This behavior is consistent with a minor role of insola-
tion in determining land surface temperature in September (cf. Fig. 4.3c with Figs. 4.6¢,d)
and the predominance of SST established in Sec. 4.3 (cf. Fig. 4.3c with Figs. 4.4c,d).

As expected, the December-March SAT differences are produced by the changes in in-
solation almost everywhere over the continents. Notable exception are found only in the
coastal regions of equatorial South America and South Africa, where SST produce sizable
anomalies with the same sign of the CTL (cf. Fig. 4.3e with Figs. 4.4e.f and Figs. 4.6e,f).
The two estimates of the insolation-induced anomalies shown in Figs. 4.6e,f are quite similar.

Figure 4.7 presents the portion of the rainfall seasonal changes due to insolation, along
with the zonally averaged insolation forcing. By comparing Fig. 4.7 to Fig. 4.3 (right),
we can conclude that (i) the bulk of the June-March and December-March anomalies over
the continents is captured by imposing changes in insolation; (ii) for the September-March
anomalies, insolation has a robust and dominant effect only in South Africa; and (iii) there is
a sizable influence of insolation on the intensity of the oceanic precipitation. It is important
to note that precipitation anomalies over the tropical Atlantic Ocean are produced only
where there is significant precipitation in the basic state. When the basic state has March
SST boundary conditions (PMS run, Fig. 4.7 left column), the precipitation anomalies over
the ocean are confined to the equator. When the basic state has September SST boundary
conditions, (PSS run, Fig. 4.7 right column) the largest precipitation anomalies over the
ocean are in the Caribbeans and the Gulf of Mexico. During June and December there is
an additional precipitation anomaly in the central Atlantic, at about 10°N. Precipitation
anomalies, whether they are positive or negative, are colocated with the ITCZ of the basic
state. Therefore this coincidence cannot be solely attributed to the fact that precipitation is

a positive definite variable. While the position of the ITCZ is largely established by coupled
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Figure 4.7: The portion of the annual cycle of precipitation (presented as anomalies from
the month of March) that can be attributed to seasonal changes in insolation. Left column:
estimate obtained from PMS (March SST boundary conditions). Center column: estimate
obtained from PSS (September SST boundary conditions). Right column: zonally averaged
insolation at the top of the atmosphere (Wm~2). The contour interval is 6mm/day in all
maps, starting at £3mm/day. Insolation controls the position of continental convection in
June and December, and modulates the intensity of oceanic convection during all months.
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atmosphere ocean interactions (ultimately also paced by insolation), the circulation induced
over the continental land masses by changing insolation extends over the oceanic regions

and greatly affects the intensity of oceanic convection.

4.5 Statistical Significance and Non-Additive Effects

The results presented in the previous two sections showed the SAT and precipitation re-
sponses to seasonal variation in SST and solar forcing. The responses were inferred by
looking at the annual variations in experiments where the annual cycle of one of the two
forcings had been suppressed. This method has the advantage of presenting the actual
pattern of the response: for example, it indicates that the SST-induced northward shift of
the ITCZ between March and September is associated with a 4°C warming of the northeast
Brazil and a 2°C cooling in the Guiana Highlands. The disadvantage of the method is that
it does not gauge the statistical significance of the response, and can only provide a qualita-
tive indication of non-linear interactions existing between insolation and SST when they act
together in generating the control annual cycle. The analysis of variance (ANOVA, Storch
and Zwiers, 1999) is the appropriate statistical tool to investigate questions of significance

and non-additivity of the responses.

The CTL, PMS, PVE, and PM runs form a complete set of experiments in which the two
factors whose effect we are set out to prove—that is, the presence or absence of an annual
cycle of insolation and the presence or absence of an annual cycle of SST—are combined
in all possible ways (or “treatments”). In CTL, SST and insolation are annually varying;
in PMS, SST is constant at the March value and insolation is annually varying; in PVE,
SST is annually varying and insolation is constant at the March value; in PM, both SST
and insolation are constant at the March value. Every year of a model integration can be
considered as a member of an ensemble of experiments subject to the same treatment. Thus

we have four eight-member ensembles.

Let’s assume, for example, that we want to measure the effects of the SST treatment

and insolation treatment on the June precipitation. For every June of any of the four



32

experiments, we can write:

P=P+PI+P5+P15+E

where P is the baseline, i.e. the grand mean of all June months in the four experiments;
Pr represents the departure from the baseline due to the effect of insolation; Pg represents
the departure due to the effect of SST; Prs represents the departure due to the effect
of interactions between insolation and SST treatments; and, finally, ¢ represents random
interannual variability.

If annual variations of neither SST nor insolation had any effect, June would look the
same, aside from random variability, in all experiments (it would look a lot like March, in
our set-up), and Py, Ps, and Prg would all be statistically indistinguishable from zero. This
is the null hypothesis that can be tested with the ANOVA technique.

Figures 4.8 and 4.9 show where the effects of SST, of insolation, and of their non-
additive interaction are significant at the 95% level in producing the annual cycle of SAT
and precipitation. In this set-up, “producing the annual cycle” is tantamount to say “making
June, September, and December different from March”. Therefore Figs. 4.8 and 4.9 indicate
that the anomalies discussed in sections 4.3 and 4.4 are significant. Moreover, they confirm
what was inferred by comparing PMS to PSS and PVE to PWSol, i.e. the existence of
interactions between SST and insolation treatments in the ITCZ region, the Sahel, and

northern South America.

4.6 Summary

In this chapter, we have described a set of GCM experiments performed with an uncoupled
AGCM and intended to elucidate the relative role of changes in SST and insolation over
land in producing the annual cycle of surface air temperature and precipitation over the
tropical Atlantic, Africa, and South America. The simulated annual cycle replicates the
general characteristics of the observed annual cycle, but there are substantial biases; in
particular, the amount of continental precipitation is grossly overestimated by CCM3.

We have presented results from four modeling studies (PVE, PWSol, PMS, and PSS;

see Table 3.1) designed to distinguish what portion of the annual cycle of temperature and
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Figure 4.8: Regions where SST (left column), insolation (center column), and their interac-
tion (left column) contribute significantly (at the 95% level) in making SAT values during
June, September, and December different from SAT values in perpetual March conditions.
The method used to establish significance is introduced in the text.
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during June, September, and December different from precipitation values in perpetual
March conditions. The method used to establish significance is introduced in the text.
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precipitation is due to a direct response of the land-atmosphere system to seasonal changes
in insolation, and what portion is a response to changes in SST. In the PVE and PWSol
runs the insolation at the top of the atmosphere is held fixed at the boreal vernal equinox
and winter solstice values, respectively, while the SST is allowed to vary according to the
observed climatology. Therefore comparison of two months extracted from the climatology
of either the PVE or the PWSol run provides an estimate of the effect of SST changes. In
the PMS and PSS runs the SST boundary conditions are held fixed at March and September
values, respectively, while insolation changes. Therefore, the climatologies of the PMS and
PSS runs reveal the direct response of the land-atmosphere system to insolation. The degree
to which estimates obtained by the PVE and PWSol (PMS and PSS) runs differ gives a
qualitative measure of the linearity of the response to SST (insolation) changes.
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Figure 4.10: Percentage of the annual variations in SAT (top row) and precipitation (bot-
tom row) that can be ascribed to SST (left column), insolation (center column), and their
interaction (left column). Darker grey shading indicate a larger percentage of explained an-
nual variations (the increment equals 25%); the solid line is the 50% contour. The method
used to establish the relative importance of each factor is introduced in the text.

Figure 4.10 gives an estimate of the relative role of SST annual variations, insolation
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annual variations, and their interactions. The annual signal of a variable (surface air tem-
perature, SAT, or precipitation) is represented by its total variance minus the variance due
to random fluctuation, and it can be expressed as the sum of the variance due to the SST
treatments, the insolation treatments, and their interactions. The ratios of the factor- and
interaction-induced variances to the annual signal are plotted in Fig. 4.10 by increments of
25% (the contour line indicates the 50% value). Although the significance of these ratios is
not established, we find them to be a useful guidance in summarizing our results.

SST is the dominant forcing for the terrestrial SAT in northeast South America (the
Guiana Highlands and northeast Brazil), the Gulf of Guinea, the Congo basin, and South
Africa. The direct response to insolation anomalies explains the greatest part of the annual
cycle of SAT over land outside the deep tropics (and except the southern tip of Africa).

Maritime precipitation in the tropics responds most strongly to SST changes (the loca-
tion of the ITCZ shifts to follow closely the warmest waters). SST changes also account
for the bulk of the annual cycle in precipitation over the Guiana Highlands, the northeast
Brazil and the Gulf of Guinea region. The SST impact on precipitation over the Sahel is on
average between 25 and 50%. The direct response of land to changes in insolation is respon-
sible for the bulk of seasonal changes in precipitation over Africa and South America. The
effect of insolation variations on the equatorial Atlantic precipitation is between 25% and
50%: the insolation-induced anomalies over land drive circulation anomalies that extend
over the ocean and significantly affect the intensity, but not in the location, of maritime
precipitation.

The interaction between SST and insolation, although significant in a larger portions of
the domain, accounts for more than 25% of the total annual signal only in a small portion

of the domain, which includes the Sahel.
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Chapter 5

UNCOUPLED EXPERIMENTS: MECHANISMS OF LOCAL AND
REMOTE RESPONSE TO SST AND INSOLATION

5.1 Outlook

In this chapter, we expand our analysis by focusing on the mechanisms that determine the
annual cycle of precipitation in an atmospheric general circulation model (AGCM) with
prescribed SST. In particular, our aim is to identify how changes in local insolation affect
precipitation over the tropical continents, how changes in SST (which in our model exper-
iments can be prescribed independently from insolation) affect precipitation in the ITCZ,
and how temperature and rainfall over the ocean affect precipitation over the continents,

and vice-versa.

The decomposition of the annual cycle of precipitation into locally and remotely forced
components that was detailed in Chapter 4 is encapsulated in Figure 5.1. Shown is the
first empirical orthogonal function (EOF) and first principal component (PC) of the annual
cycle of precipitation in the tropical Atlantic sector in the CTL, the PMS, and the PVE
simulations (see Table 3.2 for a complete list of the experiments presented in this chapter).
The comparison of Figure 5.1c and Figure 5.1a indicates that the local insolation forces the
bulk of the annual cycle of precipitation over the continents, with maximum precipitation
occurring during the early summer months. Note that insolation causes African precipi-
tation to reach the farthest north in June, and not in August as seen in observations and
in the control experiment (this is apparent in the raw annual cycle as well, and is not an
artifact of EOF analysis). Continental climate also influences the intensity of the maritime
ITCZ rainfall, producing a stronger ITCZ when rainfall is weaker in South America and
South Africa. Figure 5.1e shows that SST determines the position of the ITCZ: the ITCZ

reaches its northernmost position in September and its southernmost position in March,
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Figure 5.1: First EOF and PC of the annual cycle of precipitation in (a,b) the control
run, (c,d) PMS, the experiment with varying insolation and SST fixed at March value, and
(e,f) PVE, the experiment with varying SST and insolation fixed at March 21st value. The
contour interval in a,c, and e is 2 mm day~! per standard deviation, starting with +1.
Dashed contours indicate negative values. The shading indicates positive values.
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following the warmest SST. The same SST-induced north-south displacement is apparent
in the precipitation field over the coastal regions in northeast South America and in central
Africa, Sahel, and Sudan.

The rest of this chapter will detail the mechanisms by which changes in local insolation
affect precipitation over the tropical continents (Section 5.2), changes in SST affect precip-
itation in the ITCZ (Section 5.3), and changes in temperature and rainfall over the ocean

affect precipitation over the continents (Section 5.4), and vice-versa (Section 5.5).

5.2 Local control of continental precipitation

The theoretical work of Neelin and Held (1987) suggests that, in the Tropics, a net influx
of energy in the atmospheric column (F,¢, the downward radiative fluxes at the top of the
column plus the upward radiative and turbulent fluxes at the surface) is balanced by rising
motion and divergent circulation. Neelin and Held derive this conclusion from an analysis of
the dominant balance in the equations of energy and moisture in the precipitating regions of
the Tropics. They develop their argument in terms of the moist static energy; for consistency
with the rest of the chapter, we will recast it in terms of equivalent potential temperature.

We describe the energy of a moist air parcel as c,0., where ¢, is the atmospheric heat
capacity at constant pressure and 6, is the equivalent potential temperature. The total rate

of change in ¢,0. equals the total energy input,
Dt0p08 = atcpee + V . cpeev + aPCPHew = gapF,

where F is the total vertical energy flux, i.e. the sum of the radiative, sensible, and latent
vertical heat fluxes. If we take the vertical integral over the atmospheric column (indicated
with (-)), and the time mean, the first and third term in the Lh.s. vanish and we obtain:
(V- Cpeev> = Fyottom — Frop-

Neelin and Held now make two major assumptions: the first is that the vertical structure
in convective regions can be described by the first baroclinic mode (and thus the lower
level convergence is equal and opposite to the upper level convergence), the second is that

horizontal gradients of both temperature and moisture are negligible in the Tropics and so
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is the transport by transients. Under these approximation, the equation for the vertically

integrated mean equivalent potential temperature simplifies to:

(eéowerlevel _ ogpperlevel)v . Vlawerlevel o Fbottom _ Ftop.

In regions of deep convection, the adiabatic cooling and the diabatic heating nearly balance,
so Af, = guPper — glower ~ (). Yet, Neelin and Held hold that requiring that the time-mean
circulation be thermally direct is tantamount to require that Af, be positive. Under this
assumption, low level convergence and precipitation can only be possible when Fy. =
Fyottom — Fiop is positive. The intuitive interpretation is that a positive influx of energy
is balanced by rising motion and a divergent circulation. A6, behaves as a gross moist
stability and determines the efficiency with which the incoming energy is converted into
convective motion. Neelin and Held (1987) show that, over the ocean, A#, is linked to SST
via the proportionality of boundary layer moisture to temperature and it is the dominant

factor in determining the spatial structure of oceanic precipitation.

Note that the model constructed by Neelin and Held (1987) assumes that the atmo-
spheric column can be described by the first baroclinic mode, and thus should only be
applied to describe an atmospheric column that is convecting. Nevertheless, recent studies
indicate that it is warranted to use F,. as a zeroth order indication of where convec-
tion is possible. Sobel and Bretherton (2000) show that a model based on the balance of
Fnhet and the divergent circulation captures the distribution of convective regions in the
Tropics equatorward of 15°, although they also show that the addition of moisture advec-
tion improves the simulation. Chou and Neelin (2003) show an overall good correspondence
between regions of positive Fy,e; and precipitation during July both in observations and in
an intermediate complexity model, but such correspondence breaks down in the observed
Atlantic ITCZ. Our GCM simulations also reproduce the expected coincidence of positive
rainfall and F,.; over most of the tropical land, but not in the Atlantic ITCZ or in regions
affected by the ITCZ (e.g. the Guinea coast). Because in these regions moisture gradients
and the transport by the transients are not negligible, deviations from the simple theory

outlined above is to be expected.
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Over land, where the negligible heat capacity of the soil makes the energy flux into
the surface vanish on timescales longer than a day, the requirement of a positive Fy; for
the development of convection translates into the requirement of a positive energy flux
at the top of the atmosphere. Therefore, it is very tempting to explain the influence of
insolation on the annual cycle of precipitation in the tropical continents in terms of F;.

Figure 5.2 shows the seasonal change in precipitation brought about by insolation only

Varying Insolation Only: June-December Fnet & precip

90W

Figure 5.2: Varying Insolation Only run. June-December precipitation (contoured,
c.i.=4mm/day, starting with £2, negative values dashed) and total energy flux into the
atmosphere Fy.; (shaded, interval of 50Wm™2 starting at £25Wm~2, dark grey shading
indicates negative values less then —25Wm ™2, white indicates value between +25Wm ™2,
light grey shading indicates positive values larger that 25Wm™2).

(June-December in the PMS simulation), superimposed on the changes in total column
energy flux (Fpe). It is apparent that changes in Fj.; are responsible for the changes in
precipitation over land: where the June-December F.; is negative, so is the precipitation
change, and vice-versa, with the noticeable exception of the Sahara, where dryness and high
albedo make Fy.; negative all year around in our simulations (not shown) as well as—to a
lesser extent—in observations (Chou and Neelin, 2003).

Nevertheless, it is clear from Figure 5.2 that the spatial details of the seasonal changes
in rainfall over Africa and South America cannot be explained by the changes in Fj¢;. First,
orography plays an obvious role in shaping the precipitation field in South America. Second,
advection terms become more important the further we move from the equator, and the

simple tropical model of correspondence between Fj.; and precipitation cannot be applied
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into the subtropics. Third, the moist stability field determines the efficiency with which an
Fpet change is translated into a precipitation change: for example, if Af, is negative, a
positive Fy.; does not imply convection.

We conclude this section showing how the vertical structure of the atmosphere is in-

fluenced by insolation over two convective regions in Africa. Figure 5.3 shows the vertical
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Figure 5.3: Vertical profiles of potential temperature (6, solid), equivalent potential tem-
perature (fe, dashed), and saturated equivalent potential temperature (0,5, dotted) over
northern Africa (6°N - 12°N, left column) and southern Africa (5°S - 20°S, right column)
during (upper panels) June and (middle panels) December, and (lower panels) the June-
December difference.

profiles of potential temperature (6), equivalent potential temperature (.), and saturated
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equivalent potential temperature (fes) in northern Africa (20°E-40°E, 6°N-12°N) and south-
ern Africa (15°E-35°E, 5°S-20°S). It is apparent that insolation influences the stability of
different land regions in different ways. In South Africa, insolation induces a substantial
change in the stability of the atmosphere. The low-level summer Warming is responsible for
the erosion of the wintertime inversion at 700mb. This change in stability is responsible,
together with the increase in low level humidity, for making the December “sounding” con-
ditionally unstable (the interception between the 8, line and the gray line indicating the
surface value of 8, indicates that the level of free convection for surface plumes is at about
750mb) and therefore for making December precipitation increase in southern Africa.
Conversely, the “sounding” in northern Africa indicates that the surface temperature
and atmospheric stability barely change between December and June. What makes the
North Africa sounding conditionally unstable is the increased low level moisture (see . in
Figure 5.3c). Obviously, the additional low-level convergence of moisture is due to the
monsoon flow. The role of large scale circulation is paramount for northern sub-Saharan
Africa, while it is somewhat secondary in the Congo Basin, in southern Africa. As an aside,
we note that, although the raison d’étre for the monsoon is the warm continent / cold ocean
summer contrast, the monsoon rain falls on land that is no warmer during the summer than
it is in winter. It is a truism, but worth repeating: insolation drives the African monsoon
by warming up the Sahara, not the regions where rainfall ends up falling. We will return

to the role of the Sahara in the dynamics of monsoon circulation in section 5.4.

5.3 Local control of oceanic precipitation

Figure 5.4a shows the difference between September and March precipitation in the PVE
simulation (in which only the SST boundary condition has an annual cycle, and insolation
is fixed) and elucidates the response of precipitation to September-March changes in SST.
In this section, we will focus on the oceanic portion of the response. SST determines the
position of the ITCZ: when the highest SST migrates to the north, so does the ITCZ.
This result is not at all surprising, and the mechanisms for the SST-ITCZ coupling are well

understood. Lindzen and Nigam (1987) first suggested that departures from the zonal mean
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Figure 5.4: Top panel: September-March precipitation in the Varying SST Only run. Bot-
tom panel: precipitation anomalies due to September-March elevated latent heating anoma-
lies in the oceanic ITCZ (Perpetual March with September ITCZ Heating - Perpetual March)
The contour interval is 4mm/day, starting with £2, negative values are dashed, positive val-
ues larger than 2mm/day are shaded.

in tropical convection can be explained through boundary layer dynamics. A positive surface
temperature perturbation is communicated by turbulent mixing throughout the boundary
layer, creating a negative low-level pressure anomaly which influences the boundary layer
convergence that sustains convection. Hastenrath and Greischar (1993) have used the same
argument to explain the coherent decadal variability in SST and rainfall in the tropical
Atlantic. This interpretation also agrees with Neelin and Held’s (1987) recognition that
the spatial distribution of rainfall over the tropical oceans is determined by SST, via its
influence on moisture convergence and thus gross moist stability.

While it is true that boundary layer processes drive the seasonal shift of the ITCZ,
convective heating in the ITCZ has itself the potential to thermally drive changes in surface
pressure and thus surface wind and low-level convergence. This suggests the possibility of a
feedback in which SST anomalies drive anomalous low-level convergence and thus anomalous
precipitation, which in turns drives more convergence. The role of elevated condensational

heating in driving surface wind in the tropical Atlantic was quantified by Chiang et al.
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Figure 5.5: Top panel: September-March column-integrated moisture convergence in the
Varying SST Ouly run, calculated as precipitation minus evaporation (P-E). Bottom panel:
column-integrated moisture convergence (P-E) anomalies due to September-March elevated
latent heating anomalies in the oceanic ITCZ (Perpetual March with September TCZ Heat-
ing - Perpetual March) The contour interval is 4 mm day !, starting with +2, negative
values are dashed, positive values larger than 2mm day~! are shaded.
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(2001).

To identify the role of latent heating in amplifying the rainfall anomalies directly forced
by SST, we performed a perpetual-March experiment in which we discarded the simulated
latent heating due to convection in the maritime ITCZs and replaced it with a prescribed
value, namely that associated with the September ITCZ (taken from the PVE experiment).
Over land and outside the band between 20°S and 30°N the model remains free to deter-
mine the latent heating released in convection. The transition between the regions forced
by prescribed and calculated latent heating is smoothed over two grid points in every di-
rection. Note that the model is free to calculate its own precipitation everywhere, so the
simulated precipitation and the imposed latent heating are not necessarily consistent in this
experiment. We will refer to this run as the Perpetual March with September ITCZ Heating
experiment (PMw/SIQ, see Table 3.2).

Figure 5.5b shows the difference in the column-integrated moisture convergence between
this experiment and a control Perpetual March (PM) experiment, calculated as precipita-
tion minus evaporation (P-E). Figure 5.5a shows the September-March difference in the
same quantity in the PVE simulation. Because the anomalies in Figure 5.5b develop in the
absence of SST forcing, comparing Figure 5.5a and Figure 5.5b gives a rough estimate of the
importance of feedbacks triggered by the elevated condensational heating on convergence.
In regions where Figure 5.5a and 5.5b are substantially different, boundary layer forcing
primarily determines the low-level convergence and precipitation, and elevated heating (i.e.,
precipitation) can be thought of as a passive response. In regions where Figure 5.5a and
5.5b are similar, the circulation forced by the elevated condensational heating contributes
substantially to the maintenance of the low-level convergence initiated by SST. The com-
parison of Figure 5.5a and 5.5b suggests that the elevated heating plays a substantial role,
especially south of the equator.

We conclude noting that the precipitation and surface convergence response calculated
by the model in response to the September-March difference in elevated heating in the
tropical Atlantic (Figure 5.4b and 5.5b) are quite weaker than the anomalies generated by
the SST (Figure 5.4a and 5.5a2). This result can be easily explained in terms of the effect

of an imposed heating on the stability of the atmospheric column and reminds us of the
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caution one needs to use in treating convective heating as an external forcing. The imposed
heating peaks at 600mb and drops off faster in the lower troposphere than in the upper
troposphere; thus the upper troposphere becomes relatively warmer, and the stability of
the column increases or, equivalently, the convective available potential energy decreases
(not shown). In the region of imposed heating, deep convection is less efficient than in
the original simulation (the simulation from which the heating field itself was taken) and

precipitation is weaker.

5.4 Oceanic Control of Continental Precipitation

Figure 5.1e shows that SST influences the annual cycle of continental precipitation in those
coastal regions of South America and Africa that border the ITCZ, and in a zonal band
that spans the whole of Africa, at the latitude of the Sahel. Figure 5.1f shows that the SST
seasonal cycle is responsible for the fact that the African monsoon reaches its northernmost

position in late summer.

There are two possible ways for SST to influence continental climate: by directly chang-
ing the boundary layer wind and moisture that is advected onshore, or by causing anomalies

in oceanic precipitation which, in turn, drive far-reaching circulation anomalies.

To sort out the relative importance of the boundary layer forcing and of the elevated
convective heating forcing in inducing precipitation changes over land, we refer again to
the Perpetual March with September ITCZ Heating (PMw/SIQ) experiment introduced
in the previous section and presented in Figure 5.4b and 5.5b. We recall that, in this
experiment, the heating field in the ITCZ is taken from the PVE experiment and corresponds
to September SST conditions, making the precipitation difference between this run and a
control Perpetual March run (Figure 5.4b) directly comparable to the September-March
precipitation difference in the PVE simulation (Figure 5.4a). In the Guiana Highlands and
Northeast Brazil, the response forced by the ITCZ heating 5.4b and that forced by SST
Figure 5.4a are very similar, indicating that the influence of the ocean in these region can be

explained in terms of the circulation changes that accompany the movement of the ITCZ,
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in particular the changes in low-level convergence. !

Conversely, over Africa the precipitation response to SST is not reproduced by the
PMw/SIQ simulation. The ITCZ heating forces anomalies of the right sign in equatorial
central Africa, but their magnitude is too weak. More importantly, the ITCZ heating does
not force any coherent anomaly over the Sahel. We conclude that SST has a direct influence
on Sahel rainfall, by which we mean an influence not mediated through the circulation
forced by changes in the ITCZ. The oceanic influence over the Sahel is exerted through
the advection of SST anomalies over Northern Africa, which causes the development of

anomalies in sea level pressure (SLP) and in surface wind convergence.
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Figure 5.6: September-March sea level pressure and surface wind anomalies in the PVE
simulation (s.l.p. c.i.=2mb, negative values are dashed, the zero line is thick; only wind
anomalies greater than 1lm/s are plotted).

Figure 5.6 shows the SLP and surface wind changes generated by the September-March

SST. A cross-isobaric southerly wind converges in the Sahel region, where it generates the

!Note that the PMw/SIQ experiment underestimates the anomalies in Colombia and
Venezuela, but we attribute this to the fact that the forcing in the eastern Pacific and the
Gulf of Mexico is not applied at full strength, because in those regions the forcing is a
linear interpolation between the full forcing (over the open ocean) and zero forcing (over
the Central American continent and the Caribbean Islands).
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observed enhancement in precipitation. the similarity between the changes in SLP and the
corresponding changes in surface air temperature (SAT) in north Africa (cf. Figure 5.6
and Figure 5.7c) supports the interpretation that the SLP changes in response to warmer
anomalies in boundary layer air temperature.

How is the seasonal change of SST communicated inland, across the entire African
continent? The differences in the temperature advection and subsidence between March
and September in the PVE run (not shown) indicate that the anomalies are maintained in
equilibrium by horizontal advection 2, but do not tell us much about how those anomalies
are established.

To understand how the temperature gradient across the Sahel is established we need to
turn to a thought experiment. Let’s imagine an experiment in which the September-March
SST differences are imposed as an instantaneous forcing upon the atmosphere. Immedi-
ately after the forcing is switched on, the situation is that depicted in Figure 5.7a. In
response to the SST forcing, the ITCZ shifts to the north. The precipitation shift induces
a a remote response over land: changes in subsidence induce precipitation and temperature
anomalies over Africa, the Arabian peninsula and the Indian region. The shift of the ITCZ
also generates anomalous surface wind in the western Sahara, which carry inland the warm
temperature anomalies imposed in the Mediterranean. At the same time, the mean westerly
winds north of 30°N (Figure 5.7b) advect the SST anomalies into Mediterranean Africa and
the Near East, thus intensifying the warm anomalies there (Figure 5.7c). The mean north-
easterly trade winds (Figure 5.7b) and the anomalous wind in northeast Africa (Figure 5.7a)
combine to advect those temperature anomalies into the central Sahara (Figure 5.7c).

At this point the anomalous North-South gradients in SAT and SLP are established
across the Sahel; the resulting monsoon-like circulation (Figure 5.7c) brings in moisture
from the ocean and the equatorial rain forest generating a band of enhanced precipitation
at about 15°N. Finally, the precipitation anomalies over land change the soil moisture and

soil evaporation, producing drier and warmer surface conditions in southern central Africa

2the advection of mean temperature by the anomalous wind, the advection of anomalous
temperature by the mean wind, and the advection of anomalous temperature by the
anomalous wind all play a comparable role
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Figure 5.7: The development of SAT, wind, and precipitation anomalies over Africa in re-
sponse to the September-March SST change. The (a) circulation forced by the displacement
of oceanic precipitation and (b) the advection of SST anomalies by the mean wind cause (c)
warm anomalies in the Sahara, and a monsoon-like circulation converging into the Sahel,
where they induce precipitation and surface cooling by evaporation. (a.): September-March
SST difference (red-blue shading, ¢.i.=2°C) and oceanic precipitation difference (positive
anomalies larger than 4mm/day are shaded in green, negative anomalies less than -4mm/day
are shaded in brown) from the Varying SST Only run. Surface air temperature difference
(red and blue contours, c.i.=2°C), surface wind difference (only wind differences greater
than 1m/s are plotted), and land precipitation difference (positive anomalies larger than
4mm/day are shaded in green, negative anomalies less than -4mm/day are shaded in brown)
between the Perpetual March with September Heating run and the Perpetual March run.
(b.): Asin (a.), but the wind vectors represent the March mean surface wind in the Varying
SST Only run (only wind vectors greater than 1m/s are plotted). (c.): September-March
SST difference, precipitation difference, surface air temperature difference, and surface wind
difference from the Varying SST Only run. Plotting conventions are as in (a.).
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and wetter and colder surface conditions in the Sahel (Figure 5.7c).

The insight gained from this thought experiment leads us to infer that as the SST
smoothly changes from its March value to its September value, the same advective processes
outlined above smoothly produce the September-March anomalies in SAT over the Sahara,
and the precipitation anomalies across the Sahel.

In the above discussion we have argued that anomalies in SLP are responsible for the
anomalous southwesterly wind converging into the Sahel. Yet, SLP is not the best pre-
dictor for the location of precipitation: the maximum precipitation is not collocated with
the minimum in SLP. A better predictor is the mean boundary layer equivalent potential
temperature (6¢). This makes intuitive sense, because f.contains information about both
temperature and humidity of the surface atmosphere. This correspondence can also be ex-
pected in light of the study by Emanuel et al. (1994), who showed that when atmospheric
moist convection is in statistical equilibrium, the thickness of the convective layer is in
one-to-one correspondence with the boundary layer ..

Figure 5.8 portrays the effect of SST changes on African climate in terms of its effect
on boundary layer 6., SLP, and precipitation. The solid (dashed) lines in Figure 5.8a,b
portray 6, (SLP), averaged over 15°W-15°E (Figure 5.8a, West Africa and Eastern Atlantic),
and 15°E-45°E (Figure 5.8b, Central Africa), as a function of latitude, for September and
March SST conditions (in the PVE run). The hatched vertical bands indicate regions of
precipitation greater than 5mm/day. The correspondence between the precipitation and
0. maxima is apparent.

During September SST conditions, the maxima of both 8, and precipitation are shifted
to the north, in both West and Central Africa. To the south of West Africa, the September-
March difference in 6, is a direct expression of the changes in SST; in the Sahara, the
September increase in 8, is due to changes of land surface temperature, and in the Sahel
region it is due to changes in humidity. Similarly, 8. anomalies in Central Africa are due to
temperature outside the Sahel and to humidity in the Sahel region. The profiles of §, show
the important role of changes in the Sahara in shifting the maximum 6, and precipitation,
in both western and central Africa.

We conclude this section with a comment on the differences between the structure of
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Figure 5.8: September (thick lines, a. and b.), March (thin lines, a. and b.), and September
minus March (c. and d.) latitudinal profiles of boundary layer equivalent potential tem-
perature (., solid) and sea level pressure (SLP, dashed) over West Africa (15°W - 15°E, a,
c), and East Africa (15°E - 45°E, b, d) in the PVE simulation. The hatched gray vertical
bands indicate latitudinal bands of precipitation larger than 5mm/day in September (posi-
tive slope) and in March (negative slope). The wavy line at the bottom of panels a. and c.
indicates the extent of the oceanic region.
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the precipitation field in western and central Africa. Over the Sahel, the pattern of the
precipitation anomalies induced by the September-March SST changes (Figure 5.4a and
Figure 5.7¢) is remarkably uniform in the zonal direction. Yet, there are some interesting
differences in how SST affects west and central Africa. In central Africa, the SST forcing
leaves the latitudinal extent of the precipitation maximum unchanged and the area of max-
imum precipitation straddles the equator whether SST assumes March or September values
(Figure 5.8b). The anomalous circulation is mostly limited to the latitude of the Sahel
(Figure 5.7c). In western Africa, September SST conditions both shift the location of the
precipitation maximum and reduce its extent to a narrow band at about 15°N (Figure 5.4a).

In this region, the anomalous circulation is a cross-equatorial, monsoon-like circulation.

5.5 Continental Control of Oceanic Precipitation

Figure 5.9a shows the June minus March difference in the PMS simulation, i.e. the pre-
cipitation changes forced by the June-March changes in insolation over land. Recall that,
in this experiment, SST conditions are fixed at March value and the position of the ITCZ
is anchored by the SST gradient to be near the equator throughout the year. The remote
effect of changes over land is to increase the precipitation intensity of about 6mm/day, with
peak anomalies of 10mm/day. The location of the ITCZ-—when SSTs are prescribed—is not
affected by changes over land.

How is the variation of oceanic precipitation intensity achieved? There are two main
possibilities. The first is that the insolation-induced changes in land surface temperature
directly affect the sea level pressure field in such a way as to change the intensity of the low-
level convergence into the ITCZ. The second possibility is that changes in land temperature
force changes in land convection, which in turn induce anomalies in the stability in the
atmosphere over the ocean.

The total remote effect of land on the vertical structure of the atmosphere in the ITCZ
region is presented in Figure 5.10 (left column), which shows the vertical profiles of 6, 6.,
and 0.5 averaged over the equatorial Atlantic for the month of June and March. Under June

and March insolation conditions alike (Figure 5.10a and c), the atmosphere is conditionally
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Figure 5.9: (a.): June-March precipitation and 850mb wind anomalies in the Varying In-
solation Only run (precipitation c.i.=4mm/day, starting at +2 negative values are dashed
and shaded in dark grey, positive values are solid and shaded in lighter grey; only wind
anomalies greater than .75m/s are plotted). (b.): Precipitation and 850mb wind difference
between the Perpetual March with June Africa and South America Heating run and the
Perpetual March run (plotting convention as in a.)
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Figure 5.10: Vertical profiles of potential temperature (6, solid), equivalent potential tem-
perature (6, dashed), and saturated equivalent potential temperature (s, dotted) over
the location of the March maritime ITCZ (40°W-5°W, 7°N - Equator) in the (left column)
Varying Insolation Only run and (right column) the Perpetual March with June Africa and
South America Heating run and the Perpetual March run.
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unstable and the level of free convection (indicated in Figure 5.10 by the intersection of
s with the light gray line) is reached just below 900mb. Figure 5.10e suggests that the
precipitation increase under June insolation condition over land follows a cooling of the
upper troposphere over the Atlantic, which is, most likely, due to the reduced convection
over the tropical continents. 3

We hypothesize that June-March land surface temperature changes do not have a direct
on oceanic precipitation, instead they cause a reduction in deep convection over Africa and
South America, which cools the tropical free troposphere and makes the equatorial Atlantic
more convective. To test this hypothesis, we have run some additional experiments (see
Table3.2) with a Perpetual March configuration of insolation and SST, but imposed June
elevated condensational heating (taken from the PMS simulation) over selected areas (Africa
only, South America only, both Africa and South America, and the whole tropical belt ezcept
the Atlantic Ocean). Any change in the intensity of precipitation in the Atlantic ITCZ
between one of these simulations and a control Perpetual March run should be interpreted
as forced by June-March changes in convection in the selected area.

Figure 5.9b shows precipitation and 850-mb wind changes forced by the June-March
elevated condensational heating difference in both South America and Africa (Perpetual
March w/ June Africa and S. America Heating minus Perpetual March, PMw/JAf+SAQ
- PM). We first note that, as was seen in section 5.3 in reference to the ITCZ, forcing
the atmosphere with a given elevated heating does not induce a consistent precipitation
intensity at the location of the forcing (cf. Figure 5.9a and b over South America and
Africa). More importantly, we note that the elevated condensational heating in the African
and South American convection centers does force more intense rainfall in the Atlantic
ITCZ, but the response in the central and western Atlantic is only a third of that caused

by the full continental forcing (cf. Figure 5.9a and b over the Atlantic). The experiments

3Note that Figure 5.10e does not indicate an increase in low-level moisture, but that
would not necessarily be expected: because the basic state is convective to begin with,
any increase in moisture through low-level convergence would likely show up in stronger
updrafts and precipitation, and a moistening of the free troposphere, rather than a moister
surface. Surface convergence is indeed larger when precipitation is more intense (not
shown), but this correspondence shows only consistency, not causality.
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in which the elevated condensational heating is imposed over Africa only and over South
America only indicate that the two continental convection centers play comparable roles in
producing the rainfall anomalies in the ITCZ (not shown). The experiment in which the
elevated condensational heating is imposed over the entire tropical belt but the Atlantic,
presents a response in the Atlantic ITCZ that is closer to what seen in Figure 5.9a in spatial
extent (it reaches the northeast coast of South America) and intensity (it reaches a peak
value of 6mm/day), but is still too weak.

Figure 5.10 (right column) shows the profiles of 8, 8., and 8., in the equatorial Atlantic
for March and June elevated condensational heating conditions in South America and Africa.
It is apparent that the reduction in continental convection is responsible for cooling the
upper troposphere, but cannot cool the lower half of the column. This induces a small
increase of stability at about 700mb, and limits the increase in precipitation.

A better match between the response to continental convection and the response to
changes in insolation over land (or, equivalently, to changes in both convection and surface
temperature) can be achieved by adjusting the imposed heating over Africa and South
America to mimic changes in radiative heating and thus better match the vertical profile of
heating associated with convection simulated in the PMS run. We conclude that the ITCZ
responds to remote convection, as hypothesized, but that the response is quite sensitive to
the details of the heating profile.

Another interesting feature of the response to continental heating is its spatial scale.
Dry models would suggest a tropics-wide response to a deep convective heating (small,
widespread subsidence would compensate for a positive isolated heating, and vice-versa).
Instead, experiments in which elevated condensational heating is imposed over one continent
at a time (not shown) indicate that the response is inhomogeneous in precipitation, vertical
motion, and low-level wind. The reason for the inhomogeneity in the precipitation response
can be explained in terms of stability threshold: if, for example, the profile is very stable,
a small upper level cooling will not create a precipitation anomaly. Thus, we expect a
larger response where the basic state already has precipitation. To understand why the
circulation is also inhomogeneous, one has to invoke the most basic balance in the tropics:

diabatic heating and adiabatic heating balance each other. The diabatic heating response
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depends on the basic state, therefore the same must hold true for the vertical motion field
and the associated divergent circulation. How the atmosphere achieves this adjustment in

our experiments has not been established.

5.6 Summary and Discussion

In this chapter we have identified the mechanisms that determine the local and remote
response of precipitation to the annual cycle of SST and insolation over land. We have
discussed how changes in local insolation affect precipitation over the tropical continents,
how changes in SST (which in our model experiments can be prescribed independently
from insolation) affect precipitation in the ITCZ, and how temperature and rainfall over

the ocean affect precipitation over the continents, and vice-versa.

5.6.1

The response of continental precipitation in the Tropics to insolation can be explained in
the context of the simple theoretical model put forth by Neelin and Held (1987) for the case
of the ocean and revisited by Zeng and Neelin (1999) for the case of land. According to their
theory, in the Tropics one can reasonably neglect mean horizontal advection and transient
transport of moisture and temperature, and can moreover assume that the first baroclinic
mode describes the vertical structure of the atmosphere. Under these assumptions, a simple
balance is obtained: the atmosphere balances a positive net energy input in the atmospheric
column (the net energy flux, Fnet = Fiop — Fhottom) by convection, convergent circulation
at the lower levels, and divergent circulation at the upper levels. To zeroth order, the
PMS experiment supports the conclusions of this simple model: the seasonal changes in
precipitation mimic the seasonal changes in Fy; in most of the tropical land masses, with
the noticeable exception of the Sahara, where F,,.; never becomes positive and convection

cannot be sustained—even if the seasonal changes in F,.; are substantial.
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5.6.2

The ITCZ response to seasonal changes in SST is direct, the ITCZ lies over the warmest
waters, and can be interpreted in terms of boundary layer processes, as first described by
Lindzen and Nigam (1987). The boundary layer hydrostatically adjusts to an increase in
SST and produces a low-level thermal low. The resulting wind converges moisture into
the low, sustaining convection. Although boundary layer processes are the fundamental
reason why the ITCZ follows the warmest SST, the ITCZ might be more than a passive
tracer, and might aid the SST in generating the low-level convergence. By comparing the
PVE simulation to experiments in which the elevated condensational heating in the ITCZ
is prescribed to vary independently of the SST, we find that the circulation driven by the
ITCZ itself indeed generates a substantial fraction of the moisture convergence and the of

meridional flow seen in the PVE simulation.

This result is somewhat at odds with the work of Chiang et al. (2001), which found
that at interannual-to-decadal timescales the SST gradient, and not the heating anomalies
associated with the displacement of the ITCZ, forces surface convergence and meridional
wind. This apparent discrepancy between our study and theirs might be explained by the
difference in the forcings used. In the study of Chiang et al. (2001), the convective heating
anomalies used to force the model are mostly confined to the equator. In our study they
extend to 15°N. Another possible explanation is that the simulated atmospheric response
to elevated heating is dependent on the characteristics of the model, such as the treatment

of the boundary layer processes, or the radiative parameterizations.

The strong surface response to elevated heating suggests the possibility of feedbacks
between the ITCZ and the SST in experiments in which the SST is interactive. One impli-
cation is that we can expect the Atlantic ITCZ to have larger variability in POGA+MXL
simulations (Pacific Ocean Global Atmosphere and Mixed Layer: experiments in which the
observed time series of SST is prescribed in the tropical Pacific, and SST is calculated by
a mixed layer model elsewhere) than in GOGA simulations (Global Ocean Global Atmo-
sphere: experiments in which the observed time series of SST is prescribed everywhere). A

preliminary analysis of runs provided by P. Chang and R. Saravanan supports this conclu-
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sion.

We note that prescribing the convective condensational heating associated with a given
precipitation anomaly does not ensure that the model will produce the same precipitation
anomaly back. On the contrary, the upper level warming due to the prescribed heating

stabilizes the column, making convection less efficient in producing rain.

5.6.3

The response of continental precipitation to SST is concentrated in the coastal regions
adjacent to the ITCZ and in the African Sahel. The seasonal changes in precipitation
in coastal regions appear to be an indirect response to SST changes, and can be forced
by applying the changes in elevated condensational heating associated with the latitudinal
movement of the ITCZ. Instead, precipitation in the Sahel responds directly to the basin-
wide changes of SST. Seasonal changes of SST are advected into the interior of the Sahara
and generate surface pressure anomalies, which in turn force low-level wind changes and
convergence at the latitude of the Sahel. This chain of events can also be described in terms
of the latitudinal shift of the maximum of zonal mean boundary layer ., which determines

a shift in the location of the precipitation maximum.

Eltahir and Gong (1996) have explained the effect of SST anomalies on West Africa
precipitation variability at the interannual timescale in terms of the SST influence on the
meridional gradient of 6, at the equator. Following Emanuel (1995), they maintain that
a flat meridional profile of 6, at the equator is associated with a weak monsoon flow and
with atmospheric conditions closer to a motionless radiative-convective equilibrium, while
a positive gradient of 0, at the equator is associated with the development of a strong,
thermally direct, monsoon circulation. This condition on the profile of 6, is derived under
the assumption of a moist convective atmosphere in quasi-equilibrium, and is evolved from
the condition for the onset of meridional circulations in a zonally-symmetric dry atmosphere
forced by off-equatorial heating identified by Plumb and Hou (1992). In the framework
developed by Eltahir and Gong (1996), Sahel precipitation is affected by SST variability

because SST anomalies in the Gulf of Guinea are responsible for determining the equatorial
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gradient of ..

In our experiments, we find that the influence of SST on Sahel precipitation at the
annual timescale is better explained in terms of the influence of SST on the location of the
f. maximum, and is determined by the SST field in the whole Atlantic basin. Specifically,
the 6, profile seems to evolve into its September value by means of an interactive adjustment
involving first the response of the boundary layer atmosphere in the Atlantic basin to SST
changes directly underneath, then the advection of temperature anomalies from the northern
Atlantic over the Sahara, and finally the advection of moisture from the Gulf of Guinea and
the equatorial rain forest into the Sahel. To the extent that similar mechanisms are relevant
for both the annual cycle and interannual variability, we suggest that interannual variability
in Sahelian rainfall might be forced by SST variability in the subtropical Atlantic, as well
as by SST variability in the Gulf of Guinea.

Explaining the effect of SST on Sahel rainfall in terms of its effect on the meridional
profile of boundary layer entropy also helps us explain why the latitudinal shift of Sahel
rainfall in response to seasonal SST changes depends on the basic state of the land. In
particular, we have shown in Chapter 4 that the September-March SST difference pattern
induces a larger shift in the Sahel precipitation in an experiment with perpetual March
insolation than it does in an experiment with perpetual December insolation. Moderate
temperature anomalies in the northern subtropics are sufficient to substantially displace
the maximum of . to the north when the meridional profile of 8, is somewhat flat (as it is
for equinoctial insolation), but are too weak to do so when the 6§, meridional profiles drops
sharply from its maximum value (as it is for solstitial insolation). Thus the precipitation

response is muted in the latter case.

5.6.4

The intensity of oceanic precipitation in the ITCZ responds to the intensity of precipitation
over the tropical continents: less precipitation over the continents induces a cooling of the
upper troposphere and a more unstable environment (or equivalently, more convective avail-

able potential energy, CAPE) in the Atlantic. It stands to reason, then, that a larger upper
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level cooling will force a larger response in the Atlantic ITCZ. Indeed, the ITCZ response is
quite linear in the sense that, for example, the responses to the convective heating forcing
imposed over only Africa and over only South America add up to the response obtained
by applying the forcing over Africa and South America at the same time. Sensitivity ex-
periments in which the heating was adjusted to reproduce the vertical profile of the full
convective forcing (i.e. the sum of the condensational and radiative heating associated with
convection) suggest that the ITCZ response to remote elevated heating is quite sensitive to
the details of the heating profile.

The fact that the oceanic convection responds to the intensity of precipitation in the
tropical continents via its response to changes in upper-troposphere temperature explains
why land-induced precipitation anomalies over the ocean are co-located with the basic state
ITCZ (cf. Chapter 4). An upper-level change of temperature is felt as an increase of CAPE
in regions where the atmosphere is conditionally unstable to begin with, but is not enough
to make a stable column unstable. Conversely, if the SLP changes induced by land surface
temperature were the main drive for ocean precipitation changes, we would expect that the
basic state of SST would not matter as much, because surface wind responds linearly to

SLP changes (Lindzen and Nigam, 1987).
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Chapter 6

COUPLED EXPERIMENTS: TERRESTRIAL INFLUENCE ON THE
ATLANTIC ITCZ

6.1 Outlook

When SST's are 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 (cf. Chapter 4). In uncoupled experiments the ITCZ responds to tem-
perature changes in the free troposphere, which are in turn caused by changes in continental
convection; the changes in land surface temperature do not directly affect the oceanic pre-
cipitation (cf. Chapter 5). What is the response of the ITCZ to continental forcing when we
expand our model to include thermodynamic atmosphere-ocean interactions? What other
mechanisms come into play? We approach this question by steps: we first investigate what
is the response of the Atlantic SST and ITCZ to a steady elevated condensational heating
imposed over South America and Africa (Section 6.2). We then show the ITCZ response to
insolation-induced annual variations in land surface temperature and precipitation over the
continents (Section 6.3). The question of how the ocean responds to local insolation and

ocean heat transport convergence is addressed in Section 6.4.

6.2 The ITCZ response to a steady continental forcing

This section describes the I'TCZ response to a steady elevated heating over South America
and Africa. The imposed forcing (Figure 6.1) is the difference in condensational 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,
the Perpetual March SST simulation, PMS). Figure 6.1a shows the horizontal pattern at
500mb. Figure 6.1b shows the average vertical profile.
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Figure 6.1: The June-March difference in condensational heating over South America and
Africa, taken from a simulation with perpetual March SST and climatologically varying
insolation over land. (a.) Heating difference at 500mb. The contour interval is 2 * 10~°
Ks™!, starting with £1075. Negative contours are dashed, the zero line is omitted, shading
indicates values larger than 107°Ks~!. (b.) Vertical profile as a function of pressure (in
millibars) of the heating difference averaged over South America (in units of 10~% Ks~1).

Figures 6.2a,b show the oceanic response in precipitation and surface winds to the forcing
shown in Figure 6.1 in uncoupled simulations with different basic states (see Table 3.3 for a
list of the uncoupled experiments presented in this chapter). Figure 6.2a refers to simulations
with March SST and insolation conditions; Figure 6.2b to simulations with September con-
ditions. Specifically, Figure 6.2a shows the PMw/JQ-PM differences, where PM simulates
a perpetual March, and PMw/JQ simulates a perpetual March with imposed June conden-
sational heating over the continents. Figure 6.2b shows the PSw/JQ-PSw/MQ differences,
L.e. the difference between two perpetual September simulations, but with different imposed
condensational heating over the continents (the climatological June condensational heating
is imposed in PSw/JQ, and the climatological March condensational heating is imposed in
PSw/MQ).

The mechanisms responsible for the uncoupled response have been described in Chapter 5
and can be summarized as follows. A prescribed negative heating over the continents causes
a cooling of the free troposphere, which is homogenized by the atmospheric circulation, thus
changing the stability profile of the tropical atmosphere. In the Atlantic ITCZ, this enhances
CAPE and makes precipitation more vigorous. In regions that are non-convective in the

basic state, the change in stability is not sufficient to induce deep convection, and thus the
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Figure 6.2: The surface wind and ITCZ response forced over the ocean by the constant
condensational heating anomalies shown in Fig 6.1. In experiments with prescribed SST,
the response of the Atlantic ITCZ is more intense precipitation, the wind response is con-
centrated to the south of the ITCZ. In experiments with interactive SST, the ITCZ is both
more intense (by about 20%) and shifted to the north. Associated with the northward shift
of the ITCZ is a strong southerly wind anomaly. (a.) Perpetual March with June continen-
tal elevated heating minus Perpetual March (PMw/JQ - PM). (b.) Perpetual September
with June continental elevated heating minus Perpetual September with March continental
elevated heating (PSw/JQ - PSw/MQ). (c.) Perpetual June continental elevated heating
minus perpetual march continental elevated heating (CpldPJQ - CpldPMQ) during March.
(d.) As in (c.) but for September insolation and SST conditions. The contour interval
is 4 mm day~!, starting with the +2 contour, negative contours are dashed, the zero line
is omitted, and shading denotes anomalies larger than 2mm day~!; only wind anomalies
larger than 1 m s~} are plotted. Anomalies over land have been masked out.
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precipitation response is muted outside of the ITCZ region.

Figures 6.2a,b show that the surface wind response is more intense at the equator and
to the south edge of the precipitation anomalies. The analysis of sensitivity experiments in
which the elevated heating is applied only in South Africa or only in South America suggests
that the wind anomalies shown in Figures 6.2a,b should be interpreted as the combination
of the Rossby wave response to African heating with the response to the anomalous elevated
heating in the ITCZ.

How is the ITCZ response affected by the coupling? Figures 6.2c,d show the difference
in precipitation and surface winds between the CpldPJQ and CpldPMQ runs, i.e. between
runs where condensational 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 (see Table 3.4 for a list of the coupled experiments presented in
this chapter). Therefore, the difference between the simulations is forced by a steady forcing
equal to the June-March continental condensational heating (shown in Figure6.1) but the
coupled runs have an annual cycle in their basic state. Figure 6.2c shows the CpldPJQ-
CpldPMQ anomalies during March (to be compared with Figure 6.2a), and Figure 6.2d
during September (to be compared with Figure 6.2b).

As in the uncoupled case, the intensity of precipitation in the ITCZ is enhanced (by
roughly 20%, when averaged over the whole ITCZ) when continental precipitation is de-
pressed. But the coupled response is drastically different from the uncoupled response in
that, in the coupled case, the ITCZ has shifted 7 degrees northward in response to the conti-
nental condensational heating anomalies. This suggests that precipitation over the African
and South American land masses 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 (Figures 6.2a,b): 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.
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Associated with the SST gradient and the ITCZ shift is an enhanced meridional wind
response.

Note that over the ocean the wind response to the continental elevated heating forcing of
Figure 6.1 is comprised of two components: the direct Rossby response to African heating
(Gill, 1980) and the response to the changes in oceanic precipitation. Because the precipi-
tation intensity response is locked to the annual cycle of the mean ITCZ, the surface wind
response is locked to the annual cycle of the mean ITCZ as well. This behavior is main-
tained in the coupled case and the northward displacement of the ITCZ is tightly locked to
the annual cycle of the basic state.

The comparison of the uncoupled and coupled response in Figure 6.2 sheds light on how
the coupled anomalies are established. We next focus on how the equilibrated response
is maintained by the coupled system. Figure 6.3 shows the annual cycle of the CpldPJQ-
CpldPMQ anomalies in precipitation, SST, surface winds and heat flux into the surface
ocean at 30°W, in the central Atlantic, as a function of month and latitude. Also shown is
the annual cycle of the mean position of the ITCZ (in this case identified by the confluence
line) in both runs. The ITCZ in the CpldPJQ run is always about 7 degrees to the north of
that in the CpldPMQ run, with the largest displacement of the ITCZ rainfall occurring in
boreal spring, the smallest in boreal winter (Fig. 6.3a). The ITCZ displacement is associated
with a positive anomalous meridional SST gradient and southerly wind (Fig. 6.3b). There
is a band of strong heat flux anomalies (Fig. 6.3c) in proximity of the mean ITCZ. These
anomalies are strongly negative from March to August, and strongly positive for the rest
of the year. Away from the ITCZ region, the heat flux anomalies are much weaker, but
maintain the same sign nearly throughout the whole year: they are mostly positive in
the northern tropical Atlantic and mostly negative in the southern tropical Atlantic. The
weak but constant heat flux anomalies poleward of £5°re as important as the strong but
oscillating anomalies in the equatorial region for maintaining a year-round positive anomaly
in the meridional gradient of SST across the mean position of the ITCZ.

Figure 6.3d shows the CpldPJQ-CpldPMQ anomalies in wind speed squared; because
evaporation depends on the square of the wind, the similarity in the patterns in Figure 6.3d

and Figure 6.3c indicates to what extent heat flux anomalies can be explained by wind-
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Figure 6.3: The annual cycle of the response of the Central Atlantic (30°W) to the forc-
ing in land condensational heating shown in Fig 1, as a function of month and latitude
[Perpetual June continental elevated heating minus perpetual March continental elevated
heating (CpldPJQ - CpldPMQ)]. (a.) CpldPJQ - CpldPMQ precipitation anomalies (con-
tour interval of 4 mm day~!, starting with £2). (b.) CpldPJQ - CpldPMQ SST anomalies
(contour interval of 0.5°C, the zero line is omitted) and surface wind anomalies (only wind
anomalies larger than 2 m s~! are plotted). (c.) CpldPJQ - CpldPMQ total heat flux
anomalies into the ocean (contour interval of 30 W m™2, the zero line is omitted). (d.)
CpldPJQ - CpldPMQ wind speed squared anomalies (contour interval of 16 m? s~2, the
zero line is omitted). In every panel the thick lines indicate the climatological position of
the confluence line in CpldPJQ (further to the north) and CpldPMQ (further to the south),
the dashed lines indicate negative values, and the shading indicates positive values (b,c,d)
or values larger than the value of the first positive contour line (a).



69

induced anomalies in evaporation (a faster wind means more evaporation and a cooling of
the ocean). Radiative fluxes anomalies have a smaller, but still non-negligible, magnitude in
the ITCZ region, and are comparable to the changes in latent heat flux poleward of £5°(not
shown).

We can describe the anomalies in wind speed in terms of the meridional and zonal
wind components (Figure 6.3b). The meridional wind anomalies are mostly southerly and
maximize to the north of the CpldPMQ confluence line. They induce a reduction of the
wind speed everywhere north of the CpldPMQ confluence line, therefore contribute to the
warming there all year-round. Everywhere else they have a much smaller impact. The zonal
wind anomalies are mostly easterly to the south of the equator and are the major cause
for the boreal spring-time cooling there; during boreal summer and fall the anomalies are
westerly north of 5°N, where they induce warming.

To summarize, a reduction in continental precipitation induces a remote cooling of the
free troposphere and a reduction in stability. In the ITCZ, this translates in more active
deep convection and larger low-level convergence. The surface wind anomalies (generated
in response to both the prescribed elevated heating over land and the precipitation changes
in the ITCZ) induce a cooling to the south of the mean ITCZ (Figure 6.2a,b). Finally,
SST, surface wind, and oceanic precipitation adjust to each-other in an interactive way,

establishing the anomalies portrayed in Figure 6.2c,d and Figure 6.3.

6.3 The ITCZ response to an annually varying continental forcing

In this section we present the response of the Atlantic ITCZ to annually varying forcing
over the continents. Specifically, we compare two simulations: one is a control run, with
climatologically varying forcings, the other is an experiment with insolation over land fixed
at the boreal vernal equinox (see Tables 3.3 and 3.4 for lists of the uncoupled and coupled
experiemnts presented in this chapter). The difference between the two simulations is the
response to the insolation differences shown in Figure 6.4. It can be thought of as the
response to the annual cycle of insolation over land.

Before presenting the results of the coupled experiments, we will review the experiments
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Figure 6.4: The annual cycle of insolation over land, shown as differences from the (boreal)
vernal equinox value. (a.) March CTL - March LPVE (i.e., March mean - March 21st). (b.)
June CTL - June LPVE. (c.) September CTL - September LPVE. (d.) December CTL -
December LPVE. The contour interval is 4 W m~2 (40 W m~2), starting with £2(20), in
panels a. and c. (b. and d.); the dashed contours indicate negative values and the shading
indicates positive values larger than 2 W m~2 (20 W m—2).
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with prescribed SST. Figures 6.5a,c,e,g show the difference between the uncoupled CTL
simulation and the uncoupled LPVE simulation (forced with perpetual vernal equinox inso-
lation over land) during March, June, September, and December. The precipitation anoma-
lies are forced by the corresponding difference in insolation over land from the equinox value
(Figure 6.4) and are somewhat modified by soil processes, which hold memory of the forcing
from one month to the next (Chapter 4). Figures 6.5a,c,e,g present an alternate view of
the insolation-induced anomalies presented in Chapter 4 (cf. Figure 4.7). The left column
of Figure 6.5 shows that, over land, precipitation to zeroth order increases with increasing
insolation and that, over the ocean, the intensity of the ITCZ is sensitive to continental
forcing, but—when SST are prescribed—the location of the ITCZ is not. We have shown in
Chapter 5, and reviewed in Section 6.2, that the changes in ITCZ intensity are a response
to the temperature changes in the free troposphere that accompany changes in continental
precipitation. The concomitant changes in land surface temperature do not have a direct
effect on oceanic precipitation in the uncoupled experiment.

Figures 6.5b,d,f,h show the CpldCTL-CpldLPVE difference in precipitation during March,
June, September, and December. The forcing is the same of that for the uncoupled case
(Figure 6.4), but now SST is allowed to change in response to changes in turbulent and
radiative surface heat fluxes. Over land, the precipitation anomalies present, as expected,
the same picture of the uncoupled case. Over the ocean, the precipitation anomalies are
similar to those in the uncoupled case during June, September, and December, but show a
markedly different pattern during March. In the uncoupled case (Figure 6.5a), the March
anomalies show a slightly weakened ITCZ. In the coupled case (Figure 6.5b), the ITCZ
is both weakened and shifted farther south in the CpldCTL simulation, compared to the
CpldLPVE simulation.

Figure 6.6 provides a better description of how significant the precipitation differences
of Figure 6.5 are. It shows the annual cycle of precipitation and SST in the central Atlantic
(at 30°W) in the CpldCTL and the CpldLPVE simulation. In the control simulation (Fig-
ure 6.6a) the main I'TCZ stays north of 5°S, and a secondary precipitation center develops
during boreal spring at about 10°S. In the CpldLPVE experiment, in which the annual

cycle of both temperature and precipitation over the continents is suppressed (Figure 6.6b),
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Figure 6.5: The precipitation response to the annual cycle of insolation over land in the case
of (left column) prescribed SST and (right column) interactive SST. The effect of having
an interactive SST is to allow the ITCZ to move, as can be easily inferred by comparing
the coupled and uncoupled March anomalies. (a.) March CTL - March LPVE. (b.) March
CpldCTL - March CpldLPVE. (c.) June CTL - June LPVE. (d.) June CpldCTL - June
CpldLPVE. (e.) September CTL - September LPVE. (f.) September CpldCTL - September
CpldLPVE. (g.) December CTL - December LPVE. (h.) December CpldCTL - December
CpldLPVE. The contour interval is 4 mm day !, starting with +2, the dashed contours
indicate negative values and the shading indicates positive values larger than 2mm day~!.
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Figure 6.6: The annual cycle of precipitation, SST, and surface wind in the Central Atlantic
(30°W) in simulations with different annual forcings. (a.), (c.) CpldCTL: annual cycle due
to both local (insolation and Q-flux) forcings and remote (land insolation) forcing. (b.),
(d.) CpldLPVE: annual cycle due only to local forcings (insolation and Q-flux); the remote
forcing coming from the annual cycle over land has been suppressed. The contour interval
for precipitation is 3 mm day~!, starting with £1.5, values larger than 4.5mm day~! are
shaded. The contour interval for SST is 1°C, values larger than 27°C are saded . Only
surface wind vectors larger than 1.5 m s~ are plotted.
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the northern ITCZ does not reach as far south, while the southern precipitation develops
earlier in the year and is limited to farther south. We see by comparing Figures 6.6a,b that
suppressing the annual cycle over the continents suppresses the annual cycle in the position
of the ITCZ.

We can further decompose the effect of land on oceanic precipitation into the effect

of land precipitation and the effect of land surface temperature. To do so, we will com-
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Figure 6.7: The annual cycle of the response of precipitation, SST, and surface wind in
the Central Atlantic (30°W) to annually varying continental forcing as a function of month
and latitude. (a.), (d.) CpldCTL - CpldLPVE: anomalies due to insolation over land. (b.),
(e.) CpldCTL - CpldPMQ: anomalies due to precipitation over land. (c.), (f.) CpldPMQ
- CpldLPVE: anomalies due to surface temperature over land. The contour interval for
precipitation anomalies is 6 mm day ™!, starting with #3, dashed contours indicate negative
values, shading indicates positive values larger than 3 mm day~!. The contour interval for
SST anomalies is 0.5°C, the zero line is omitted, dashed contours indicate negative values,
shading indicates positive values. Only surface wind anomalies larger than 1.5 m s~! are
plotted.

pare the CpldLPVE and CpldPMQ experiment with the coupled control CpldCTL. In the
CpldLPVE run the insolation over land is fixed to March value, so that the difference
CpldCTL-CpldLPVE (Figure 6.7a,d) shows the impact of insolation over land, and in-
cludes both land surface temperature and land precipitation changes due to the seasonal

cycle in land insolation. In the CpldPMQ run land insolation and ocean forcings cycle
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through their climatology, but the elevated condensational heating associated with precipi-
tation over Africa and South America is kept fixed at March value. Therefore the difference
plots CpldCTL-CpldPMQ (Figure 6.7b,e) show how elevated heating changes over Africa
and South America (due to the annual cycle of insolation over land) impact the seasonal
march of the ITCZ. To the extent that changes in the mid-latitudes climate can be ne-
glected and that the effect of land surface temperature and land convective heating add up
linearly, the difference CpldPMQ-CpldLPVE (Figure 6.7¢c,f) can be thought of as showing
the ITCZ response to land surface temperature in Africa and South America. Figure 6.7
shows that the CpldCTL-CpldPVE precipitation and SST differences are the result of large
but opposite responses to changes in the continental precipitation and in the continental
surface temperature, with surface temperature being the dominant forcing.

Note that the annual cycle of both land surface temperature and land precipitation
force an annual mean anomaly in the position of the ITCZ. There are two reasons for
this. The principal reason is that the forcings itself have a non-zero annual mean. For
example, the CpldLPVE is warmer in the mean than the CpldCTL, and the June CpldCTL-
CpldLPVE land temperature difference is smaller in amplitude than the December difference
(see Figure 6.11), so the oceanic response is biased toward the response to boreal winter
anomalies. A secondary reason is that the feedbacks between the SST, the ITCZ, and the
surface winds tend to maintain an original displacement of the ITCZ.

Figure 6.7d shows that associated with the boreal spring displacement of the ITCZ
are large anomalies in equatorial SST meridional gradient and surface wind. The spatial
pattern of March CpldCTL-CpldLPVE surface air temperature (SAT) difference (over the
ocean SAT closely mimics SST) is shown in Figure 6.8 . As a reference for the position of
the precipitation difference dipole during the same month plotted in Figure 6.5, we have
also plotted the zero line in precipitation anomalies. Again, it is clear that the southward
displacement of the ITCZ is associated with an anomalous negative meridional gradient of
SST at the equator. How is this anomalous gradient established?

Figure 6.9 shows the anomalies in total heat flux and latent heat flux integrated over
December, January, and February. The latent heat flux makes up the bulk of the total

heat flux in the equatorial area, but radiative fluxes are also important, especially in the
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Figure 6.8: The surface air temperature response to the annual cycle of insolation over
land in the case of interactive SST (March CpldCTL - March CpldLPVE). The contours
are spaced logarithmically: +.5,+1,+2, +4, +8°C, negative values are dashed and positive
values larger than 2°C are shaded.
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Figure 6.9: The winter-time (the sum of December, January, and February) latent heat flux
response to the annual cycle of insolation over land in the case of interactive SST (CpldCTL
- CpldLPVE). The contours interval is 40 W m~2, starting with £20. The thick line is the
zero line of the March CpldCTL - March CpldLPVE precipitation anomalies.
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stratus region off the South African coast. It is apparent that wintertime latent heat flux
anomalies are responsible for the generation of the anomalous equatorial SST gradient
during March—and thus for the shift of the ITCZ. (When comparing Figures 6.8 and 6.9,
recall that poleward of 20°the calculated SST are linearly merged with the prescribed SST.)
Therefore we next focus on how the latent heat flux anomalies are generated.

Figure 6.10 shows the surface wind and latent heat flux anomalies for each winter month
in both the uncoupled and the coupled experiments. Let’s first focus on the coupled results.
During December (Figure 6.10b) the largest surface latent heating anomalies occur offshore
of the Sahara, in the northern tropical Atlantic; at and south of the equator the latent
heating anomalies are positive and weaker. A linear analysis [following Saravanan and
Chang (2000)] indicates that the latent heat flux anomalies are mostly a consequence of
wind speed anomalies (latent heat fluxes anomalies due to changes in air-sea temperature
difference are also large off the Saharan coast, but warm the SST, the opposite of the wind
speed effect). The enhanced trades in the northern tropical Atlantic are a consequence
of the insolation-induced cold anomalies and high surface pressure over the Sahara (not
shown). This conclusion is consistent with our analysis of Figure 6.7, and with a larger
effect of continental temperature than of continental convection.

The December latent heat flux anomalies extend to the equatorial region, where they
force a negative meridional gradient in SST. In January (Figure 6.10d), northerly cross-
equatorial wind anomalies are in place and cause a strengthening of the latent heat flux
anomalies dipole in the equatorial region. By February (Figure 6.10f) the latent heat anoma-
lies off of northern Africa have changed sign, while the negative cross-equatorial gradient of
SST is maintained, and intensified, by a narrow patch of cross-equatorial wind. A compar-
ison with the uncoupled case shows that the coupling amplifies the cross-equatorial wind
and latent heat flux anomalies in the equatorial region (cf. Figures 6.10c and 6.10d and
especially 6.10e and 6.10f). There is a positive feedback between the wind and the SST:
the wind-induced latent heat anomalies strengthen the SST gradient, which in turn drives
a stronger cross-equatorial wind. This wind-evaporation-SST feedback was first introduced
in an idealized study of the annual cycle of the ITCZ by Xie and Philander (1994), and later
invoked to explain the tropical Atlantic decadal variability (Chang et al., 1997). Neverthe-



78

a. CTL-LPVE Dec LHFLX & Vet b. CpldCTL-CpldLPVE Dec LHFLX & Vete

30N

EQ.

308 = 3 *
60W 30w (o] eow 30w 4]

60W 30W 0

~

X e R RS
60W 30w (o] 60W 30w o]

308

Figure 6.10: The latent heat flux and surface wind response to the annual cycle of insolation
over land in the case of interactive SST. The contour interval is 20 W m ™2, starting with 10,
dashed contours indicate negative values and the shading indicates positive values larger
than 10W m™2; only wind anomalies larger than 1.5 m s~* are plotted. (a.) December CTL
- December LPVE (b.) December CpldCTL - December CpldLPVE (c.) January CTL -
January LPVE (d.) January CpldCTL - January CpldLPVE (e.) February CTL - February
LPVE (f.) February CpldCTL - February CpldLPVE
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less, we note that the latent heat flux anomalies in the uncoupled case (Figures 6.10a,c,e)
are by themselves sufficient to induce a negative SST gradient at the equator; in this sense,
the wind-evaporation-SST feedback, while undoubtedly an integral part of the development
and the maintenance in time of the SST gradient and the displacement of the ITCZ in our
coupled experiment, is not crucial for either.

An alternate view of the development of the March displacement of the ITCZ is portrayed
in Figure 6.11. The top panel shbws the annual cycle of the (insolation-induced) SAT over
the Sahara. The vertical gray line in Figure 6.11a highlights the coldest SAT anomaly, during
December. (In the other panels of Figure 6.11 the gray lines extend from December to the
time when the plotted anomalies reach their maximum amplitude, and give a visual estimate
of the response time of each variable.) The cold anomaly in the Sahara produces a high sea
level pressure anomaly and easterly wind in the northern tropical Atlantic, strengthening
the Trades (Figure 6.11b) and cooling the SST by evaporation. The maximum cooling in the
northern tropical Atlantic is achieved in February (Figure 6.11d), at what time virtually all
of the cross-equatorial SST gradient is also established (Figure 6.11d). The ITCZ responds
to the SST gradient by shifting south, achieving the largest southward displacement in
March (according to the confluence line, Figure 6.11e) or April (according to precipitation
maximum, Figure 6.11f).

It is obvious from the above discussion, that the timing of the maximum displacement of
the ITCZ is controlled by the response time of the mixed layer, which in this simple model
is just proportional to the mixed layer depth. A similar set of experiments, in which we had
reduced the depth of the mixed layer to 1 meter to make the ocean respond instantaneously
to the atmospheric forcing, shows that in that case the maximum ITCZ displacement occurs
in December (not shown).

We conclude this section with a caveat. In the above discussion we have disregarded
the state of the midlatitudes. Obviously the insolation forcing has a large impact on the
temperature of the northern midlatitude continents, and therefore on the midlatitude jets
(but not on the midlatitude ocean temperature, because those are prescribed in our model
configuration). The fact that the changes in tropical SST and precipitation can plausibly be

explained in terms of the insolation-induced temperature changes in the Sahara makes us
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Figure 6.11: The response to the annual cycle of insolation over land in the case of interactive
SST (CpldCTL - CpldLPVE). (a.) Surface air temperature in the Sahara. (b.) Wind speed
in the north tropical Atlantic. (c.) SST in the north tropical Atlantic. (d.) SST in the
north tropical Atlantic - SST in the south tropical Atlantic. (e.) Position of the Atlantic
ITCZ as measured by the confluence line (f.) Position of the Atlantic ITCZ as measured
by the maximum precipitation. The grey vertical line indicates the elapsed time between
the time of the minimum surface temperature in the Sahara, December, and the time when
the other indeces reach an extrema. The wind response in the northern tropical Atlantic is
instantaneous. The minimum SST in the tropical Atlantic is reached within two months,

in February. The maxima in cross-equatorial SST gradient and in the dispalcement of the
ITCZ is reached in March/April.
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confident that the mid-latitude jets have—in these experiments—a secondary role at best.

Sensitivity experiments are underway in order to verify that this is indeed the case.

6.4 The ITCZ response to annually varying local forcings

Figure 6.6 highlights a surprising result of this study: the annual march of the Atlantic
ITCZ is greatly reduced when the annual cycle over land is suppressed. This might indicate
that the annual variations of the local forcings in the Atlantic ocean (insolation and ocean
heat transport) are secondary in generating the annual cycle of the Atlantic ITCZ, but
given the large amplitude of the annual cycle in both insolation and ocean heat transport,
one is inclined to conclude that the two forcings counteract each other. In this section we
investigate what is the role of the insolation over the ocean and the Q-flux, singularly taken,
in generating the annual cycle of the tropical Atlantic ITCZ.

We show results from two additional experiments (see Table 3.4). In CpldLPVEQflux
the only annually varying forcing is insolation over the ocean, while insolation over land is
fixed at the vernal equinox value and the Q-flux is annually averaged. In CpldLOPVE the
only annually varying forcing is the Q-flux, while insolation is fixed at the vernal equinox
value everywhere. ‘Figure 6.12 shows the annual cycle of precipitation, SST, and surface
winds in the CpldLPVEQfux and CpldLOPVE simulations. The annual cycle in the po-
sition of the ITCZ is small in both simulations (especially in the CpldLOPVE, in which
the annual variations derive entirely from the Q-flux), at the same time that the annual
cycle in the intensity of the ITCZ is maintained or augmented. In both simulations, the
equilibrium state has a year-round ITCZ in the north, and a second maximum of precip-
itation in the southern tropics that lasts only few months. A caveat in the interpretation
of these results derives from the fact that the annually averaged insolation is different in
the two simulations. In particular the northern Tropics receive in the annual mean more
insolation in perpetual vernal equinox conditions then they do for climatological insolation.
This additional insolation contributes to the pronounced warming at about 7°N seen in
Figure 6.12d.

We conclude this section noting that the above results are only valid in the context of
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Figure 6.12: The annual cycle of precipitation, SST, and surface wind in the Central Atlantic
(30°W) in simulations with different annual forcings. (a.), (c.) CpldLPVEQflux: annual
cycle due to local insolation. (b.), (d.) CpldLOPVE: annual cycle due only to the Q-flux.
The contour interval for precipitation is 3 mm day™!, starting with £1.5, values larger than
4.5mm day~! are shaded. The contour interval for SST is 1°C, values larger than 27°C are
saded . Only surface wind vectors larger than 1.5 m s~! are plotted.

AGCM+8OM experiments. While it is appropriate to refer to the Q-flux forcing as a local
forcing in the context of AGCM+SOM experiments, in reality the ocean heat transport
that we parameterize with the Q-flux is the result of ocean dynamics that is, in principle,
the result of both local and remote forcings. Sorting out the cause of annual variations in
ocean heat transport requires a dynamical ocean, and cannot be done in our simpler model
configuration. Furthermore, the SOM uses a constant, uniform mixed layer depth of 50 m.
In the real world, the depth of the mixed layer varies in space and time, introducing another
modulation in the response of the ocean to surface fluxes. The depth of the mixed layer is
determined by the the strength of the wind and by advective processes in the ocean, and
thus depends in a non-trivial way on both local and remote forcings. Finally, although we
have interpreted the Q-flux as a parameterization of the ocean heat transport convergence,

in reality it also correct for model biases, which might present a non-trivial annual cycle.
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6.5 Summary and Discussion

In Sections 6.3 and 6.4 we have shown that the simulated control climatology of the Atlantic
ITCZ is the result of a balance between the annual variations of local insolation, ocean heat
transport, continental surface temperature and continental precipitation, and that no single
forcing is dominant. The annual variations in oceanic local forcings (insolation over the
ocean and heat transport) modulate the intensity of precipitation in the tropical Atlantic,
both north and south of the equator, but do not force the migration of the ITCZ seen in
the control simulation. On the contrary, the annual variations in terrestrial forcings (con-
tinental surface temperature and precipitation) affect the position of the ITCZ more than
its intensity, with the effect of the continental precipitation forcing partially counteracting
the effect of the continental surface temperature forcing.

The main conclusion of this chapter is that variations in precipitation and temperature
over the continents are as itmportant 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.

Figure 6.13 offers an alternate summary of our results. It shows the annual harmonic of
precipitation and surface temperature in response to annually varying insolation and ocean
heat transport (CpldCTL, Figures 6.13a,b), land insolation only (CpldCTL-CpldLPVE,
Figures 6.13c,d), ocean forcings only (CpldLPVE, Figures 6.13e,f) ocean insolation only
(CpldLPVEQflux, Figures 6.13g,h), and Q-flux only (CpldLOPVE, Figures 6.13i,]). The
length of each vector gives a measure of the amplitude of the annual cycle (more precisely,
it represents the amplitude of the annual harmonic of the climatology) at that location, and
the direction represents its phase, with an arrow pointing upward indicating a maximum in
January, and time progressing clockwise.

A comparison of the annual harmonic of temperature and precipitation in the control run
is interesting in its own right: it shows that the largest amplitude in the annual variations
of oceanic precipitation in this model is achieved in the western equatorial basin, where the
annual harmonic of SST is negligible. SST has a much larger annual harmonic in the eastern

equatorial region, in the Gulf of Guinea. This local “decoupling” of the SST and the ITCZ
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Figure 6.13: Harmonic dial of the annual cycle of (left column) precipitation and (right
column) surface air temperature in (a.) and (b.) CpldCTL, (c.) and (d.) CpldCTL-
CpldLPVE, (e.) and (f.) CpldLPVE, (g.) and (h.) CpldLPVEQflux, (i.) and (1) Cpld-
LOPVE, (m.) and (n.) CpldCTL-CpldPMQ, (0.) and (p.) CpldPMQ-CpldLPVE. The
direction of the arrows indicates the maximum in the annual harmonic, with January point-
ing upward and time increasing clockwise. The length of the arrows indicates the amplitude
of the annual harmonic. The smallest arrow in the precipitation plots indicates an ampli-
tude of 0.5 mm day~!. The smallest arrow in the surface air temperature plots indicates
an amplitude of 0.25°C.
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is even more apparent in the annual harmonic simulated in response to the annual cycle of
insolation over land: the ITCZ response is very strong (and strikingly similar to the control
annual harmonic in the equatorial region), while the remotely forced annual harmonic of
SST is weak. The remotely forced annual harmonic of the ITCZ is the result of a cancellation
between the response to continental precipitation (Figures 6.13m) and continental surface
temperature (Figures 6.130). The locally forced annual harmonic in oceanic precipitation
(i.e. that forced by insolation over the ocean and by the Q-flux) is of the same amplitude
of that forced remotely (cf. Figures 6.13c and e) , and is the result of partial cancellation
between the effect of the insolation and the Q-flux (cf. Figures 6.13g and 1i).

The annual harmonic of SST appears to be mainly a response to local insolation, al-
though variations in Q-flux are also important, especially in the Gulf of Guinea. This result
seems at odds with those of Carton and Zhou (1997). Their study concluded that insolation
had little effect between 5°S and 10°N (and that ocean dynamics was dominant between
10°S and the latitude of the mean ITCZ, and the latent heat flux was dominant from the
latitude of the mean ITCZ to to 10°N). The contradiction is not irreconcilable, and stems
at least in part from the difference in the experimental design and the model used. In
Carton and Zhou (1997) the insolation can only directly heat the ocean, but does not drive
surface winds (the annual cycle of surface wind is taken from observations). In the northern
equatorial Atlantic, our study will agree with Carton and Zhou (1997) if insolation drives
the annual cycle of SST by driving the annual cycle of surface winds. Our conclusions about
the role of ocean heat transport in determining the annual cycle of SST agree with that of
Carton and Zhou (1997) qualitatively, but not quantitatively. This might be a consequence
of the fact that in our Q-flux Only experiment there are significant changes to the surface
wind—and thus surface heat lux—due to atmosphere-ocean coupling. Moreover, extrapo-
lating our conclusion on the relative role of annual variations in the Qflux in generating the
annual cycle of SST to the role of ocean dynamics is probably not warranted: the Q-flux
also corrects for the choice of a uniform constant mixed layer depth, and is contaminated
by biases in the atmospheric fluxes.

In regard to the Q-flux we also note that, in this model configuration, the Q-flux can be

interpreted as a local forcing, but in reality the ocean heat transport convergence contains
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the effect of horizontal advection by ocean currents, upwelling, and the deepening and
shoaling of the mixed layer depth. Thus, it is the product of local and remote forcings
alike. In particular, Mitchell and Wallace (1992) in an observational study and Li and
Philander (1997) in a modeling study have suggested that the southerly wind in the (land-
driven) African monsoon is the main driver for the dynamics of the Atlantic cold tongue.
A recognition of the total effect of the continents on the oceanic climate requires the use of

a dynamical ocean model and is beyond the scope of this study.
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Chapter 7

CONCLUSIONS

This thesis describes a set of GCM experiments intended to elucidate the relative role
of local and remote forcings in producing the annual cycle of surface temperature and
precipitation over the tropical Atlantic ocean, Africa, and South America. We have used
the NCAR CCM3 atmospheric GCM in an uncoupled configuration, in which case SST is
prescribed and can be treated as an external forcing, and coupled to a motionless slab ocean
model, in which case SST is interactive and can respond to surface heat fluxes, albeit not
to wind stress. This experimental design allows us to sequentially isolate the processes that
determine the annual cycle in simpler models, and is a starting point for understanding the
annual cycle in the more complex, fully-coupled GCMs and in nature.

We will focus our discussion on the annual cycle of precipitation, and especially on the
role of mutual influences between the Atlantic ocean and the African and South American

continental masses.

7.1 Results

Our uncoupled experiments show that the ITCZ response to seasonal changes in SST is
direct: the ITCZ lies over the warmest waters. Such response can be interpreted in terms of
boundary layer processes, as first described by Lindzen and Nigam (1987). The boundary
layer hydrostatically adjusts to an increase in SST and produces a low-level thermal low.
The resulting wind converges moisture into the low, sustaining convection. Experiments in
which we have imposed the elevated condensational heating associated with precipitation in
the ITCZ indicate that the ITCZ is more than a passive tracer of SST gradients, and aids
the SST in generating the low-level convergence: the circulation driven by the ITCZ itself
generates a substantial fraction of the moisture convergence and of the meridional flow seen

in response to SST changes.



88

The seasonal changes in precipitation in the equatorial coastal regions (Northeast Brazil,
Guiana, Gulf of Guinea) are primarily determined by SST. They appear to be an indirect
response to SST changes, in that they can be forced by applying the changes in elevated
condensational heating associated with the latitudinal movement of the ITCZ.

The seasonal changes of SST are responsible for a substantial portion of the seasonal
changes of precipitation over the Sahel. The Sahel responds directly to the basin-wide
changes of SST: seasonal changes of SST are advected into the interior of the Sahara and
generate surface pressure anomalies, which in turn force low-level wind changes and con-
vergence of moisture from the Gulf of Guinea and the equatorial rain forest into the Sahel.
‘We stress that the SST of the whole Atlantic basin influence the annual cycle of Sahelian
rainfall. Note also that the remote influence of SST and the local influence of insolation
interact in a non-linear fashion in producing the observed annual cycle of precipitation in
the Sahel.

Insolation determines the bulk of the seasonal changes in precipitation over Africa and
South America through its influence on the net energy influx in the atmospheric column
(Fres). |

In the experiments with prescribed SST, changes in insolation over land also have the
effect of modulating the intensity of the ITCZ. If, for example, insolation forces a reduction
in precipitation over the continents, the corresponding reduction in elevated condensational
heating induces a cooling of the upper troposphere and a more unstable environment (or
equivalently, more convective available potential energy, CAPE) in the Atlantic. The inten-
sity of precipitation in the oceanic ITCZ will thus increase.

When we expand our model to include thermodynamic atmosphere-ocean interactions,
we find that variations in precipitation and temperature 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 simulated
control climatology of the Atlantic ITCZ is the result of a balance between the annual
variations of local insolation, ocean heat transport, continental surface temperature and
continental precipitation, and that no single forcing is dominant. The annual variations in

oceanic local forcings (insolation over the ocean and heat transport) modulate the intensity
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of precipitation in the tropical Atlantic, both north and south of the equator, but do not
force the migration of the ITCZ seen in the control simulation. On the contrary, the
annual variations in terrestrial forcings (continental surface temperature and precipitation)
affect the position of the ITCZ more than its intensity, with the effect of the continental
precipitation forcing partially counteracting the effect of the continental surface temperature

forcing.

7.2 Implications

7.2.1 Implications for modeling the annual cycle

Our results from the uncoupled experiments allow us to draw some implications for modeling
the annual cycle of precipitation over the tropical continents in a coupled GCM. Outside
of the equatorial belt and the Sahel, where the influence of remote SST is important,
gross shortcomings in the simulation of precipitation are most likely attributable to the
atmosphere-land component of the model, and not to the effect of coupling. In particular,
the land albedo, determined by soil type, soil moisture, and vegetative cover, can strongly

affect F,.+ and thus can have a large impact on precipitation.

Furthermore, the uncoupled response of the Atlantic ITCZ to continental precipitation
suggests the idea that the CCM3 biases in tropical precipitation—wherein precipitation
over land is overestimated and precipitation over the ocean is underestimated—are two
sides of the same coin. This indicates that changing the land surface properties in a way

that reduces land precipitation could be a viable way to address both problems.

Our results from the AGCM+SOM experiments suggests that a correct simulation of
the annual cycle of the Atlantic ITCZ in fully coupled GCMs will only be possible when the
models will get everything right: no single process is the dominant influence on the ITCZ.
This means, in particular, that the AGCMs must correctly simulate the annual cycle over

land before we can hope to correctly simulate the maritime climate in coupled GCMs.
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7.2.2 Implications for interannual-to-decadal variability

Although the subject of this paper is the annual cycle, we believe that the following ad-
ditional conclusions regarding the interannual climate variability in the tropical Atlantic
region are warranted.

We have shown that SST is an important forcing of the annual cycle of precipitation in
the same regions where it is an important forcing of interannual precipitation variability,
namely, northeast Brazil, Gulf of Guinea, Sudan, and Sahel (e.g. Nobre and Shukla, 1996;
Rowell et al., 1995). This finding supports the suggestion (by, for example, Hastenrath,
1984; Mitchell and Wallace, 1992) that the same mechanisms might be at play in shaping
both the annual cycle and the interannual variability, and that we can indeed gain some
understanding of the variability by examining the much larger signal in the annual cycle.

Our results for the annual cycle suggest that interannual variability in Sahelian rainfall
might be forced by SST variability in the subtropical Atlantic, as well as by SST variability
in the Gulf of Guinea. Moreover, the co-variability between Sahel rainfall and the Atlantic
ITCZ appears to be due to the presence of a common forcing (the SST), and not to the fact
that the circulation associated with the ITCZ forces anomalies in the Sahel. Conversely,
precipitation in the Nordeste, the Guiana Highlands, and the Guinea region is affected by
the elevated heating in the ITCZ, and thus only indirectly by the Atlantic SST.

Our coupled experiments have shown that annual variations in the continental (and
especially African) climate easily trigger a coupled response in the tropical Atlantic surface
wind, the ITCZ, and the cross-equatorial SST, alike to the meridional-mode seen in the
interannual-to-decadal variability, whose net effect is the meridional displacement of the
ITCZ. Therefore, we would expect that variability in continental climate—either internal
to the land-atmosphere coupled system, or forced by our land use practices—would have a
signature in the oceanic variability.

Moreover, we can expect a linkage between the African and the South American climate,
mediated by the ITCZ. For example, precipitation changes over Africa might induce a

displacement of the ITCZ and affect rainfall in northeast Brazil.

Finally, we suggest that the fact that the response of oceanic precipitation to terrestrial
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forcing is tightly locked to the annual cycle implies that a linear analysis of tropical Atlantic
variability, or an analysis not stratified by season, might fail to fully capture a substantial

effect of land processes.

7.2.8 Implications for paleo-climate

We maintain that our decomposition of the annual cycle in the Atlantic sector is also a
valuable help in understanding past climates. For example, let’s consider the greening of
the Sahara of the mid-Holocene. Our results regarding the land response to seasonal changes
in insolation suggest that surface albedo would be a limiting factor for the northward march
of the African monsoon, and that a model must be able to accurately reproduce the changes
in albedo following a change in soil moisture and vegetation cover in order to accurately
simulate the greening of the Sahara. At the same time, we have shown that the precipitation
at the edge of the Sahara depends on the basin-wide SST, and thus knowledge of the state
of the Atlantic is also a prerequisite for simulating the greening of the Sahara.

Similarly, our coupled experiments have evidenced how a change in the climate of Africa
sets off a coupled interaction between the Trades, the SST, and the ITCZ which results
in a meridional displacement of the ITCZ. Thus, we can expect that the mid-Holocene
greening of the Shara, which involves substantial changes in both surface temperature and

precipitation, will be traceable in paleo records from the equatorial Atlantic.
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