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ABSTRACT

Recent general circulation model (GCM) experiments suggest a drastic change in the regional climate, es-
pecially the hydrological cycle, after hypothesized Amazon basinwide deforestation. To facilitate the theoretical
understanding of such a change, we develop an intermediate-level model for tropical climatology, including
atmosphere—land—ocean interaction. The model consists of linearized steady-state primitive equations with
simplified thermodynamics. A simple hydrological cycle is also included. Special attention has been paid to
land-surface processes. In comparison with previous simple modeling work on tropical climatology or anom-
alies, the present model is more sophisticated in predicting, with little input, most of the important meteorological
variables; nevertheless, it is computationally simple. It generally better simulates tropical climatology and the
ENSO anomaly than do many of the previous simple models.

The climatic impact of Amazon deforestation is studied in the context of this model. Model results show a
much weakened Atlantic Walker—Hadley circulation as a result of the existence of a strong positive feedback
loop in the atmospheric circulation system and the hydrological cycle. The regional climate is highly sensitive
to albedo change and sensitive to evapotranspiration change. The pure dynamical effect of surface roughness
length on convergence is small, but the surface flow anomaly displays intriguing features. Analysis of the
thermodynamic equation reveals that the balance between convective heating, adiabatic cooling, and radiation
largely determines the deforestation response. Studies of the consequences of hypothetical continuous defores-
tation suggest that the replacement of forest by desert may be able to sustain a dry climate. Scaling analysis
motivated by our modeling efforts also helps to interpret the common results of many GCM simulations.

When a simple mixed-layer ocean model is coupled with the atmospheric model, the results suggest a 1°C
decrease in SST gradient across the equatorial Atlantic Ocean in response to Amazon deforestation. The mag-
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nitude depends on the coupling strength.

1. Introduction

Recent general circulation model (GCM) experi-
ments suggest a drastic change in the regional climate,
especially the hydrological cycle, after hypothesized
Amazon basinwide deforestation [see Dickinson
(1992) for an earlier review, and references in Table 1
for more recent experiments]. These studies assume a
scenario in which Amazon basinwide forests are trans-
formed into grassland. Aside from numerous substan-
tial changes in the atmosphere and on the ground, the
most remarkable result from the majority of the models
is a large reduction in evapotranspiration accompanied
by a comparable or larger reduction in precipitation
(typically a 20%—30% decrease), implying a decrease
in moisture convergence ( = P — E in the climatological
sense) in the atmosphere and a decrease in runoff on
the ground. In a traditional view of atmospheric control
(cf., Zeng 1994) it would be conjectured that, as evapo-
transpiration is reduced, the large-scale atmospheric
circulation adjusts so that the moisture convergence in-
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creases to compensate (at least partially) for the loss
of moisture. What a majority of these GCM experi-
ments show is just the opposite (Table 1, some simu-
lations do give conflicting results), that is, large-scale
motion acts to further reduce moisture convergence.
For example, in the work of Henderson-Sellers et al.
(1993), precipitation decrease is more than twice that
of evapotranspiration.

The above result has been very striking and poorly
understood. Although many researchers have at-
tempted to interpret the results in the context of indi-
vidual simulation and have indicated possible mecha-
nisms (e.g., Nobre et al. 1991; Henderson-Sellers et al.
1993), the causes and mechanisms responsible for
large effects on atmospheric transport remain obscure.
The question of the climatic consequences of Amazon
deforestation pushes at the limit of our understanding
of many processes in the tropical climate system. This
work attempts to shed some light on the mechanisms
and properties of the land surface that are most respon-
sible for the simulated change, providing a unified view
of the problem.

Three features related to the land surface have been
identified as important to deforestation study based on
theoretical grounds and GCM results. Figure 14.3 of
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the research has been focused on anomalous flow in the
Pacific. There have been only a few further modeling
efforts devoted to tropical climatology. Webster
(1972) used a simplified primitive equation model to
study atmospheric response to prescribed heating.
Geisler (1981) studied the Walker circulation. Davey
and Gill (1987) modeled the tropical atmosphere with
the addition of a highly simplified water budget. More
recently Seager (1991) attempted to simulate tropical
climatology in a self-consistent model, in which heat-
ing was internally produced by the model. The model’s
heating was parameterized in terms of Newtonian cool-
ing and convective precipitation, similar to Davey and
Gill. Instead of using convective parameterizations
based on the convective instability of the second kind
(CISK) (Charney and Eliassen 1964), in which con-
vection is assumed to occur when there is large-scale
convergence (e.g., Zebiak 1986), Seager requires the
air to be buoyant relative to the environment following
the views of Betts (1982) and Emanuel (1989). De-
spite these efforts and partial success, Seager’s model
did not reproduce the intensity and limited spatial scale
of convergence zones.

It has been realized that a major deficiency of such
models is their too simple treatment of thermodynam-
ics. Lindzen and Nigam (1987) emphasized the im-
portance of boundary-layer dynamics in influencing
convection, though their model is mathematically sim-
ilar to the Gill model. Wang and Li (1993) combined
the Gill model with the Lindzen and Nigam model and
used an SST-dependent convective heating. They were
able to reproduce reasonably well the climatology over
the tropical Pacific.

Silva Dias et al. (1983) first applied the Gill model
to the circulation over South America. Their main in-
terest was the transient response to convection on time-
scales of one day to a few days. DeMaria (1985) stud-
ied the steady-state response in a similar model, but
with finer vertical resolution. Kleeman (1989) and
Gandu and Geisler (1991) studied the topographical
effects of the Andes, pointing to the significant influ-
ence of topography on low-level circulation. More re-
cently, Eltahir and Bras (1993) used the Gill model to
study the influence of deforestation on regional circu-
lation, suggesting that the impact of large-scale defor-
estation on the atmospheric circulation consists of two
competing effects: the response to negative change in
precipitation and the response to the positive change in
surface temperature.

The popularity of the Gill-type model is largely due
to its simplicity and analytical wave solutions. Its suc-
cess is based on the fact that latent heat release from
deep convection generally maximizes at midatmo-
sphere, so the motion largely projects onto the gravest
vertical mode. However, this is apparently invalid in
regions of sinking motion where no deep convection
occurs. The simple link between SST and convection
has recently been questioned by many researchers (Fu
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et al. 1994; Zebiak 1990). Adding different features to
a simple model may give a better comparison with ob-
servation but will also increase the complexity of the
model. A more fundamental formulation seems more
straightforward. A

The purpose of the present model is to start at a more
fundamental level than the conventional Gill model in
producing simulation of tropical climatology for the
study of atmosphere—land—ocean response to the dis-
turbance of deforestation. A simple hydrological cycle
is included. Special attention is paid to the land surface,
which has been largely ‘‘forgotten’ in simple model-
ing. In this and the following section we will describe
the model and use it to simulate climatology and anom-
alies such as ENSO.

b. Atmospheric model
1) MODEL EQUATIONS

The atmospheric model is a quasi-linear, steady-state
model for the entire Tropics, with vertical log pressure
and horizontal spherical coordinates. The model equa-
tions are the linearized, steady-state primitive equations
with linear damping:
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where subscripts x, y, z denote partial derivatives with
respect to x, y, z. Here we use log-pressure vertical
coordinate z = —H log(p/p,), where H is the assumed
constant atmospheric scale height; the horizontal
coordinate x = al\, where a is the radius of the earth
and \ is longitude; y = sin(#), where 8 is latitude;
U = ucos(8), V=vcos(d), where u and v are the
zonal and meridional components of the velocity; w is
vertical velocity with respect to the log-pressure coor-
dinate; z; is the thickness of the boundary layer; ® is
geopotential height; and T is the temperature. Here Q
is the heating function, including a Newtonian cooling
term; 7*, 77 are horizontal stresses at the surface; R and
C, are the gas constant and the specific heat of air. We
adopt the following parameter values for our standard
case: Rayleigh friction coefficient « = (5 day)~!; the
stability of the atmosphere is represented by buoyancy
frequency squared N> = 107*s72?; and H = 8 km.












