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ABSTRACT

The physical mechanisms that affect the tropical sea surface temperature (SST) are investigated using a two-
box equilibrium model of the Tropics. One box represents the convecting, warm SST, high humidity region of
the Tropics, and the other box represents the subsidence region with low humidity, boundary layer clouds, and
cooler SST. The two regions communicate by energy and moisture fluxes that are proportional to the strength
of the overturning circulation that couples the two regions. The boundary layer properties in the subsiding region
are predicted with a mixing line model. Humidity above the inversion in the subsiding region is predicted from
moisture conservation.

The humidity above the inversion in the subsiding region increases rapidly with temperature, but this has less
effect on the sensitivity than expected, because the inversion lowers as the humidity above the inversion is
increased. Some of the increased greenhouse effect of the free troposphere can be offset by decreased greenhouse
effect of the boundary layer. Increasing the area of the warm, convective region increases the SSTs, because of
the greenhouse effect of the greater upper-tropospheric water vapor in the convective region. The circulation
strength is constrained by radiative cooling in the cold pool. The strength of the circulation decreases with
increasing convective area, because the increase in dry static stability overwhelms the increase in cooling rate.
Although they have strong individual effects on longwave and shortwave radiation, high clouds in the convective
region do not affect the tropical SSTs strongly, because their net radiative forcing at the top of the atmosphere
is small. Low clouds in the subsidence region have a strong cooling affect on the tropical SST, because they
strongly reduce net radiative heating at the top of the atmosphere. A negative feedback is produced if the low
clouds are predicted from the observed relationship between stratus cloud amount and lower-tropospheric stability.

1. Introduction

In recent years much effort has been expended in
attempts to better understand the sensitivity of the trop-
ical climate. At temperatures near those of warm waters
of the tropical ocean, the absorption of longwave ra-
diation by water vapor increases rapidly with temper-
ature. As a result, longwave cooling of the surface ac-
tually decreases with increasing temperature (e.g., Raval
and Ramanathan 1989; Hartmann 1994; Inamdar and
Ramanathan 1994). Because this cooling may constitute
a strong positive feedback for the surface energy budget,
it is important to identify mechanisms that regulate the
tropical surface temperature. Several approaches to un-
derstanding the apparent stability of tropical sea surface
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temperatures (SSTs) have recently appeared in the lit-
erature. Ramanathan and Collins (1991) proposed that
the reflection of solar radiation by tropical convective
clouds increases rapidly with surface temperature, so
that the solar heating of the warm surface under the
convective clouds decreases with increasing SST at a
rate more than sufficient to offset the reduced longwave
loss. Others have argued that large-scale dynamics caus-
es the atmosphere above the warmest waters to com-
municate rapidly with the atmosphere above cooler wa-
ter (e.g., Fu et al. 1992; Wallace 1992). Pierrehumbert
(1995) argued that energy is transported from the humid
convective regions of the Tropics to regions of subsi-
dence, where high temperatures and low humidities pro-
vide efficient cooling to space. Cloud models suggest
that large-scale convergence is more important than
SSTs in generating high cloud albedos (Lau et al. 1994),
and observations suggest that cloud radiative forcing is
better correlated with large-scale divergence than with
SST (e.g., Hartmann and Michelsen 1993). Because of
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FIG. 1. Schematic of model. The warm pool has high convective
clouds and the cold pool has boundary layer clouds. Air is rising in
the warm pool and sinking across the inversion in the cold pool. The
top of the energy balance model is at the tropopause.

this dependence on large-scale circulation, changes in
cloud albedo in regions where SSTs warm during ENSO
events are offset by changes of opposite sign in adjacent
regions (Hartmann and Michelsen 1993). If convection
or large-scale motions act to keep the boundary layer
air sufficiently dry, then evaporation can increase at a
rate sufficient to offset the decreased longwave loss and
keep the surface energy budget balanced at observed
temperatures (e.g., Hartmann and Michelsen 1993).
Ocean dynamics has also been suggested as a mecha-
nism that can moderate tropical SSTs (Clement et al.
1996; Sun and Liu 1996). Miller (1997) proposed that
the amount of low cloud cover in the nonconvective
regions of the Tropics could be a strong negative feed-
back. Miller used an empirical relationship between
lower-tropospheric stability (LTS) and stratus cloud
amount from Klein and Hartmann (1993).

Many questions addressed by these studies about the
tropical climate remain at issue. What effects do the
Hadley and Walker circulations have on tropical climate
change? How does the amount of convective cloud af-
fect the tropical SST locally and in remote regions? How
do stratus cloud decks in the subsidence region of the
Tropics interact with the highly convective regions?
How is the upper-tropospheric humidity in subsidence
regions affected by changes in SST? What climate feed-
backs are most important in the Tropics, and how will
they affect the global climate when the amount of carbon
dioxide is doubled?

These questions are investigated in this study using
a two-box equilibrium energy and moisture balance
model. In particular, the humidity above the inversion
in the subsiding regions will be predicted and its role
in climate sensitivity addressed. The simple model in-
cludes the interaction between a warm SST region where
deep convection occurs (referred to as the warm pool)
and another tropical region where the SST is slightly
lower and convection is suppressed by large-scale sub-
sidence (the cold pool). These regions are connected by
heat and water vapor budgets, and temperature, humid-
ity, and the mass circulation between the regions are
predicted. Ocean fluxes, atmospheric heat export to the
extratropics, surface wind speed, and cloud optical prop-
erties are all external parameters for the present imple-
mentation of the model. Unlike previous two-box mod-
els (Miller 1997; Pierrehumbert 1995; Clement and
Seager 1999, manuscript submitted to J. Climate), the
trade inversion height is determined by the model and
the moisture in the upper troposphere of the cold pool
is predicted.

We investigate the response of the equilibrium climate
of this model to the radiative forcing associated with
low and high clouds in the Tropics and changing the
area of the convective region. The interaction of the
convective and subsidence regions of the Tropics and
related changes in temperature, moisture, and circula-
tion are discussed. In particular, we find that boundary
layer depth interacts strongly with free-troposphere hu-

midity in the subsiding region to produce a negative
feedback.

2. Model description

a. Concept

A two-box energy balance model is shown schemat-
ically in Fig. 1. The convective region (warm pool box)
refers to the region of the Tropics that has deep con-
vection, high humidity throughout the depth of the at-
mosphere, and mean upward motion. In nature, the size
and location of this region varies with season and on
other timescales, but the relative area of the convective
region is an externally specified parameter in this energy
balance model. The subsidence region (cold pool box)
is assumed to be that part of the Tropics with a trade
inversion, descending dry air above the inversion, and
some low clouds below the inversion, but no deep con-
vection. We believe that this two-box structure captures
a physically important aspect of the tropical climate in
a very simple yet informative way.

The convective region atmosphere is assumed to be
influenced by the deep convection, so the temperature
profile there is fixed to a moist adiabat. Observations
show the temperature profile in the Tropics closely ap-
proximates a moist adiabat (Xu and Emanuel 1989). The
value of the moist adiabat is determined by the equiv-
alent potential temperature of air near the sea surface
of the convecting region. Using the small area of con-
vecting clouds, Miller (1997) derived theoretically that
in a two-box model the warm pool surface and tropo-
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FIG. 2. Vertical profiles from control case with the relative area of
the warm pool equal to 0.3333. (a) Temperature and relative humidity
vertical profiles in the warm pool. (b) Temperature and relative hu-
midity vertical profiles in the cold pool.

pause are linked by a moist adiabat. Other effects of
convection are not explicitly treated.

Due to the very large tropical radius of deformation,
the horizontal gradients in temperature across the Trop-
ics above the boundary layer are small (Schneider 1977;
Held and Hou 1980). Consequently we assume that the
free-tropospheric temperatures in the warm and cold
pool boxes are the same at every level above the in-
version (Pierrehumbert 1995). The humidities in the two
boxes are predicted from large-scale balance conditions.

The circulation in the model, composed of mean ris-
ing motion in the convective region and sinking motion
in the subsidence region, approximates the Hadley and
Walker circulations in the Tropics. For example, the
warm pool may represent the region with the warmest
water in the western tropical Pacific and Indian Oceans.
We can think of the cold pool as the subsidence regions
on all sides of the warm pool. The energy flux between
the convective and subsidence regions is equal to the
difference in energy between the upper and lower
branches of the model circulation times the strength of
the circulation. This large-scale circulation brings water
vapor that is evaporated from the cold pool ocean to
the convective region, where it is condensed and rained
out. The return flow at upper levels brings much drier
air with a higher total energy back to the cold pool.
Because the moist static energy of the air exported to
the cold pool is necessarily greater than the moist static
energy of the air imported from the cold pool, the large-
scale circulation removes heat from the convective box.
Since the inflow to the warm pool is assumed to occur
below the inversion, the strength of the circulation is
driven by the subsidence at the top of the trade inver-
sion, which is determined by the balance between ra-
diative cooling and subsidence warming in the atmo-
sphere above the inversion.

The model determines the equilibrium climate by re-
quiring energy balance in both the atmosphere and
ocean. Energy balance equations are applied for the
boundary layer, the subcloud layer, the troposphere, and
the entire column. Energy exports to the extratropics
are prescribed for both the atmosphere and ocean.

One aspect of this model that differs from previous
models of this type is that we predict humidity from
moisture budget equations for each part of the model:
the warm pool troposphere, the cold pool free tropo-
sphere, and the cloud-topped boundary layer. Although
the integrated water is predicted, the humidity profiles
in some regions are assumed. In the convective region
the relative humidity is assumed constant with height
throughout the atmosphere. This profile is in rough
agreement with the mean relative humidity profile found
during the active phase of the intraseasonal oscillation
during the Tropical Ocean Global Atmosphere (TOGA)
Coupled Ocean–Atmosphere Experiment field project
(Brown and Zhang 1997). The specific value of relative
humidity in the warm pool is predicted by the moisture
budget. In the subsidence region the humidity above the

inversion is predicted from the moisture budget above
the level of the inversion, but the profile is assumed,
for simplicity, to be that specified by Manabe and Weth-
erald (1967). In principle, the humidity profile can be
determined at every level above the inversion from our
equations, but we have not implemented that feature.
Figure 2 shows the temperature and relative humidity
profiles for the base case in the convective and subsi-
dence regions.

To simulate the impact of clouds on this tropical equi-
librium climate we specify the radiative properties of
the anvils in the deep convective box and the boundary
layer clouds in the subsidence region. High clouds with
an optical depth of 6.5 cover 60% of the convective
region in the base equilibrium climate. The properties
are chosen to give approximately zero net cloud forcing
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at the top of the atmosphere (TOA), as observed (e.g.,
Harrison et al. 1990; Hartmann et al. 1992). In the cold
pool boundary layer (CPBL) a surface mixed layer is
topped by a cloud layer with a fixed 30% cloud fraction
and a fixed optical cloud depth of 5.0, giving a net cloud
forcing at the TOA of 221 W m22. The top of the clouds
is just below the trade inversion. These cloud properties
and cloud radiative effects are in general agreement with
International Satellite Cloud Climatology Project
(ISCCP) and Earth Radiation Budget Experiment ob-
servations (Ockert-Bell and Hartmann 1992).

The amount of cloud cover in the subsidence region
can be predicted by a diagnostic relationship. Klein and
Hartmann (1993) developed a relationship between the
low cloud cover and the lower tropospheric stability
(LTS) in stratus regions. LTS is defined as the potential
temperature at 700 mb minus the potential temperature
at the surface. The relationship, c9 5 5.70 LTS9, is used
in this model. Here, c is the cold pool boundary layer
cloud cover in percent and the primes refer to anomalies
from the average (base case) value. Miller (1997) also
used this relationship to predict low cloud amount in a
two-box model. Miller found that this relationship leads
to a negative feedback associated with the low clouds.

The model uses two boxes in the Tropics as in Pierre-
humbert (1995), though it includes more realistic ra-
diation fluxes and a boundary layer in the cold pool.
The boundary layer uses a mixing line model based on
Betts and Ridgway (1988, 1989, hereafter BR89). Un-
like the two-box model in Miller (1997), this model
predicts the height of the boundary layer and the amount
of water vapor above the cold pool inversion. The two-
box model of Clement and Seager (1999, manuscript
submitted to J. Climate), differs from this model be-
cause it has a fixed ratio of warm pool to cold pool area
and interactive ocean heat transports.

By requiring energy and moisture balances in the at-
mosphere and the ocean, we are able to determine so-
lutions for the dependent variables of the model: the sea
surface temperatures in the cold and warm pools, the
strength of the circulation, the temperatures and hu-
midities in the atmosphere, and the height of the trade
inversion. This equilibrium climate is a function of the
independent variables in the model, which include the
relative size of the warm and cold pools, the surface
wind speed, the cloud fractions, and others. We will test
the sensitivity of the model climate to these parameters.
Specific model details are given in the following sec-
tions.

b. Cold pool boundary layer equations

This section describes the heat and moisture balances
used below the trade inversion in the subsidence region.
In the mixing line model, a mixed layer extends from
the surface to the lifting condensation level of surface
air, and above that a cloud layer extends to the trade
inversion. The air properties in the cloud layer are de-

termined by conservative mixing of air from above the
inversion with surface air (BR89).

The moisture balance states that the drying of the
CPBL due to the entrance of dry subsiding air into the
CPBL is balanced by evaporation at the ocean surface.
The energy balance of the CPBL, where no precipitation
is assumed to occur, requires that the radiative cooling
of the CPBL is balanced by the warming due to sub-
sidence of air through the trade inversion plus the small
surface sensible heat flux. For the CPBL, the moist and
dry static energy balances are

cLm (q 2 q ) 5 F , (1)c invp evap

cc m (u 2 u ) 1 F 5 DR . (2)p c invp s inv

Here u is the dry potential temperature and q represents
the specific humidity. The variables representing prop-
erties of air above the inversion have the subscript invp
(inversion plus). Also, cp is the specific heat of air and
L is the latent heat of vaporization of water. Finally, mc

refers to the strength of the subsidence at the top of the
inversion, and by continuity it equals the mass flow from
the cold pool to the warm pool below the inversion,
assuming no net exchange of mass from the extratropics.
The overbar symbol indicates the pressure weighted
mean in the CPBL; for example,

psfc1
q 5 q dp. (3)E(p 2 p )sfc inv pinv

In (2), DRinv refers to the net radiative flux divergence
in W m22 between the surface and the inversion with
positive values indicating radiative cooling. Also,

is the evaporation (latent heat flux) at the surfacecF evap

and is the surface sensible heat flux. These quantitiescF s

are defined using the bulk aerodynamic formulas:

cF 5 Lm (q 2 q ), (4)evap o sat sfc

cF 5 c m (u 2 u ), (5)s p o SST sfc

m 5 rC V . (6)o d surf

Here qsat is the saturation vapor pressure at the sea sur-
face and uSST is the potential temperature at the sea
surface. Further, mo refers to the mass flux at the surface;
it is proportional to the surface wind speed, Vsurf , and
density, r, with Cd 5 0.0013. At the surface the vari-
ables are specified by subscripts sfc.

To determine the vertical profile of specific humidity
and temperature in the boundary layer, two mixing line
model parameters are needed. The first, b (dp*/dp), is
the change in lifting condensation level (p*) with pres-
sure and it is set to 1.2 for the marine stratocumulus
clouds. The second, a, is the change in virtual potential
temperature with height and is set to 22.832 K (100
mb)21 (Betts 1985).

In the subcloud layer, the radiative cooling, sensible
heat flux at the surface, advection into the layer, and
the buoyancy flux must balance. Here the advection term
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is neglected, since it is an order of magnitude smaller
than the other terms. The buoyancy flux at the top of
the well-mixed subcloud layer is scaled to be propor-
tional to the surface sensible heat flux. Thus we have a
relation coupling the surface heat flux directly to the
radiative cooling in the subcloud layer:

(1 1 K)cpmo(uSST 2 usfc) 5 DRsc. (7)

The constant K is set to 0.25. Here DRsc refers to the
net radiative flux divergence in W m22 between the
surface and the lifting condensation layer with positive
values indicating radiative cooling. This equation closes
the system and the surface air temperature, humidity,
and inversion height can all be predicted in the CPBL.

These mixing line model equations equilibrate on the
timescale of approximately 1 day. Some of the quantities
that must be specified to solve the mixing line equations
are the moist adiabat that the temperature profile adheres
to above the inversion, the subsidence strength, the SST,
and the profile of upper-tropospheric humidity. The sen-
sitivity of the mixing line model to these parameters is
important in interpreting the coupled model behavior.
For example, increasing the SST increases the sensible
and latent heat fluxes and increases the height of the
trade inversion. Increasing the surface wind speed in-
creases the height of the trade inversion, the specific
humidity near the surface, and the latent heat flux. Using
a warmer upper-tropospheric moist adiabat lowers the
inversion height. Increasing the specific humidity above
the inversion affects Eq. (1); as qinvp increases, q also
increases by lowering cloud top, since specific humidity
is higher near the surface. Also, the latent heat flux
decreases and the humidity at the surface increases for
this case. Increasing the subsidence rate lowers the in-
version height and increases the sensible and latent heat
fluxes.

c. Tropospheric energy balance equations

The energy balance for the troposphere is used to
constrain the values of the moist adiabat and subsidence
strength. For the sum of the subsidence region and con-
vection region troposphere, the net radiative cooling of
the atmosphere and export of heat to the extratropics
balances the latent plus the sensible heat fluxes at the
sea surface:

c w c wa F 1 a F 1 a F 1 a Fc evap w evap c s w s

5 1c wa DR 1 a DR F .c trop w trop aex (8)

The equation includes contributions from the fluxes in
both the warm (with a superscript w) and cold (super-
script c) pool boxes. Here DRtrop is the net radiative flux
divergence in the atmosphere between the tropopause
and the sea surface. Also, ac is the fractional area of
the cold pool box and aw is the fractional area of the
warm pool box (ac 1 aw 5 1). Finally, Faex is the at-
mospheric export to midlatitudes (219.5 W m22). As

in BR89, the tropopause is approximated by the level
where the moist adiabat intersects the 195 K isotherm.

The atmospheric energy flux (Flux) between the two
boxes is proportional to the strength of the circulation
times the difference in equivalent potential temperature
between the CPBL mean and the warm pool mean above
the height of the cold pool inversion:

w cFlux 5 c (a m u 2 a m u ), (9)p w w e c c e

ptrp ]mww wm u 5 u dpw e E e]ppinv

pinv ]mcc cm u 5 u dp. (10)c e E e]ppsfc

The energy and moisture fluxes between the boxes can
depend on the divergence profile (]m/]p). In the CPBL,
the divergence is assumed to be independent of pressure.
In the base case, the divergence above the inversion also
is assumed to be independent of pressure. Other diver-
gence profiles for the warm pool are explored in the
moisture budget section below.

The tropospheric energy balance equation in the sub-
sidence region is

Flux Faexc c cF 1 F 1 5 DR 1 , (11)evap s tropa ac c

where is the surface latent heat flux and thec cF Fevap s

sensible heat flux in the subsidence region. Further,
D is the net radiative flux divergence in the coldcRtrop

pool troposphere.
The warm pool heat balance is similar to (8):

Flux
w w wF 1 F 2 5 DR . (12)evap s tropaw

d. Ocean energy balance equations

The oceanic energy balance is straightforward:

c w c wa F 1 a F 1 a F 1 a Fc evap w evap c s w s

5 2c wa R 1 a R F ,c sfc w sfc oh (13)

where Rsfc refers to the net downward radiation at the
surface, and Foh is the energy export from the tropical
ocean into the midlatitude ocean. The energy balance
for the entire system can be obtained by combining (11),
(12), and (13),

ac 1 aw 5 Faex 1 Foh,c wR RTOA TOA (14)

where RTOA represents the net shortwave plus longwave
radiation entering the top of the atmosphere. By incor-
porating the atmospheric flux term, the SSTs in the con-
vective and subsidence regions are constrained sepa-
rately:
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Flux Faexc cR 1 5 1 F , (15)TOA oha ac c

Flux
w wR 1 5 F . (16)TOA ohaw

The oceanic export to midlatitudes is split up to the
warm pool and cold pool components, with superscripts
w and c respectively, and they are related by

ac 1 aw 5 Foh.c wF Foh oh (17)

e. Moisture budget equations

This moisture budget differs from those found in pre-
vious two-box models (Pierrehumbert 1995; Miller
1997). Specifically, here the water vapor in the upper
troposphere of the cold pool is predicted. The moisture
budget is formulated for five regions: the sea surface,
above the inversion in the cold pool, the CPBL, the
warm pool above the level of the cold pool inversion,
and the warm pool below that level. The moisture bal-
ance in the CPBL was already described in section 2c.

At the sea surface total evaporation is equal to the
precipitation in the warm pool:

acEc 1 awEw 5 awP. (18)

The precipitation rate in the warm pool is 14 mm day21

for the base case. This corresponds to an average pre-
cipitation rate of about 1.7 m yr21 over the model do-
main.

In the warm pool below the level of the cold pool
inversion, moisture is imported from the cold pool
( 5 Lqacmc) and through evaporation from the seaBLF q

surface, and moisture is exported by ascent across the
inversion ( ), so that in equilibrium,wF inv

1 awEw 2 5 0.BL wF Fq inv (19)

The moisture imported from the CPBL is the same
amount exported from the CPBL, as seen in Eq. (1).

Above the level of the cold pool inversion in the warm
pool, the precipitation plus the amount of moisture ex-
ported to the cold pool ( ) equals the moisture fluxtrpF q

ascending in the warm pool at the level of the cold pool
inversion ( ),wF inv

2 2 awP 5 0.w trpF Finv q (20)

The upward flux of moisture in the warm pool is as-
sumed to be proportional to the large-scale mass flux:

5 awmw L (1 1 g),w wF qinv inv (21)

where is the specific humidity in the warm pool atwqinv

the level of the cold pool trade inversion. The parameter
g represents the fraction by which eddy fluxes augment
the large-scale flux. A reasonable climate is obtained if
the value of g is set to 0.44. The relative humidity in
the warm pool is determined from (21). The constant g
is a key closure parameter for the moisture budget and
is a great simplification over more detailed physical

models that parameterize detrainment, between-cloud
subsidence, and precipitation efficiency within the warm
pool.

In the atmosphere above the inversion in the cold
pool, all the moisture is assumed to come from the warm
pool and descend across the inversion. Salathe and Hart-
mann (1997) have shown with observations that the
upper-tropospheric water vapor is well predicted by the
large-scale advection of water vapor from convective
regions. Liquid water and ice advection do not appear
to be important. We neglect moisture exchange with the
extratropics. So the vapor leaving the warm pool ( )trpF q

must equal the vapor crossing the inversion in the cold
pool ( ):cF inv

c trpF 5 F (22)inv q

ptrp ]m (p)wa m Lq 5 a L q (p) dp, (23)c c invp w E w]ppinv

where qinvp is the specific humidity immediately above
the cold pool inversion. Also, mc is the subsidence in
the cold pool at the level of the trade inversion, mw is
the rising motion in the warm pool, and qw is the amount
of water vapor in the warm pool for each pressure level.
The mass of air subsiding at the inversion of the cold
pool is equal to the air rising in the warm pool at the
same level:

awmw 5 acmc. (24)

Assuming constant divergence of warm pool air be-
tween the trade inversion and the tropopause, (23) be-
comes

ptrp1
q 5 q 5 q (p) dp. (25)invp w E wp 2 pinv trp pinv

For constant divergence, the amount of moisture im-
mediately above the trade inversion is equal to the pres-
sure-weighted mean moisture in the warm pool above
the inversion. Note that the moisture in the cold pool
does not depend directly on the strength of the circu-
lation or the ratio of the areas of the cold pool to warm
pool. It is the humidity of the warm pool that is im-
portant. Equation (23) can be solved for any pressure
below the tropopause and above the inversion in the
cold pool, giving the humidity profile above the trade
inversion in the cold pool. For simplicity, we have
solved it only at the inversion and assumed the Manabe
and Wetherald (1967) profile above that level. This
moisture budget is in contrast to Sun and Lindzen
(1993), who proposed that hydrometeors from the con-
vective region are the strongest contributors to the up-
per-tropospheric humidity in subsidence regions.

We get reasonable humidities in the cold pool tro-
posphere by assuming a large-scale divergence profile
that is independent of pressure. With our assumption of
constant divergence from inversion to tropopause, a hu-
midity of 5.3 g kg21 above an inversion at 850 mb is
obtained in the cold pool, which compares well with
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TABLE 1. Boundary layer results for changing divergence profiles.

Divergence profile
Warm pool SST

(K)
Cold pool SST

(K)

Pressure at the
inversion

(mb)

Specific
humidity

above inversion
(g kg21)

Strength of
subsidence
at inversion
(mb day21)

Constant
Linearly decreasing from tropopause to 700 mb
Linearly decreasing from tropopause to 400 mb
Linearly decreasing from tropopause to 300 mb

302.9
298
299.3
300.1

300
292.4
295.0
296.1

850
875
750
690

5.3
0.83
0.20
0.07

52.4
55.8
52.2
49.7

TABLE 2. External parameter values for base case.

Parameter Value in base case

Cold pool surface wind speed
Warm pool surface wind speed
Atmospheric export to extratropics
Ocean export to extratropics
Relative area of warm pool
Relative area of cold pool
High cloud cover in warm pool
BL cloud cover in cold pool

6.7 m s21

4.2 m s21

219.5 W m22

242.5 W m22

0.3333
0.6667

60%
30%

data in Betts and Albrecht (1987). The observed diver-
gence profile, on the other hand, is strongly peaked in
the upper troposphere (Mapes and Houze 1995). If we
approximate this divergence profile by one that is max-
imum at the tropopause and decreases linearly to zero
at 400 mb, we obtain a specific humidity of 0.2 g kg21

above an inversion at 750 mb (Table 1). In this case the
cold pool is unrealistically dry and the inversion is high.
(Other profiles of divergence are included in Table 1.)

In reality, the exchange of moisture between the warm
pool and the cold pool is not determined by the mean
divergent circulation alone. Mixing by transient and
nondivergent motion is also important (Yang and Pierre-
humbert 1994). The successful simulation given by the
constant divergence profile assumes that water vapor is
mixed into the subsiding regions from all levels of the
convective region. A constant divergence is equivalent
to letting all levels contribute water vapor in proportion
to their mass, and this is in many ways the simplest
assumption. Our constant divergence profile is a simple
way of producing realistic values of cold pool humidity.

f. Solution procedure

Model solutions are obtained by an iteration proce-
dure. Initially a solution to the model is guessed, then
the terms of the equations are computed and checked.
The equations are checked in a specific order and the
first variables are changed until the first equation bal-
ances, before the next equation is evaluated. Every time
a variable is changed, the model solution is checked
again from the beginning. The surface specific humidity
and surface air temperature in the cold pool and the
trade inversion height are adjusted until Eqs. (1), (2),
and (7) are satisfied. Equations (21) and (23) constrain
the humidities in both pools. The ocean energy balance

in the warm pool and Eqs. (8), (11), and (14) are iterated
toward equilibrium by adjusting the SST in the warm
and cold pools, the strength of the subsidence, and the
value of the moist adiabat. Convergence is assumed
when the energy and moisture balances are all within
1% of the largest energy term in the equation. The un-
certainty in the SST with this constraint is 0.5 K. The
radiation code STREAMER (Key 1996 and references
therein) is used to determine the radiative fluxes. The
two-steam radiative approximation is used and the ra-
diative effects of principle gases, carbon dioxide, ozone,
water vapor, and the specified clouds are included.

3. Model sensitivities

In this section the base model and its sensitivities to
some of the parameters will be described and explored.
The area ratio, surface wind speed, and cloud cover are
changed in small increments and the subsequent changes
in the model equilibrium are described. In addition, we
investigate the role of humidity above the boundary
layer in the cold pool and the role of the moisture pre-
diction equations as the area ratio is changed. The re-
sponse of two-box models to clouds and area ratios has
been previously studied (Miller 1997; Pierrehumbert
1995). Here the response of the circulation strength, as
given by the subsidence strength at the height of the
variable trade inversion, is also noted.

a. Base climate

For the base case, the parameters are chosen to ap-
proximate the Walker circulation in the Pacific (Table
2). This system is now relatively well observed, espe-
cially from the TOGA Tropical Ocean Atmosphere
(TAO) buoy array. The base case parameters are eval-
uated by supposing the model covers the area in the
Pacific observed by the TAO buoys, 108N–108S and
1358E–958W. The warmest waters, and high humidities
and upper-level cloudiness, cover the western third of
the region, so the relative area of the warm pool in the
base case is 0.33 and cold pool relative area is 0.67.

Values for the ocean and atmospheric exports across
108N and 108S are 42.5 and 19.5 W m22, respectively
(Peixoto and Oort 1992). The surface wind speed in the
warm pool is set to 4.2 m s21 and in the cold pool to
6.7 m s21. The surface wind speeds are consistent with
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TABLE 3. Base case solution state variables.

Variable Value in base case

SST warm pool
SAT warm pool
SST cold pool
SAT cold pool
Inversion pressure
Specific humidity above inversion
Relative humidity in warm pool
Subsidence at inversion
Value of moist adiabat
Mean precipitation rate in tropics
Latent heat flux in warm pool
Latent heat flux in cold pool

302.9 K
300.8 K
300.0 K
299.0 K
850 mb

5.3 g kg21

78%
52 mb day21

354 K
4.6 mm day21

124 W m22

133 W m22

FIG. 3. SST vs relative warm pool area. Warm pool SST is dashed
and the cold pool SST is solid.

data from the Comprehensive Ocean–Atmosphere Data
Set, where the wind speeds in the warm pool are less
than in the cold pool. Higher cold pool surface winds
speeds are also found by the TOGA TAO buoys from
July 1991 to June 1993 (Zhang and McPhaden 1995).
Convective cloud cover is chosen to be 60% in the warm
pool and boundary layer cloud cover is 30% in the cold
pool, in agreement with ISCCP estimates.

The ocean heat transport divergence is taken from
Hartmann (1994, Fig. 4.18). The cold pool region is
influenced by larger oceanic cooling from the upwelling
that occurs in the eastern Pacific ocean. The oceanic
export was distributed between the warm and cold pools
as consistent with Hartmann (1994); 5 W m22 is ex-
ported from the warm pool ocean and 61.25 W m22 is
exported from the cold pool ocean. The tropical western
Pacific is surrounded by subsidence regions so atmo-
spheric export to the extratropics is applied only to the
cold pool region. The subsidence region exports 19.5/
0.67 5 229.25 W m22 to the extratropics in the base
case.

The model equilibrium values for the base case are
given in Table 3. The observed annually averaged SST
in the western Pacific is 303.1 K and in the east is 299.2
K (Reynolds and Smith 1995). The model temperatures
are 302.9 and 300 K, respectively. The inversion is usu-
ally found around 800 mb in the trade wind regime of
the Pacific and it is at 850 mb in this model. The relative
humidity in the warm pool is expected to be around
75% from the warm pool observations in Brown and
Zhang (1997) and here it is 78%. A reasonable observed
value of the specific humidity above the inversion is 4
or 5 g kg21, and it is 5.3 g kg21 in this model. The
subsidence rate at the inversion should be about 40 mb
day21 (Betts and Ridgway 1988) and it is 52 mb day21

here. The TOGA TAO buoys show latent heat flux in
the warm pool of 93 W m22 and cold pool latent heat
flux of 98 W m22 when averaged from July 1991 to
June 1993 (Zhang and McPhaden 1995). This model
gives slightly higher latent heat fluxes of 124 W m22

in the warm pool and 133 W m22 in the cold pool. The
mean tropical precipitation in the model is 4.6 mm
day21, which is approximately the tropical average an-

nual mean precipitation between 108N and 108S (Peix-
oto and Oort 1992). Also, BR89 give a value of 348.6
K for the tropical moist adiabat, which is close to the
354 K in the base case equilibrium.

b. Area ratio and moisture budget

How would the tropical SSTs evolve if the area of
the deep-convective portion of the tropics increased? To
investigate this we performed a series of calculations in
which the area of the warm pool was varied (Fig. 3).
The cloud cover in each box was adjusted to keep the
total tropical amount of high and low clouds constant
as the relative areas changed. Tropical cloud forcing at
the TOA stays constant when the tropical cloud amount
is constant. As the convecting region increases in area,
the SSTs in both regions increase. The temperatures
increase because the low humidity of the upper tropo-
sphere in the subsidence region is replaced with the high
humidity of the convecting region. As the humid con-
vective region occupies a larger fraction of the Tropics,
warmer temperatures are needed to emit the same
amount of energy to space. This same effect is described
in Pierrehumbert (1995).

The area ratio was varied with two different moisture
schemes. For the fixed humidity experiment the relative
humidity in the warm pool and the specific humidity
above the inversion of the cold pool were both held
constant at their values for the base case. Equations (21)
and (25) were not used for the fixed humidity experi-
ment. In the moisture budget experiment the warm pool
relative humidity increases from 72% to 86% and the
specific humidity above the cold pool inversion changes
by 4 g kg21, which corresponds to an increase in the
relative humidity above the inversion from 30% to 39%
(Fig. 4).

The cold pool subsidence rate decreases with its rel-
ative area using both fixed and predicted moisture (Fig.
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FIG. 4. Variable sensitivities as the relative area of the warm pool
increases. (a) Subsidence, strength of the circulation. (b) Specific
humidity above the trade inversion in the cold pool. Solid line is for
predicted moisture and dashed line is for fixed humidity.

FIG. 5. Comparison of equilibrium solutions for experiments using
the moisture budget (solid) and for experiments when the humidity
is specified as a constant (dashed). The warm pool SST (thin) and
cold pool SST (thick) are shown.

4). The subsidence in the cold pool is equal to the ra-
diative cooling of the atmosphere divided by the dry
static stability for that region. The dry static stability is
related to the lapse rate of the moist adiabat. Because
the moist adiabatic lapse rate strongly decreases with
increasing temperature, the dry static stability of the
troposphere rises dramatically in a warmer climate. The
dry static stability increase dominates the change in ra-
diative cooling, leading to a decrease in the strength of
the subsidence. Knutson and Manabe (1995) also found
a decrease in the tropical circulation and an increase in
static stability when the climate in their coupled GCM
was warmed by doubling CO2. Both the subsidence and
the cold pool area decrease as the relative area of the
warm pool increases, so the large-scale mass flux de-
creases with increasing warm pool area. In a fully cou-
pled model in which the convective area is predicted,
these effects may lead to a negative feedback that con-

strains the size of the convective area. In this experiment
the SST difference increases as the circulation and as-
sociated large-scale heat flux decrease. This is logical
from a thermodynamic perspective, but we might get a
different result in a model with a momentum budget.
The increasing difference between the cold pool and
warm pool SSTs is also found in Pierrehumbert (1995).

The large-scale energy flux between the boxes is pro-
portional to the strength of the circulation times the
difference in mean equivalent potential temperature be-
tween the CPBL and the warm pool troposphere. The
strength of the circulation decreases as the warm pool
area is made bigger, and the difference in mean equiv-
alent potential temperature increases somewhat to main-
tain the energy exchange rate (Fig. 4). The mean equiv-
alent temperature in the CPBL increases more than the
SST indicates because the height of the inversion de-
creases 60 mb, and equivalent potential temperature de-
creases with height in the mixing line boundary layer
in the moisture budget case. The warm pool tropospheric
equivalent potential temperature rises because the rel-
ative humidity in the warm pool increases 15%. These
factors increase the energy transport per unit of large-
scale mass flux, and the amount of large-scale mass flux
decreases strongly with the increase in warm pool rel-
ative area. In the constant moisture case, the inversion
height remains constant and the SST difference between
the two pools is more sensitive to changes in area ratio
than in the moisture budget case. Since the CPBL height
is less sensitive with fixed humidity and the warm pool
relative humidity is fixed, the SST difference increases
to create the same mean equivalent potential tempera-
ture difference as in the moisture budget case.

Using a moisture budget causes a positive feedback,
when compared with a fixed humidity experiment (Fig.
5). In the moisture budget experiment the increase in
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FIG. 6. SST in the warm and cold pools vs specific humidity above
the inversion. Warm pool SST is dashed and the cold pool SST is
solid.

FIG. 7. Height of the inversion vs the specific humidity above the
inversion.

temperature of the moist adiabat leads to an increase in
the cold pool specific humidity above the inversion. The
moist adiabat requires that a small warming at the sur-
face is magnified in the upper troposphere. The warmer
temperatures in the warm pool upper troposphere re-
quire more specific humidity to maintain similar warm
pool relative humidities. The humidity above the in-
version in the cold pool is a slave to the warm pool
specific humidity, so the cold pool humidity increases
with temperature.

c. Moisture budget: Cold pool humidity

The sensitivity of the model to the specific humidity
above the inversion is very interesting. The moisture
budget is suppressed in the following experiment by
keeping the relative humidity in the warm pool constant.
Equations (21) and (25) are disabled and the specific
humidity above the inversion is fixed at values varying
from 2 to 8 g kg21. Surprisingly, the SSTs in the model
stay nearly constant as the moisture is varied (Fig. 6).
In a sequence of equilibrium calculations, the outgoing
longwave radiation (OLR) above the cold pool is sur-
prisingly insensitive to the humidity above the inver-
sion. The reason for this is the response of the mixing
line model to the increased humidity. As the humidity
above the inversion increases, the CPBL thins signifi-
cantly (Fig. 7). The expected decrease in OLR due to
enhanced upper-tropospheric water vapor is almost can-
celled by two factors. The factors are the decrease in
the amount of boundary layer water vapor and the in-
crease of the average temperature of the water vapor
content of the boundary layer. The greenhouse effect of
water vapor in the Tropics is largely contributed by
lower-tropospheric water vapor (Shine and Sinha 1991).
If this compensation between humidity above the in-
version and thickness of the boundary layer actually

operates in nature, it could constitute an important neg-
ative feedback for the climate system, and it might make
upper-tropospheric humidity in subsidence regions of
the Tropics a less critical issue.

The compensation arises from the energy and mois-
ture budget equations for the boundary layer. If the hu-
midity above the inversion is increased, it causes the
radiative cooling of the boundary layer to decrease.
From (2), a new equilibrium can be achieved for fixed
mass flux by decreasing the difference between potential
temperature above the inversion and the mean potential
temperature in the mixed layer. The difference is de-
creased by lowering the trade inversion. From (1), if we
increase the humidity above the inversion, the moisture
balance can be restored by increasing the mean humidity
of the boundary layer. This is also achieved by moving
the CPBL top down.

There are limitations of this model that may change
this interesting behavior. In addition to the approximate
nature of the mixing line model, we have assumed con-
stant boundary layer cloud properties in these tests. The
boundary layer cloud properties may change in a way
that alters the negative feedback mechanism described
here. Also, precipitation in the boundary layer could
affect the equations in such a way as to reduce changes
in inversion height. To see how precipitation in the
CPBL could alter the sensitivity of inversion height to
humidity above the inversion, rewrite (1) and (2) with
a precipitation term included:

cLm (q 2 q ) 5 F 2 LP, (26)c invp evap

cc m (u 2 u ) 1 F 5 DR 2 LP. (27)p c invp s inv

Now begin as before with the fact that increased hu-
midity above the inversion will decrease the radiative
cooling of the boundary layer, and consider the impli-
cation of this for the energy budget in (27). Now the
system can respond by either thinning the boundary
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FIG. 8. SST vs warm pool cloud fraction. Warm pool SST is dashed
and the cold pool SST is solid.

layer to decrease the entrainment heating, or by de-
creasing the precipitation rate, or both. Similarly, in the
humidity equation (26), when the entrainment drying
decreases with increased humidity above the inversion,
the system can also achieve balance by decreasing the
precipitation rate, lowering the inversion, or both. If
precipitation in the boundary layer below the subsidence
region is an important term in the heat and moisture
budgets, then the sensitivity of the inversion height to
moisture above the inversion might be less than in our
model. The extent of the compensation provided by pre-
cipitation variations would need to be investigated with
a model that captures the physics of precipitation in the
boundary layer. The inclusion of precipitation has been
explored by R. Seager and A. Clement (1998, personal
communication).

d. Warm pool cloud sensitivity

The cloud cover in the convective region of the model
is approximated by a high ice cloud of optical depth
6.5 covering 60% of the box with the cloud top at the
tropopause. The amount of deep convection could
change in a future climate regime, and it has been hy-
pothesized that the radiative effect of clouds in con-
vective regions could constitute a strong negative feed-
back on tropical SST (Ramanathan and Collins 1991).
In this set of experiments the fractional area of clouds
in the warm pool is changed from 25% to 100%, while
keeping the other cloud properties fixed. Only the ra-
diative effect of the clouds is considered. The warm
pool SST shows a 1.7 K decrease in response to in-
creasing the area coverage of convective clouds by 50%
(Fig. 8).

The model shows little response to the radiative forc-
ing of convective clouds because they do not signifi-
cantly perturb the radiation balance at the TOA, where
the shortwave and longwave effects (294 and 192 W

m22, respectively, for the base case of 60% high cloud
fraction) nearly cancel each other. This insensitivity is
also found in the two-box models of Pierrehumbert
(1995) and Miller (1997). The radiation balance at the
surface of the warm pool is affected by the convective
cloud amount because the convective clouds reduce in-
solation at the surface. The surface forcing affects the
evaporation and sensible heat fluxes in the warm pool.
As the convective cloud amount increases, the radiative
heating of the surface decreases. From the warm pool
part of (13) we see that decreased radiative heating of
the surface can be balanced by decreased evaporation.
In the troposphere (11) decreased total latent heat re-
lease is balanced by decreased longwave cooling of the
atmosphere that is also produced by the convective
clouds. When the cloud cover in the warm pool is in-
creased from 25% to 90% the relative humidity in the
warm pool decreases from 84% to 73%, the SST de-
creases by 3.7 K in the warm pool, and the difference
between SST and surface air temperature (SAT) de-
creases from 4.2 to 0 K. The temperature changes offset
the humidity changes and produce a 50 W m22 decrease
of latent heat flux. Thus the radiative effects of the high
clouds within the system are almost completely can-
celled by changes in the hydrologic balances, and these
changes are accompanied by little change in SST. Be-
cause the radiative effects reduce evaporation and pre-
cipitation, the radiative changes seem to more strongly
limit convection itself than SST. In this solution, the
high cloud fraction increases as the total precipitation
decreases. These trends are physically inconsistent and
point to the need to determine the high cloud fraction
with model variables. In a fully coupled model the ra-
diative effects of clouds reduce the generation of con-
vective instability and help establish a stable balance
point in which convective clouds are limited in extent.

e. Cold pool boundary layer cloud sensitivity

The SST is much more sensitive to the amount of
boundary layer cloud in the cold pool than to the amount
of convective cloud in the warm pool, because the
boundary layer clouds have a strong effect on the TOA
energy balance. When the cold pool cloud fraction is
varied from 20% to 90%, the cold pool SST decreases
12 K, the warm pool SST decreases 11 K, and the spe-
cific humidity at the top of the inversion decreases from
6.4 to 2.0 g kg21 (Fig. 9). Contrasting figures 8 and 9
shows the insignificance of high warm pool clouds when
compared to CPBL clouds. The increased CPBL cloud
cover provides a strong cooling effect to the cold pool
and this is quickly transmitted to the warm pool by the
large-scale circulation. The cooling effect of low clouds
was explored previously in a general circulation model
(Philander et al. 1996) and a two-box model (Miller
1997).

The decreasing temperatures also imply a decreasing
static stability in the cold pool free troposphere that is
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FIG. 9. SST vs varying cold pool cloud fraction. Warm pool SST
is dashed and the cold pool SST is solid.

FIG. 10. (a) SST as a function of warm pool area for the warm
pool (thin lines) and cold pool (heavy lines) for the cases in which
tropical average low clouds in the cold pool are fixed (solid) and
when the low clouds are predicted from lower-tropospheric stability
(dashed). The tropical average low cloud amount is the area coverage
of the low clouds in the cold pool times the relative area of the cold
pool. (b) Warm pool area fraction vs CPBL cloud fraction while the
BL cloud fraction is predicted using the LTS (dashed) and while the
tropical average low cloud amount is held constant at 20% (solid).

stronger than the decrease in radiative cooling above
the cold pool inversion and produces an increase in the
model circulation.The subsidence rate increases from 49
to 83 mb day21 with increasing low cloud fraction be-
cause of the decreasing stability as the temperature of
the moist adiabat decreases. The warm pool area and
boundary layer (BL) cloud sensitivities both show that
the static stability change is more important than the
change in radiative cooling above the cold pool inver-
sion.

f. CPBL predicted cloud fraction

When the CPBL cloud fraction is predicted from the
LTS the model sensitivity is less than when the tropical
average cloud fraction is kept constant (Fig. 10). Be-
cause we set the product of the area of the cloud cover
and the relative area of each region to a constant means
that the tropical average TOA cloud forcing is constant.
LTS in the cold pool increases as the climate is warmed,
because the temperature is assumed to follow a moist
adiabat above the inversion. In the case where the cli-
mate is warmed by increasing the convective area, the
SST difference between the two pools also increases
slightly with temperature, and this also contributes to
the LTS increase in the cold pool (Fig. 10a). Since the
low cloud fraction is assumed to be proportional to LTS
and the low clouds produce a cooling, the low cloud
feedback will be strongly negative. When the cloud frac-
tion is predicted from LTS, the temperatures are not as
sensitive to the relative areas of the boxes (Fig. 10a).
The cold pool SST increases for the constant tropical
cloud fraction case, but decreases slightly for the pre-
dicted BL cloud fraction case. This negative feedback,
also described in Miller (1997), could stabilize the trop-
ical SSTs.

g. Surface wind speed

In this model, the surface wind speed only affects the
efficiency of the latent and sensible heat fluxes at the
ocean surface. The surface wind speed is not coupled
to the circulation in the model. In a set of experiments
to test the sensitivity to wind speed, the surface wind
speed is increased the same amount in both regions (the
cold pool wind speed is shown in the figures and the
warm pool wind speed is always 2.5 m s21 less). The
SSTs decrease as surface wind is increased, with the
warm pool SST decreasing by a larger amount (Fig. 11).
In the warm pool, the increased surface flux efficiency
decreases the SST and decreases the relative humidity.
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FIG. 11. SST vs surface wind speed. Warm pool SST is dashed
and the cold pool SST is solid.

FIG. 12. (a) Profiles of equivalent potential temperature for different
surface wind speeds: 5.2 m s21 in cold pool (dashed) and 8 m s21

surface wind speed in cold pool (solid). (b) Height of the cloud layer
vs surface wind speed.

BR89 also found that increasing the wind speed de-
creased the SST, though the depth of the BL was con-
stant in BR89 and in this experiment the CPBL depth
increases with wind speed (Fig. 12b). The more efficient
surface heat fluxes pump heat into the atmosphere. In
the cold pool this energy flux can be balanced by de-
creasing the input of energy from the warm pool. The
depth of the CPBL increases and the subsidence rate
decreases, but the cold pool SST stays nearly constant
as the wind speed is increased (Fig. 12a). A weaker
circulation and smaller difference between cold and
warm pool SSTs both decrease the energy flux to the
cold pool from the warm pool. It is interesting to note
that the large-scale energy flux makes it possible to
increase the surface wind speed without decreasing the
cold pool SST. This effect is not found in the one-box
model of BR89.

As the wind speed is increased, the subsidence and
the difference between the warm pool and cold pool
SSTs both decrease. In this model the surface wind is
not coupled to the circulation strength or the SST gra-
dient. The sensitivities of the circulation and SST gra-
dient to the surface wind speed suggest that a stable
balance point would exist if the surface wind speed were
coupled to the circulation strength and SST gradient. In
such a coupled model, increased SST gradients would
lead to increased circulation, which might lead to in-
creased surface wind speed. According to the current
model, the increased wind speed would act to decrease
both the SST gradient and the circulation strength, lead-
ing to equilibrium. This behavior is similar to the mech-
anism described in Hartmann and Michelson (1993).

In one experiment the surface wind speed was made
proportional to the strength of the circulation divided
by the depth of the boundary layer. As the high cloud
amount was changed, the SSTs and humidities in the
model responded as if the wind speed was fixed. The
circulation strength and inversion height did not vary

as much with the predicted wind speed, and the pre-
dicted wind speed varied 0.5 m s21 for the entire range
of high cloud amounts. Predicting the surface wind
speed, based on the divergent circulation, does not lead
to significant changes in the sensitivity of the model to
the high cloud amount, because the fractional change
in the circulation strength is small.

4. Climate sensitivities to doubled carbon dioxide

To further investigate the sensitivity of the model, its
response to doubled carbon dioxide (CO2) is investi-
gated. We investigate the effects of the moisture budget
and the prediction of the CPBL cloud fraction by com-
paring with experiments in which the humidity and the
low cloud fraction are fixed. To investigate these sen-
sitivities, three pairs of doubled CO2 experiments were
conducted, as shown in Table 4. The first is a base case
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TABLE 4. Change in tropical mean SST with doubled carbon
dioxide.

Base case tropical mean SST
Doubled CO2 and fixed humidity
Doubled CO2 with predicted humidity

301 K
12.6 K
12.5 K

Doubled CO2 with predicted humidity
and low cloud feedback 11.7 K

TABLE 5. Doubled carbon dioxide and moisture prediction.

Variable Base case

Doubled
CO2

moisture
budget

Doubled
CO2

fixed
humidity

Tropical mean SST (K)
Inversion height (mb)
Specific humidity above inversion
(g kg21)
Subsidence rate (mb day21)
Warm pool relative humidity (%)

301
854

5.4
52.4
79

303.5
846

6.6
48.8
79

303.6
808

5.4
45.3
79

in which the relative humidity in the warm pool and the
specific humidity in the cold pool and the low cloud
fraction are fixed at base values. In this case the model
warms by 2.6 K. If the moisture prediction scheme is
turned on, the warming is 2.5 K. Including the moisture
budget does not have a significant effect on SST. In-
cluding the moisture budget does not change the relative
humidity in the warm pool, but the specific humidity
above the inversion in the cold pool is increased 1 g
kg21 (Table 5). From the moisture budget sensitivity
experiment, an increase in specific humidity should thin
the CPBL. The inversion is 37 mb lower in height in
the doubled CO2 moisture budget case than in the dou-
bled CO2 fixed humidity case. The inversion height is
the same between the moisture budget cases with and
without doubled CO2, however, even though the specific
humidity above the inversion is 1 g kg21 higher in the
doubled CO2 case. The reason the mixed layer depth
does not respond to the humidity as expected is because
the subsidence rate also changes. The subsidence rate
has a strong influence on the height of the BL with less
subsidence, implying a thicker BL. The strength of the
subsidence above the cold pool inversion decreases 7
mb day21 when CO2 doubles and moisture is predicted.
This decrease occurs because the warmer moist adiabat
increases the static stability in the upper troposphere of
the cold pool more than the radiative cooling increases.

If the low cloud prediction scheme is turned on, the
warming in response to doubled CO2 is only 1.7 K. The
low cloud fraction increases 3% in the cold pool as the
carbon dioxide doubles, and this is enough to reduce
the warming 0.8 K when compared to the case without
low cloud feedback. This result is similar to that found
by Miller (1997). As a 3% uncertainty in the percentage
of low clouds is possible in current measurements, and
3% is enough to cause a half-degree negative feedback,
the possibility of the low clouds affecting the climate
of the Tropics is significant. It is uncertain to what extent
the empirical correlation applies to the entire Tropics,
since it was developed for stratus regions and a good
fraction of the Tropics is in the trade cumulus regime
rather than the stratus regime. It is interesting, however,
that the relative humidity below the inversion in the
CPBL increases with static stability, which is consistent
with more cloud (Albrecht 1981; Bretherton et al. 1995).

5. Summary and conclusions

A simple two-box energy and moisture equilibrium
model of the Tropics is used to investigate the physical

mechanisms that control the climate of the Tropics. One
box represents the convective region of the Tropics and
the other box represents the subsiding regions in the
Tropics. A large-scale circulation connects the heat and
moisture budgets in the two boxes. The ratio of the areas
of these two boxes must be specified, but the temper-
ature and moisture are predicted. The temperature pro-
file is assumed to follow a moist adiabat in the free
atmosphere and the shape of the moisture profile is also
prescribed, but the depth and properties of the boundary
layer in the subsiding region are predicted with a mixing
line model. Full radiative effects are included, but cloud
optical properties are prescribed. A reasonable moisture
prediction in the subsiding region is obtained if the con-
vective region is assumed to detrain mass to the sub-
siding region in proportion to the vapor pressure at all
levels.

If the fractional area of the convective region is in-
creased, the climate warms, mostly as a result of the
higher-tropospheric humidity in the convective region.

The humidity in the subsiding region above the in-
version increases rapidly with temperature because it is
slave to the humidity in the convective region, but the
positive feedback from this is weaker than expected
because the depth of the CPBL decreases significantly
as the humidity above the inversion is increased. Much
of the water vapor greenhouse effect comes from the
boundary layer humidity, so it is quite sensitive to the
inversion height.

The mass flux between the two regions decreases with
increasing temperature because changes in the radiative
cooling rate in the subsiding region are overwhelmed
by changes in dry static stability associated with the
assumed moist adiabatic lapse rate. The SSTs in the
convective and subsiding regions are held close together
by the strong sensitivity of the large-scale energy flux
to the difference between the moist static energy of the
air in the convective region and the moist static energy
in the boundary layer of the subsiding region.

The radiative effects of convective clouds and bound-
ary layer clouds produce very different responses in the
model. Convective clouds have a small net radiative
effect at the top of the atmosphere but cause a large
redistribution of energy between the surface and the
atmosphere. Because convection rapidly exchanges en-
ergy between the surface and the atmosphere in the
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convective region, the importance of the convective
cloud is dependent on its radiative forcing at the top of
the atmosphere, which is small. So changing the area
fraction of convective clouds has only a weak effect on
equilibrium SST. The vertical redistribution of energy
by convective clouds does have a significant influence
on the hydrologic balances, since evaporation is reduced
to compensate the reduction in solar heating of the ocean
surface. This would have the effect of reducing the
source of energy for convection. Thus, to first order, the
radiative effects of convective clouds in the Tropics is
to reduce the intensity of tropical convection, not to
reduce the SST.

On the other hand, boundary layer clouds in the sub-
siding region are very important for SST because they
have a strong influence on the net radiation at the top
of the atmosphere. Increasing their fractional coverage
strongly cools the climate. The change in static stability,
driven by the decreasing moist adiabat, increases the
strength of the circulation as the BL cloud cover in-
creases, even though the net radiative cooling above the
inversion in the subsiding region decreases.

If the cloud properties are fixed, the sensitivity of the
model is close to that of a 1D model with fixed relative
humidity. Doubled CO2 increases the SSTs 2.6 K. If the
boundary layer cloud in the subsiding region is pre-
dicted from an empirical relationship with lower-tro-
pospheric static stability, a strong negative feedback is
produced that cuts the sensitivity to doubled CO2 by a
third.

While this simple model is efficient and illustrates
some important connections in the tropical climate, it
is highly simplified and could be made more realistic
in many ways. The model points to a key role for the
boundary layer, and a critical question seems to be the
ability of the mixing line model to predict changes in
the depth of the CPBL in the subsiding region. Although
thermodynamic models of the trade inversion height
[Eq. (2)] do not include dynamic adjustments that hor-
izontally flatten the trade inversion height (Schubert et
al. 1995), they may still be of relevance for predicting
climate variations in the mean trade inversion height.
In view of the strong role of clouds in the boundary
layer of the subsiding region, a boundary layer model
that incorporates cloud prediction and explicitly in-
cludes precipitation and cloud radiative effects seems
to be needed. A more sophisticated parameterization of
the effect of convection on the temperature and humidity
profiles in the convective region would also be helpful,
perhaps coupled with a prediction of the cloud physical
properties. Relaxing the assumption of no horizontal
temperature variation above the mixed layer and in-
cluding momentum constraints would also be desirable.
Striking an appropriate balance between a model that
is easily comprehended and one that is physically re-
alistic is the key issue in mechanistic models of this
type.
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