A Preliminary Study of the
Tropical Water Cycle
and its Sensitivity to
Surface Warming
Abstract
This paper presents the preliminary findings of an investigation
of the water budget of tropical cumulus convection using the
Goddard Cumulus Ensemble Model (GCEM). Results of an experiment designed to obtain a "fingerprint" in the tropical hydrologic
cycle in response to surface warming are also presented. The
ensemble mean water budget shows that the distribution of water
vapor and cloud water in the tropical atmosphere is maintained as
a result of a balance between moisture convergence (including
cloud scale and large scale) and condensation and reevaporation by
various microphysical species within the cumulus clusters. Under
radiative convective equilibrium conditions, 66% of the precipitation
reaching the ground comes from the convective region and 34%
from the stratiform region. In a climate with above-normal sea
surface temperature but fixed large-scale vertical velocity, tropical
convection is enhanced with more abundant moisture sources.
Water vapor is increased throughout the troposphere with the
surplus largest near the surface and decreases monotonically up to
10 km. However, the percentage increase in water vapor is largest
near 8 to 16 km. As a result of the warming, the freezing level in
clouds is elevated resulting in a large increase (decrease) in cloud
water just above (below) 5 km. As with water vapor, the fractional
increase in cloud water and cloudiness amount is largest at the
upper troposphere.
In spite of the detailed microphysics and cloud-scale dynamical
processes included in the GCEM, the results on changes in temperature and water vapor induced by surface warming are in
agreement with those from general circulation models that use
crude cumulus parameterization. This is consistent with previous
findings that equilibrium water vapor distribution is a strong function
of temperature. In an open domain such as the tropical convective
environment, with a specified climatological vertical velocity, the
ratio of increased precipitation to increased surface evaporation due
to a 2°C surface warming is approximately 5. The increase is mostly
found for convective rain and is negligible for stratiform rain. The
climate implication of these changes is also discussed.

1. Introduction
Water vapor is the most abundant greenhouse gas
in the atmosphere. The global distribution of water
vapor in the atmosphere is strongly affected by shortterm hydrologic processes such as precipitation and
evaporation. However, the long-term distribution of
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water vapor is a strong function of the underlying
boundary conditions such as sea surface and landsurface temperature. The interaction of atmospheric
hydrologic processes with the earth surface results in
a quasi-equilibrium global-scale distribution of water
vapor. As a result, global warming arising from increased greenhouse effect is likely to be accompanied
by changes in the global distribution of clouds, precipitation, and water vapor. Because of its overwhelming
abundance, a small change in water vapor can easily
overshadow the direct effect due to C0 2 or trace
gases. While the changes in water vapor due to global
warming are expected to be largest near the surface
and the lower troposphere, the surface temperature
change is almost uniformly sensitive to the percentage
change in water vaporthroughouttroposphere (Arking
1993). Because water vapor in the upper troposphere
is several orders of magnitude smaller than that in the
lower troposphere, this means that minute changes in
water vapor in the upper troposphere may have a
radiative effect on the surface equal to or stronger than
a much larger change of water vapor in the lower
troposphere.
Recently Lindzen (1990a,b) brought attention to
the importance of water vapor in the climate feedback
problem and the uncertainties involved with general
circulation models properly representing water vapor
feedback processes. This view is further espoused in
his more recent publications (Sun and Lindzen 1993).
While the issue of water vapor feedback remains a
subject of debate, it is clear that better understanding
of the entire suite of climate feedback processes
hinges on enhanced knowledge of the interaction of
radiation, dynamics, and hydrologic processes including cloud and water vapor. It is generally believed that
general circulation models (GCMs), in which cumulus
processes are parameterized, are too crude to provide
reliable information on this interaction. For this purpose, cloud ensemble models (CEMs) with explicit
microphysics and cloud-scale radiation and dynamics
are highly desirable. Clearly climate modeling should
not be restricted only to GCMs but should also include
wide participation from the modeling community in-
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eluding mesoscale and cloud-scale modeling. This
paper reports on the preliminary findings of an investigation to obtain a quantitative description of the basic
structure and water budget of tropical cumulus convection using the Goddard Cumulus Ensemble Model
(GCEM). We would like to see if we can learn something from a cumulus ensemble model, with explicit
microphysics, radiation, and dynamics, about structural changes in the atmospheric hydrologic cycle in
the tropics induced by surface warming. Results of
such work will be complementary to those from GCMs,
and if appropriate can also be used as "fingerprints" for
global warming. This paper is the first in a series of
reports on this subject. A forthcoming paper will discuss in more detail the heat and water budget of
tropical cumulus, in particular aspects of radiative
feedback based on the GCEM.

2. Description of the Goddard Cloud
Ensemble Model (GCEM)
a. Model formulation
The GCEM has been used successfully in a number of mesoscale cloud simulation experiments (e.g.,
Tao and Soong 1986; Tao and Simpson 1989; Tao et
al. 1993). The model includes explicit cloud microphysics, dynamics, and radiation. The cloud microphysics consists of a Kessler-type two-category liquid
water scheme (cloud water and rain) and a threecategory (cloud ice, snow, and graupel) ice phase
scheme based on Lin et al. (1983) and Rutledge and
Hobbs (1984). Each water species is governed by
separate equations of continuity including terms for
generation, conversion, and dissipation. The model's
interactive radiation scheme computes radiative transfer of gases and hydrometeors including shortwave
and longwave radiation for cloudy and clear-sky conditions (Tao et al. 1993). The governing equations for
cloud-scale motions are anelastic. The model uses a
stretched vertical coordinate with resolution ranging
from 220 m in the boundary layer to 1050 m in the
topmost layer, which is set at 21.5 km. The results
presented in this paper are based on a two-dimensional version of the model that has 31 vertical layers
and 1.5-km horizontal resolution over a domain of 768
km. Because cloud-scale, nonhydrostatic motions are
included, the model uses a time step of 12 s to ensure
computational stability. Forthe results presented here,
the model uses cyclic boundary conditions in the eastwest direction.
b. Water budget equations
The water vapor budget in the GCEM is governed
by the following conservation equations:
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where qv is the water vapor, qc is the water content of
liquid and ice clouds, c, e, d, and s represent, respectively, the rate of condensation, evaporation, deposition, and sublimation. The subscript LS denotes the
large-scale convergence, the overbar denotes area
mean, and primed quantities denote the deviations.
The terms w'q'v and w'q'c denote the vertical flux of
water vapor and cloud water associated with eddies
induced by the cloud-scale motions, and V'aq'a represents the fallout terms, V' the droplet fall velocity, and
labels the cloud water species. Subgrid-scale turbulence for qv and qc are represented by Dqv and Dqc,
respectively, where D is a second-order mathematical
operator (cf. Klemp and Wilhelmson 1978). The
subgrid-scale turbulence is included to ensure computational stability. Previous studies have demonstrated
that the cloud-scale dynamics are independent of the
exact turbulence formation (Soong and Ogura 1980,
Soong and Tao 1980). The high vertical resolution in
the CEM also reduces computational diffusion of water vapor commonly found in coarse-grid GCMs. The
surface precipitation and evaporation are related to
the vertical integrals of (1) and (2), that is,
0 _ dqv
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where Z0 is the top to the domain, and Es and Ps are
the surface evaporation and surface precipitation,
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FIG. 1. A snapshot of model-simulated cloud fields in (X-Z) cross sections for (a) total cloud water content, qc, (g kg 1); (b) equivalent
potential temperature deviation, & e (°C); and (c) mass streamfunction (g cm 1s 1). Units in horizontal and vertical axis are in kilometers.

respectively. The surface evaporation is based on
bulk formula with a velocity- dependent drag coefficient. In the following experiments, a background
minimum wind speed of 4 ms~1 is maintained to represent the gustiness factor in the surface layer.

3. Basic structure of cumulus convection
To determine the characteristics of the water budget of tropical cumulus clusters, a number of experiments have been carried out with the GCEM using
initial conditions that consist of a variety of zonal wind
velocity profiles coupled to a temperature and moisture sounding typical of the tropical western Pacific
region and sea surface temperature of 28°C. A largescale vertical velocity based on Marshall Island data is
imposed to facilitate the organization of the tropical
convection (Yanai et al. 1973). The profile has a broad
maximum of about 2 - 3 cm s~1 between 600 mb and
300 mb. The imposed vertical motion is representative
of the long-term climatological condition averaged
over areas of mean convergence in the western Pacific. This mean vertical motion is very small compared
with the cloud-scale motions, which can be as strong
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as 10 m s~1 in regions of strong updraft. The details of
the zonal wind profiles are described in Sui et al.
(1991). However, these details are not important in
this paper, because only ensemble mean and steadystate conditions are considered. Figures 1a, 1b, and
1 c show, respectively, a snapshot of the vertical cross
sections of the cloud water (including liquid and ice
phase), the perturbation equivalent potential temperature, and the vertical mass flux for a mature tropical
cumulus system. At the time of the snapshot, the
cluster is propagating westward with a trailing anvil
cloud (Fig. 1 a). High cloud water is concentrated (qc >
0.9 g kg-1, colored red) in narrow "chimneys" extending from the cloud base to over 10 km in the center of
the convective region and in the leading edge of the
cloud. The "chimneys" coincide with regions of strong
updrafts and heavy precipitation (Figs. 1a,c). The
region of low liquid water content (0.2 > qc > .01 g kg ~1,
colored purple to deep blue) is largely associated
with stratiform clouds where light precipitation prevails. Although the rain is lighter, the stratiform region
has a much larger areal extent than the convective
region. The total amount of surface rain from the
stratiform region is comparable to that in the convective core (see discussion in next section). In the upper
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portion of the anvil cloud, large undulations indicate
active detrainment occurring between cloud top and
the environmental air.
The cross section of the perturbation potential
temperature A@E (Fig. 1b) indicates that the atmosphere is moistened and warmed in the middle troposphere and in the cloudy region. The temperature
distribution exhibits a characteristic upward slope from
the leading toward the trailing portion of the cluster. In
the leading portion of the convective region, a characteristic cold pool region (colored purple) in the boundary layer appears. The cold pool forms as a result of
the strong downdraft initiated by the falling precipitation, bringing drier and colder air masses from the
upper and middle troposphere to the surface. The cool
pool appears to spread out into the region underneath
the active convection and heavy precipitation region.
While the cool pool tends to stabilize locally the atmosphere above it, it is also responsible for the generation of new cells by causing rapid uplifting of moist air
ahead. These features are evident in the multicellular
structure shown in the vertical mass flux in Fig. 1c.
There is an increase in equivalent potential temperature over a long fetch near the surface underneath the
anvil. The atmosphere above this region is dominated
by the compensating environmental subsidence generated by the updraft in the convective core (Fig. 1c).
This leads to an increase in A@E in the lower troposphere. Increased mixing in the surface layer may also
contribute to the increase in A@E in this region. Precipitation falling out of the anvil region into the middle and
lower troposphere is rapidly evaporated and leads to
cooling in the environment, which opposes the adiabatic warming due to subsidence (see Fig. 1c).

the warm case (W). Since the length of the integration
is much longer than the life cycle of the convective
clusters (typically 6 to 24 h), the results are independent of the initial conditions and equilibrium states are
assured.
The ensemble cumulus water budget is obtained by
averaging the budget terms in (1) and (2) over the
entire domain for the last 20 days of the control
experiment. Figure 2 shows the vertical profile of the
various budget terms. The moisture supply of the
cumulus cluster at each level comes from two sources:
large-scale and cloud-scale moisture convergence.
The former has a broad maximum between 500 and
700 mb with a minimum at 650 mb, and the latter is
sharply peaked at 600 mb with a secondary maximum
near 350 mb. The sharp peak in cloud-scale moisture
flux corresponds to an abrupt increase in net condensation at the same level. This peak is directly related
to the presence of ice phase precipitation above the
freezing level near 600 mb. Throughout the troposphere, the moisture supply by the large-scale and the
cloud-scale moisture convergence is closely balanced
by the net precipitation.
Figure 3 shows a breakdown of the net condensation into four key microphysical processes. In the lower
troposphere, most of the water condensation occurs
between 850 and 650 mb. The rate of condensation
falls off sharply below 900 mb and above 500 mb.
Deposition occurs above the freezing level at 650 mb,
with a maximum near 300 mb, at a rate of about onethird of the maximum condensation in the middle
troposphere. The sublimation rate is only a fraction of
the total condensation and is restricted to the top part
of the cloud near 300 mb. It is also noticed that the
absolute rate of condensation/evaporation is generally larger than the rate of moisture convergence. In

4. Ensemble mean water budget
For climate applications, we need to obtain the
long-term equilibrium response of tropical convection
to surface warming. This equilibrium involves the
coupling between the cloud scale and the large scale
and is therefore impossible to obtain in the present
framework. Here, we merely seek the distribution of
the cumulus ensemble in equilibrium with a given
boundary condition and fixed large-scale forcing in the
hope that the cumulus statistics may shed some light
on physical processes that are responsible for the
long-term climate equilibrium. To do this, we select
one set of initial conditions from the above experiments and extend the integration to 52 days. This
experiment is referred to as the control (C). Then the
integration is repeated with identical initial conditions
as above, but with the underlying sea surface temperature increased to 30°C. This will be referred to as
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FIG. 2. The vertical distribution of the ensemble mean water
vapor budget. Units in g kg -1 h_1.
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from the stratiform region. This partition is consistent
with observations (Gamache and Houze 1983). However, it should be noted that this partition is likely to be
dependent on the imposed large-scale vertical velocity and that large deviation from this partition is possible for individual cloud clusters.

5. Response to surface warming

FIG. 3. The vertical distribution of the ensemble mean condensation, evaporation, deposition, and sublimation. The symbol, ceds
[= - ( c - e + d - s)] denotes the loss of water vapor through
condensation and evaporation processes. Units g kg -1 h~1.

Figure 4 shows the time series of vertically averaged temperature and moisture over the entire domain for the control (upper panel) and the warm case
(lower panel), respectively. Two time scales are apparent in the time series. The first is the equilibration
time, which is about 20 days. The second is characterized by transient, short-term, out-of-phase oscillations
(approximately 1-3-day period) between the temperature and moisture. This transient response is due
to overcompensation in precipitation and excessive
heating, and apparently accounts for the initial drying
of the upper troposphere reported in Sui et al. (1991).
The equilibration time scale is determined by the
interaction of cloud dynamics, latent heating, and
radiation. In the equilibrium state, the warm case has
a mean tropospheric temperature about 2 - 3 degrees
higher, and moisture is 20% more than the control.

the region between 600 and 900 mb, the rate of
evaporation/condensation can be two to three times
that due to large-scale moisture convergence. In the
equilibrium state, the net condensation is balanced by large-scale
and cloud-scale convergence. In
the upper troposphere, ice phase
microphysics dominates, with the
rate of deposition balanced largely
by the cloud-scale moisture convergence (see Fig. 2). The above
results
suggest
that
the
macrophysical vertical distribution
of water vapor and cloud water in
the atmosphere is the result of
strong interaction of sources and
sinks controlled by microphysical
processes within the tropical cumulus clusters.
The ensemble mean vertically
integrated water budget has been
computed from (3) and (4). The
total moisture supply is partitioned
into 76% due to large-scale convergence and 24% due to surface
evaporation. In the equilibrium
state, all the moisture supply is
precipitated out as rainwater reaching the surface. Of the total rain that
FIG. 4. Time series of the vertically and horizontally averaged temperature <7> (K) and
reached the surface, 66% comes water vapor <q> (mm) over the whole domain for both the control and the warming surface
from the convective region and 34% conditions.
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FIG. 5. Vertical distribution of the ensemble mean temperature
(K), water vapor (g kg-1), total cloud water content (g kg-1), and
relative humidity (%, defined with respect to water) for the control
experiment.

Figure 5 shows the equilibrium vertical distribution
of temperature, relative humidity (over water), water
vapor, and cloud water for the control case. The broad
features of the temperature and water vapor profiles
are consistent with those obtained by Oort (1983).
Relative humidity (relative to water) is nearly uniform
(82%-87%) in the lower troposphere below the freezing level near 5 km, but decreases sharply between
the freezing level and the tropopause. When the
relative humidity is computed over ice (not shown), the
distribution is more uniform in the vertical because the
saturation vapor pressure is less dependent on temperature in the ice phase. The amount of cloud water
(liquid and ice) increases from the lower troposphere
to near the freezing level and then decreases monotonically with height. The sharp distinction in relative
humidity profile below and above the freezing level
indicates the importance of ice phase microphysics in
determining the amount of water vapor in the atmosphere.
Figure 6 shows the difference between the warm
case and the control for water vapor and temperature.
These changes are induced directly by the change in
surface evaporative flux. The change in water vapor
decreases monotonically with height and is confined
mainly to the boundary layer and the lower troposphere where the change is about 2 g kg-1, approximately 10%-15% relative to the control. Most interesting, however, is the relative increase (\qv/qv) in water
vapor, which is largest in the upper troposphere between 8 and 15 km. As a result of the surface warming,

1318

temperature rises throughout the troposphere. The
largest warming (up to 4°C) takes place in the upper
troposphere. These results are consistent with results
from global climate models and satellite observations
(e.g., Del Genio et al. 1990; Rind et al. 1991). While the
water vapor and temperature changes are large, the
relative humidity remains unchanged in the lower
troposphere (Fig. 7). In the region above the freezing
level and below the tropopause, there is an increase in
relative humidity from 5% to 10% in this region. The
increase in relative humidity coincides with an increase (up to 20%) of upper-level cloud water between
6 and 10 km due to more clouds reaching higher
levels. The fractional change (A qjqc) in cloudiness is
largest in the upper troposphere above 12 km. Also
noticed is a sharp reduction between 4 and 5 km and
an increase in cloud water at low levels. The change
in cloud water is also consistent with the changes in
cloud cover, defined as the fractional area covered by
clouds over the model domain, indicating a sharp
increase above and decrease below the freezing level
(not shown, since the changes in cloud cover are
almost identical to that of cloud water). These changes
are related to the elevation of the freezing level and
therefore changes in the proportion of ice and water
clouds. Based on the lapse rate shown in Fig. 6, the
estimated elevation of the freezing level is between
0.5 and 1 km. Further calculation shows that the mean
convective available potential energy and the mean
cumulus mass fluxes are not changed significantly in
the warmer climate (see Sui et al. 1993a).

FIG. 6. Vertical distribution of the difference in ensemble mean
temperature (K), water vapor (g kg-1), and the relative difference in
water vapor (x10 g kg-1) between the warming and the control
surface conditions.
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FIG. 7. Vertical distribution of the difference in ensemble mean
total cloud water content (x10 -3 g kg~1), relative humidity (%), and
fractional cloud coverage (%) due to 2°C surface warming.

water vapor for the enhanced precipitation does not
come directly from the enhanced evaporation but
rather from a feedback process associated with the
increase in dynamic moisture convergence induced
by the surface warming. This increase in divergence is
due to the increased vertical advection of moisture,
which occurs even with fixed large-scale vertical velocity. An examination of the statistics of the clusters
indicate that there are more convective clusters in a
warmer climate. In contrast to the convective rain,
there is a small negative gain for the stratiform rain. It
should be pointed out that the above results are
obtained under conditions of cloud motions taking
place in only two dimensions and constant imposed
large-scale vertical velocity. These may have the
effect of producing too strong subsidence in the environment surrounding the convective clusters, hence
causing the stratiform rain to evaporate before it
reaches the ground and therefore limit large positive
precipitation gain only in the convective region.

6. Conclusions
The change in the hydrologic cycle induced by
warmer sea surface temperature in a convective environment under the above specified large-scale forcing
and boundary condition is shown in Fig. 8. The surface
evaporation is increased by about 13%, and the convection is invigorated with a 22% increase in total
precipitation, mostly in the form of convective rain. It
can be seen that the water balance between evaporation (£), moisture convergence (LC), and the precipitation (P) is almost exact, that is,
AE + ALC - AP = AP c + AP s ,

Using the GCEM, we have demonstrated that cumulus-scale dynamics and microphysics play a major
role in determining the vertical distribution of water
vapor and clouds in the tropical atmosphere. The
following picture of the water cycle within tropical
cumulus clusters emerges. Moisture supplied by surface evaporation and large-scale convergence is transported, through updraft in concentrated convective
"hot chimneys," to extended regions in the upper

(5)

where the subscripts c and s stand for convective and
stratiform rain, respectively. If we define the precipitation gain factor g as the ratio between the total precipitation and the surface evaporation, we have the following expression for g:

9

=

9c +

=

A Pc
AE +

APS
AE =

,
1 +

A LC
A£ '

(6)

where gc and gs are defined for the convective and
stratiform rain, respectively. For perfect recycling, g =
1, where g > 1 (g < 1) means net supply (deficit) of
moisture from outside the convective domain. The
gain factor will vary as a function of the size of domain.
For global domain, clearly g= 1 for mass conservation.
Forthesize of the domain used here, g = 4.6, gc = 5.2,
and gs = -0.6. This indicates that the main source of
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FIG. 8. Schematic showing the change in water budget in the
tropical hydrologic cycle due to surface warming. Units are in
millimeters per day.
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troposphere where liquid and ice clouds are formed. accompanying an increase in upper-level moisture
Much of the moisture is returned to the surface through (Del Genio et al. 1990). They are also consistent with
precipitation partitioned about equally between the the suggestion that the tropical mass circulation may
convective core and the stratiform region. The water actually decrease in the presence of increased survapor and cloud water (liquid and ice) content of the face temperature based on energy balance arguupper troposphere is the result of a complex interplay ments (Betts 1990; Betts and Ridgway 1989). Our
among sources and sinks due to vapor, ice, and water results indicate that water vapor increases throughout
phase changes, as well as moisture fluxes by cloud- the troposphere and the percentage increase in the
scale vertical motions and large-scale subsidence. upper troposphere is substantial. This supports the
Below the freezing level (approximately 650 mb), the results from the GCM indicating that the water vaportroposphere is moistened to a large extent by the climate feedback is largely positive. It is important to
evaporation of falling rain in the downdraft within the point out that the water vapor feedback effect cannot
convective complex. Liquid phase precipitation is be considered in isolation. Our results indicate that the
concentrated in the lower troposphere between 600 increase in tropospheric water vapor is accompanied
and 900 mb. Ice
by a redistribution
of cloud water (liqphase precipitaImproving the representation of microphysical processes
uid and ice) in the
tion occurs in the
leading
to a better description of the global hydrologic
vertical. An inupper
tropocycle in GCMs
may hold the key to better understanding
i
crease in cloud liqsphere with a I
uid water for
the mechanism
of climate feedback.
meet
maximum at 300 I
middle and low
mb at a rate about
clouds
may lead to
one-quarterofliqa
negative
feeduid phase precipiback
due
to
the
increase
in
albedo
over
the
greentation in the lower troposphere. Depending on the
altitude, the rate of condensation and evaporation can house effect because infrared radiation tends to satube two to three times larger than the rate of moisture rate at these levels. Yet for high-level ice phase
convergence. The near steady-state balance between clouds, the greenhouse effect dominates over the
moisture convergence and total net precipitation is the albedo effect and the feedback may be positive
result of large cancellation between evaporation and (Somerville and Remer 1984; Betts and Harshvardhan
condensation, which depends on microphysical pro- 1987). Detailed results of energy budget and radiative
cesses within the cumulus clusters. Of the precipita- feedback involving different cloud types and hydromtion reaching the surface, 66% comes from the con- eteor distribution will be reported in a separate paper
(Sui et al. 1993b).
vective region and 34% from the stratiform region.
It should be stressed that because of the absence
In a climate with above normal sea surface temperature and fixed large-scale vertical velocity, there of feedback to the large-scale circulation, the present
is a large increase in water vapor and an enhancement results on the response of the tropical hydrologic cycle
of convective precipitation. Surplus in water vapor is to surface warming are applicable to the region of
largest near the surface and decreases monotonically convection only. It is therefore inappropriate to exwith height up to 10 km. The percentage increase in trapolate the results regarding water vapor distribution
water vapor increases with height reaching a maxi- directly to the global domain. As such, the present
mum between 8 and 16 km. While the relative humidity results alone cannot refute the possibility that water
remains unchanged below the freezing level, it is vapor feedback may still be negative outside the
increased in the middle and upper troposphere where region of convection, i.e. in the subtropics. It is worth
there is also a noticeable increase in the cloud water noting that the results regarding tropospheric water
content and cloud cover. The local precipitation gain vapor and temperature obtained in the GCEM appear
as a result of the enhanced surface evaporation is to be consistent with GCMs that treat microphysical
large and mostly in the form of convective rain, indicat- processes crudely. A possible explanation of this
ing that the surface warming induces large positive somewhat puzzling situation may be that in nature
feedback between dynamic moisture convergence there is a close thermodynamical equilibrium between
and precipitation. This is due primarily to the increased water vapor and temperature. Provided that the largevertical advection of moisture and occurs in the pres- scale temperature is well predicted, either from microence of fixed large-scale vertical motion. These re- physical processes (based on CEMs) or large-scale
sults are in agreement with GCM results that showed processes (based on GCMs), the two approaches will
that there is little increase in the large-scale mass yield similar results for water vapor. This is also
circulation associated with modest surface warming consistent with the findings that the large-scale distri-
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bution of water vapor is somewhat independent of the
details of microphysics parameterization in GCMs
(Del Genio et al. 1990). However, as discussed before, the radiation climate feedback problem involves
water vapor, clouds, and associated microphysical
processes, as well as large-scale dynamical processes. Improving the representation of microphysical processes leading to a better description of the
global hydrologic cycle in GCMs may hold the key to
better understanding the mechanism of climate feedback.
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