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ABSTRACT

Cloud and precipitation simulated using the three-dimensional (3D) Goddard Cumulus Ensemble (GCE)
model are compared to Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) and
Precipitation Radar (PR) rainfall measurements and Clouds and the Earth’s Radiant Energy System
(CERES) single scanner footprint (SSF) radiation and cloud retrievals. Both the model simulation and
retrieved parameters are based upon observations made during the South China Sea Monsoon Experiment
(SCSMEX) field campaign. The model-simulated cloud and rain systems are evaluated by systematically
examining important parameters such as the surface rain rate, convective/stratiform percentage, rain pro-
files, cloud properties, and precipitation efficiency.

It is demonstrated that the GCE model is capable of simulating major convective system development
and reproduces the total surface rainfall amount as compared to rainfall estimated from the SCSMEX
sounding network. The model yields a slightly higher total convective rain/stratiform rain ratio than the TMI
and PR observations. The GCE rainfall spectrum exhibits a greater contribution from heavy rains than
those estimated from PR or TMI observations. In addition, the GCE simulation produces much greater
amounts of snow and graupel than the TRMM retrievals. The model’s precipitation efficiency of convective
rain is close to the observations, but the precipitation efficiency of stratiform rain is much lower than the
observations because of large amounts of slowly falling simulated snow and graupel. Compared to obser-
vations, the GCE produces more compact areas of intense convection and less anvil cloud, which are
consistent with a smaller total cloud fraction and larger domain-averaged outgoing longwave radiation.

1. Introduction

Clouds and precipitation play key roles in linking the
earth’s energy cycle and water cycles. Clouds modulate
the incoming solar radiation through reflection and the
outgoing longwave radiation by altering the effective
emitting temperature. Cloud itself is an important com-
ponent of the hydrological cycle. Precipitation starts
with cloud formation and through condensation and
latent heat release it connects both the energy and wa-
ter cycles. The sensitivity of deep convective cloud sys-
tems and their associated precipitation efficiency in re-

sponse to climate change are key factors in predicting
the future climate.

Components of the space-based Earth Observing
System (EOS), such as the National Aeronautics and
Space Administration’s (NASA) Clouds and the
Earth’s Radiant Energy System (CERES) experiment
(Wielicki et al. 1996) and the Tropical Rainfall Mea-
suring Mission (TRMM; Simpson et al. 1988, 1996) are
designed to provide crucial cloud and precipitation
measurements for advancing our understanding of the
role of clouds and precipitation in the global energy and
water cycles, and for improving their representation in
general circulation and climate models. The CERES
products include broadband shortwave and longwave
radiation from the top of the atmosphere, as well as
simultaneous cloud properties retrieved from the other
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instruments. The TRMM instruments provide compre-
hensive measurements of precipitation variation and
properties such as surface rain rate, the vertical struc-
ture of precipitation, and latent heating. Simultaneous
cloud and precipitation measurements provide unprec-
edented capabilities for studying the large-scale, aggre-
gate effects of cloud and precipitation systems.

Cloud and precipitation processes are controlled by
large-scale dynamics, convection, and microphysical
processes. The use of satellite data to study the rela-
tionship between cloud and precipitation and the ef-
fects of the different controlling mechanisms is a very
complicated problem because of the wide range of
scales and types of cloud systems involved. Cloud-
resolving (or cumulus ensemble) models (CRMs) can
simulate the conversion of cloud condensate into rain-
drops and various forms of precipitation in great detail.
CRMs have been used to simulate individual clouds as
well as organized mesoscale convective systems (MCS;
Tao and Simpson 1989; Skamarock et al. 1994; Parker
and Johnson 2004; and many others). In recent years,
CRMs have become one of the primary tools to de-
velop the physical parameterizations of moist and other
subgrid-scale processes in global circulation and climate
models (Randall et al. 1996). Randall et al. (2003) fur-
ther suggested that CRMs should be used as a replace-
ment of traditional cloud parameterizations in GCMs.
In their pioneering work, Khairoutdinov et al. (2005)
have embedded a CRM into each grid column of the
National Center for Atmospheric Research (NCAR)
Community Atmosphere Model (CAM) to serve as a
superparameterization (SP) of clouds, and found im-
provements in the model’s simulation of precipitation
frequency. Meanwhile, a prototype Goddard Multiscale
Modeling Framework (MMF) is being developed using
the 2D Goddard Cumulus Ensemble (GCE) model em-
bedded in the Goddard finite volume General Circula-
tion Model (fvGCM), replacing the cumulus param-
eterization in the fvGCM (Tao et al. 2008). However,
CRMs still need parameterizations on scales smaller
than their grid resolutions and have many known and
unknown deficiencies. If CRMs are to fulfill these im-
portant applications, they must be tested against ob-
servations for various dynamical environments and
cloud–rain system types. The robustness of CRMs in
simulating cloud and rain processes given known envi-
ronmental conditions is one of the most important re-
quirements for them to be useful.

The use of CRMs in the study of tropical convection
and its relation to the large-scale environment is called
“cloud ensemble modeling” approach. In this approach,
many clouds/cloud systems of different sizes in various

stages of their life cycles can be present at any model
simulation time. The model is driven by large-scale ad-
vective forcing in temperature and water vapor usually
derived from intensive sounding networks deployed
during major field experiments (Soong and Ogura 1980;
Tao and Soong 1986; and many others). In addition, the
cloud ensemble models use cyclic lateral boundary con-
ditions (to avoid reflection of gravity waves) and re-
quire a large horizontal domain (to allow for the exist-
ence of an ensemble of clouds). The advantage of this
approach is that the modeled convection will produce
the same (but not identical) intensity, thermodynamic
budget, and organization as the observations. This ap-
proach also allows the CRM to perform multiday or
multiweek time integrations. The CRM, then, can be
use to obtain enough samples to compute the statistical
properties of clouds/cloud systems. This type of cloud-
resolving modeling has been used in many modeling
studies for studying the South China Sea Monsoon Ex-
periment (SCSMEX), the Global Atmospheric Re-
search Program (GARP) Atlantic Tropical Experiment
(GATE), the Tropical Ocean Global Atmosphere
Coupled Ocean–Atmosphere Response Experiment
(TOGA COARE), and the Department of Energy/
Atmospheric Radiation Measurement Program/
Southern Great Plains site (DOE/ARM/SGP) convec-
tive systems (Soong and Tao 1984; Lipps and Hemler
1986; Krueger 1988; Xu and Randall 1996; Wu et al.
1998, 1999; Grabowski et al. 1996, 1998; Li et al. 2002;
Donner et al. 1999; Petch and Gray 2001; Xu et al. 2002;
Johnson et al. 2002; Tao et al. 2003a; and many others).
Please see Moncrieff et al. (1997) and Tao et al. (2003b)
for brief review.

Validation of CRMs is usually performed using bulk
energy and water budgets in these long-term model in-
tegrations, however. Direct comparison of CRM simu-
lations with low earth-orbiting satellite data is difficult
because such satellite data only provide limited snap-
shots of a limited area (scale �1000 km) at a given time.
Recently, Eitzen and Xu (2005) compared cloud prop-
erties of deep convective cloud objects from satellite
and CRM simulations using probability distribution
functions (PDFs) by simulating a large number of cloud
objects using corresponding large-scale forcing data
from European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalyses. The deep convec-
tive cloud object in their study is defined as a contigu-
ous region of footprints with cloud optical thickness
greater than 10, cloud height greater than 10 km, and
100% cloudy conditions within each footprint. Their
simulations are only run for 24 h for each cloud object
using a 2D model. While this method provides a large
number of cloud objects for different times and loca-
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tions, it is hard to evaluate how the model simulates
entire synoptic systems.

In this study, we will examine the cloud and precipi-
tation properties observed from the CERES and
TRMM instruments against simulation from the 3D
GCE model over the SCSMEX Northern Enhanced
Sounding Array (NESA; Lau et al. 2000). Comparisons
over other field experiment sites are undergoing and
will be reported later. The comparison of cloud and
precipitation from GCE simulation and satellite re-
trievals will serve two purposes. First, GCE has been
used to perform long-term integrations to provide
cloud datasets associated with various types of clouds/
cloud systems from different geographic locations for
TRMM precipitation retrieval algorithms (Simpson et
al. 1996). It has also been used in the TRMM algo-
rithms to provide a link between latent heating profiles
and TRMM Microwave Imager (TMI) and precipita-
tion radar (PR) observations, because latent heating
cannot be directly measured. Comparing GCE simula-
tions with TMI retrievals provides a consistent check of
the model and retrievals under different environmental
conditions. Second, combined cloud and precipitation
measurements from independent instruments provide a
more complete picture of the cloud system, which aids
the implementation of more realistic and complete
physics for model improvement. The SCSMEX experi-
ment, conducted in May–June 1998, was one of the four
major TRMM field campaigns aimed at the validation
of TRMM products (i.e., rainfall and the vertical distri-
bution of latent heating). These field campaigns pro-
vided observations of the structure and evolution of
MCSs, individual convective clouds, and their large-
scale environments for deriving large-scale forcing/
initial conditions for CRM simulations and their vali-
dation. The SCSMEX experiment, in particular, was
designed to understand the key physical processes as-
sociated with the onset and evolution of the summer
monsoon over South Asia and southern China (Lau et
al. 2000).

In this paper, the 3D GCE model is set up to perform
a 30-day SCSMEX simulation. A 2D GCE simulation
of two subset periods from 18–26 May and 2–11 June
was reported in Tao et al. (2003a) with an emphasis on

temporal variation and domain-averaged heating and
moisture budgets. In this study, the model-simulated
cloud and precipitation are compared statistically with
CERES and TRMM observations. The similarities and
discrepancies in the statistics of precipitation and cloud
fields will be discussed in detail. In section 2, the
TRMM data used in this study are described and a brief
discussion of the comparability between the CRM
simulation and satellite data is given. The model and
model setup are discussed in section 3. The results from
comparisons are shown and discussed in section 4. A
summary of this work is given in section 5.

2. Satellite data

The TRMM satellite was launched in 1997 carrying
the PR, the first spaceborne weather radar, together
with the TMI, the Visible and Infrared Scanner (VIRS),
the Lightning Imaging Sensor (LIS), and a CERES in-
strument. Products from four of the instruments on-
board the TRMM satellite are used in this study (Table
1). They are CERES broadband shortwave (SW) and
longwave (LW) radiation, cloud properties derived
from VIRS, and surface rain-rate and hydrometeor
profiles from TMI and PR.

In the CERES single scanner footprint (SSF) prod-
uct, the 10-km-resolution CERES broadband measure-
ments are collocated with higher resolution narrow-
band cloud retrievals from VIRS. Both instruments
cover about a 700-km swath. The broadband SW and
LW radiative fluxes in the CERES SSF dataset are es-
timated using the new angular distribution models
(ADMs) for specific cloudy/clear atmosphere types
(Loeb et al. 2003). Cloud properties (e.g., cloud frac-
tion, optical thickness, cloud effective height, tempera-
ture) are retrieved from the VIRS cloud imager and
averaged over the larger (10 km) CERES footprints
(Minnis et al. 1997).

The TRMM TMI version 6 2A12 products (Kum-
merow et al. 2001; Olson et al. 2006) provide surface
rainfall and 3D structure of hydrometeors and heating
over the TMI swath in 14 vertical layers. The algorithm
for generating the 2A12 products [often referred to as
the Goddard Profiling (GPROF; Kummerow et al.

TABLE 1. The TRMM instruments and observed parameters used in the study.

Instrument Parameters Resolution Swath
No. of

overpasses Total pixels

TMI Surface rain rate, convective rain rate, hydrometeor profiles 14 km 760 km 53 1.1 � 106

PR Surface rain rate, rain type, radar reflectivity, Etop 4.3 km 215 km 53 5.3 � 105

CERES Broadband SW, LW 10 km 700 km 57 4.9 � 105

VIRS Cloud fraction, optical thickness, cloud top, etc. 2.2 km 720 km 57 4.9 � 105

DECEMBER 2007 Z H O U E T A L . 4311



2001)] uses a Bayesian methodology to relate the ob-
served multichannel brightness temperatures to a prior
database of hydrometeors simulated by cloud-resolving
models with explicit cloud microphysics. The TMI re-
trieval is limited by the simulated cloud sample distri-
butions as well as microphysics in the cloud-resolving
models. One of the cloud-resolving models used for
generating the original database is the GCE model [the
others are the fifth-generation Pennsylvania State Uni-
versity (PSU)–NCAR Mesoscale Model (MM5) and
the University of Wisconsin Nonhydrostatic Modeling
System (Tripoli 1992)], and all simulations use the GCE
bulk microphysics scheme; therefore the TMI retrievals
are expected to have some similarity to the GCE simu-
lation. Besides surface rainfall and hydrometeor pro-
files (vertical distributions of cloud liquid, cloud ice,
rain, and precipitating ice) for each radiometer foot-
print, the TMI algorithm estimates the fraction of con-
vective rain relative to the total surface rain.

The TRMM PR is an electronically scanning radar,
operating at 13.8 GHz, that measures the 3D rainfall
distributions over both land and ocean surfaces (Kum-
merow et al. 1998). The PR scans 17° to either side of
nadir at intervals of 0.35°, giving a vertical resolution of
250 m, a swath width of 215 km, and a horizontal foot-
print of 4.3 km at nadir. The PR swath is much nar-
rower than the TMI swath (760 km), but is centered in
the TMI swath. The PR estimates of attenuation-
corrected radar reflectivity factor and rainfall rate are
given at each resolution cell (4 km � 4 km � 250 m) of
the radar. The estimated near-surface rainfall rate and
average rainfall rate between the two predefined alti-
tudes (2 and 4 km) are also calculated for each radar
beam position. In this study, the PR instantaneous
three-dimensional distribution of rain rate (2A-25
product) and rain classification (2A-23 product) are uti-
lized.

Direct comparisons of CRM simulations and satellite
data are difficult because the satellite only provides lim-
ited “snapshots” of a �1000-km-scale region at a given
time. The TRMM satellite operates at an altitude of 350
km and 35° inclination orbit, requiring 46 days to com-
plete one precession cycle. In this study, about 53
TRMM overpasses covering or partially covering the
SCSMEX domain (17°–24°N, 108°–124°E) during the
GCE simulation period (18 May–18 June 1998) are col-
lected. Overpasses that cover less than one-third of its
maximum coverage in the SCSMEX domain are dis-
carded for their possible large bias relative to the do-
main-averaged quantities. The total pixels from the
GCE simulation period for each instrument are listed in
Table 1. This amounts to over a million total TMI pixels
and half a million PR pixels collected over the domain

during this time period. There are also nearly half a
million CERES footprints collected for assessing the
cloud statistics. Since cloud and precipitation systems
evolve on time scales of hours, polar orbiting satellites
cannot provide accurate process diagnostic means for
individual cloud precipitation processes. On the other
hand, given large enough samples, satellite observa-
tions are able to represent different cloud and precipi-
tation systems in various stages of development, and
observe some of the basic physical relations and struc-
tural patterns for similar cloud and precipitation types.
Furthermore, since GCE is driven by observed large-
scale advective forcings of potential temperature, water
vapor mixing ratio, and horizontal momentum in a
semiprognostic manner, the response of cloud micro-
physics (precipitation, condensation) is directly propor-
tional to the large-scale forcing (Soong and Tao 1980).
Therefore the model is expected to reproduce the rain
and cloud statistics reasonably close to the observa-
tions. However, it is not clear if the model can produce
the vertical structure of cloud and precipitation par-
ticles realistically because of the scarcity of high-quality
observations.

3. The Goddard Cumulus Ensemble model and
model setups

a. The GCE model

The model used in this study is the 3D version of the
GCE model. The equations that govern cloud-scale
motion (wind) are anelastic (sound waves are filtered).
The subgrid-scale turbulence scheme used in the GCE
model is based on work by Klemp and Wilhelmson
(1978) and modified by Soong and Ogura (1980) by
including the effects of condensation on the generation
of subgrid-scale kinetic energy. The cloud microphysics
includes a parameterized two-category liquid hydrome-
teor scheme (cloud water and rain), and a parameter-
ized Lin et al. (1983) and Rutledge and Hobbs (1984)
three-category ice-phase hydrometeor scheme (cloud
ice, snow, and graupel). Shortwave (solar) and long-
wave (infrared) radiation parameterizations are also in-
cluded in the model (Tao et al. 1996). The TOGA
COARE bulk flux algorithm (Fairall et al. 1996) is
linked to the GCE model for calculating surface fluxes
over ocean (Wang et al. 1996). All scalar variables (po-
tential temperature, mixing ratio of water vapor, tur-
bulence coefficients, and all five hydrometeor classes)
use forward time differencing and a positive definite
advection scheme with a nonoscillatory option (Smo-
larkiewicz and Grabowski 1990). The dynamic vari-
ables u, v, and w use a fourth-order accurate advection
scheme and a leapfrog time integration (kinetic energy
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semiconserving method). Details of the GCE model
description and improvements can be found in Tao and
Simpson (1993) and Tao et al. (2003b).

b. Model setup

In the simulation of this study, the 3D model has a
stretched vertical coordinate of 32 levels with height
increments from 143 m in the boundary layer to 1164 m
near the model top. The model horizontal grid is 256 �
256 with a uniform grid spacing of 2-km resolution,
yielding a 512 km � 512 km domain. The time step is
12 s, and the rain and atmospheric profiles are sampled
at every hour of simulation time. When comparing with
satellite data, the model output is averaged into 4-, 14-,
and 10-km spatial resolutions to be consistent with spa-
tial resolutions of PR, TMI, and CERES SSF, respec-
tively. A few boundary grids are left out for 14- and
10-km averages.

The observed large-scale advective forcing of tem-

perature and moisture over the SCSMEX domain for
the simulation period was analyzed by Johnson and
Ciesielski (2002) as shown in Fig. 1. Two major convec-
tive events around 18–26 May and 2–11 June 1998 can
be identified during this period with strong cooling and
moisture convergence. The first event is prior to and
during the onset of the monsoon; the second is post
onset. Both events show a similar order of magnitude of
peak heating between 5 and 10 km. The June event has
stronger forcing in both temperature and water vapor
(see Tao et al. 2003a).

c. Cloud area, convective–stratiform partitioning
methods

In the GCE model, as well as in satellite observa-
tions, a prescribed threshold is needed in order to de-
fine a “cloudy” location, since the transition from pris-
tine atmosphere to cloudy atmosphere is gradual. Sat-
ellite observations usually use visible and IR threshold

FIG. 1. Large-scale forcing of (top) temperature and (bottom) moisture for
18 May–18 Jun 1998.
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methods to define a cloudy footprint. The CERES
cloud fraction is defined for each 10-km-resolution
CERES footprint using the 2-km-resolution VIRS in-
strument as the ratio of cloudy VIRS versus total VIRS
pixels within the footprint.

In GCE, a cloudy grid location is defined as one if the
total cloud hydrometeor mixing ratio exceeds a certain
threshold. The threshold is somewhat arbitrary unless it
is constrained by the observations. Sui et al. (1994)
chose 0.005 g kg�1 as a threshold for any vertical layer;
that is, the grid location was considered cloudy if any of
the grid elements in the vertical column satisfied the
threshold. In this study, we will test total hydrometeor
threshold of 0.002, 0.005, and 0.008 g kg�1 to examine
the sensitivity of the cloudy classification on this thresh-
old. Moreover, we will use a threshold optical thickness
of 0.3 to classify a cloudy grid since detectable cloud
from CERES instruments has minimum optical thick-
ness of 0.3, so that the model cloud fraction is optically
equivalent to the CERES cloud fraction. In addition, an
effective cloud top is defined as the level where the
optical thickness reaches one when looking downward
from the top of the model atmosphere; this definition is
comparable to the definition of satellite effective cloud
height.

The convective and stratiform rain partitioning tech-
niques used for the GCE model output and satellite
observations have some similarities but are based on
different algorithms. The PR algorithm uses two differ-
ent methods for classifying rain type; one is a vertical
profile method (V method), and the other is a horizon-
tal pattern method (H method; Awaka et al. 1998). The
V method is based on detection of brightness band
(BB) and a convective threshold. The H method is
based upon an analysis of the horizontal pattern of
maximum radar reflectivity (Zmax) developed by
Steiner et al. (1995). Both methods classify rain into
three categories: stratiform, convective, and other. The
final results are combinations of the two methods.

Because of TMI’s lower resolution, a convective area
fraction is computed for each TMI footprint. The algo-
rithm uses the local horizontal gradients (or texture) of
the brightness temperatures (Hong et al. 1999) as well
as the polarization of 85.5-GHz scattering signatures
(Olson et al. 2001). The texture and polarization-based
estimates of convective area fraction within a TMI foot-
print are merged by taking a weighted average of the
estimates.

In GCE, each grid box is also classified as clear,
stratiform, convective, or stratiform without surface
rain. First, the convective, stratiform, and no-surface-
precipitation regions are identified using the informa-
tion from surface rain rates (Churchill and Houze

1984). Two additional criteria are then applied, which
have been included to identify regions where convec-
tion may be quite active aloft though there is little or no
precipitation yet at the surface, such as areas associated
with tilted updrafts and new cells initiated ahead of an
organized squall line (Tao and Simpson 1989; Tao et al.
1993). Different convective and stratiform separation
techniques (Churchill and Houze 1984; Tao et al. 1993;
Xu 1995; Caniaux et al. 1994; Steiner et al. 1995) were
examined and compared by Lang et al. (2003).

4. Results

a. General features

It is not expected that the GCE simulation will match
the satellite observations spacewise and timewise. The
GCE model is intended to simulate the collective ef-
fects of cloud systems. It is also driven by horizontally
uniform large-scale forcing that is computed over a do-
main that is larger than the simulation domain. On the
other hand, the response of cloud microphysics (pre-
cipitation and condensation) is directly proportional to
the large-scale forcing. Therefore, the model is ex-
pected to reproduce rain and cloud fields that are sta-
tistically similar to the observations.

Figures 2a and 2b show snapshots of surface rainfall
from TMI measurements, outgoing longwave radiation
(OLR), cloud optical thickness, and cloud-top pressure
from the CERES and VIRS instruments, as well as the
corresponding GCE simulation at the same time. Note
that the domain size of GCE simulation is approxi-
mately 5° � 5° but the satellite images show a domain
size of 16° � 10° from which the large-scale forcing is
derived. The reason we chose a 5° � 5° model domain
size is because a larger domain size with the same spa-
tial resolution is computationally more expensive, and
the simulation using the 5° � 5° domain is quite repre-
sentative of the cloud systems in a larger domain, as our
sensitivity studies indicate (figures not shown). While
the satellite images show an organized mesoscale con-
vective rain system at approximately 0800 UTC 19
May, the precipitation from the GCE simulation is
quite intense but less organized in that there are many
isolated cells of heavy rain and only slight evidence of
linear organization in the upper-right portion of the
domain (Fig. 2a). Note that the precipitation cells in the
GCE simulation have horizontal scales �10–20 km and
do not represent individual cloud updrafts. The OLR,
cloud optical thickness, and top pressure from CERES
show deep convective cores with low OLR and high
optical thickness surrounded by gradually thinning an-
vil clouds. The OLR from the GCE simulation shows
large areas of high infrared emission aside from the
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locations of precipitation cells. GCE optical thicknesses
higher than CERES optical thicknesses are found, but
these are limited to the raining areas, indicating that
cloud in the GCE simulation is highly concentrated in
raining areas, and the model probably does not produce
enough anvil cloud. Figure 2b shows a better organized
MCS at 1600 UTC4 June from both satellite observa-
tions and the GCE simulation. The model again pro-
duces small cells of intense precipitation with higher
cloud tops (lower top pressure), larger optical thick-
nesses, and lower OLR, but these precipitation cells are
grouped in a large mesoscale “cluster.” It is well known
that the organization of tropical convection is influ-
enced predominantly by the vertical shear and convec-
tive available potential energy (CAPE; Moncrieff and
Green 1972; Alexander and Young 1992; Keenan and
Carbone 1992; LeMone et al. 1998; Tao et al. 1999; Shie
et al. 2003). Johnson et al. (2005) recently examined in
detail the organizational modes of convection over the
northern South China Sea in relation to low- and
midlevel wind shears. The organization of convection in
GCE is apparently affected by environmental wind
shear, as these two cases demonstrate: the zonal wind
on 19 May had a unidirectional shear profile while on 4
June the zonal shear reversed sign with altitude (Fig. 3).
The former shear profile is related to unicell-type con-
vection (Dudhia et al. 1987; Tao et al. 2003a) and a
weak mesoscale circulation, while the latter type of
shear generally corresponds to multicell-type convec-
tion and a stronger mesoscale circulation. Overall, the
model simulates the time variation of surface rainfall
quite well upon inspection of each overpass image and
corresponding GCE simulation. In the following sec-
tion, more detailed comparisons will be conducted for
surface rainfall, vertical structure of cloud and rain, and
rain efficiency.

b. Surface rainfall characteristics

Presented in Fig. 4 are the time series of surface rain-
fall rates averaged over the SCSMEX region that are
simulated by the GCE model and estimated from TMI
and PR, as well as from soundings. The temporal varia-
tion of the GCE-model-simulated rainfall is in good
agreement with that estimated from the water vapor
budget determined from the soundings except that the
GCE produces slightly less rainfall than the sounding
estimates most of the time. The GCE simulation cap-
tures the two major convective periods, 18–26 May
(during the monsoon onset) and 2–11 June (after the
monsoon onset). The large-scale forcing in water vapor
is much stronger in the June episode than in the May
episode (Fig. 1); therefore the model’s precipitation
production in June is stronger than in May. The do-

main-averaged rainfall from PR is quite close to both
the sounding and GCE rainfall, but TMI seems to un-
derestimate the heavy rainfall events during the June
episode simulated by the model. The TMI also under-
estimates relative to the sounding and PR measure-
ments, but not during the May episode. One of the
reasons might be that TMI tends to underestimate high
rainfall rates because of the lack of sensitivity of micro-
wave radiances to changes in rain rate at these high
rates, coupled with the fact that the convection is gen-
erally stronger in the June episode than in the May
episode. The mean simulated rainfall for the period is
10.2 mm day�1, which is 11% lower than the sounding
estimates and 23% higher than the TMI rainfall (Table
2). The 3D GCE simulations of rainfall are very close to
those simulated by the 2D model in Tao et al. (2003a)
with slightly lower total rainfall and higher convective
rain ratio. It must be noted that the domain of the GCE
simulation is about 5° � 5°, while the satellite observa-
tions are averaged over a larger domain (16° � 10°)
where the forcing is derived. TMI and PR overpasses
only partially cover that domain (e.g., Fig. 2); the sam-
pling of the domain by the PR is especially limited,
since its swath is only a third of the width of the TMI’s.
Therefore, which precipitation estimates are more rep-
resentative of the truth is a debatable point, since all
methods involve different sampling and retrieval limi-
tations. PR is considered to yield the best rainfall esti-
mates, but it is limited by its narrow swath. Even the
rainfall from soundings is limited by their 6-hourly tem-
poral sampling, considering the relatively rapid evolu-
tion of convective systems. Another problem with the
satellite data is their uneven temporal and spatial sam-
pling. Because of the precession of the TRMM satellite
orbit, the local overpass time over the domain is not
fixed, as is the percentage of the domain area that is
sampled. This could bias the results if the number of
orbits processed is not large enough.

It is the purpose of this study to compare the GCE
rainfall and satellite rainfall in more detail, beyond the
total and domain averages, so that we can link the de-
tailed rain and cloud structures with cloud microphysics
in the model. Listed in Table 3 are additional rain sta-
tistics from the GCE simulation as well as those from
the TMI and PR measurements. The GCE “overpass
samples” are taken from corresponding TMI overpass
times; “all data” are sampled every hour. The GCE
rainfall data are spatially averaged to 4- and 14-km
resolution, corresponding to the PR and TMI spatial
resolutions, respectively. The statistics from the GCE
overpass samples and all data are very similar, indicat-
ing that these overpass samples are sufficient to repre-
sent the precipitation over the whole period from the
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model. The statistics suggest that the satellite observa-
tions collected over the specified month-long period
also provide a sufficient sample to represent the cloud
and rain systems over the period. However, we will use

all of the GCE data (not just the data corresponding to
satellite overpasses) to obtain more robust statistics for
assessing GCE performance in the rest of this paper.

Table 3 shows that about 11.8% of the area of the

FIG. 2a. (left) Snapshot images of rain and cloud properties from TRMM satellite obser-
vations, coordinates are actual lat and lon; (right) corresponding GCE simulation, coordinates
are approximate lengths (°) at 0800 UTC 19 May 1998.
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GCE simulation has a rain rate smaller than 0.5 mm h�1

at 4-km resolution, compared to 1.97% from PR. At the
coarser resolution of 14 km, 16.3% of the area of the
GCE simulation has a rain rate smaller than 0.5 mm
h�1, compared to 4.75% from TMI. Since PR only
senses precipitation down to 18 dBZ, or 0.3 mm h�1,

and since TMI has difficulty discriminating rain from
cloud in light rain conditions, it is not conclusive
whether the much larger percentage of rain area simu-
lated by GCE relative to observations in the light rain
range is due to excessive “drizzle” in the model or un-
detected light rain in the observations. Both PR and

FIG. 2b. Same as in (a) but at 1600 UTC 4 Jun 1998.
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TMI have higher percentages of rainy pixels in the in-
termediate rain range from 0.5 to 10 mm h�1, and then
the model has higher percentage of rainy pixels for
heavier rains (a rain rate greater than 10 mm h�1).
Figure 5 shows the PDF of total rain amount contrib-
uted by different rain intensities. The bin interval of the
PDF is 1 mm h�1 and the cutoff threshold is 0.5 mm
h�1, for the reasons discussed above. The PDFs of the
GCE simulation are much flatter than those of the TMI
and PR, although there are only small differences in the
percentages of rainy pixels (�0.5 mm h�1) as shown in
Table 3. This figure indicates that more precipitation
simulated by GCE comes from heavier rains compared
to what PR or TMI observe. The PDF of TMI rainfall
amount shows a unique peak contribution at around 4
mm h�1 and a decreasing contribution from rain rates
smaller than 4 mm h�1. The PDF also decreases much

faster at heavy rain rates with very little contribution
from rain rates greater than 25 mm h�1. One reason for
this distribution is the smoothing effect of the Bayesian
technique, which, faced with the reduced sensitivity of
microwave brightness temperatures to rain rate at high
and low rain rates, tends to reduce the dynamic range of
the rain estimates. It was found that the TMI version 6
algorithm has high (low) bias for low (high) retrieved
rain rate (Olson et al. 2006). These positive and nega-
tive biases might have contributed to the peak rain
value around 4 mm h�1 and the rapid decline of the
PDF beyond 10 mm h�1. Since the large percentage of
low rain rates in the GCE simulation might bias the rain
statistics, in the following, the rain statistics include
only rain pixels with rain rate �0.5 mm h�1, aside from
the analysis of domain-averaged quantities.

c. Convective, stratiform rain

The partition of convective and stratiform rain in
GCE- and satellite-based techniques have some simi-
larity but are based on different algorithms as intro-
duced in section 3, so that comparisons of relative con-
tributions of total rainfall from convective and strati-
form rain is qualitative at best.

From Table 2, it may be noted that the GCE pro-
duces a larger percentage of convective rain during the
2–11 June period than the 18–26 May period. PR and
TMI show less variation in these two periods. On av-
erage, 63% of the total rainfall in GCE is due to con-

FIG. 3. Domain-averaged (a) horizontal and (b) meridional
wind component at 0800 UTC 19 May (solid line) and 1600 UTC
4 Jun (dotted line).

FIG. 4. Domain-averaged precipitation from GCE simulation vs
estimates from sounding, TMI, and PR instruments.

TABLE 2. Domain-averaged surface rainfall (mm day�1), convective rainfall, and rain area in percentage from GCE simulation as
well as estimated from TRMM PR, TMI, and sounding network.

Period
GCE-3D rainfall/convective
rainfall/convective rain area

Sounding
rainfall

PR rainfall/convective
rainfall/convective rain area

TMI rainfall/
convective rainfall

18–26 May 9.9/55/17 13.0 9.2/54/20 11.0/71
2–11 Jun 15.5/67/20 20.7 15.8/56/21 9.6/72

18 May–18 Jun 10.2/63/20 12.3 9.2/56/22 8.3/59
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vective rain, this is about 13% and 6% higher than PR
and TMI, respectively. The percentage of convective
rain area versus total rain area is around 20% for GCE,
which seems not to vary too much for the two periods
and is also quite close to PR observations. Presented in
Fig. 6 are time series of the ratios of domain-averaged
convective rainfall versus total rainfall. There is quite
large variation of instantaneous convective/total rain-
fall ratio from both TMI and PR. The convective ratio
from GCE varies in the neighborhood of 0.6 most of the
time. It increases to a value close to 100% around 23
and 27 May, at which times there is very little rain. The
only time the percentage of convective raindrops be-
low 0.3 is during 24 May, which implies domination of
stratiform precipitation.

d. Hydrometeor profiles

The TMI algorithm retrieves vertical structure of hy-
drometeor profiles in four forms (cloud liquid water,
cloud ice water, precipitation water, and precipitation
ice). However, cloud liquid and cloud ice from TMI are
not very reliable estimates, since they are only “re-
trieved” by correlations with the precipitation water
amounts, and the correlations are derived from GCE

itself. Liquid- and ice-phase precipitation produce dif-
ferent microwave signatures in TMI data over ocean,
and therefore we can compare these with the GCE
simulation. The time–altitude cross sections of domain-
averaged precipitation water and ice are shown for TMI
(Fig. 7, left) and GCE (Fig. 7, right). It can be seen that
the GCE simulation generally follows the vertical struc-
ture and time variations of the TMI retrieval, but the
model produces heavier precipitation water (rain) and
ice (mainly contributed by the graupel amount). There
is a sharp transition between rain and ice at the freezing
level (approximately 5 km) from GCE. The TMI re-
trievals show a gradual transition zone that extends
from 2 to 6 km. The precipitation ice in TMI also ex-
tends higher than that of the GCE simulation to an
altitude of about 16 km, while precipitation ice in GCE
is limited to below 14 km. These reflect the fact that
TMI profiles are a “composite” of many possible pro-
files as constrained by the observed radiances, so that
profiles from a broader spectrum might have contami-
nated the retrieved profiles. Since TMI only retrieves
vertical profiles for rainy pixels, we also computed do-
main averages of GCE profiles from rainy pixels only
(figures not shown). The differences between domain-
averaged profiles from all pixels and rainy-only pixels
are very small, indicating that nonprecipitating cloud

FIG. 5. Normalized PDF of total surface rain amount from
GCE simulation and TMI and PR measurements from 18 May–
18 Jun. The bin size is 1 mm h�1, and minimum surface rain rate
is 0.5 mm h�1.

FIG. 6. Ratio of domain-averaged convective rainfall vs total
rainfall from 18 May to 18 Jun from GCE simulation (solid line),
TMI (�), and PR (�). GCE-simulated total surface rainfall is
plotted as the dotted line.

TABLE 3. Rain statistics (percentage of rainy pixels) from GCE simulation, TMI, and PR measurements for 18 May–18 Jun
1998. The GCE simulated rainfall is integrated into 4- and 14-km resolutions to be comparable with PR and TMI observations,
respectively.

Rain pixel (%)
GCE overpass

(4 km)
GCE overpass

(14 km)
GCE all data

(4 km)
GCE all data

(14 km)
PR

(4 km)
TMI

(14 km)

0.0–0.5 mm h�1 10.3% 14.5% 11.8% 16.3% 1.97% 4.75%
0.5–2 mm h�1 1.93% 2.66% 2.10% 2.81% 4.09% 2.86%
2–10 mm h�1 1.86% 2.57% 1.88% 2.68% 3.17% 3.75%

10–25 mm h�1 0.62% 0.82% 0.67% 0.94% 0.64% 0.83%
25–50 mm h�1 0.25% 0.22% 0.30% 0.25% 0.19% 0.01%

�50 mm h�1 0.10% 0.03% 0.12% 0.03% 0.05% 0.0%
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area does not contain a significant amount of precipi-
tating particles in the atmosphere.

In addition to domain-averaged profiles, it is inter-
esting to compare vertical profiles for specific rain in-
tensities. Shown in Fig. 8 are TMI and GCE mean pre-
cipitation profiles corresponding to five rain-rate bins.
While the GCE and TMI profiles have similar basic
vertical structures, the discrepancies between the
model and TMI are also quite obvious: for each rain-
rate bin less than 20 mm h�1, the GCE model’s snow
plus graupel amount is much greater than the estimated
mean from the TMI retrieval. The precipitation water
near the surface is relatively close to the TMI estimates,
but the model shows a slower decrease with height be-
low 5 km and a fast drop to zero above 5 km. Both the
TMI and the model’s precipitation ice content peak at
7 km, but TMI extends higher for heavier rains (�20
mm h�1) and lower for light rains (�10 mm h�1). Since
the TMI retrievals are partially based on GCE simula-
tions, the difference between the model profiles and
TMI profiles for the same rain rate points out potential
problems in the retrieval algorithm, and a possible bias
in the model physics. Recently Grecu and Olson (2006)
tested an algorithm similar to the TMI version 6 algo-
rithm but used a PR/TMI-derived “empirical” database
instead of CRM-generated database to derive surface
rain rates and hydrometeor profiles. The new algorithm
yields even lower mean precipitation water contents at
upper levels than the version 6 algorithm. This confirms
that the model does likely have too much upper-level
snow and graupel.

Since GCE and TMI version 6 retrievals are not in-
dependent, the PR-observed rain profile is used to pro-
vide more insight. Direct comparisons between GCE
and PR rain profiles cannot be made because the model
outputs rainwater contents while the PR yields an

equivalent rainfall rate. One way to compare GCE and
PR is to convert the GCE hydrometeor profiles into
equivalent radar reflectivity (Z) using the methods of
Smith et al. (1975) and Smith (1984). The radar echo-
top (Etop) height, which represents the maximum alti-
tude of precipitation-size particles, can also be com-
pared from GCE and PR. By comparing Z, there is no
ambiguity due to assumptions made in retrieval algo-
rithms.

Shown in Fig. 9 are the contoured cumulative fre-
quencies by altitude diagrams (CCFAD) for the model-
simulated and observed reflectivity stratified by con-
vective and stratiform rains, respectively. The CCFAD
is a modification of the cumulative frequencies by alti-
tude diagrams (CFAD) used by Yuter and Houze
(1995) and adopted by Eitzen and Xu (2005). The
CCFAD uses a 2-dBZ bin size and a minimum of 18
dBZ because PR’s minimum detectable reflectivity is
17 dBZ according to Fisher (2004). As seen in the fig-

FIG. 7. Time–altitude cross sections of domain-averaged hydro-
meteor profiles from (left) TMI and (right) GCE simulation from
18 May to 18 Jun.

FIG. 8. Mean hydrometeor profiles from TMI and GCE for
different rain ranges.
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ure, the CCFADs of convective and stratiform radar
reflectivity from PR are significantly different from
each other. The contours of cumulative PDF of PR’s
stratiform rain show a distinct bright band at 5 km and
a sharp decrease in reflectivity above. Further inspec-
tion of the CCFADs of PR’s stratiform rain with a
bright band and without a bright band reveal that rain
associated with a bright band produces much larger ra-
dar reflectivity below the freezing level than rain with-
out a bright band (Fig. 10); therefore the bright band
(or melting/freezing process) is responsible for the
unique reflectivity structure seen in the CCFAD of
stratiform rain. The radar reflectivity for the convective
rain is generally larger than that of stratiform rain so
that the contour shifts to larger values for convective
rains observed by PR. The reflectivity of convective
precipitation also decreases with altitude above the

freezing level, especially for lighter rains (Z � 30 dBZ),
but not as rapidly as it does for stratiform precipitation.
The GCE seems to simulate the convective reflectivity
relatively well, except that slightly greater reflectivity at
lower altitudes and much larger reflectivity at higher
altitudes are simulated, consistent with the previous
analysis that the model tends to produce too much pre-
cipitation ice (Fig. 9). The GCE simulation misses the
vertical structure and bright band in the stratiform rain
completely. Bright band is formed when large falling
snowflakes pass through a level where the temperature
exceeds freezing and start to melt. The wet (water
coated) snowflakes produce a higher reflectivity than
dry snowflakes above. As the snowflakes continue to
fall and melt, they collapse into raindrops. The rain-
drops are smaller and fall faster, so both the size of the
particles and their concentration are reduced, reducing

FIG. 9. Cumulative frequency distributions with altitude for radar reflectivity from PR (top
left) convective and (top right) stratiform, and GCE simulation (bottom left) convective, and
(bottom right) stratiform rain types. The bin size is 2 dBZ and minimum reflectivity is 18 dBZ.
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the radar reflectivity. This leads to the formation of a
narrow band of high reflectivity near the melting level.
Although the melting process is included in GCE, the
GCE bulk microphysics scheme does not include ex-
plicit mixed-phase particles (only ice or liquid). In ad-
dition, the prescribed model vertical resolution through
the melting layer may not be sufficient to resolve the
narrow band of high reflectivity associated with melt-
ing. Therefore it is not possible to simulate a bright
band using the output of GCE directly.

Presented in Fig. 11 are the PDFs of radar Etop from
the PR and GCE simulation for stratiform, convective,
and all rain conditions. From PR, the all-rain PDF of
Etop resembles that of the stratiform rain with a sub-
stantial peak at 4–5 km. This is not surprising because
the ice that melts to form weak stratiform rain has very
low reflectivity; therefore, the echo top is roughly the
freezing level. Also, stratiform rain covers a much
larger area than convective rain (Table 2), and so the
statistics are dominated by stratiform rains. The GCE
simulation does not show a large peak at the melting
level for stratiform rain because the model does not
simulate bright band. It is also notable that the PR
shows some evidence of a shallow convective mode;
then a jump at 5 km that may be due to melting ice,
even though there is no bright band, per se. There ap-
pear to be mainly two convective modes in the GCE
simulation: shallow and very deep (extends to 10–15
km), while there is a significant population of interme-
diate-depth modes in the PR data. This indicates that
model’s vertical profiles of rain are still quite different
from reality.

e. Cloud characteristics

Since the definition of a cloudy pixel is subject to
arbitrary thresholds both in GCE and satellite observa-
tions, we will use cloud optical properties as well as

FIG. 11. PDF of radar Etop from (top) PR and (bottom) GCE
simulation.

FIG. 10. Cumulative frequency distribution with altitude for radar reflectivity from PR
stratiform rain (left) with bright band and (right) without bright band. The bin size is 2 dBZ
and minimum reflectivity is 18 dBZ.
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OLR and top-of-atmosphere (TOA) albedo to diag-
nose cloud characteristics from GCE and satellite ob-
servations, since OLR and albedo are not affected by
the cloud threshold. Presented in Fig. 12 are the total
cloud fraction, high cloud fraction (defined here as
cloud top above 400 hPa), domain-averaged OLR, and
TOA albedo from CERES and GCE. The CERES ob-
servations show that total cloud fraction is close to
100% during the deep convective episodes but drops to
50% and 40% in the intermediate quiescent periods
around 23 May and 12 June, respectively. The drop of
cloud fraction corresponds to the warming and drying
of large-scale forcing presented in Fig. 1 around 23 May
and 12 June. The mean cloud percentage from CERES
for the period is 78% and the mean high cloud percent-
age is 50%. Two methods have been used to define a
cloud grid for GCE output in this study: the cloud mix-
ing ratio threshold and optical thickness threshold.
When using mixing ratio threshold, higher cloud
thresholds result in smaller cloud fractions except
around 24–25 May when all methods yield close to
100% cloud fraction. The mean cloud percentages for
the period are 64%, 57%, and 51% using total hydro-
meteor thresholds of 0.002, 0.005, and 0.008 g kg�1,
respectively. The corresponding mean high cloud per-
centages are 38%, 31%, and 27% using these thresh-
olds. Using an optical thickness threshold of 0.3 results
in 48% of total cloud fraction and 30% high cloud frac-
tion, roughly comparable to the cloud fraction using
total hydrometeor threshold of 0.005 g kg�1. For the
current case, it is obvious that the model does not pro-
duce enough cloud area using any of the chosen thresh-
olds. The higher fraction of total cloud area from
CERES is consistent with the lower domain-averaged
OLR and higher TOA albedo relative to GCE seen
during most of the period (Fig. 12).

To further examine the cloud populations within the
domain, the PDFs of OLR, effective cloud-top pres-
sure, and visible optical thickness from both the model
and CERES are shown in Fig. 13. The GCE cloud prop-
erties are spatially averaged to 10-km resolution to be
consistent with the definitions of the CERES SSF cloud
products (although the CERES footprint size may be
larger than 10 km with larger viewing angles). All the
PDFs show asymmetric characteristics. The PDFs of
OLR from CERES and GCE are both negatively
skewed, with the GCE being more concave upward
with a higher peak percentage around 290 W m�2 and
a significantly smaller percentage of OLR that is less
than 250 W m�2 (Fig. 13a). The PDF of OLR from
CERES is much flatter and peaks at 270 W m�2. This
implies that the CERES observations are more con-
tinuous in observed cloud and clear field while the

model is dominated with clear area but small sporadic
high- and midlevel clouds. The PDFs of effective cloud
top from CERES and GCE are both positively skewed
toward high cloud top, with GCE being more concave
upward (Fig. 13b). The PDF of CERES effective cloud
top peaks at 230 hPa and gradually decreases toward
high and low cloud (Fig. 13b). The effective cloud top
from the GCE model has a peak frequency near 190
hPa but decreases much faster toward midlevel cloud
than the CERES observations. Note that the PDFs of
effective cloud top only include cloudy pixels so that
the peak frequencies are shown for high clouds, while
the PDFs of OLR include all pixels, so that peak fre-
quencies are located for clear pixels. The model also
shows small frequency peaks below 700 hPa that
CERES does not observe. The higher cloud top from
GCE may be due to updrafts that are too strong in the
3D model and the maximum height of the cloud-
resolving model; see Lang et al. (2007). The PDFs of

FIG. 12. Domain-averaged (a) total cloud fraction, (b) high
cloud fraction, (c) OLR, and (d) TOA albedo from CERES mea-
surements (dashed lines) and GCE simulation (solid lines) from
18 May to 18 Jun 1998. The GCE cloud fractions are defined using
threshold of total hydrometeor density of 0.002 g kg�1 (thin solid
line), 0.005 g kg�1 (dotted line), 0.008 g kg�1 (dash dotted line),
and optical thickness of 0.3 (thick solid line).
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optical depth for both the model and the CERES ob-
servations use a cutoff threshold of 0.3 because the
CERES instrument cannot detect cloud when the op-
tical thickness is less than 0.3 (Fig. 13c). The bin size is
one for optical thickness. The PDFs of optical depth
show exponential decreases of frequency with increas-
ing optical depth, which means thin anvil clouds domi-
nate deep convective clouds in terms of area. The GCE
simulation generally shows a lower frequency of occur-
rence for this optical thickness range and is slightly
more skewed toward small values than the PDF of the
CERES data, which is consistent with the overall less
cloud fraction as shown in Fig. 12.

f. Precipitation efficiency

Precipitation efficiency (PE) relates the amount of
surface rainfall to the moisture influx or cloud conden-
sation in a storm system, but the precise definition of

precipitation efficiency varies in different modeling
(Weisman and Klemp 1982; Lipps and Hemler 1986;
Tao et al. 2004) and observational studies (Del Genio
and Kovari 2002; Lau and Wu 2003; Lin et al. 2006). In
this paper, we define the precipitation efficiency in two
ways: for the whole storm using domain-averaged
quantities and for individual grid locations to interpret
the microphysical impact.

For the stormwide precipitation efficiency, we use
the ratio of domain mean surface rain rate (RR) to the
domain mean column condensate (TWP, including liq-
uid- and ice-phase cloud and precipitation) from both
TMI retrievals and GCE simulation. High precipitation
and low condensate mean the system is more efficient
in converting the condensate into surface rain. Pre-
sented in Fig. 14 are the 2D histograms of precipitation
efficiency (RR/TWP) versus total condensate (TWP)
based upon TMI retrievals and GCE simulation. Al-
though rainfall retrieval from TMI for individual pixels
might be less certain as discussed in section 4b, the ratio
of domain-averaged rainfall and column condensate re-
flect the basic physical processes relating water conden-
sate and rain. Both PDFs show two distribution modes:

FIG. 13. The probability distribution functions of (a) OLR, (b)
effective cloud-top pressure, and (c) visible optical thickness from
CERES and GCE simulation. The bin size for OLR, effective
cloud-top pressure, and optical thickness are 20 W m�2, 20 hPa,
and 1, respectively. The cutoff threshold for optical thickness
is 0.3.

FIG. 14. 2D frequency distributions of precipitation efficiency
(RR/TWP) vs total condensate (TWP) from (top) GCE and (bot-
tom) TMI simulations. The bin size for precipitation efficiency
and total condensed water is 0.25 and 0.2, respectively. The con-
tour is normalized percentage.
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one with high total condensation and one with low total
condensation. The high total condensation mode is
likely associated with large and heavy rain systems and
low condensation mode is associated with small, light
rain systems. The GCE model has a larger range of
precipitation efficiency than TMI when the total con-
densation is low. The peak frequency of the model’s PE
is about 1.0, while TMI’s peak frequency is around 1.25.
The TMI shows slightly decreasing PE with increasing
water load and the GCE has slightly increasing PE with
increasing water load. This indicates that although the
model is less efficient in small rains compared to TMI,
it is increasingly more efficient in raining out in heavy
rain events, likely resulting in less anvil cloud than that
seen in the observations.

At the pixel level, we define a precipitation efficiency
as the ratio of surface rain rate to the PR-integrated
precipitation water (RR/precipWaterSum) since indi-
vidual TMI profiles are less reliable at footprint scale.
The TRMM PR can only detect rain signal, and so this
analysis only reflects part of the physics involved, that
is, the conversion of precipitation in the vertical column
to the rain flux at the surface. The GCE vertically in-
tegrated precipitation water is calculated from rain,
snow, and graupel amount in the vertical layer where
the corresponding radar reflectivity is greater than 17
dBZ, so that it is consistent with PR measurements.
Shown in Fig. 15 are mean precipitation efficiencies for
each surface rain bin from 0.5 to 25 mm h�1 with bin
size of 1 mm h�1 for both the PR and GCE. The upper
panel shows that the mean precipitation efficiency of
stratiform with bright band category is lower than ei-
ther convective or stratiform without bright band cat-
egories from PR. The result means that the precipita-
tion-sized condensate in the air falls out more slowly as
surface rain when a bright band exists, because snow
falls relatively slowly through the weak updrafts in
stratiform regions before it melts and falls out as rain;
that is, there is relatively more snow just above the
freezing level, and it is only gradually being converted
to rain. In convective regions, the raindrop collision/
coalescence (warm rain) process is a fairly efficient pro-
ducer of rain in the Tropics, more dense graupel par-
ticles aloft fall faster, and raindrops/graupel are aided
by stronger downdrafts to produce rain more quickly at
the surface. The middle panel shows convective and
stratiform rain categories for the GCE simulation. The
GCE model has much higher precipitation efficiency
for convective rain than stratiform rain for rain rates
less than 20 mm h�1. This is because GCE has an ex-
cessive snow and graupel amount above the freezing
level for stratiform rain as shown in Fig. 8. There is a

discontinuity of the model’s convective and stratiform
curves at approximately 20 mm h�1 because of the
specified threshold in the model to separate convective
and stratiform rain. The lower panel compares mean
precipitation efficiencies from PR and GCE for all rain
cases. It may be noted that, for the same surface rain
rate, the model yields lower mean precipitation effi-
ciency than PR because of its high graupel amount for
stratiform rain. If graupel is excluded, the model has
slightly higher precipitation efficiency than PR. Com-
bining the results from Figs. 14 and 15, it seems that the
model is quite efficient in convective and heavy rain
situations but less efficient in converting graupel into
rain in stratiform rain conditions.

5. Summary

In this paper, the cloud and precipitation statistics
simulated using the 3D GCE cloud-resolving model
over SCSMEX during 18 May–18 June 1998 are com-

FIG. 15. Mean PEs (RR/precipWaterSum) binned for surface
rain rate from GCE and PR retrievals. PEs stratified for (a) con-
vective, stratiform with bright band, and stratiform without
brightband categories from PR; (b) convective and stratiform rain
from GCE; (c) all cases from PR and GCE. The bin size of surface
rain rate is 1 mm h�1.
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pared with TRMM TMI and PR rainfall measurements
and CERES single scanner footprint radiation and
cloud retrievals. The aggregate effect of cloud and rain
systems are considered by systematically examining im-
portant parameters such as surface rain rate, convec-
tive/stratiform percentage, rain profiles, OLR, cloud
optical properties, and precipitation efficiency.

The study shows that the model captures the time
evolution and major features of convective systems
quite well. It reproduces organized mesoscale convec-
tive systems with orientations similar to observations
when the environmental wind shear is strong but less
organized small (but intense) precipitation cells when
the environmental wind shear is weak.

Consistent with many previous studies (Grabowski et
al. 1998; Khairoutdinov and Randall 2003; Xie et al.
2005; Xu et al. 2005; Zeng et al. 2007), this study shows
that GCE is capable of reproducing the total rain
amount as compared to rainfall estimated from sound-
ing data. The GCE rainfall spectrum includes a greater
proportion of heavy rains than PR or TMI observa-
tions. TMI seems to underestimate the high rain rates
because of the lack of sensitivity of radiances and the
smoothing effect of the Bayesian technique.

The GCE model produces excessive condensed wa-
ter loading in the column, especially the amount of
graupel as indicated by both TMI and PR observations,
and reported by other studies (Lang et al. 2007; Zeng et
al. 2007). The model also cannot simulate the bright
band and the sharp decrease of radar reflectivity above
the freezing level in stratiform rain as seen from PR.
The lack of a bright band is due to the simplified bulk
microphysics scheme used in the GCE simulation (Ol-
son et al. 1996).

Comparing GCE-simulated OLR, cloud optical
thickness and effective cloud top to CERES measure-
ments, it is found that the model has much higher do-
main-averaged OLR due to smaller total cloud fraction,
a result contrary to the ARM/SGP site simulation by
Zeng et al. (2007). The PDFs of OLR and effective
cloud top from GCE show that the model has a more
skewed distribution of OLR and effective cloud top
than CERES observations, indicating that the model’s
cloud field is insufficient in area extent.

The precipitation efficiency is examined for the
whole storm using domain-averaged quantities, as well
as at pixel level to examine the microphysical processes.
The domain-averaged precipitation efficiency from
GCE is very close to that derived from TMI because
GCE generates both heavier rain and more condensed
water than TMI. The GCE is quite efficient in convec-
tive or heavy rain conditions while not very efficient in

stratiform rain conditions because of the large amounts
of slowly falling snow and graupel that are simulated.

The analysis demonstrates that the GCE model is
quite robust in reproducing the total surface rain, rain
variation with time, and the convective/stratiform rain
partition. Large differences between model and obser-
vations exist in the rain spectrum and the vertical hy-
drometeor profiles that contribute to the associated
cloud field. The GCE model seems to yield slightly
lower overall precipitation efficiency than that derived
from TRMM observations. It tends to produce more
intense convection and less anvil cloud.

The discrepancies between the GCE simulation and
satellite observations can be contributed to many fac-
tors including uncertainties in measurements and im-
perfect model physics. Accurate and consistent large-
scale advective tendencies of temperature and water
vapor are also crucial for the GCE simulation. In Part
II, sensitivity tests will be conducted to evaluate the
impact of model setup (i.e., model resolution, domain
size, etc.) and various microphysics schemes on the rain
spectrum and vertical hydrometeor profiles. Analyses
of other case studies will be needed in order to establish
the generality of the results from this study and to de-
termine how the differences between model-simulated
and observed parameters vary with environmental con-
ditions.
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