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Convection is the primary transport process in the Earth's atmosphere. About two-thirds of
the Earth's rainfall and severe floods derive from convection. In addition, two-thirds of the
global rain falls in the tropics, while the associated latent heat release accounts for
three-fourths of the total heat energy for the Earth's atmosphere. Cloud-resolving models
(CRMs) have been used to improve our understanding of cloud and precipitation processes
and phenomena from micro-scale to cloud-scale and mesoscale as well as their interactions
with radiation and surface processes. CRMs use sophisticated and realistic representations of
cloud microphysical processes and can reasonably well resolve the time evolution, structure,
and life cycles of clouds and cloud systems. CRMs also allow for explicit interaction between
clouds, outgoing longwave (cooling) and incoming solar (heating) radiation, and ocean and
land surface processes. Observations are required to initialize CRMs and to validate their
results.
The Goddard Cumulus Ensemblemodel (GCE) has been developed and improved at NASA/Goddard
Space Flight Center over the past three decades. It is a multi-dimensional non-hydrostatic CRM that
can simulate clouds and cloud systems in different environments. Early improvements and testing
were presented in Tao and Simpson (1993) and Tao et al. (2003a). A reviewon the application of the
GCE to the understanding of precipitation processes can be found in Simpson and Tao (1993) and
Tao (2003). In this paper, recent model improvements (microphysics, radiation and land surface
processes) are described along with their impact and performance on cloud and precipitation
events in different geographic locations via comparisons with observations. In addition, recent
advanced applications of theGCE are presented that include understanding the physical processes
responsible for diurnal variation, examining the impact of aerosols (cloud condensation nuclei or
CCN and ice nuclei or IN) on precipitation processes, utilizing a satellite simulator to improve the
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microphysics, providing better simulations for satellite-derived latent heating retrieval, and
coupling with a general circulation model to improve the representation of precipitation processes.
Future research is also discussed.

Published by Elsevier B.V.
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1. Introduction

Cloud-resolving models (CRMs) have been developed
over the past four decades. They have been used to improve
our understanding of cloud and precipitation processes over
a range of scales from micro- to cloud- to meso- as well as
their interaction with radiation, aerosol and surface process-
es. The basic characteristic of CRMs is that their governing
equations are non-hydrostatic since the vertical and horizontal
scales of atmospheric convection are similar. CRMs use sophis-
ticated and physically realistic cloud microphysical processes
at very fine spatial and temporal resolution. However, these
cloud-microphysical processes (nucleation, diffusion growth
and collision among cloud and precipitation particles) must
be parameterized in CRMs as does atmospheric turbulence,
turbulent processes at oceanic or terrestrial boundaries (latent
and sensible heat fluxes into the atmosphere), and radiative
transfer processes, which can be complex in the presence of
clouds. These processes have to be allowed to interact explicitly

with the cloud dynamics (i.e., convective draft/circulation,
pressure gradient force, convectively-generated gravity waves,
and cool pool). Observations are crucial for verifying model
results and improving the initial and boundary conditions as
well as the aforementioned physics processes.

Some of the major advantages of using CRMs include their
ability to quantify the effects of each physical process upon
convective events by means of sensitivity tests (e.g., by
eliminating a specific process such as evaporative cooling,
melting of precipitating ice particles) and their detailed
dynamic and thermodynamic budget calculations. Fig. 1
shows a schematic of the main characteristics of typical
CRMs. Reviews of CRMs including their history and applica-
tions can be found in Tao (2003, 2007) and Tao and Moncrieff
(2009).

The Goddard Cumulus Ensemblemodel (GCE) is a CRM that
has been developed and improved at NASA Goddard Space
Flight Center (GSFC) over the past three decades. Its develop-
ment and main features were published in Tao and Simpson
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(1993) and Tao et al. (2003a). A review on the application of
the GCE to better understand precipitation processes can be
found in Simpson and Tao (1993) and Tao (2003). This paper
will present the improvements to themodel and its application
since 2003. Improvements to the model's microphysics, radia-
tion and land surface parameterizations and specific cases are
described in Sections 2 and 3, respectively. In Section 4 recent
applications of the GCE including the study of diurnal variation,
aerosol effects, and satellite physical parameter retrieval as well
as coupling with satellite simulators and a global model (i.e., the
development of a multi-scale modeling system with unified
physics) to study precipitation processes are presented. The
summary and future model developments are presented in
Section 5.

2. Model improvements

The 3D version of the GCE is typically run using 256 × 256
up to 1024 × 1024 horizontal grid points at 1–2 km resolution
or finer. The model was also recently enhanced to simulate the
impact of atmospheric aerosol concentrations on precipitation
processes and the impact of land and ocean surface processes
on convective systems in different geographic locations
(Tao and Simpson, 1984, 1989; Tao and Soong, 1986; Tao
et al., 1991, 1993, 1996, 2003b, 2004, 2007; Lang et al.,
2003; Johnson et al., 2007; Li et al., 2009a; Zeng et al.,
2007, 2009a,b; Shen et al., 2011, 2014; Ping et al., 2013
and many others). The GCE has also been coupled with the
Goddard Satellite Data Simulator Unit (G-SDSU), which
allows us to scrutinize the performance of the microphys-
ics by analyzing discrepancies between the simulated and
observed radiances from remote sensing measurements
(Matsui et al., 2009; Li et al., 2010). A message passing
interface (MPI) version of the GCE was developed (Juang
et al., 2007) and can be run on many different platforms using
any number of CPUs. Table 1 shows the main characteristics of
the GCE.

The GCE has been used to understand the following1:

• The role of thewater and energy cycles in the tropical climate
system,

• The redistribution of ozone and trace constituents by individ-
ual clouds andwell-organized convective systemsover various
spatial scales,

• The relationship between the vertical distribution of latent
heating (LH, phase changes of water), surface rainfall and the
large-scale (pre-storm) environment,

• Climate hypotheses of deep convection related to global
warming,

• Precipitation processes (i.e., precipitation efficiency),
• The aerosol impact on precipitation and rainfall in different
environments,

• The impact of surface process on precipitation and rainfall,
• The assumptions used in the representation of cloud and
convective processes in climate and general circulationmodels,
and

• The representation of cloud microphysical processes and
their interactionwith radiative forcing over tropical andmid-
latitude regions.

The following sub-sections present the recent improve-
ments in microphysics, radiation and land surface modules.

2.1. Microphysics

The GCE model's bulk microphysical schemes are based on
Lin et al. (1983) and Rutledge and Hobbs (1984). Modifications
have been made to reduce the over-estimated and unrealistic
amount of graupel in the stratiform region (Lang et al., 2007),
to better address saturation issues (Tao et al., 2003a) and
to obtain more realistic ice water contents for longer-term

Fig. 1. Schematic diagram showing the characteristics of the cloud-resolving
model. Arrows indicate a two-way interaction between different physical
processes.

Table 1
Characteristics of the Goddard Cumulus Ensemble model.

Parameters/
processes

GCE

Dynamics Anelastic or compressible
2D (slab- and axis-symmetric) and 3D

Vertical coordinate z
Microphysics 2-Class water & 3-class ice (graupel or hail as the

3rd class)
2-Class water & 4-class ice
Two moment 2-class water & 3-class ice
Two moment 2-class water & 4-class ice (RAMS)
Spectral bin microphysics

Numerical methods Positive definite advection for scalar variables
4th-order for dynamic variables

Initialization Initial conditions with forcing from observations/
large-scale models

Radiation k-Distribution and four-stream discrete-ordinate
scattering (8 bands)
Explicit cloud–radiation interaction

Sub-grid diffusion TKE (1.5 order)
Dynamic (1st order)

Surface energy
budget

Land Information System (LIS)
7-Layer soil model (PLACE)
TOGA COARE flux module

Parallelization OPEN-MP and MPI

1 More than 150-refereed papers using the GCE have been published in
the last three decades.
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simulations (Zeng et al., 2008). Lang et al. (2011) further
modified the 3ICE scheme to reduce an overabundance of
excessively high reflectivity values aloft. Recently, the GCE
was adapted to interface with the single and double moment
versions of the Colorado State University Regional Atmo-
spheric Modeling System (RAMS) bulkmicrophysics scheme
(Meyers et al., 1997; Saleeby and Cotton, 2004) as well as the
spectral bin microphysics (SBM) scheme of the Hebrew
University Cloud Model (Khain et al., 2004; Tao et al., 2007;
Li et al., 2009a,b). Details of these improvements will be
discussed in the following sub-sections.

2.1.1. Improved 3ICE bulk microphysics scheme
Lang et al. (2007) showed that more realistic diurnal

convective growth was achieved by reducing the horizontal
grid spacing from 1000 to 250 m. This produced a gradual
transition from shallow to deep convection that occurred over
a span of hours as opposed to an abrupt appearance of deep
convection in the coarse (i.e., 1000 m) resolution simulation

(Fig. 2). In addition, eliminating the dry growth of graupel in
the bulkmicrophysics scheme effectively reduced the unrealistic
presence of graupel in the simulated anvil. However, compari-
sons with radar reflectivity data using contoured-frequency-
with-altitude diagrams (CFADs) revealed that the resulting
snow contentswere too large. The excessive snowwas reduced
primarily by lowering the collection efficiency of cloud water
by snow and resulted in further agreement with the radar
observations (Fig. 3). The transfer of cloud-sized particles to
precipitation-sized ice appears to be too efficient in the original
scheme. Overall, these changes to themicrophysics lead tomore
realistic precipitation ice contents in the model. In addition, the
improved precipitation-sized ice signature in the model simula-
tions lead to better latent heating retrievals as a result of both
better convective–stratiformseparationwithin themodel aswell
as more physically realistic hydrometeor profiles for radiance
calculations for remote sensing applications.

The performance of the GCE bulk microphysics schemewas
further improved by reducing the bias in over penetrating

Fig. 2. Time–height cross sections obtained from the 23 Feb 1999 simulations of maximum (a) vertical velocity using 1-km horizontal grid spacing, (b) vertical
velocity using 250-m horizontal spacing, (c) reflectivity using 1-km horizontal spacing, and (d) reflectivity using 250-m horizontal spacing.
Figure adapted from Lang et al. (2007).
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40-dBZ echoes at higher altitudes (Fig. 4), which is due
mainly to excessively large contents and/or sizes of graupel
particles at those altitudes (Lang et al., 2011). This also
improved the overall model reflectivity probability distri-
bution (i.e., CFADs). These improvements were achieved by
systematically evaluating and improving individual ice processes
in the bulk scheme such as: (1) accounting for relative humidity
and mean cloud ice mass in the Bergeron process for snow, (2)
adding a simple Hallett–Mossop rime splintering parameteriza-
tion, (3) replacing the Fletcher curve, which determines the
number of active ice nuclei (IN) as a function of temperature,
with the Meyers et al. (1992) curve, which determines the
active IN as a function of ice supersaturation, in the cloud ice
nucleation, depositional growth and Bergeron growth param-
eterizations, (4) relaxing the saturation scheme to allow for ice
supersaturation, (5) adding two additional parameterizations
for contact nucleation and immersion freezing, (6) including
cloud ice fall speeds, (7) allowing graupel and snow to sublimate
(the original Rutledge and Hobbs scheme only allows graupel
and snow deposition but not sublimation), and (8)mapping the

snow and graupel intercepts (effectively the mean snow and
graupel particle diameters) as functions of temperature and
mass.

The Goddard microphysics schemes have been imple-
mented into the University of Oklahoma Advanced Regional
Prediction System (ARPS), Fifth-Generation Penn State/NCAR
Mesoscale Model (MM5) and NCAR Advanced Research
Weather Research and Forecasting model (ARW). The perfor-
mance of these schemes has also recently been tested in
various types of cloud and precipitation systems with good
agreement with observations (Merino et al., 2014; Vich et al.,
2011; Van Weverberg et al., 2011; García-Ortega et al., 2012
and others).

2.1.2. Two-moment bulk microphysics scheme
The Colorado State University Regional Atmospheric

Modeling System (RAMS) two-moment bulk cloud microphys-
ical scheme (Meyers et al., 1997; Cotton et al., 2003; Saleeby and
Cotton, 2004, 2008; Lee et al., 2009) has been implemented in
the GCE model. The RAMS scheme assumes a gamma-shaped

Fig. 3. Contoured-frequency-with-altitude diagrams of radar reflectivity (a) observed from S-pol ground-based radar and simulated with the 3D GCE using (b)
the original microphysics, (c) the original microphysics with no dry growth of graupel and (d) the original microphysics with no dry growth of graupel and
reduced snow collection efficiencies for the 26 January 1999 LBA case over Amazonia.
Figure adapted from Lang et al. (2007).
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particle size distribution for three species of liquid (small and
large cloud droplets and rain) and five species of ice (small and
large vapor grown crystals, aggregates, graupel, and hail). Ice
crystal habit is allowed to vary as a function of temperature
and humidity. Consistent with observations of a bimodal
cloud droplet size distribution, the cloud droplet spectrum is
decomposed into two modes, one for droplets 1 to 40 μm
in diameter, and the second for droplets 40 to 80 μm in
diameter. The Goddard radiation scheme (Chou and Suarez,
1999; Chou et al., 2001) fully interacts with all eight-cloud
species and accounts for changes in cloud particle size
distributions as cloud systems develop and evolve. Collection is
simulated using stochastic collection equation solutions, facili-
tated by bin-emulating look-up tables, rather than by continuous
accretion approximations. The philosophy of bin representation

of collection is extended to calculations of drop sedimentation
and riming. Concentrations of aerosol species serve as prognostic
variables in the RAMS microphysics and are used to determine
cloud droplet concentration.

Fig. 5 depicts a comparison between observed and GCE-
simulated IR and microwave (MW) brightness temperatures
for two different assumed background cloud condensation
nuclei (CCN) concentrations: pristine and continental following
the method outlined in Matsui et al. (2009). In addition to the
brightness temperature-echo top height histograms, the cumu-
lative frequency distribution of the 85 GHz brightness temper-
ature is computed for each cloud type. The simulation run in the
pristine environment produced a higher fraction of deep clouds
relative to the simulation run in the polluted environment. In
addition, the fraction of congestus and mid-cold clouds was

Fig. 4. Time–height cross sections of maximum radar reflectivity for the 23 Feb 1999 case simulated using (a) the modified Goddard microphysics scheme and
(b) the original Goddard microphysics scheme, and observed by (c) ground-based radar and (d) vertical profiles of the maximum reflectivities extracted from the
observations and the last 60 min of the simulations. Model data were taken from a 64 × 64 km2 subdomain. Right axes in (a)–(c) are heights (km), horizontal
dashed lines show the level of indicated environmental temperatures (°C). Black labels at the bottom of (c) are UTC times while gray labels indicate approximate
matching model time.
Figure adapted from Lang et al. (2011).
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slightly higher in the high-CCN simulation than in the low-CCN
run. The high-CCN simulation also exhibits a slightly greater
frequency of relatively low 85 GHz brightness temperature for
congestus, mid-cold, and deep clouds. This implies the presence
of a larger concentration of relatively large precipitating ice
particles in the high-CCN run than in the low-CCN run— a result
consistent with a larger concentration of super-cooled liquid
droplets available for riming and vapor growth of ice particles
(Wegener–Bergeron–Findeisen process) associate with higher
CCN concentration.

2.1.3. Improved spectral bin microphysics (SBM) scheme
The SBM includes the following processes: (1) nucleation

of droplets and ice particles (Pruppacher and Klett, 1997;
Meyers et al., 1992), (2) immersion freezing (Vali, 1994),
(3) contact freezing (Meyers et al., 1992), (4) ice multipli-
cation (Hallet and Mossop, 1974; Mossop and Hallet, 1974),
(5) detailed melting (Khain et al., 2004), (6) condensation/
evaporation of liquid drops (Pruppacher and Klett, 1997;
Khain et al., 2000), (7) deposition/sublimation of ice particles
(Pruppacher and Klett, 1997; Khain et al., 2000), (8) drop/drop,
drop/ice, and ice/ice collision/coalescence (Pruppacher and
Klett, 1997; Pinsky et al., 2001), (9) turbulence effects on
liquid drop collisions (Pinsky et al., 2000), and (10) collisional

breakup (Seifert and Beheng, 2001; Seifert et al., 2005). In the
first process, both condensation-freezing and homogeneous
nucleation are considered. The Meyers' formula is applied in
a semi-Lagrangian approach (see Khain et al., 2000). The
concentration of newly nucleated ice crystals at each time
step is calculated by the increase in the value of super-saturation.
Sedimentation of liquid and ice particles is also considered.
SBM are specially designed to take into account the effect
of atmospheric aerosols on cloud development and precipita-
tion formation. The activation of aerosols in each size bin is
explicitly calculated in this scheme (Khain et al., 2000). This
added level of sophistication will improve our understand-
ing of microphysical processes and positively influence the
development of NASA Tropical Rainfall Measurement Mission
(TRMM) and Global Precipitation Measurement (GPM) rain/
snowfall retrieval algorithms.

The bulk-microphysics drop size distribution (DSD) assump-
tions have been evaluated against explicitly-simulated DSDs
using the SBM scheme, because SBM simulations yield much
more realistic radar echo profiles than the bulk one-moment
microphysics (Fig. 6, Li et al., 2009a). The results suggest that
SBM-simulated DSDs are more dependent on temperature than
mass mixing ratio. In addition, the numerical results are in good
agreementwith observations, indicating that themicrostructure

High CCN 
c d

Low CCN 
a b

Fig. 5. Output from the TRMM three-step evaluation framework (Matsui et al., 2009) for a GCE simulation with a clean environment (50 cm−3 CCN, a and b), and
a continental environment (1000 cm−3 CCN, c and d). The left panels are the two dimensional (joint) frequency distribution of TRMM echo top height (abscissa) and
11 μmbrightness temperature (ordinate). The right panels are the cumulative frequencydistribution of 85 GHz brightness temperature for eachof the four cloud types.

398 W.-K. Tao et al. / Atmospheric Research 143 (2014) 392–424



of clouds depends strongly on cloud–aerosol interactions (Tao
et al., 2007; Li et al., 2009a,b, 2010).

The SBM have also been used to improved bulk schemes.
For example, the raindrop size distribution assumption in
the bulk microphysical scheme artificially enhances the rain

evaporation rate since smaller raindrops evaporate faster
than larger ones. The cooling produced by rain evaporation
largely determines the cool pool strength, which is crucial
for storm regeneration and propagation (e.g., Rotunno et al.,
1988). In the bulk simulation shown in Li et al. (2009a), the

Fig. 6. C-band radar reflectivity observed (a) and simulated (b), (c) and (d) for a PRESTORM case study. The shaded areas indicate radar reflectivity higher than 30
dBZ. (b) Uses the bin microphysical scheme, (c) the original bulk scheme, and (d) the improved bulk scheme where rain evaporation overestimation is corrected
according to the bin scheme and the graupel density and fall speed are reduced.
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strong cold pool circulation dominates the near-surface envi-
ronmental wind shear, producing pulsating updraft cores that
tilt rearward and propagate into the stratiform region. This is in
contrast to the near-balance between the cold pool and thewind
shear simulated in the bin scheme, which results in upright,
steady updraft cores and a homogeneous stratiform region. Rain
evaporation in the bulk scheme is reduced according to an
empirical formula derived from the bin scheme (Li et al., 2009b);
the resulting radar reflectivity agrees better with both the
observations and the bin simulation.

2.2. Radiation

Goddard long- and short-wave radiative transfer process-
es (Chou and Suarez, 1999; Chou et al., 2001) are used in the
GCE model. In the Goddard radiative transfer parameteriza-
tions, gaseous absorption is estimated from a k-distribution
method in eight bands for solar and eight bands in infrared (IR).
Pre-computed Mie tables determine the single-scattering prop-
erties of aerosols and hydrometeor species, and a two-stream
adding method is used to solve for the radiative transfer in
each band. Thus, for a given atmospheric column, profiles of
atmospheric radiative heating rate and longwave and shortwave
fluxes are obtained to update the atmospheric temperature in
the column, diagnose the top-of-the-atmosphere (TOA) energy
budget, and provide bottom-of-the-atmosphere (BOA) radiation
fluxes to a land-surface model. The code is implemented via a
1-dimensional driver to skip nighttime computation and further
developed to add a pre-computed look-up table that accounts
for CO2 absorption. Table 2 shows the main characteristics of
both the long- and short-wave radiative transfer modules. A
comparison with line-by-line radiative code is also shown.

The use of a fully explicit microphysics scheme (with size
distributions of liquid and ice) and a fine horizontal resolution
can provide relatively realistic cloud optical properties, which
are crucial for determining the radiation budgets and diurnal
variation of precipitation processes. With high spatial resolu-
tion, each atmospheric layer is considered either completely
cloudy (overcast) or clear. No partial cloudiness as well as
overlap assumption is needed. In addition, the definition of
cloud is based on small cloud optical depth (0.0001) to count for
thin cloud. The ice cloud effective radius (25–125μm) depends
on ambient temperature. Effective radius for precipitation
particles (rain, aggregate, graupel) is also considered. Please
see Tao et al. (2003a) for details on the cloud optical properties
(calculations).

2.3. Land surface model (LSM)

Over land, coupledmodeling experiments from convective-
scale to mesoscale have demonstrated that uncoupled exper-
iments may lead to an inaccurate understanding of the water
and energy cycle due to the lack of feedback processes such as
entrainment at the top of the boundary layer associated with
surface turbulent heat fluxes (Pielke, 2001; Ek and Holtslag,
2004; Santanello et al., 2009). The GCEmodel has been coupled
with the Parameterization for Land–Atmosphere–Cloud
Exchange (PLACE). Developed at Goddard by Wetzel and
Boone (1995), PLACE is a surface–vegetation–atmosphere
transfer scheme (SVATS) that consists of linked process
models (e.g., net radiation, evapotranspiration, ground heat
storage), emphasizing the vertical transport of moisture
and energy through a 5 layer soil moisture and 7 layer soil
temperature column to the overlying heterogeneous land
surface. The exchange of radiation, heat, momentum, and
moisture fluxes between the GCE and PLACE models permits
the study of convective-scale land surface–atmosphere
feedbacks. GCE–PLACE has been used to study the initiation of
landscape-generated (Lynn et al., 1998; Lynn and Tao, 2001)
and sea breeze-generated (Baker et al., 2001) deep convection
and the sensitivity of West African convective line develop-
ment to land surface conditions (Mohr et al., 2003; Alonge
et al., 2007). The details of the GCE–PLACE coupling can be
found in Tao et al. (2003a).

In order to study the sensitivity of various land-surface
models (LSMs) and land-surface data assimilation, the GCE
model has been coupled with the multi-model Goddard Land
Information System (LIS). LIS is a scalable land data assimila-
tion system that integrates a suite of advanced LSMs, high
resolution satellite and observational data, data assimilation
and parameter optimization techniques, and high performance
computing tools (Kumar et al., 2006; Peters-Lidard et al., 2007).
LIS can be used in two different modes: (1) an analysis or
uncoupledmode and (2) a coupledmode. In the analysismode,
LIS can be used to generate high-resolution land surface initial
conditions. Land surface fields typically require long inte-
grations to reach thermodynamic equilibrium with the
meteorology and the ability to conduct multiyear “spinup”
integrations becomes important in generating accurate initial
conditions consistent with the prescribed meteorological
conditions. In the coupled mode, LIS directly interacts with the
GCE model by acting as the land surface component, encapsu-
lating several community LSMs and the broad set of data and

Table 2
Major characteristics of the Goddard radiation module.

Wavelength SW (solar) LW (thermal)

Flux solution Two-stream adding method Schwarzchild equation
Number of bands UV&PAR (8 bands) 10 bands

Solar-IR (3 bands)
Optical approximation Delta-Eddington approximation (for scattering and

transmission)
Henyen–Greenstein function (for scattering), One/
two-parameter scaling, modified k-distribution (for absorption)

Optical parameters H2O, O2, O3, CO2, condensates (cloud water, cloud ice, snow,
rain, and graupel/hail), aerosols (sulfate and precursors, dust,
black carbon, organic carbon, sea salt)

H2O, O3, CO2, trace gasses (N2O, CH4, CFC11, CFC12, CFC22),
condensates (cloud water, cloud ice, snow, rain, and graupel/
hail), aerosols (sulfate and precursors, dust, black carbon, organic
carbon, sea salt),

Accuracy Heating rate error within 5% accuracy in comparison with a
LBL model.

Cooling rate errorwithin 0.4 K/day in comparisonwith a LBLmodel.
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hydrological data assimilation infrastructure. The data handling
components in LIS enable the direct use of high-resolution
satellite and observational data streams for modeling. Thus, the
use of LIS enables the consistent use of the same physical
schemes in the generation of initial conditions as in the coupled
mode.

Fig. 7 shows an example of the effect of surface fluxes on
clouds using GCE–LIS. In that case, CRM simulations were
carried out using surface energy/water fluxes from LIS as well
as the observed surface fluxes from the Atmospheric Radiation
Measurement (ARM) Program's Southern Great Plains (SGP)
site over the Great Plains, respectively (Zeng et al., 2007). The
results were compared with radar observations to exhibit the
effects of surface fluxes on clouds. The values from LIS and the
ARM-SGP data were different from days 4 to 9 and led to
differing cloud fractions during that period, indicating an effect
of surface fluxes on clouds. When the modeled cloud fractions
were contrasted against the observations, the coupled LIS run
brought about a better cloud simulation than the simulation
with the ARM-SGP data because LIS has better temporal
resolution than the ARM-SGP data.

3. Cases

The GCE model was extensively used to study tropical
convection and its relation to the large-scale environment
during the past three decades. Typically, the large-scale effects
derived from observations are imposed into the model as the
main forcing. When the imposed large-scale advective forcing

cools and moistens the environment, the model responds by
producing clouds through condensation and deposition. The
fall out of large precipitation particles produces rainfall at
the surface. The larger the advective forcing, the larger the
microphysical response (rainfall) the model can produce
(Soong and Ogura, 1980; Soong and Tao, 1980; Tao and Soong,
1986; Tao et al., 1987). On the other hand, the model will not
produce any cloud or rainfall when the imposed large-scale
advective forcing heats and dries the atmosphere. The model,
however, needs to use cyclic lateral boundary conditions to
ensure that there is no additional heat, moisture ormomentum
forcing inside the domain apart from the large-scale forcing.
The model also requires a large horizontal domain to allow for
the existence of an ensemble of clouds/cloud systems of
different sizes in various stages of their lifecycles. This approach
also allows the GCE model to be used to conduct multi-day up
to multi-week integrations (e.g., Zeng et al., 2007, 2013; Lee et
al., 2010; Tao et al., 2010). In these longer-term integrations,
the model has performed reasonably well in terms of rainfall
(Table 3), latent heat and moisture budget structure (Fig. 8)
compared to observationswhen driven by observed large-scale
forcing derived from sounding networks. In addition, the
model results can provide cloud statistics that represent
different types of clouds/cloud systems during their lifetime
(life cycle). This type of cloud-resolving modeling was used in
manymodeling studies to study convective systems during the
Global Atmospheric Research Program (GARP) Atlantic Tropical
Experiment (GATE), the Tropical Oceans Global Atmosphere
(TOGA) — Coupled Ocean Atmosphere Response Experiment

Fig. 7. Time–pressure cross sections of observed (top) and modeled cloud fraction with the surface fluxes from the ARM observations (middle) and LIS land data
assimilation system (bottom) starting from 2030 UTC 25 May 2002.
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(COARE), the South China Sea Monsoon Experiment (SCSMEX),
and around the Department of Energy (DOE)/ARM sites and
others (see a review by Tao, 2003 and Tao and Moncrieff, 2009;
and Fig. 9).

In addition, the GCE model has been used to simulate the
evolution of clouds/cloud systems over periods of hours. The
initiation (or triggering) of convection is the primary issue
with cold pools, surface fluxes or stochastic perturbation
used to excite locally-forced convection. Such simulations are
very useful for model development especially when conduct-
ed in conjunction with field measurements of cloud micro-
physics (e.g., in-situ surface-based and aircraft observations
and ground-, aircraft- and space-based remote sensing) that
provide high-resolution data for model validation (e.g., Lang
et al., 2003, 2007, 2011; Li et al., 2010 and see previous
Section 2.1).

4. Advanced applications

4.1. Diurnal variation

The diurnal variation of tropical oceanic convection is
one of most important components in tropical variability
and plays a crucial role in regulating tropical hydrological
and energy cycles. The dominant diurnal signal is the
nocturnal peak in precipitation that occurs in the earlymorning
(i.e., Kraus, 1963; Gray and Jacobson, 1977; Randall et al.,
1991; Sui et al., 1997). The thermodynamic response of clouds
to radiative heating (cloud development is reduced by solar
heating and enhanced by IR cooling — Kraus, 1963; Randall et
al., 1991) and a large-scale dynamic response to the radiational
differences between cloudy and clear regions (Gray and
Jacobson, 1977) have been suggested as the mechanisms
responsible for the diurnal variation of precipitation over
tropical oceans. Daytime heating of the boundary layer by
solar radiation plays a dominant role in the diurnal variation of
convection over tropical continents (see references in Lin et al.,
2000). A successful simulation of the diurnal variability of the
hydrologic cycle and radiative energy budget provides a robust
test of physical processes represented in atmospheric models
(e.g., Slingo et al., 1987; Randall et al., 1991; Lin et al., 2000).

The GCE model has been used to examine the mecha-
nisms associated with the diurnal variation of precipitation
processes in the Tropics (Tao et al., 1996; Sui et al., 1998;
see reviews by Tao, 2003 and Tao and Moncrieff, 2009). Sui
et al. (1998) found that modulation of convection by the
diurnal change in available water (or relative humidity),
which is a function of temperature, was responsible for a
rainfall maximumaftermidnight. This implies that the increase
(decrease) in surface precipitation associated with longwave

cooling (solar heating) was due to an increase (decrease) in
relative humidity (Tao et al., 1996)2.

4.1.1. A midlatitude case
Recently, Lee et al. (2010) used the 2D GCE model to

examine the mechanisms of summertime diurnal precipita-
tion over the Great Plains. The model was constrained by the
observed large-scale background state and surface fluxes
derived from the DOE ARM Program's Intensive Observing
Period (IOP) data at the SGP. The model, when continuously
forced by surface fluxes and large-scale advection, captures
the observed rainfall events reasonably well with realistic
magnitudes (Fig. 10). The observed precipitation amount
shows a maximum in the nighttime, whereas the model
simulation does not clearly show the nighttime maximum
(Fig. 2 in Lee et al., 2010). Sensitivity tests were conducted to
determine the mechanisms for the daytime and nighttime
convection. Fig. 11 shows the diurnal variation of precipitation
driven by the time–mean diurnal variation of the large-scale
advection and surface fluxes (EXP1); surface fluxes only (EXP2),
large-scale advection only (EXP3), and time invariant large-scale
advection and surface fluxes (EXP4). EXP1 is characterized by
two peaks in the nighttime and late afternoon. EXP2 shows the
daytime convection, which actually happens in late afternoon
with the large-scale advection, as shown in EXP1. EXP3 shows
predominantly nocturnal precipitation. The results indicate that
surface heat and moisture fluxes are primarily responsible for
the development of deep convection in the afternoon, whereas
the large-scale upward motion and associated moisture
advection play an important role in preconditioning noctur-
nal convection. In the nighttime, high clouds are continu-
ously built up through their interaction and feedback with
long-wave radiation, eventually initiating deep convection
from the boundary layer (Lee et al., 2010). Without these
upper-level destabilization processes, the model tends to
produce daytime convection only in response to boundary
layer heating.

4.2. Aerosol effect

Aerosols and especially their effects on clouds and precip-
itation are one of the key components of the climate system
and the hydrological cycle. Yet, the aerosol effects on clouds
remain largely unknown, and the processes involved not well
understood. A report published by the United States National

Table 3
CRM-simulated rainfall amount and stratiform % for SCSMEX (1998), ARM (1997, 2002), TOGA COARE (1992) and GATE (1974).

Simulated rainfall amount (mm/day) Stratiform rain percentage (%) Estimated rainfall amount (mm/day)

SCSMEX 12.31 42.6 11.35
ARM (1997) 4.31 41.3 4.32
ARM (2002) 4.85 36.0 4.77
TOGA COARE (1992–1993) 7.72 47.6 9.32
GATE (1974) 10.56 41.4 11.38

2 Other physical processes (convective organization and its associated ice
processes and atmospheric stability) have been proposed by Liu and
Moncrieff (1998) and Xu and Randall (1995) as having a role in the diurnal
variation of precipitation based on CRM simulations.
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Academy of Science stated “The greatest uncertainty about
the aerosol climate forcing – indeed, the largest of all the
uncertainties about global climate forcing – is probably the

indirect effect of aerosols on clouds NRC (2001).” This “indirect
effect” includes the traditional “indirect” or “Twomey” effect on
cloud microphysics (Twomey, 1977; Twomey et al., 1984), the

Fig. 8. Heating (a) and moistening (b) budgets for the May SCSMEX case averaged over the 9-day simulation time (thick dashed gray). Contributions from net
condensation (condensation + deposition − evaporation − sublimation, dotted black) and the total vertical eddy-flux convergence (solid gray), including both
the cloud-scale and sub-grid-scale (turbulence) effects, are shown. The net radiation (dotted gray) and the diagnostically-determined heating and moistening
budgets derived from atmospheric sounding data are also shown for comparison (solid black). (c) and (d) are the same as (a) and (b), except for the KWAJEX
14-day simulation. (e) and (f) are the same as (a) and (b), except for the TOGA COARE 8-day simulation.
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“semi-indirect” effect on cloud extent and lifetime (Hansen et
al., 1997; Ackerman et al., 2000), and the effect on precipitation
formation (termed the 2nd indirect effect), as observed from
TRMM and other satellite studies (Rosenfeld, 1999, 2000). For
example, Rosenfeld (2000) found that smoke and air pollution
may act to suppress both liquid-phase and ice processes
involved in precipitation development, and that this effect
can occur over large areas. Rosenfeld andWoodley (2000) used
aircraft measurements to infer that suppression of coalescence
can reduce areal rainfall by as much as a factor of two. Such
pollution effects on precipitation potentially have a regional
climatic consequence in terms of feedbacks involving the land
surface via rainfall, and its energy budget, and changes in LH in
the atmosphere.

CRMs have been used to examine the role of aerosols in
precipitation processes (see Table 3 in Tao et al., 2012). These
modeling studies had many differences in terms of model
configuration (2D or 3D), domain size, grid resolution (150–
3000 m), microphysics (two-moment bulk scheme, simple or
sophisticated SBM), turbulence (1st or 1.5 order TKE), radiation,
lateral boundary conditions (closed, open and cyclic), cases
(isolated convection to tropical/midlatitude squall lines) and
model integration time (2.5 h–48 h). Almost all of the model
results indicated that the aerosol concentration had a significant
impact on precipitation. However, these CRM simulations differ
considerably in terms of the sign and magnitude of the aerosol
effect as well as the dominant mechanisms responsible for the
effects.

4.2.1. IN effect
Since super-cooled cloud droplets are thermodynamically

unstable, IN can change their phase status via ice nucleation.

As a result, IN can alter clouds and precipitation significantly
(e.g., Vonnegut, 1950). Consequently, their accumulated effects
can modify radiative forcing and even climate (Zeng et al.,
2009a,b).

The representation of IN in the GCE model (Zeng et al.,
2008) was tested using radar and satellite observations from
different field campaigns [e.g., the Tropical Warm Pool —

International Cloud Experiment (TWP-ICE) and the African
Monsoon Multidisciplinary Analysis (AMMA)]. Analyzing the
variations of CCN and IN concentrations with height can lead
to the proper representation of the Bergeron process in CRM
simulations. Active IN concentrations (or ice crystal concen-
trations) increase exponentially with temperature or height
(e.g., Fletcher, 1962; DeMott et al., 2010), whereas CCN
concentrations (or cloud droplet concentrations) do not and
therefore can be treated as a constant approximately (in
other words, the variation of CCN concentration with height
is much smaller than that of IN concentration). Hence, a
mixed-phase layer can be divided into two layers: an upper
with excessive IN (with respect to CCN) for the Bergeron
process and a lower with insufficient active IN (Zeng et al.,
2009a,b). Such a two-layer model represents the Bergeron
process properly and was supported by the comparisons
between CRM simulations and radar/satellite observations
over different geographic regions (e.g., Zeng et al., 2009a,b,
2011, 2013; Guy et al., 2013).

Fig. 12 displays the modeled upper-tropospheric (UT) ice
water content against the IN concentration at −10 °C and
shows that UT ice water content increases with increasing
IN. This sensitivity of clouds to IN can lead to a sensitivity of
radiative forcing to IN concentration, which is shown on the
right side of Fig. 12. This sensitivity of radiative forcing to IN

Fig. 9. Geographic locations of twelve field campaigns used to provide data to drive and evaluate CRM simulations. These include: the ARM-SGP (Atmospheric Radiation
Measurement SouthernGreat Plains) campaigns conducted in the summer of 1997, the spring of 2000 and the summer of 2002, GATE (1974, Global Atmospheric Research
Program's Atlantic Tropical Experiment), NAME (2004, North American Monsoon Experiment), LBA (1998–1999, Large-Scale Biosphere-Atmosphere Experiment),
KWAJEX (1999, the Kwajalein Experiment), TOGA-COARE (the Tropical Ocean Global Atmosphere Program's Coupled Ocean–Atmosphere Response Experiment
conducted in 1992 and 1993), CRYSTAL-FACE (2002, Cirrus Regional Study of Tropical Anvils and Cirrus Layers — Florida Area Cirrus Experiment), TWP-ICE (2006, the
Tropical Warm Pool— International Cloud Experiment), and SCSMEX/NESA and SESA (1998, the South China Sea Monsoon Experiments over the northern and southern
enhanced sounding arrays, respectively), AMMA (2006, the African Monsoon Multidisciplinary Analysis), MC3E (2011, the Midlatitude Continental Convective Clouds
Experiment) and AMIE/DYNAMO (2011, the ARMMJO Investigation Experiment/Dynamics of the MJO).
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varies with latitude. Fig. 13 displays the variation of radiative
forcing against latitude, which partly explains the observed
global warming, namely surface temperatures over land regions

have warmed at a faster rate than over the oceans in both
hemispheres with the greatest warming at higher northern
latitudes (IPCC, 2007). This effect of IN on warming was

Fig. 10. Time series of three-hourly precipitation (mm day−1) from observations (black) and the GCE simulations (red) during three ARM IOPs in 1995, 1997, and
1999. The observations represent the area average precipitation over the ARM SGP ground stations, whereas the model simulation is the average over the whole
computational domain.

Fig. 11. Diurnal variation of precipitation amount (mm day−1) driven by the time–mean diurnal variations of the large-scale advection and surface fluxes (EXP1),
surface fluxes only (EXP2), large-scale advection only (EXP3), and time invariant large-scale advection and surface fluxes (EXP4).
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supported by a statistical analysis of satellite data on dust
and clouds (Choi et al., 2010).

4.2.2. CCN effect
Fig. 14 shows an example of the complexity of CCN–

precipitation interactions using the GCE model with a
spectral bin microphysical scheme. Rain is suppressed at a
high CCN concentration (i.e., dirty environment), but only
during the first hour of the simulations. Rain reaches the ground
early in all the clean cases, in agreement with observations
(e.g., Rosenfeld, 1999, 2000). During the mature stage, the
effect of increasing the CCN concentration ranges from rain
suppression in the Preliminary Regional Experiment for

Storm-Central (PRESTORM) case, to little effect in the Cirrus
Regional Study of Tropical Anvils and Cirrus Layers — Florida
Area Cirrus Experiment (CRYSTAL-FACE) case, to rain
enhancement in the TOGA COARE case. Table 4 summarizes
the rainfall statistics for all of the simulations. The precip-
itation is divided into convective and stratiform components
(Tao et al., 1991, 1993; Lang et al., 2003). The convective
region includes areas with strong vertical velocities (over
3–5 m s−1) and/or heavy surface rainfall. The stratiform
region is non-convective. It is expected that a high CCN
concentration allows for more small cloud droplets and ice
particles to form. The lower collection coefficient for smaller
cloud and ice particles allows for a larger amount of ice

Fig. 12. Upper-tropospheric ice content and TOA radiative flux versus IN concentration over various geographic regions. Modeled cloud ice content above 7.4 km
(top) and net downward radiative flux at the TOA (bottom) vary with IN concentration, which are obtained from GCE simulations for ten field campaigns. One
line corresponds to one field campaign. Red and blue lines display the mid-latitudinal results in spring and summer, respectively; green and black lines display
sub-tropical and tropical results, respectively. The horizontal axis represents the IN concentration calculated with the Fletcher formula at a temperature of −
10 °C. Red labels correspond to red lines.
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phase particles to be transported into the trailing stratiform
region, producing a higher stratiform rain percentage in the
dirty case. Aerosols do not have much impact on the stratiform
percentage for the CRYSTAL-FACE case because of its short life

span. These case studies suggest that simulations of the entire
life cycle of convective systems are needed to assess the impact
of aerosols on precipitation processes associated with meso-
scale convective systems and thunderstorms. It also shows the

Fig. 13. Increase in the net radiative flux at the TOA from doubling the current IN concentration versus latitude. All of the results are obtained from the GCE
simulations for the ten field campaigns. Thick and thin solid lines are introduced to fit the results to spring and summer, respectively. The dashed line represents
the increase in the net radiative flux when the atmospheric CO2 concentration is increased from a pre-industrial value of about 280 ppm to 379 ppm in 2005. The
vertical axis also scales to the increase in surface temperature from doubling the IN concentration.

Fig. 14. Time series of GCE estimated domain mean surface rainfall rate (mm h−1) for the (a) PRESTORM, (b) TOGA COARE, and (c) CRYSTAL case. The solid/
dashed line represents clean/dirty conditions.
Adapted from Tao et al. (2007).
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complexity of aerosol–cloud–precipitation interactions within
deep convection.

Fan et al. (2007a) also used the GCE model and found that
ice microphysics, clouds and precipitation changed consid-
erably with aerosol chemical properties for a convective
event in Houston, Texas. In addition, Fan et al. (2007b) found
that an increase in precipitation with an increase in aerosol
concentration often occurs for clouds forming in a moist
environment, such as coastal zones, within cloud ensembles or
tropical squall lines. Please see a review paper on the impact of
aerosols on precipitation by Tao et al. (2012).

4.3. Coupling to satellite simulators

4.3.1. Satellite simulator
The NASA Goddard Satellite Data Simulator Unit (G-SDSU)

has been developed at NASA GSFC in collaboration with
universities (Masunaga et al., 2010) to:

• Formulate a radiance-based evaluation method for clouds and
precipitation simulated from numerical atmospheric models,

• Support radiance-based data assimilation for numerical atmo-
spheric models, and

• Support NASA satellite missions [e.g., the A-Train constellation
and GPM mission] by providing virtual satellite measure-
ments as well as simulated geophysical parameters to satellite
algorithm developers.

The G-SDSU computes satellite-consistent radiances or
backscattering signals from simulated atmospheric profiles
and condensates consistent with the unifiedmicrophysics in the
GCE model. It currently has five simulators: passive microwave,
radar, visible-infrared, lidar, and broadband (Matsui, 2013;
Matsui et al., 2013, see Fig. 15). These simulated radiances and
backscattering can be directly compared with satellite observa-
tions to evaluate the cloud parameterizations. The G-SDSU has
beenupgraded forGPM(Matsui et al., submitted for publication)
by including (1) a GPM satellite orbit and scanning module that
provides accurate representations of satellite and field of view
(FOV) geolocations, local sensor-incident angle and antenna
gain patterns, (2) an updated particle single scattering database
that accounts for non-spherical snow aggregates through
T-matrix or discrete dipole approximation for scattering calcu-
lations (DDSCAT), (3) surface emissivity modules from the
National Environmental Satellite, Data, and Information Service
(NESDIS) land-emissivity model (Weng et al., 2001) and A Tool
to Estimate Land-Surface Emissivities at Microwave frequencies
(TELSEM) land emissivity database (Aires et al., 2011), and
(4) slant-path pseudo 3D radiative transfer.

4.3.2. Statistical analyses
As it is very difficult for models to predict the exact locations

of the cloud and precipitation systems observed by satellites,
thus amore systematic approach is preferredwherein ensemble

Table 4
Domain-averaged surface rainfall amount (in mm day−1), stratiform percentage (in %) for the TOGA COARE, PRESTORM and CRYSTAL-FACE case under dirty and
clean conditions. Note there are 9 h in the PRESTORM and TOGA COARE simulations and 5 h in the CRYSTAL-FACE simulation.
Adapted from Tao et al. (2007).

TOGA COARE clean TOGA COARE dirty PRESTORM clean PRESTORM dirty CRYSTAL clean CRYSTAL dirty

Average rain (mm/day/grid) 18.0 28.4 38.3 29.1 12.6 11.0
Stratiform (%) 50 17 43 70 43 40

Fig. 15. Schematic diagram showing the major characteristics of the G-SDSU and their respective roles in satellite missions.
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statistics of brightness temperatures and radar reflectivities from
the satellite observations and GCE simulations are compared. To
this end, a TRMM Triple-sensor Three-step Evaluation Frame-
work (T3EF) was developed (Matsui et al., 2009, Fig. 16). T3EF
uses the following collocated TRMM measurements: TRMM PR
13.8 GHz attenuation-corrected reflectivity, VIRS 12 μm infrared
brightness temperature (TbIR), and TMI 85.5 GHz polarization-
corrected microwave brightness temperature (PCTb85). Using
the SDSU, TRMM PR/TMI/VIRS radiances can be constructed
from the numerical simulations in an identical manner. The

2nd step in T3EF (PR CFADs) indicated that the Goddard
one-moment bulk microphysics simulate probability distri-
butions of radar reflectivity that are too wide at high altitude,
indicating the presence of excessively large-sized particles.
This is mainly due to the DSD assumptions for frozen particles
(i.e., an exponential DSD with a fixed intercept). With this
assumption, the effective radius of frozen particles increases as
a function of mass mixing ratio.

The bulk-microphysics DSD assumptions have been evalu-
ated against explicitly simulated DSDs using a SBM scheme,

Fig. 19. Contours (brown, orange, cyan, and blue) contain 80, 60, 40, and 20% of the joint inter-layer S (total moisture saturation ratio) probability, such that the
probability densities within each contour are larger than the probability densities outside. Thick contours are for the 128 × 128 GCE subcolumns. Thin contours
are for 128 × 128 subcolumns generated from a Gaussian copula model and GCE layer margins. The left panel is for layers 3 and 5 (separated by 256 m) and the
right panel for layers 5 and 12 (separated by 1652 m). The panels are consistent with a general reduction in inter-layer correlation with increasing layer
separation. The Gaussian copula appears to model the S dependencies well. See Norris et al. (2008) for further explanation.

Fig. 20. Geographic distribution of DJF (left column) and JJA (right column) surface precipitation (mm/day) from GPCP observations (top) and G4MMF
(AMIP-type) climate simulations (bottom). Both observed and modeled precipitation are averaged over the period 1998–2010. Observed precipitation features
are well simulated for both winter and summer. Seasonal changes in precipitation intensity, location and areal coverage over the West Pacific warm pool, Pacific
and Atlantic ITCZs, South Pacific Convergence Zone (SPCZ), and Amazon are well captured. But, seasonal changes in rain intensity are too strong, especially in the
western and eastern Pacific and Atlantic. Excessive rainfall in JJA remains an issue in MMFs (note this simulation was run with an older Goddard microphysics
scheme).
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because SBM simulations yield much more realistic radar echo
profiles than the bulk one-momentmicrophysics (Section 2.1.2
and Fig. 6). The results suggest that SBM-simulated DSDs are
more dependent on temperature than mass mixing ratio. A
new temperature-dependent DSD (TeDD) was implemented
into the one-moment microphysics scheme; it significantly
improved the probability distribution of radar echoes in the
upper troposphere compared to the original scheme (Fig. 17).

4.3.3. A case study
The SBM scheme has helped to improve the bulk scheme

(see Section 2) but is itself also not perfect. Nine years of
TRMM PR and 85 GHz TMI data during late spring and early
summer over the central US were compiled and compared
against an SBM simulation of a squall line (PRE-STORM, 1985).
Fig. 18 shows the comparisons and the resulting SBM scheme
improvements. Comparison against a surface C-band radar
(first column) and the TRMM PR radar (second column)
shows an over estimation of radar reflectivity in the original
scheme (second row). To improve the simulated radar reflec-
tivity profiles, the temperature dependence of the collection
efficiency between ice-phase particles, especially plate-type,
wasmodified. This reduced the coalescence of various ice-phase
particles and produced smaller aggregates, resulting in better
radar CFADs comparisons in the stratiform region as shown in
the third row in Fig. 18. The SBM scheme will continue to
be tested and improved based on other precipitation events
(especially for convective systems and snow events observed
at the aforementioned GPM-related GV sites).

4.4. Role in large-scale modeling

4.4.1. Application for the development of general circulation
model (GCM) cloud parameterizations

Norris et al. (2008) use a GCE simulation of an ARM case
study (Zeng et al., 2007) to investigate models for the
statistical variability of moisture within a GCM grid-column
sized domain (128 × 128 at 1 km2 resolution). In particular,
they studied the horizontal variability of S, the total water
saturation ratio (i.e., vapor plus condensate normalized by
saturation), within near-surface warm layers (lowest 2 km,
T N 0 °C), and the vertical correlation of cloud cover and S
between these layers.

The case is a frontally disturbed boundary layer with a
warm air mass, having broadly varying cloud cover features,
overlying a poorly mixed surface layer containing a field of
narrow convective cloud bands. Not surprisingly, the surface
layer has positively-skewed temperature and moisture distri-
butions from surface-driven convection, while the upper air
mass contains negatively-skewed distributions from top-driven
radiatively-induced motions. The probability density functions
of intra-layer S within both regions are found to be reasonably
well modeled by skewed Generalized Extreme Value (GEV)
distributions.

In order to provide a general expression for column cloud
fraction in terms of individual layer cloud fractions, Norris
et al. (2008) describe the use of so-called Copula functions
within this context. These statistical functions model the
joint distributions of rank between layers, where the rank is
the relative ordering of the S samples within each layer's
moisture distribution. They find that the commonly used

Gaussian copula (GCOP) does a good job ofmodeling inter-layer
S rank correlations and gives smaller column cloud fraction
errors compared with other common cloud overlap parameter-
izations (maximum, random, and maximum-random overlap,
and a version of the “generalized cloud overlap” of Räisänen
et al., 2004). Fig. 19 shows an example of the skill of the GCOP
in modeling complex inter-layer moisture correlations. The
GCOP approach is also found to yield improved estimates of
condensed water path variance and column boundary fluxes
of solar and thermal radiation compared with other overlap
methods.

4.4.2. Coupling with a GCM
With the rapid advancement in computational technolo-

gy, GCMs and climate models are entering an era of fast
development. Because the requirement of a-few-kilometer
resolution to resolve convection has been outside of the
realm of possible resolutions for global climate models (and
will likely still be the case in the near future), representations
of convection processes along with aerosol–cloud–precipita-
tion physics in these models have been empirically formu-
lated using parameters resolved at model grid scales. Though
still computationally very expensive, global cloud-resolving
(or cloud-permitting) models (GCRMs) with high resolutions
from 3.5 to 14 km (i.e., Tomita et al., 2005; Miura et al., 2005;
Satoh et al., 2005, 2008; Nasuno et al., 2008) are already being
run in an exploratory manner for short-term (i.e., seasonal)
simulations and could reach the stage of performing long-term

fvGCM

GCE Model WRF

MMF

InitialCondition

Initial Condition

LIS

Microphysics

Radiation

P
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Fig. 21. Schematic diagram of the Goddard Multi-scale Modeling System
with unified physics. The coupling between the fvGCM and GCE is two-way,
while the coupling between the fvGCM and WRF and WRF and the GCE is
only one-way. LIS was developed in the Goddard Hydrological Sciences
Branch and has been coupled interactively with both WRF and the GCE.
Additionally, WRF has been enhanced by the addition of several of the GCE's
physical packages (i.e., microphysical scheme with four different options and
short and long-wave radiative transfer processes with explicit cloud-radiation
interactive processes). Observations (obtained from satellite and ground-based
campaigns) play a very important role in providing data sets for model
initialization and validation and consequently improvements.
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integrations as future computational technology advances.
Another less computationally demanding way of addressing
the issue is the multi-scale modeling framework (MMF) that
replaces conventional cloud parameterizations with a CRM in
each grid column of a GCM (Grabowski and Smolarkiewicz,
1999; Khairoutdinov and Randall, 2001; Khairoutdinov et al.,
2005; Randall et al., 2003; Tao et al., 2009a). The MMF can
explicitly simulate deep convection, cloudiness and cloud
overlap, cloud-radiation interactions, surface fluxes, and sur-
face hydrology at the resolution of a CRM. The MMF expands
traditional CRMmodeling to global coverage and enables two-
way interactions between the cloud and large scale.

The Goddard MMF is based on a coupling of the GCE
model and the Goddard Earth Observing System (GEOS)
global atmospheric model versions 4 (GEOS-4) and 5 (GEOS-5).
Development and improvement of physical schemes usually
require many iterative cycles; it is almost impossible to use
GCRMs for this kind of research due to computational resources.
The Goddard multi-scale modeling system with unified physics
(Tao et al., 2009b) can provide an alternate, computationally
feasible tool for parameter optimization.

A 13-year Atmospheric Model Intercomparison Project
(AMIP)-type climate simulation was conducted with the
Goddard MMF (coupled with GEOS4) to establish the model

Fig. 22. Geographic distribution of the local solar time (LST) for non-drizzle precipitation intensity maximum in summer 2008 from the TRMM 3B42 product at
0.25° × 0.25° resolution, MERRA reanalysis at 1° × 1.25°, and an MMF-LIS simulation at 2° × 2.5°. Color bars indicate the LST (hour), and blank regions indicate
no or light rain.
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baseline climate of the current model and to evaluate its
performance in terms of tropical inter-annual and intra-
seasonal variability. The simulation was carried out from
November 1997 to December 2010 with NOAA weekly OI
SSTs. Fig. 20 shows surface as well as zonal mean precipitation
from the MMF and Global Precipitation Climatology Project
(GPCP) observations. It is encouraging to see that the general
pattern of observed precipitation can be reproduced for both
the winter (DJF) and summer (JJA) seasons. For example, the
changes in the precipitation intensity, location and precipita-
tion areal coverage of the western Pacific warm pool, Pacific
ITCZ, South Pacific Convergence Zone (SPCZ), Atlantic ITCZ,
Indian ITCZ and the Amazon Basin from DJF to JJA are well
captured. The change in the intensity of tropical precipitation
fromDJF to JJA is, however, too strong, especially in thewestern
and eastern Pacific and Atlantic. The excessive precipitation
in JJA is a common feature among MMFs (Khairoutdinov
et al., 2005, 2008; Tao et al., 2009a) even those with distinctly
different cloud microphysical schemes and global models.

4.4.3. Multi-scale modeling system with unified physics
Recently, amulti-scalemodeling systemwith unified physics

has been developed at Goddard. One of the key components
of this modeling system is the GCE model. The other two
components are the NASA unified Weather Research and
Forecasting model (NU-WRF) and MMF. The same cloud
microphysical processes, long- and short-wave radiative transfer
and land-surface processes are applied in all of the models
to study explicit cloud-radiation and cloud-surface interactive
processes in this multi-scale modeling system. This modeling
system has been coupled with the G-SDSU for comparison
and validation with NASA high-resolution satellite data (see

Section 4.3). Fig. 21 shows the multi-scale modeling system
with unified physics. The GCE model and WRF share the
samemicrophysical and radiative transfer processes (including
the cloud-interaction) as well as LIS. The same GCE physics
is utilized in the Goddard MMF. The idea behind having a
multi-scale modeling system with unified physics is to be able
to propagate improvements made to a physical process in one
component into other components smoothly and efficiently
(Tao et al., 2009b).

Fig. 22 shows an example of MMF–LIS performance in
simulating the diurnal variation of precipitation intensity
during the summer of 2008 (Mohr et al., 2013). The MMF–LIS
simulated timing of maximum diurnal precipitation is in good
agreement with TRMM observations over land (in the late
afternoon and early evening) and over ocean (in the early
morning with large variation). The Modern Era Retrospective-
analysis for Research and Applications (MERRA) reanalysis has
the maximum phase too early over land.

The GCE physical packages (i.e., CRM-based microphysics,
radiation and land-surface hydrology processes) have recently
been implemented into NU-WRF. The GCE model-based
packages have improved forecasts (or simulations) of convec-
tive systems [e.g., a linear convective system in Oklahoma
(International H2O project, IHOP-2002; Santanello et al., 2009),
an Atlantic hurricane (Hurricane Katrina, 2005; Tao et al.,
2011a), a Pacific Typhoon (Typhoon Morakot, 2009; Tao et al.,
2011b), high latitude snow events (Canadian CloudSat CALIPSO
Validation Project, C3VP 2007; Shi et al., 2010; Iguchi et al.,
2012a), and mesoscale convective systems in Africa (Shi et al.,
in press) and Oklahoma (Midlatitude Continental Convective
Clouds Experiment, MC3E, Iguchi et al., 2012b; Tao et al.,
2013)].

Fig. 23. Hovmoller diagram of daily mean precipitation averaged over 10°S–10°N for (a) TRMM and the GCMwith the (b) hybrid representation (EXP1), (c) BULK
convective parameterization (EXP2) and (d) cloud microphysics only (EXP3). All model simulations have 50 km horizontal resolution.
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4.5. Application for development of GCM cloud microphysics
scheme

It has been difficult to apply cloud microphysics directly
into GCMs mainly due to the limitation of horizontal resolution.
However, several attempts have been implemented with the
MMF (see Section 4.4.2) and a hybrid method by combining
the cloud microphysics and a conventional parameterization
(Moncrieff and Liu, 2006). A hybrid representation of precipita-
tion processes in a GCMwas developed using cloud microphys-
ics and a vertical diffusion type of convective parameterization
for a horizontal resolution on the order of 50 km. The cloud
microphysics adapted for this study was from the GCE
model (Tao and Simpson, 1993; Tao et al., 2003a). All of the
hydrometers within the cloud microphysics are treated as
prognostic variables in the GCM. In addition to the cloud
microphysics, a diffusion type of convective parameteriza-
tion based on Tiedtke (1984) was added to improve the
vertical sub-grid scale mixing of moisture and temperature.
The GCM used in this study was the Seoul National University
AGCM (SNUAGCM, Lee et al., 2001, 2003; Kim and Kang, 2012).
The GCM with the hybrid representation of cloud physics
(EXP1) was integrated for one year with observed sea surface
temperatures, and the simulation data were compared with
observations (i.e., TRMM). The performance of the model was
also compared with simulations of the GCM with the BULK
convective parameterization of Kim and Kang (EXP2) and with
cloud microphysics only (EXP3).

Fig. 23 compares Hovmöller diagrams of the simulated
daily precipitation in the equatorial region (averaged 10°S–
10°N). It is clear that EXP1 reproduces organized convective
systems andMJO-like eastward propagating events reasonably
well when compared to the observations. EXP2, however,
produces excessive precipitation in the eastern pacific and too
little precipitation in tropical monsoon region. EXP3 produces
distinct eastward propagation, but the eastward propagation
too fast and the precipitation is mainly light. Fig. 24 compares
the annual mean precipitation of the observations and the
simulations. EXP1 captures the observed large-scale precipita-
tion pattern reasonably well, although the mean precipitation
in the tropics is relatively high. EXP3 (cloudmicrophysics only)
mimics the geographic pattern of precipitation but under-
estimates the mean precipitation for most of the tropics,
particularly over land. At a resolution of 50 km, the model
with cloud microphysics (EXP3) appears to produce insuffi-
cient vertical mixing due its coarser resolution. This reduced
upward transport of moisture, in turn, leads to less precipita-
tion whereas parameterized convection (EXP2) overestimates

the precipitation in the tropics, particularly in convectively
active regions. The present results indicate that at 50 km
horizontal resolution, thehybrid representationofmoist physical
processes can be a good and reasonable choice for simulating the
mean and transient statistics of global precipitation. However, it
is expected that the model with a horizontal resolution on the
order of 1 km will be well adapted to use cloud microphysics
only for moist physical processes due to sufficient vertical
mixing.

4.6. TRMM latent heating (LH) retrieval and LH products

The launch of the TRMM satellite, a joint U.S.-Japan project,
in November of 1997 provided a much needed accurate
measurement of rainfall as well as the ability to estimate the
four-dimensional (4D) structure of latent heating (LH) over the
global tropics (Simpson et al., 1988, 1996). Latent heat release
is a consequence of phase changes between the vapor, liquid,
and frozen states ofwater, which cannot bemeasured/detected
in present observational instruments. The vertical distribution
of LH has a strong influence on the atmosphere, controlling
large-scale tropical circulations, exciting and modulating
tropical waves, maintaining the intensities of tropical cyclones,
and even providing the energetics of midlatitude cyclones and
other midlatitude weather systems. The success of TRMM
made it possible to have another major NASA precipitation
measuring mission, the GPM mission. GPM is considered by
NASA to be the centerpiece mission of its Global Water &
Energy Cycle research program. The CRMhas been identified as
being a valuable tool for GPM-algorithm developers and is
considered a key component for one of the major GPM ground
validation (GV) sites (GPM GV White Paper). In addition, the
CRM is one of the most important tools used to establish
quantitative relationships between diabatic heating and rain-
fall. GCE-simulated data have been used extensively in TRMM
for the development of both rainfall and heating retrieval
algorithms (Simpson et al., 1996; Tao et al., 2006).

Five different TRMM LH algorithms designed for applica-
tion with satellite-estimated surface rain rate and precipi-
tation profile inputs have been developed, compared, validated,
and applied for over two decades (see reviews by Tao et al.
(2001, 2006, in press)). They are the: (1) Goddard Convective-
StratiformHeating (CSH) algorithm, (2) Spectral Latent Heating
(SLH) algorithm, (3) Goddard Trained Radiometer (TRAIN)
algorithm, (4) Hydrometeor Heating (HH) algorithm, and
(5) Precipitation RadarHeating (PRH) algorithm. The strengths
and weaknesses of each algorithm are discussed in Tao et al.
(2006). The TRMM–GPM joint science team has decided to

Table 5
Summary of TRMM cloud heating products from the CSH and SLH algorithms. To obtain total Q1 estimates from the CSH algorithm, the three individual heating
components (i.e., LH, EHT, and QR) must be summed together. Also, Q2 estimates from the CSH algorithm are separated into eddy and microphysical components
and must be summed to obtain the total Q2. *Orbital heating is not a standard TRMM product.

Spatial scale Temporal scale Algorithm Products

Gridded 0.5 × 0.5° Monthly SLH-PR LH, Q1–QR, Q2

19 vertical layers CSH-combined LH, EHT, QR, Q2

Orbital* Pixel Instantaneous SLH-PR LH, Q1–QR, Q2

19 vertical layers CSH-combined LH, EHT, QR, Q2

Gridded orbital 0.5 × 0.5° Instantaneous w/ time stamps on each grid SLH-PR LH, Q1–QR, Q2

19 vertical layers CSH-combined LH, EHT, QR, Q2
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have two standard LH algorithms: the Goddard CSH algorithm
and the SLH algorithm. Table 5 lists the required data and type
of heating products for these two algorithms and Fig. 25 shows
examples of these LH products generated from the current
(version 2) CSH (CSHv2) algorithm. Note that one of the major
inputs for these standard products is the improved rainfall
estimate.

Fig. 26 shows the 10-yearmeanQ1 at two different altitudes,
1 and 7 km, over the global Tropics obtained from the new
CSHv2 algorithm using the essentially daily gridded PR
rainfall product from 3G68. As expected from the design of
the CSH algorithm, the horizontal distribution of the estimated
Q1 structure is similar to the surface rainfall pattern (lower panel
in Fig. 26). For example, there are well-defined ITCZs across the
Pacific, Atlantic, and eastern Indian Ocean, a well-defined South
Pacific Convergence Zone (SPCZ) in the south-central Pacific
Ocean as well as midlatitude storm tracks over and downwind
of the continents. At the lowest levels in CSH, oceanic rain is
associated with robust heating, while cooling is prevalent for
continental rainfall (Fig. 26, middle panel). At upper levels,
heating is intense and stronger over continents than over oceans
(Fig. 26, top panel). An interesting feature observed in Fig. 25 is
the relativelyweaker heating at the 1 km level (compared to the
upper-troposphere) throughout the regions of strongest rain
rate. There is a distinct land-sea contrast. Shallow heating

occurs almost exclusively over ocean, apart from the Maritime
Continent.

5. Current and future research

5.1. Microphysics and aerosols

The 3-ICE schemes can be deficient in situations where
hail and/or high-density graupel forms. The partitioning of
ice-phase particles into hail, graupel, or snow and accurately
representing their densities and terminal fall speeds (especially
for graupel and snow) can significantly impact convective/
stratiform partitioning and anvil formation. Therefore, a 4ICE
(cloud ice, snow, graupel and hail; Lang et al., accepted for
publication) scheme3 was developed for the GCE model. Three
different two-moment schemes [CSU RAMS (see Section 2.1.2),
Cheng et al. (2010) and Morrison et al. (2005)] have also been

Fig. 26. Ten-year (1998–2007) mean cloud heating rates over the global tropics at 7 and 1 km AGL (upper 2 panels) obtained from the version 2 CSH algorithm
using gridded instantaneous TRMM PR rain rates (bottom panel).

3 The 4ICE scheme is built upon the improvements of Lang et al. (2011),
which introduced new parameterizations for rime splintering, immersion
freezing, contact nucleation and a size-mapping scheme for snow and
graupel. It significantly reduced the overabundance and excessive penetra-
tion of strong (e.g., 40 dBZ) echoes in the middle and upper troposphere.
Consequently, more snow and less graupel results in hydrometeors being
advected over a larger area, which enhances evaporation aloft and reduces
surface rainfall.
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added to the GCEmodel4. Their main characteristics (including
similarities and differences) are listed in Table 6.

To compare the performance of these schemes, GCE model
simulationswill be conductedwherein: (1) all commonpre-set
cloud properties and parameters (i.e., densities, intercepts, and
size distributions) are identified and made identical, (2) the
activation of CCN (and/or giant CCN) and IN is determined in
each scheme and set as similar as possible, (3) the background
aerosols set to be identical, (4) all schemes produce common
cloud properties and surface rainfall datasets, and (5) the
radiation is coupled explicitly and consistently with the
microphysics assumptions and simulated cloud properties
(size distributions and optical properties).

5.2. GPU empowered GCE model

Current trends in computer technology have recentlymoved
from increasing single-core processor performance to increasing
performance through multi-core and many-core (e.g., graphics
processing units or GPUs) architectures. The trend towardmulti-
and many-core systems is also being seen in high-end compute
clusters. For example, the first petaflop computer, Roadrunner,

used the IBM Cell B.E. as a coprocessor in 2008while the current
No. 2 and 4 computers on the TOP500 supercomputing list also
use GPUs as coprocessors.

The bin microphysics (see Section 2.1.3) requires signif-
icant computations as well as I/O (input/output, Table 7).
Tests have shown that computational time is increased by a
factor of 226 and I/O time by a factor of 200 as compared to
the one-moment microphysics scheme. The GCE radiative
transfer module calculates solar and infrared radiation via
their emission, absorption and scattering in both cloudy and
clear areas (Section 2.2) and also requires significant compu-
tations in Table 7. It is typically computed less frequently
compared to other physical processes in CRMs and large-scale
models5. Although massive parallel computing has already
improved bin model and radiation performance significantly,
additional technology is required to fully apply these schemes
to weather and climate studies, especially those involving the
effects of aerosols on weather and climate.

Since all of the radiation computations are performed
independently of other grid columns, it is suitable for porting
to GPUs. It is expected that the GCE's one-, two-moment, and
spectral bin microphysics, and radiation should gain signif-
icant performance. The accelerated GCE will greatly broaden
not only its own scientific application but those of NU-WRF

4 RAMS has already been implemented into the GCE. The Morrison and JP
Chen 2-moment schemes are being implemented and tested currently. In
addition, the SBS scheme has been used to improve the performance of the
bulk scheme (Li et al., 2010).

Table 6
Main characteristics of the Goddard 4ICE scheme and three two-moment schemes (RAMS, J.-P. Chen, and Morrison). The similarities and differences between
these schemes are also shown. The * means that the bin microphysics is used to drive the parameterization, ** that there is no autoconversion in RAMS. The RAMS
model solves the full stochastic collection equations for self-collection among cloud droplets and for rain (drizzle) drop collection of cloud droplets. Lookup tables
for collection are computed using realistic collection kernels from Long (1974) and Hall (1980) rather than constant collection efficiencies. The *** means that the
CCN and GCCN in the RAMS microphysics have a binned log-normal size distribution with 200 mass bins and activate according to a solution of the Köhler
equation. A bin-resolved Lagrangian parcel model is used offline to generate look up tables for computational efficiency and **** means that derivation of the
auto-conversion rate in Chen's model is based on results from a detailed (binned) microphysical model, which was run for many scenarios and the results
analyzed statistically to get a fitting formula for the growth rates. No simplification of the kernels was applied, but some inaccuracy will result from the fitting
procedure (error indicated by the R-squared values).

Goddard
1-moment

RAMS*
2-moment

JP Chen****
2-moment

Morrison
2-moment

Cloud water Mass Mass and number concentration × 2
**RAMS has two modes
(small and large)

Mass and number concentration Mass and number concentration

Rain Mass Mass and number concentration Mass and number concentration Mass and number concentration
Cloud ice Mass Mass and number concentration × 2

**RAMS has two modes
(small and large)

Mass and number concentration Mass and number concentration

Snow aggregates Mass Mass and number concentration Mass and number concentration Mass and number concentration
Graupel Mass Mass and number concentration Mass and number concentration Mass and number concentration
Hail Mass Mass and number concentration None Option for graupel or hail
CCN Diagnostic Diagnostic Prognostic

3 species: dry (multi-modes),
cloud, rain

Diagnostic

GCCN None Diagnostic Prognostic Diagnostic
IN Diagnostic Diagnostic Prognostic (multi-species) Diagnostic
Snow density Function of Size Constant (function of size) Constant Constant
Conversion** Autoconversion Kesseler

type or Liu and Daum
(2004) with aerosols

LUT-based stochastic solution Yes Some

CCN activation Kohler theory T, qv, and w via Köhler theory
(Saleeby and Cotton, 2004)***

Yes**** Khairoutdinov and
Kogan (2000) or Seifert
and Beheng (2001)

IN activation Meyers et al. (1992) Meyers et al. (1992) Köhler theory; supersaturation
calculated with an embedded
Lagrangian parcel

W-velocity, Abdul-Razzak
and Ghan (2000)DeMott et al. (2010)

5 Radiation is computed every ten time steps in WRF and 1–3 h in GCMs
and climate models.
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and the Goddard MMF (Tao et al., 2009a) via the shared
physical packages, breaking the bottle neck that currently
prevents large-domain, long-term integrations. In addition,
the proposed compression-enhanced synchronized output
tool will be used in other output-intensive applications.

5.3. Cloud library

The GCEmodeling group has generated and made available
a multi-dimensional (space, time, multivariate, and multiple
cloud/cloud system type) cloud database representing differ-
ent geographic locations/climate regimes corresponding to
the campaign sites mentioned above to the global modeling
community to help improve the representation and perfor-
mance of moist processes in climate models and to improve
our understanding of cloud processes globally. Software tools
needed to produce cloud statistics and to identify various types
of clouds and cloud systems from both high-resolution satellite
and model data will be developed jointly. This database will be
available to modelers and other researchers aiming to improve
the representation of cloud processes in MMFs, GCMs and
climate models. The database will include updraft/down-
draft mass fluxes, cloudiness, liquid and ice water contents,
evaporation/condensation, long- and short-wave radiative
heating/cooling profiles, and the thermodynamic (heat and
water vapor) budget. These cloud properties will also be
separated into deep convective, stratiform, anvil and cirrus
regions. It will also be separated into active/inactive cloud
regions based on the method in Tao et al. (1987). Upward and
downward long-wave and shortwave radiative fluxes at the
TOA, and radiative, latent and sensible heat fluxes at the surface,
and surface rainfall will be produced as well.

The cloud dataset is available to the public community
via ftp access from a web site created within NASA Goddard
(Goddard Cloud Library, http://cloud.gsfc.nasa.gov/). This
cloud dataset will be enhanced with the addition of more
simulated cases over different geographic locations for differ-
ent types of cloud systems during their life cycles. Currently,
more than 80,000 datasets were downloaded since April 2010
by 150 distinct users.
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