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ABSTRACT

Two-dimensional (2D) and three-dimensional (3D) cloud-resolving model (CRM) simulations are con-
ducted to quantify the enhancement of surface sensible and latent heat fluxes by tropical precipitating cloud
systems for 20 days (10–30 December 1992) during the Tropical Ocean Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA COARE). The mesoscale enhancement appears to be
analogous across both 2D and 3D CRMs, with the enhancement for the sensible heat flux accounting for
17% of the total flux for each model and the enhancement for the latent heat flux representing 18% and
16% of the total flux for 2D and 3D CRMs, respectively. The convection-induced gustiness is mainly
responsible for the enhancement observed in each model simulation. The parameterization schemes of the
mesoscale enhancement by the gustiness in terms of convective updraft, downdraft, and precipitation,
respectively, are examined using each version of the CRM. The scheme utilizing the precipitation was found
to yield the most desirable estimations of the mean fluxes with the smallest rms error. The results together
with previous findings from other studies suggest that the mesoscale enhancement of surface heat fluxes by
the precipitating deep convection is a subgrid process apparent across various CRMs and is imperative to
incorporate into general circulation models (GCMs) for improved climate simulation.

1. Introduction

Over the ocean surface, sensible and latent heat
fluxes play a key role in regulating the atmospheric
hydrological and energy cycle and account for nearly
30% of the mean annual global energy budget (Wallace
and Hobbs 1977). General circulation models (GCMs)
suffer adverse uncertainties in the coupling of the
ocean–atmosphere system and surface energy budget
that affect the credibility of information they provide
(e.g., Godfrey and Lindstrom 1989; Godfrey et al.
1991). Cloud systems over the tropical oceans are
known to be essential in assessing the surface energy
balance through the modification of surface fluxes from
mesoscale and cloud-scale motions, yet they remain
subgrid scale in most GCMs. Observational studies us-
ing long-term surface meteorological data suggested
that the enhancement of surface heat fluxes by atmo-
spheric mesoscale systems can reach as high as 30% of

the fluxes (e.g., Esbensen and Reynolds 1981; Liu 1988;
Zhang 1995; Esbensen and McPhaden 1996). Param-
eterization and modeling studies showed that both
boundary layer free convection and precipitating deep
convection can result in the mesoscale enhancement of
surface fluxes through the horizontal wind variability,
that is, the convection-induced gustiness at the surface
(e.g., Godfrey and Beljaars 1991; Jabouille et al. 1996;
Mondon and Redelsperger 1998; Redelsperger et al.
2000). However, the mesoscale enhancement of the sur-
face heat fluxes has not been incorporated into most
GCMs although the GCM studies (e.g., Miller et al.
1992) demonstrated that the simulation of tropical cir-
culation is sensitive to the parameterization of surface
fluxes under low surface wind conditions.

The Tropical Ocean Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA
COARE; e.g., Webster and Lukas 1992; Godfrey et al.
1998) and the development of cloud-resolving models
(CRMs) in the last decade provided a unique oppor-
tunity to quantify the mesoscale enhancement of sur-
face heat fluxes. The domain of TOGA COARE, in
the western Pacific warm pool, is characterized by high
sea surface temperatures (SSTs; �30°C) and strong
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convective events that make it suitable for a detailed,
albeit complex, analysis of the ocean–atmosphere sys-
tem. CRMs, which explicitly resolve convection and
mesoscale organization, can produce fine spatial and
temporal distribution of cloud-scale properties in large
domains (1000s km) and for long periods (several
months) when forced by the objectively analyzed evolv-
ing large-scale advection and wind fields obtained from
field experiments (e.g., Grabowski et al. 1996, 1998; Wu
and Moncrieff 1996). Jabouille et al. (1996) used a
three-dimensional (3D) CRM developed by Redel-
sperger and Sommeria (1986) to simulate two convec-
tive cases (each lasts less than a day) observed during
TOGA COARE and demonstrated an enhancement of
the surface heat fluxes by a factor of 2 in the precipi-
tating region due to the intense wind gusts. Redel-
sperger et al. (2000) applied a similar analysis to two
multiday two-dimensional (2D) simulations of free con-
vection in undisturbed conditions and precipitating
deep convection during TOGA COARE. A parameter-
ization of mesoscale enhancement of surface fluxes was
developed for each type of convection by representing
the convection-induced gustiness in terms of convective
properties such as free convection velocity, downdrafts,
updrafts, and precipitation.

The objective of this paper is to assess the efficiency
of 2D and 3D versions of the CRM in quantifying the
mesoscale enhancement of surface sensible and latent
heat fluxes by precipitating deep convection over the
tropical Pacific Ocean. Month-long 2D CRM simula-
tions of TOGA COARE cloud systems were per-
formed and extensively evaluated against various inde-
pendent datasets such as outgoing longwave radiative
(OLR) flux, albedo, cloud radiative forcing, surface
sensible and latent heat fluxes, airborne radar reflectiv-
ity, and rainfall measurements (e.g., Wu et al. 1998,
1999; Wu and Moncrieff 2001). For the purpose of this
study, we conducted both 2D and 3D CRM simulations
for a period of 20 days (10–30 December) during
TOGA COARE. With the CRM-produced cloud-scale
properties such as temperature, moisture, and wind
fields, a diagnostic analysis is performed to quantify the
enhancement of surface heat fluxes. In addition, the
precipitation parameterization developed by Redel-
sperger et al. (2000) is evaluated for each version of the
CRM. Recently, Grabowski (2001) and Randall et al.
(2003) proposed a methodology for the representation
of convection and clouds in climate by inserting the
framework of a CRM into each GCM grid box. The
so-called “superparameterization” explicitly allows the
coupling of simulated cloud processes (e.g., deep con-
vection, cloud overlap, and enhancement of surface
fluxes) on local scales from the CRM with the large-

scale dynamics of GCMs. The use of a 3D CRM at each
grid point in a GCM is much too expensive, and there-
fore superparameterizations mainly utilize 2D CRMs.
The present study will determine the dimensionality
(2D or 3D) of the CRM best suited for inclusion into a
GCM in the context of mesoscale enhancement of sur-
face heat fluxes by precipitating deep convection.

The organization of this paper is as follows. In the
next section, the CRM used in this study will be briefly
described along with the design of the experiment in-
cluding both 2D and 3D frameworks. In section 3, the
analysis of the mesoscale enhancement of surface fluxes
will be provided with the definition of enhancement as
well as an examination of enhancement for two snap-
shots of precipitating convection during TOGA
COARE. Section 4 will contain a meticulous compari-
son of results obtained utilizing 2D and 3D CRMs. Fi-
nally, in section 5 conclusions will be offered.

2. Cloud-resolving model and experimental design

The cloud-resolving model used in this study is the
Iowa State University (ISU) CRM, which is based on
the Clark–Hall model (Clark et al. 1996). The cloud
dynamics is a finite-difference formulation of the
anelastic and nonhydrostatic equations. The micro-
physical processes are represented by the Kessler
(1969) bulk warm rain parameterization and the
Koenig and Murray (1976) bulk ice parameterization.
The radiative processes are treated by the National
Center for Atmospheric Research (NCAR) Commu-
nity Climate Model version 3 (CCM3) radiation scheme
(Kiehl et al. 1996). The surface sensible and latent heat
fluxes are parameterized by a simplified form of the
TOGA COARE surface flux algorithm (Fairall et al.
1996; Wu et al. 1998). Periodic lateral boundary condi-
tions are used to facilitate a mathematically consistent
framework such that no domain-averaged vertical ve-
locity is present except from the large-scale forcing
(Grabowski et al. 1996).

The evolving large-scale vertical and horizontal ad-
vection obtained during TOGA COARE is added to
the temperature and moisture equations. Since the
large-scale forcing for the horizontal wind field (espe-
cially the large-scale pressure gradient) is difficult to
obtain from observations, a relaxation term is included
in the momentum equations. This is the simplest way to
emulate the control of the cloud system dynamics by
the observed large-scale momentum and shear (e.g.,
Grabowski et al. 1996; Wu et al. 1998). The domain-
averaged zonal and meridional winds are thereby con-
strained to follow the observed values. A detailed dis-
cussion of the way through which the CRM is forced by
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observed large-scale conditions is presented in
Grabowski et al. (1996).

For 2D simulations, the domain is 840 km long with
a horizontal resolution of 3 km and is 40 km deep with
52 levels in a stretched grid (100 m at the surface, in-
creasing to 1500 m at the top of the domain). The model
is aligned east–west in the two-dimensional x–z. A time
step of 15 s is used. Free-slip, rigid-bottom, and top
boundary conditions are applied together with a gravity
wave absorber in the uppermost 14 km of the domain.
Radiation calculations are performed every 600 s while
the most recent tendencies were applied between con-
secutive radiation calculations. For 3D simulations, the
horizontal domain is 840 km � 840 km with a 3-km
resolution. There are 52 levels in the vertical with a
stretched grid as in 2D simulations. The bottom, top,
and lateral boundary conditions are the same as the 2D
setup.

Both 2D and 3D simulations are performed for 20
days from 10 to 30 December 1992. The evolving large-
scale profiles of temperature, moisture, winds, and ad-
vective tendencies of temperature and moisture were
averaged over the Intensive Flux Array (IFA; Lin and
Johnson 1996). The IFA domain measures about 700
km in the east–west direction (151°–158°E) and about
500 km south–north (4°S–1°N). The averaged SST data
over the IFA were calculated from four buoy datasets;
namely, one Improved Meteorological (IMET) surface
mooring and three TOGA Tropical Atmosphere Ocean
(TAO) Automated Temperature Line Acquisition Sys-
tem (ATLAS) moorings. During the period, episodes
of very strong cooling and moistening were present
over the IFA, and easterlies were slowly giving way to
westerlies (Wu et al. 1998). The low-level wind shear
was enhanced below 3 km after 20 December. As the
westerly winds increased to their maximum speed and
depth (27–30 December), the magnitude and duration
of the large-scale cooling and moistening was signifi-
cantly decreased. The SST was decreasing during the
period and the amplitude of the diurnal cycle was con-
siderably smaller, apart from days 15, 18, and 19 when
only a few clouds occurred in satellite pictures.

3. Comparison of mesoscale enhancement in 2D
and 3D CRM simulations

a. Definition of enhancement

The mesoscale enhancement of fluxes can be esti-
mated by the diagnostic calculation of surface heat
fluxes using the CRM-produced cloud-scale variables
including temperature, moisture, and wind fields (e.g.,
Jabouille et al. 1996; Redelsperger et al. 2000). In the
control CRM simulations, the surface flux at each grid

point is calculated by the TOGA COARE flux algo-
rithm (Fairall et al. 1996), that is,

Fi � ��i�Xi � Xs�Ui, �1�

where Fi is the surface flux for either sensible or latent
heat; Ui and Xi are the wind speed and the transported
variable (temperature for sensible heat flux and water
vapor mixing ratio for latent heat flux) at the first
model level (50 m), respectively; Xs is the observed sea
surface temperature and water vapor mixing ratio; and
�i is the bulk transfer coefficient dependent on stability
of the atmosphere and roughness length. The domain-
averaged heat flux from the CRM approach, which will
be referred to as the “control flux” in this paper, is
simply

F �
1
N �

i

Fi, �2�

where N is the total grid points (280 in 2D model and
280 � 280 in 3D model).

In the diagnostic calculation of surface heat fluxes,
instead of calculating the flux at each grid point of the
CRM, the domain mean heat flux is computed only
once for each time step by the TOGA COARE flux
algorithm

F̂ � ��̂�XD � Xs�UD, �3�

where UD � 	u2
D 
 �2

D is the wind speed; uD � (1/N�iui)
and �D � (1/N�i�i) are domain-averaged zonal and me-
ridional wind components, respectively; XD is the do-
main-averaged temperature or water vapor mixing ra-
tio; and �̂ is the bulk transfer coefficient. This formu-
lation for surface fluxes is similar to that used in GCMs
where XD, uD, and �D are grid-scale temperature, mois-
ture, and zonal and meridional wind components. The
flux from the diagnostic calculation or the GCM ap-
proach will be termed as “average flux” in this paper.
The nonlinear correlation between subgrid wind, tem-
perature, and moisture variability is not included in the
calculation of average flux.

The difference �F of F and F̂ is referred to as the
mesoscale enhancement of surface fluxes for sensible or
latent heat by precipitating deep convection in this
study. Convective events that are associated with peri-
ods of precipitation, updrafts, and downdrafts can sig-
nificantly enhance the sensible and latent heat fluxes
through the increase in wind speeds associated with
precipitating events as well as the decrease in air tem-
perature in the rainfall region (e.g., Jabouille et al.
1996; Redelsperger et al. 2000). It was shown by previ-
ous studies that differences between the domain-
averaged wind speed U � (1/N�i	u2

i 
 �2
i ) over all
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grid points and the wind speed UD of domain-averaged
zonal and meridional components are the main con-
tributor to the mesoscale enhancement. Since UD is
smaller than or equal to U due to the subgrid variability
of wind components under the convective situation, a
gustiness velocity Ug can be used to measure the impact
of variability on the domain-averaged wind speed,
that is,

U2 � UD
2 
 Ug

2. �4�

Because the convection-induced gustiness is a subgrid
process in GCMs, its parameterization in terms of con-
vective properties has been proposed and derived from
the CRM simulations. This relationship will be investi-
gated using both 20-day 2D and 3D CRM simulations
of TOGA COARE cloud systems.

b. Mesoscale enhancement by CRM-simulated
TOGA COARE cloud systems

The TOGA COARE experiment is particularly in-
teresting because it contains periods of intense convec-
tive activity that allow for a detailed discussion on the
enhancement defined above. Figures 1 and 2 exhibit the
time series of sensible and latent heat fluxes for the 2D
and 3D from the CRM and GCM approach, respec-
tively. Both 2D and 3D evolutions of the enhancement
are remarkably similar with the enhancement in the
first 10 days larger than the second 10 days. Consistent
with previous CRM studies (e.g., Redelsperger et al.
2000), the evolution of differences between control flux
and average flux correlates well to that of differences
between the domain-averaged wind speed U and the

wind speed UD in Fig. 3. The relationship between the
enhancement of surface fluxes and the gustiness (hori-
zontal wind variations) Ug can be better viewed from
the scattered plot of 6-hourly averages in Fig. 4, which
shows mostly positive correlation between the two ex-
cept few small negative enhancements for small Ug. In
general, the small Ug is mostly associated with the large
wind speed and scattered convection, and the average
flux may be slightly larger than the control flux because
of the nonlinearity throughout the iterations in getting
the bulk transfer coefficients. Peaks in the surface pre-
cipitation time series for both 2D and 3D CRMs (Figs.
5a,b) also correspond to large values of the enhance-
ment, although not as significant as the gustiness, as
noted from the scattered plots of 6-hourly averages in
Figs. 6a,b.

FIG. 1. Time series of surface (a) sensible and (b) latent heat
fluxes with a 15-min step using the 2D CRM during the TOGA
COARE. In each plot, solid curves represent the control flux from
the CRM approach and dashed curves the average flux from the
GCM approach.

FIG. 2. Same as in Fig. 1, but using the 3D CRM.

FIG. 3. Time series of the horizontal wind speeds from (a) 2D
CRM and (b) 3D CRM with a 15-min step during the TOGA
COARE. In each plot, solid curves represent the domain-
averaged wind speed Uand dashed curves the wind speed UD of
domain-averaged zonal and meridional components.
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Table 1 shows the mean percentages of enhancement
for both the sensible and latent heat fluxes for 2D and
3D CRMs as well as the mean values of enhancement
calculated during the TOGA COARE period. The
mean percentages as well as the mean values of the
mesoscale enhancement for the total sensible heat flux

are found to be nearly the same for both 2D and 3D
CRMs. Similar results are found for the total latent heat
flux with both 2D and 3D CRMs yielding a mean per-
centage of enhancement within 2% and a mean value
within 2.4 W m�2 of the other model. Results from
Esbensen and McPhaden (1996) for surface fluxes av-
eraged over a longer time span in the equatorial Pacific
(1991–94 rainy season) show similar values to the fluxes
calculated herein with the enhancement representing
17% of the mean for the sensible flux and 15% of the
mean for the latent flux. Data interpreted from Redel-
sperger et al. (2000) during two shorter periods of
TOGA COARE (10–17 December and 20–26 Decem-
ber 1992) reveal that approximately 25% of the total
sensible heat flux and 24% of the total latent heat flux
can be explained by the mesoscale enhancement.

c. Case studies of mesoscale enhancement and
sensitivity experiments of 2D CRM

To facilitate an understanding of the reasons behind
the enhancement of the surfaces heat fluxes in one re-
gion and nonenhancement in another, two snapshots
were analyzed from the 2D CRM simulations. The first
case was analyzed at 1200 UTC 11 December 1992,
which is characterized by strong convection and signifi-

FIG. 5. Time series of the surface precipitation from the (a) 2D
CRM and (b) 3D CRM with a 15-min step during the TOGA
COARE.

FIG. 4. Scatterplots with linear regressions of the mesoscale enhancement of 6-hourly surface sensible and
latent heat fluxes vs gustiness speed Ug from the (a), (b) 2D CRM and (c), (d) 3D CRM for 10–30 Dec 1992.
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cant mesoscale enhancement. The second case was ana-
lyzed at 1200 UTC 20 December 1992, which is featured
by pronounced convection, but with very minimal me-
soscale enhancement. The CRM defines a grid point as
being cloudy if the total condensate (the sum of liquid
and ice water mixing ratios) is greater than or equal to
0.1 g kg�1 (Wu et al. 1998). This technique was applied
to the data of the time period in question to analyze the
strength and development of convection and their sub-
sequent modification of surface fluxes. Figure 7a for the
first case shows values of total condensate greater than
5 g kg�1 within an extensive depth of the lower atmo-
sphere (from 3 to 13 km) with the cloud top stretching
up around 16 km. The corresponding plot of horizontal

wind speeds (Fig. 7b) exhibits turbulent fluctuations of
the winds from positive to negative values indicating
west and east winds, respectively in the regions of con-
vective clouds. The mean wind speed over the domain
is 0.95 m s�1 and the mesoscale enhancements are 50%
and 45% for sensible and latent heat fluxes, respec-
tively. Figure 8a from the second case shows a broader
range of convective activity with roughly two distinct
regions of total condensate including values in the
range of 2–3 g kg�1. The corresponding plot of hori-
zontal wind speeds (Fig. 8b) shows large positive values
of the wind in cohesion with the presence of a westerly
wind burst (WWB) in this time period. The mean wind
speed is 4.67 m s�1, and the enhancements are 7% and
11% for sensible and latent heat fluxes, respectively.
These results clearly demonstrate that under the con-
dition of low mean wind speed over the domain, con-
vective processes can significantly enhance the surface
heat fluxes.

Several 2D simulations are performed to examine the
sensitivity of mesoscale enhancement of fluxes to the
grid resolution and domain size. With the same domain
size of 840 km but the finer resolution of 1 km than the
control run, the 20-day mean enhancement decreases
less than 2%. To address the dependence of flux en-

TABLE 1. Twenty-day (10–30 Dec 1992) mesoscale enhance-
ment of sensible and latent heat fluxes by precipitating deep con-
vection in terms of percentage and mean (W m�2 from 2D and 3D
CRM simulations.

Enhancement

Sensible flux Latent flux

%
Mean

(W m�2) %
Mean

(W m�2)

2D CRM 17 3.28 18 21.68
3D CRM 17 3.26 16 19.29

FIG. 6. Same as in Fig. 4, but for precipitation.
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hancement on the domain size (or the resolution of
GCMs), another 2D simulation with the resolution of 1
km but the domain size of 280 km was performed and
the 20-day mean enhancement decreases 5% compared
to the 2D run with the same resolution of 1 km but the
domain size of 840 km. The decrease of flux enhance-
ments is largely due to the smaller wind variability over
the smaller domain.

4. Parameterization of mesoscale enhancement

Horizontally homogeneous parameters over a GCM
grid box will not suffice in getting accurate surface heat
fluxes when subgrid scale motions induced by convec-
tive events are occurring. Several studies have pro-
posed to include the mesoscale enhancement in the flux
calculation by parameterizing the convection-induced
gustiness as a function of convective cloud properties
such as the precipitation and cloud mass fluxes (e.g.,
Jabouille et al. 1996; Zulauf and Krueger 1997). Work
completed by Redelsperger et al. (2000) using a fit to a
logarithmic function relating the gustiness to cloud
properties yields a general form of the equation

Ug � log�A 
 Bx � Cx2�, �5�

where A, B, and C are coefficients; x is the cloud vari-
able in question; and Ug is the gustiness factor in meters
per second. By applying a least squares fit to x through
(5), one can solve for values of A, B, and C. In this
study, a quadratic fit with intercept constrained to 1.0
was performed in order to yield values for B and C.
Applying a constant gustiness Ug of 3 m s�1 to the
fluxes recovered the control fluxes rather well, but the
lack of time variation resulted in high root-mean-
square (rms) errors for the heat fluxes using both 2D
and 3D CRMs as is seen in Table 2.

Upon applying the method described in the previous
section, it was found that the coefficients outlined by
Redelsperger et al. (2000) for the precipitation param-
eterization performed the most desirable results for the
gustiness calculation using both 2D and 3D CRMs. This
formulation gives

Ug � log�1.0 
 6.69P � 0.476P2�, �6�

where P is precipitation in centimeters per day. Figure
9 depicts the approximation of the mesoscale enhance-
ment through the precipitation parameterization for
sensible and latent heat fluxes using both 2D and 3D
models. The precipitation scheme from the 2D CRM

FIG. 7. (a) Vertical cross section of total condensate mixing ratio (g kg�1) and (b) the
corresponding surface horizontal wind speed (m s�1) over the 2D CRM domain for 1200 UTC
11 Dec 1992.
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produces a reduction in rms error quite similar to the
3D for the sensible heat flux (1.65 and 1.87 W m�2,
respectively) and the latent heat flux (6.40 and 6.81 W
m�2, respectively) as seen in Table 2. The precipitation
representation recovers the mean fluxes rather well for
the sensible heat flux but leaves room for improvement
in the latent heat flux, especially with the 2D CRM. The

correlation coefficients for the 3D CRM are found to
be more significant than the 2D for the precipitation
scheme shown in the statistical summary in Table 2.

To calculate the cloud mass fluxes, a similar tech-
nique to the total condensate mixing ratio was used to
resolve updrafts and downdrafts. At levels where the
total condensate is larger than or equal to 0.1 g kg�1,

TABLE 2. Twenty-day mean and std dev of surface sensible and latent heat fluxes (W m�2) from control simulations, diagnostic
analyses, and four different parameterizations of gustiness for 2D and 3D CRMs. The rms error and correlation coefficient (r) from 2D
and 3D control simulations are also included.

Surface flux Sensible Latent

CRM Method Mean Std dev Rms r Mean Std dev Rms r

2D Control 16.9 8.0 0.00 1.00 130.0 37.1 0.00 1.00
Average 13.6 7.0 4.31 0.84 108.3 41.7 19.09 0.86
Ug � 3 17.5 6.6 2.67 0.94 135.6 32.2 16.95 0.89
Ug � f(P) 15.4 7.5 2.66 0.94 119.1 38.7 12.69 0.94
Ug � f(Mu) 14.8 7.1 3.51 0.90 116.2 39.6 16.88 0.89
Ug � f(Md) 14.9 7.6 3.17 0.92 116.3 40.2 15.37 0.91

3D Control 18.4 8.2 0.00 1.00 132.5 38.7 0.00 1.00
Average 15.2 7.7 3.38 0.91 113.2 43.8 13.87 0.93
Ug � 3 19.3 7.2 1.60 0.98 140.4 33.7 11.11 0.96
Ug � f(P) 17.2 8.1 1.51 0.98 124.4 40.8 7.06 0.98
Ug � f(Mu) 16.0 7.8 2.44 0.95 117.8 42.2 10.34 0.96
Ug � f(Md) 16.0 7.8 2.36 0.96 117.8 42.1 10.07 0.97

FIG. 8. Same as in Fig. 7, but for 1200 UTC 20 Dec 1992.
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the updraft and downdraft cloud mass fluxes were cal-
culated and then averaged over the domain for each
level (Wu et al. 1998). To determine cloud-base level,
the first level having an updraft or downdraft flux not
equal to zero was used and the corresponding value
calculated. The parameterization of gustiness in terms
of cloud mass fluxes provided by Redelsperger et al.
(2000) did not perform as well in this scenario because
of the differences in their CRM’s treatment of cloud
microphysics and determination of cloud-base level.
Using 2D and 3D CRM simulations presented in the
last section, two parameterizations were derived in
terms of the updraft and downdraft mass fluxes. The
formulated functions follow:

2D CRM (updraft)

Ug � log�1.0 
 9.68Mu � 3.21Mu
2�, �7�

3D CRM (updraft)

Ug � log�1.0 
 3.73Mu � 0.61Mu
2�, �8�

2D CRM (downdraft)

Ug � log�1.0 
 0.64Md 
 15.04Md
2�, �9�

3D CRM (downdraft)

Ug � log�1.0 � 1.76Md 
 0.10Md
2�, �10�

where Mu and Md are the updraft and downdraft cloud
mass fluxes in mb hour�1, respectively. The updraft
scheme from the 2D CRM produces a reduction in rms
error similar to the 3D CRM for the sensible flux (0.80
and 0.94 W m�2) and the latent heat flux (2.21 and 3.53
W m�2). Figure 10 outlines the performance of the
downdraft scheme for the latent heat flux using both
the 2D and 3D CRMs. The downdraft parameterization
yields a reduction in rms error roughly similar to the
updraft scheme, and across each model, they remain
nearly identical for the sensible flux (1.14 and 1.02 W
m�2 for 2D and 3D, respectively) and the latent heat
flux (3.72 and 3.80 W m�2). Both cloud mass flux rep-
resentations equally recover the mean fluxes indicating

FIG. 9. Comparison of the time series of surface heat fluxes with a 15-min step during the TOGA COARE. (a)
Sensible and (b) latent fluxes for the 2D CRM, and the (c) sensible and (d) latent fluxes for the 3D CRM. In each
figure, the thick curve represents the control flux and the thin curve portrays the parameterization using the
precipitation [Eq. (6)].
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that the results are indistinguishable in this context.
Finally, it is noted from Table 2 that the correlation
coefficients between the parameterized surface heat
fluxes and the control fluxes are higher in the 3D than
the 2D.

5. Conclusions

General circulation models (GCMs) lack a represen-
tation of surface heat fluxes due to the mesoscale en-
hancement induced by subgrid-scale processes. As a
result, GCMs suffer vast uncertainties in the surface
energy budget that affects various phenomena on dif-
fering scales and ultimately leads to inaccurate long-
range forecasting. By applying 2D and 3D cloud-
resolving models to data taken during TOGA COARE,
the authors attempt to provide insight via parameter-
izations into the functioning of 2D and 3D CRMs in
approximating the mesoscale enhancement of surface
heat fluxes for eventual implementation into GCMs.

The results suggest that the mesoscale enhancement
by precipitating deep convection is analogous across 2D
and 3D CRMs for both the sensible and latent heat
fluxes. The enhancement accounts for 17% of the total
sensible heat flux for both 2D and 3D CRMs. Similar
results surfaced for the total latent heat flux with 18%
explained by the enhancement from the 2D model and
16% from the 3D model. It seems clear that the meso-
scale enhancement is apparent across various models
with mean values accounting for a range of 0%–30% in
the total flux (Esbensen and McPhaden 1996). How-
ever, much of the CRM data analyzed over the equa-
torial Pacific (e.g., Zulauf and Krueger 1997; Redel-
sperger et al. 2000) including the results herein indicate

that the majority of mesoscale enhancement embodies
the upper half of this range (15%–30%).

The representation of the gustiness based on the pre-
cipitation presented by Redelsperger et al. (2000) ex-
hibits favorable results when evaluated against the 2D
and 3D CRMs. Rainfall from deep convection brings
outflows into contact with the ocean surface altering
the air–sea temperature gradient through the gusty,
cool air transport allowing for the modification of sur-
face fluxes. Formulations utilizing the cloud mass fluxes
will differ appreciably across various models due to the
treatment of cloud microphysics and the determination
of the appropriate level of calculation. Parameterizing
the gustiness in terms of the cloud mass fluxes alone is
insufficient in representing the mesoscale enhancement
when compared to the precipitation scheme. Thus, it
seems appropriate to further study coupling processes
of precipitation and cloud mass fluxes with convective
thresholds in order to fully recover the dynamic re-
sponse of the enhancement.

Although the 3D CRM was found to have higher
correlations, overall, 2D and 3D CRMs are comparable
in their assessment of the mesoscale enhancement of
surface heat fluxes largely due to the similar convec-
tion-induced surface gustiness and precipitation from
both models. While more study is needed to deduce
conclusions from results of superparameterizations, it
seems sufficient to utilize the 2D CRM in the interest of
saving computational costs for representing convection-
induced enhancements of surface heat fluxes in GCMs.
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