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1. INTRODUCTION

The precipitation radar (PR) of the TRMM pro-
vides height information based upon the time de-
lay of the precipitation-backscattered return power,
and has enabled us to directly obtain vertical pro-
files of precipitation over the global Tropics (Kozu
and Coauthors, 2001; Okamoto, 2003). The classifi-
cation between convective and stratiform regions of
mesoscale convective systems (MCS) became more
straightforward utilizing observed precipitation pro-
files (Awaka et al., 1998). The accuracy of this clas-
sification is very important for estimating latent heat-
ing, because the differences of diabatic heating pro-
files that exist between convective and stratiform re-
gions of MCSs (Houze, 1982; Johnson and Young,
1983). For convective regions of MCSs the heating
profile has warming at all levels with a maximum at
midlevels, whereas in stratiform regions there is a
warming peak in the upper troposphere and a cool-
ing peak at low-levels. The resulting MCS heating
profile is positive at all levels, but with a maximum
value in the upper troposphere.

Takayabu (2002) obtained a spectral expression
of precipitation profiles to examine convective and
stratiform rain characteristics statistically over the
equatorial area (10oN-10oS) observed by the TRMM
PR. In her study, all nadir data of PR2A25 version
5 (Iguchi et al. 2000) for the period of 1998-1999
were utilized and convective and stratiform precipita-
tion were separated based on the TRMM PR version
5 2A23 convective-stratiform separation algorithm.
Precipitation profiles with 0.3 mm hr−1 precipitation-
top threshold were accumulated and stratified with
precipitation-top heights (PTHs). Properties of con-
vective rain profiles show near monotonic change
with cumulative frequency. Stratiform rain profiles
consist of two groups. One group consists of shal-
low stratiform rain profiles which are very weak and
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increase downward. The other group consists of
anvil rain profiles, characterized by maximum inten-
sity around the melting level, much less intensity
above, and a downward decrease below as indicated
in traditional radar observations.

Based on the results of spectral precipitation
statistics of Takayabu (2002), the Spectral Latent
Heating (SLH) algorithm has been developed for the
TRMM PR (Shige et al. 2004, 2007, and 2008, here-
after Part I, II, and III). Heating profile lookup tables
for the three rain types– convective, shallow strat-
iform, and anvil rain (deep stratiform with a melt-
ing level) were produced with numerical simulations
of tropical cloud systems in Tropical Ocean Global
Atmosphere (TOGA) Coupled Ocean–Atmosphere
Response Experiment (COARE) utilizing a cloud-
resolving model (CRM). For convective and shallow
stratiform regions, the lookup table refers to the pre-
cipitation top height (PTH). For anvil region, on the
other hand, the lookup table refers to the precipita-
tion rate at the melting level instead of PTH.

The two-dimensional version of the GCE model
was used in the previous studies. Real clouds and
cloud systems are three-dimensional. The avail-
ability of exponentially increasing computer capabil-
ities has resulted in three-dimensional CRM simula-
tions for multiday periods with large horizontal do-
mains becoming increasing prevalent. In this study,
we compare look-up tables from the two- and three-
dimensional CRM simulations.

2. APPROACH

Here the 2-D and 3-D versions of the Goddard Cu-
mulus Ensemble (GCE) model (Tao and Simpson,
1993) are used. Numerical simulations were con-
ducted with the large-scale forcing data from TOGA-
COARE. In this paper, the SLH algorithm is also ap-
plied to PR data and the results will be compared
to heating profiles derived diagnostically from sound-
ing data of SCSMEX (Johnson and Ciesielski, 2002).
We will show the results with Q1 - QR (Q1R), which



Figure 1: Time series of (a) Q1 and (b) Q2 profiles
averaged over the TOGA COARE IFA region for the
19-26 December 1992 period derived diagnostically
from soundings (Ciesielski et al., 2003).

is the important dynamically important quantity. Here
Q1 is the apparent heat source defined in diagnos-
tic studies (Yanai et al., 1973; Yanai and Johnson,
1993), and QR is the cooling/heating rate associated
with radiative processes.

3. RESULTS

3.1. General features

Figures 1, 2, and 3 show the time series of Q1 and
Q2 profiles averaged over the TOGA COARE IFA re-
gion for the 19-26 December 1992 period derived di-
agnostically from soundings (Ciesielski et al., 2003),
GCE 2-D simulations, and GCE 3-D simulations, re-
spectively. There exisits larger temporal variability
Q1 and Q2 profiles in the two-dimensional simulation
than in the three-dimensional simulation, which is
consistent with the results found by Grabowski et al.
(1998), Donner et al. (1999) and Zeng et al.. (2007).
Zeng and Coauthors (2007) suggested that the rapid
fluctuation in surface precipitation (proportional to in-
tegrated Q1 or Q2) can be attributed to the fact that
buoyancy dmping is sensitive to spatial smoothers in
2-D CRMs, but not in 3D ones.

The GCE 3-D model simulated Q2 budget (Fig. 2b)
is in better agreement with observations (Fig. 1b)
in the lower-troposphere than its 2-D counterpart
(Fig. 3b), as pointed out by Tao et al. (2000). The
eddy moisture flux convergence is one of the major
contributors to Q2 while the contribution to the Q1R

budget by the eddy heat flux convergence is minor
(Shige et al., 2008). Better agreement of the GCE 3-
D model simulated Q2 budget is due to the fact that

Figure 2: Same as Fig. 1, but for simulated by the
GCE 2D model.

Figure 3: Same as Fig. 1, but for simulated by the
GCE 3D model.

the eddy moisture flux convergence is 3-D in nature.

Rainfall (mm day−1) Stratiform (%)
GCE 2-D 19.86 43
GCE 3-D 18.98 40
Sounding 19.91 —

Table 1: Domain averaged surface rainfall amounts
and stratiform percentage from the GCE 2-D model
and 3-D one for the COARE episode. Rainfall esti-
mated by sounding network is also shown.

Domain averaged surface rainfall amounts and
stratiform percentage from the GCE 2-D model and
3-D one for the COARE episode are shown in Table
1. The model results indicate that stratiform rain per-
centage are not affected very much due to dimen-



Figure 4: Lookup tables for the (a) convective and
(b) deep stratiform (anvil) regions produced from the
TOGA COARE 2D simulations.

sionality. The reason for the similarity between the
GCE 2-D and 3-D simlulations is that the same ob-
served, large-scale advective tendencies of potential
temperature, water vapor mixing ratio, and horizontal
momentem were used as the main forcing in bothe
2-D and 3-D models.

3.2. Comparisons of lookup tables

Figure 4a shows a lookup table for convective
rain produced from GCE 2D simulations. The GCE-
simulated precipitation profiles with a 0.3 mm h−1

precipitation-top threshold and corresponding heat-
ing profiles are accumulated and averaged for each
PTH with model grid intervals. Properties (i.e.,
shape and magnitude) of the convective heating pro-
files show near-monotonic changes with PTH. Heat-
ing top height is determined by the PTH. The shallow
convective heating profiles (PTH < 6 km) are char-
acterized by cooling aloft due to an excess of evap-
oration over condensation, such as in tradewind cu-
mulus (Nitta and Esbensen, 1974). Another interest-
ing feature is that the convective heating profiles for
the highest PTH are also characterized by cooling
aloft. This feature is consistent with the strong cool-
ing above mesoscale convective systems observed
by Johnson and Kriete (1982) and Lin and Johnson
(1996).

Figure 4b a lookup table for anvil (deep stratiform
with a PTH higher than the melting level) rain. PR
can measure the precipitation rate at the melting
level as can surface-based radar (e.g. Leary and
Houze 1979), although it cannot observe the PTH
accurately enough in the upper-level regions of the
anvils. Thus, for the anvil region, the lookup table
refers to the precipitation rate at the melting level Pm

instead of PTH (Part I). The anvil profiles with a PTH
higher than the melting level are characterized by
upper-level heating and lower-level cooling, which is
also found in observations (e.g. Johnson and Young
1983). The upper level heating in these anvil regions
is largely due to condensation and deposition, while
the lower-level cooling is largely due to evaporation
of raindrops and melting of ice particles (Tao et al.,
1990). A set maximum height for Q1R profiles can

Figure 5: Same as Fig. 4, but produced from the
TOGA COARE 3D simulations.

be seen around 12 km.
Figure 5a shows a lookup table for convective rain

produced from GCE 3D simulations. As well as the
lookup table from GCE 2D simulations, heating top
height is determined by the PTH. The shallow con-
vective heating profiles (PTH < 6 km) are character-
ized by cooling aloft due to an excess of evaporation
over condensation, and the convective heating pro-
files for the highest PTH are also characterized by
cooling aloft.

On the other hand, differences in vertical structure
(e.g., the level of maximum Q1Rp heating) for a given
PTH between lookup tables from GCE 2D simula-
tions and GCE 3D simulations are distinct. In the
lookup tables from GCE 2D simulations, the level of
Q1R heating peak shifts upward until PTH reaches
6 km, and then reach its plateau around the melting
level (4.4 km). These results indicate that liquid wa-
ter processes dominate in the GCE 2D simulations.
In the lookup tables from GCE 3D simulations, the
level of Q1R heating peak for a PTH higher than 6
km is well above the melting level. These results in-
dicate that ice water processes dominate in the GCE
2D simulations. A set maximum height for Q1R pro-
files in the lookup table for the deep stratiform pro-
duced from the 3D simulations is lower than the 2D
counterpart.

3.3. Comparison of Q1 profiles over the SC-
SMEX NESA region

In Part II, the accuracy of the SLH-retrieved heat-
ing was evaluated by comparing with a rawinsonde-
based analysis of diabatic heating for the SC-
SMEX NESA derived by Johnson and Ciesielski
(2002). Figure 6 shows a comparison between SLH-
retrieved Q1Rp from version 6 of the TRMM PR data
sets using lookup tables derived from GCE 2-D sim-
ulations and sounding-based Q1 during the cam-
paign’s most convectively active period (May 15 –
Jun 20 1998). Note that the total Q1Rp profiles are
not the same as in Part II, but are estimated using the
Q1Rp profile lookup tables derived from the TOGA-
COARE simulations made with the TOGA COARE
flux algorithm (Fairall et al., 1996; Wang et al., 1996)
and a modification of conversion of cloud ice to snow



Figure 6: Heating from diagnostic calculations for
SCSMEX (15 May - 20 June 1998) (Johnson &
Ciesielski 2002) and the SLH algorithm using lookup
tables derived from GCE 2D simulatioins.

in the ice microphysics schemes (Tao et al. 2003).
However, the differences are very small. As pointed
out in Part II, key features of the vertical profiles
agree well, particularly the level of maximum heat-
ing. The vertical profile of QR simulated by the GCE
2-D model for the SCSMEX periods (18–26 May
1998 and 2–11 June 1998) is shown on the left side
of the figure. This QR component is added to the
SLH-retrieved Q1Rp estimates. The level of maxi-
mum heating of Q1Rp + QR and its magnitude are
in very good agreement with the sounding-derived
Q1.

Figure 7 shows a comparison between SLH-
retrieved Q1Rp using lookup table derived from GCE
3-D simulations and sounding-based Q1. The lookup
table from GCE 3-D simulations results in less
agreement between the SLH-retrieved Q1Rp and
sounding-based Q1. The level of maximum heat-
ing of Q1Rp + QR is slightliy lower than that of the
sounding-derived Q1. The Q1Rp + QR magnitude at
z = 4–8 km is larger than the sounding-derived Q1.

4. DISCUSSIONS

To investigate less agreement between the SLH-
retrieved Q1Rp from 3D lookup table and sounding-
based Q1 than 2D counterpart, we examine the dif-
ferences in the heating profiles between 2D and 3D.
Figure 8 shows GCE-simulated Q1Rp and precipita-
tion profiles with selected PTHs of 3.1 km, 5.9 km,
10.2 km, and 14.0 km from the convective regions of
2D and 3D simulations. Note that the Q1Rp profiles

Figure 7: Same as Fig. 6, but for the SLH algorithm
using lookup tables derived from GCE 3D simula-
tions.

and precipitation profiles are normalized by the near-
surface rainrate. The vertical structure (e.g., maxi-
mum heating level) of the convective heating profiles
with PTH lower than 10 km does not vary beween
2D and 3D. However, the differences in convective
heating profile shape between 2D and 3D increase
with PTH higher than 10 km. The 3D convection has
stronger heating above the melting level than the 2D
convection does. Similarly, the differences in cor-
responding precipitation profile shape among cases
also increases with PTH higher than 10 km. The 3D
convection has stronger precipitation intensity above
the melting level than 2D convection.

Figure 9 shows GCE-simulated Q1Rp and precipi-
tation profiles with selected Pms of 2.0 mm hr−1, 4.0
mm hr−1, 8.0 mm hr−1, and 16 mm hr−1 from the
stratiform regions of 2D and 3D simulations. The
lower-level cooling shape does not vary between 2D
and 3D. However, the upper-level stratiform heating
from 3D for smaller Pm (i.e. 2.0 mm hr−1 and 4.0
mm hr−1) is weaker than 2D counterpart. The upper-
level stratiform heating from 3D increases with Pm

and is almost the same as 2D countetrpart. The
number of pixels observed by PR is larger for weaker
Pm. Thus, the SLH algorithm with 3D lookup ta-
ble estimate weaker heating amplitude in stratiform
heating, resulting in underesitamtion of the level of
maximum heating.

Houze et al. (1980), Gamache and Houze (1983),
and Chong and Hauser (1989) showed that the strat-
iform precipitation falling into the melting layer from
the anvil cloud above is a combination of conden-
sate generated in and carried over from the convec-



Figure 8: Ensemble-mean GCE-simulated Q1Rp and
precipitation profiles with the selected PTHs of (a)
3.1 km, (b) 5.9 km, (c) 10.2 km, and (d) 14km from
the convective regions of 2D and 3D simulations.
The Q1R and precipitation profiles are normalized by
near-surface rainrate.

tive region plus condensate that is produced by the
anvil region’s own upward motion, analyzing the wa-
ter budgets of a precipitating tropical mesoscale con-
vective system. In order to evaluate this advection
effect, we calculated following values for lookup ta-
bles from GCE 2D and 3D simulations (Figs 4 and
5).

Rconv =
Cp

Lv

∫ zt

0

ρQ̃1Rp(z)�z

/
P̃s = 1 + f (1)

Rstra =
Cp

Lv

∫ zt

zm

ρQ̃1Rp(z)�z

/
P̃m = 1 − f (2)

Here, f is the fraction of the precipitation rate at the
melting level, Pm, carried over from the convective
region, and Ps is the precipitation rate at the observ-
able lowest level and tildes denote the variables in
the lookup table. For both 2D and 3D, Rconv are
larger than unity and Rstra are smaller than unity
(Fig. 10), which indicate the contribution to the anvil
water budget made by the horizontal transfer of con-
densate from the convective region. There are big
differences in Rconv and Rstra between 2D and 3D.
Rconv for 2D decreases with PTH, but Rconv for 3D
increases with PTH higher than 5 km. Total con-
densates generated in deep convection in 3D sim-
ulations are much larger than surface precipitation,
which results in large Rconv. On the other hand,
Rstras from 3D are smaller than 2D counterparts in
the range 1 mm h−1 < P̃m ≤ 8 mm h−1. Thus, con-
densate carried over from the deep convection in 3D
is larger than the 2D counterpart.

We obtained the spectral plots of convective pre-
cipitation profiles simulated in 2D and 3D (Fig. 11) to

Figure 9: Ensemble-mean GCE-simulated Q1Rp and
precipitation profiles with the selected Pms of (a) 2.0
mm hr−1, (b) 4.0 mm hr−1, (c) 8.0 mm hr−1, and (d)
12 mm hr−1 from the stratiform regions of 2D and 3D
simulations.

Figure 10: The ratios Rconv and Rstra defined as
Eqs. (1) and (2) for lookup tables from GCE 2D and
3D simulations (Figs 4 and 5).

compare them against that of TRMM PR-observed
precipitation profiles (Fig. 12). The 40 % of convec-
tive rain in 2D is shallow and congestus rain with
PTHs lower than 4 km, consistent with TRMM PR
observation. On the other hand, only 20 % of con-
vective rain in 3D is shallow and congestus rain with
PTHs lower than 4 km.

The GCE model results reported in Grabowski et
al. (2006) showed that using a finer resolution (250
m versus 1000 m) resulted in a smoother transition
to deep convection in diurnal convective growth dur-
ing the TRMM Large-Scale Biosphere–Atmosphere
(TRMM LBA) experiment in Brazil. Lang et al. (2007)
showed that convective intensity in the 250 m simu-
lation is steadier as opposed to being more pulse-
like in the 1000-m run for convective systems during
the TRMM LBA. They suggested the horizontal res-
olutions normally used to simulate deep convection
(i.e., 1 km or coarser) are inadequate for the diur-
nal growth of convection in this type of environment
and that finer resolutions are needed. Comparisons
of lookup tables from 2D and 3D simulations in this
study suggest that the horizontal resolution of 2 km
are also inadequate for the oceanic convective sys-



Figure 11: Cumulative plots of precipitation profiles
stratified with precipitation top height (PTH) from
convective region. (top) Simulated precipitation pro-
files from GCE 2D model. (bottom) Simulated pre-
cipitation profiles from GCE 3D model. The ab-
scissa is cumulative frequency and the ordinate is
altitude, and the precipitation rate is indicated with
color shades. Thresholds of 0.3 mm hr−1 are used
for the precipitation top detection.

Figure 12: Same as Fig. 11, but for TRMM PR-
observed convective precipitation profiles, utilizing
all nadir data over ocean in 10oN-10oS belt for 3
years of 1998-2000 from PR2A25 version 5 with a
reclassification of shallow, isolated rain (rain type 15
in product 2A-23) into convective rain. (Figure is from
Part I.)
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Figure 13: Schematic view of water budget of a
mesoscale convective system in (a) 2D and (b) 3D
simulations.

tems. Coarser resolution simulation produces the
wider cloud width, which has a direct impact on clud
entrainment, leading to fewer, more undilute convec-
tive cores that ascend higher unto the troposphere.
Thus, the 3D model with coarser resolution is inher-
ently limited in its ability to produce shallow convec-
tion and congestus-type clouds. More undilute con-
vective cores produce more ice-phase condenstaes
which are genereted in carried over from the convec-
tive region into stratiform region, and less conden-
sate that is produced by the stratiform region’s own
upward motion (Fig. 13).

5. SUMMARY AND FUTURE WORK

Spectral Latent Heating (SLH) algorithm has
been developed for the TRMM PR using the two-
dimensional version of the GCE model. Real clouds
and cloud systems are three-dimensional. The avail-
ability of exponentially increasing computer capabil-
ities has resulted in three-dimensional CRM simula-
tions for multiday periods with large horizontal do-
mains becoming increasing prevalent. In this study,
we compare look-up tables from the two- and three-
dimensional CRM simulations.

The lookup table from GCE 3-D simulations re-
sults in less agreement between the SLH-retrieved
Q1Rp and sounding-based Q1. The level of max-
imum heating of Q1Rp + QR is slightliy lower than
that of the sounding-derived Q1. This is explained by
the fact that the 3D lookup table produces stronger
convectiving heating and weaker stratiform heating



above the melting level that 2D counterpart. Con-
densate generated in and carried over from the con-
vective region is larger in 3D than in 2D, and conden-
sate that is produced by the stratiform region’s own
upward motion is smaller in 3D than 2D.

Coarser resolution simulation produces the wider
cloud width, which has a direct impact on clud en-
trainment, leading to fewer, more undilute convec-
tive cores that ascend higher unto the troposphere.
More undilute convective cores produce more ice-
phase condenstaes which are genereted in carried
over from the convective region into stratiform re-
gion, and less condensate that is produced by the
stratiform region’s own upward motion. The 3D sim-
ulations with finer resolution (i.e. 250 m) is computa-
tionally expensive, because finer resolution requires
small time step. The model domain is 64 km × 64 km
for the 250 m simulation in Lang et al. (2007). Such
small domain size is adequate for weakly organized
convection exmamined in Lang et al. (2007), but in-
adequate for organized convection examined here.
In the future, we will conduct the 3D simulations with
finer resolution and large domain size, using a super
computer.
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