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ABSTRACT

This study evaluates the simulation of tropical precipitation by the Community Climate Model, version 3,
(CCM3) developed at the National Center for Atmospheric Research. Monthly mean precipitation rates from an
ensemble of CCM3 simulations are compared to those computed from observations of the Tropical Rainfall
Measuring Mission (TRMM) satellite over a44-month period. On regional and subregional scales, the comparison
fares well over much of the Eastern Hemisphere south of 10°S and over South America. However, model—
satellite differences are large in portions of Central America and the Caribbean, the southern tropical Atlantic,
the northern Indian Ocean, and the western equatorial and southern tropical Pacific. Since precipitation in the
Tropics is the primary source of latent energy to the general circulation, such large model—satellite differences
imply large differences in the amount of latent energy released. Differences tend to be seasonally dependent
north of 10°N, where model wet biases occur in realistic wet seasons or model-generated artificial wet seasons.
South of 10°N, the model wet biases exist throughout the year or have no recognizable pattern.

1. Introduction

The purpose of this study is to measure the perfor-
mance of a general circulation model in its simulation
of precipitation in the Tropics. The motivations for a
model validation of this kind are numerous. Between
30°Sand 30°N, vast acreage is devoted to the production
of citrus, corn, cotton, rice, wheat, and sugar (Espen-
shade 1995). According to figures obtained from the
Population Reference Bureau, as of mid-2002, over 2.8
billion people were living in the Tropics, 1.5 billion
alone in Southeast Asia. Residents of the Tropics con-
stitute approximately 45% of the earth’s population of
around 6.2 billion (PRB 2003). Thus a large part of the
human population benefits from the accurate prediction
of long-term changes in precipitation within these lat-
itudes.

Additionally, precipitation in the Tropicsisthe source
of latent energy that comprises three-fourths of the en-
ergy used to drive the general circulation (Kummerow
et al. 1998). Therefore, variability in the horizontal dis-
tribution and intensity of tropical convection has global
effects, as evidenced in the teleconnections of the El
Nifio—Southern Oscillation (ENSO) phenomenon (see
Ropelewski and Halpert (1987, 1989), Montroy (1997),
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Mo and Higgins (1998), Lau and Wu (2001), and Adler
et al. (2000), among others).

Genera circulation models (GCMs) use Newton's
equations of motion and the laws of thermodynamics
along with parameterizations for subgrid-scale process-
es to simulate the atmospheric and oceanic circulations
and the land surface. Essentially, they are models of the
entire climate system and can be used to assess the
impacts of variability in the mean state of the atmo-
sphere. Long simulations (of several tens of years) can
be used to predict climate change. Validation studies of
the precipitation simulated by GCMs are numerous,
many concentrating on specific regions of the earth.
Examples include the studies of Kirkyla and Hameed
(1989) and Chen et al. (1996; United States), Chen and
Yen (1994; Indian monsoon), Busuioc et al. (1999; Ro-
mania), Trigo and Palutikof (2001; Iberian peninsula),
and the 32-model intercomparison of Sperber and Palm-
er (1996) which examined the simulation of interannual
rainfall variability in the Brazilian Nordeste, African
Sahel, and the Indian subcontinent.

Since tropical precipitation is so important to the cir-
culation of the atmosphere and thus to the climate sys-
tem itself, its simulation by these models should be
evaluated. This kind of evaluation may be performed
by comparing the model with observations. In recent
years, an important new dataset has become available,
that of the Tropical Rainfall Measuring Mission
(TRMM) satellite, which is ajoint venture between the
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National Aeronautics and Space Administration
(NASA) and the Japan National Space Development
Agency (NASDA). One of the primary goals of this
mission, as stated by Simpson et al. (1988), is to help
modelers of the general circulation know the location
and amount of latent energy released in the atmosphere
to improve climate modeling (Kummerow et al. 2000).
Launched 27 November 1997, the TRMM satellite or-
bits at an altitude of approximately 401 km, boosted
from an altitude of 350 km in 2001,* and is equipped
with a microwave radiometer and a precipitation radar
to infer rainfall rates between roughly 38°N and 38°S
latitude. The microwave radiometer (TRMM Micro-
wave Imager, or TMI) measures the electromagnetic en-
ergy emitted by the earth—atmosphere system in chan-
nels between 10.65 and 85.5 GHz. The size of the in-
strument’s field of view depends on the frequency, rang-
ing from 63 km X 37 km at 10.65 GHz to 7 km X 5
km at 85.5 GHz (Kummerow et al. 1998). Precipitation
retrieval algorithms rely primarily on emission of ra-
diation from hydrometeors (Kummerow et al. 2000).

The TRMM Precipitation Radar (PR), operating at a
13.8-GHz freguency, can measure the three-dimensional
rainfall distribution. The energy backscattered by pre-
cipitation and received by the radar is converted to an
equivalent precipitation rate, as explained in Kumme-
row et al. (2000). At present, the TRMM satellite re-
mains in orbit, and fortuitously, it observed most of the
strong 1997/98 El Nifio event, alowing modelers to
take advantage of this rich dataset for evaluating their
simulations of ENSO. Our research uses the TRMM
satellite data from both instruments, that is, the merged
dataset based on PR/TMI algorithm 2B31 (Kummerow
et al. 2000), to evaluate the National Center for At-
mospheric Research (NCAR) Community Climate Mod-
el, version 3 (CCM3) in the simulation of tropical pre-
Cipitation.

2. Methods
a. TRMM data

This study uses the 3G68 dataset, which was obtained
from the TRMM Science Data and Information System
(TSDIS). It consists of essentially instantaneous precip-
itation rates derived from TMI, from PR, and from the
combination of both instruments averaged over 0.5° X
0.5° latitude-ongitude boxes between 38°S and 38°N.
For validating CCM3, we use the precipitation rates
from the combination of TMI and PR. Generally, the
TRMM satellite is able to observe a given location in
the Tropics about once per day, at a different time each
day, with a cycle of 46 days, the period of its orbital
precession (Negri and Bell 2002). Therefore, for the 44-
month period considered here (January 1998-August

1 The data for this study are derived from observations at its pre-
boost altitude.
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2001), there are about 1320 observations of each of the
aforementioned boxes. Precipitation is highly variable
in both space and time, and the incomplete nature of
the satellite’s sampling introduces an error in the re-
trieval relative to actual ground truth. This error is
known as sampling error and has been the subject of
several studies (see Shin and North 1988; Bell and Kun-
du 1996, 2000; Bell et a. 2001; and most recently Bell
and Kundu 2003, for example). According to Shin and
North (1988), TRMM sampling errors in monthly mean
rain rates in wet areas of the Tropics would be less than
10% when averaging the observations on areas of 5° X
5°. And the results of Bowman et al. (2003) show that
very long-term averages of satellite-derived rain rates
compare remarkably well with those measured by rain
gauges on areas as small as 1° X 1°.

b. GCM simulations

CCM3 is a three-dimensional global spectral model.
For this study, simulations are carried out at T42 hor-
izontal resolution (approximately 2.8° latitude X 2.8°
longitude) with 18 vertical levels. There is a rigid lid
at 2.9-hPa pressure. The model uses a hybrid terrain-
following vertical coordinate with sigma coordinates at
lower levels that transition to pure pressure coordinates
at upper levels. Physical tendency parameterizationsin-
clude those for clouds (Slingo 1987, 1989; Ebert and
Curry 1992; Cess 1985; Liou 1992), radiative fluxes
(Ramanathan 1976; Ramanathan and Downey 1986),
surface fluxes (Holtslag and Boville 1993), boundary
layer height (Vogel zang and Holtslag 1996), and gravity
wave drag (McFarlane 1987; Lindzen 1981). Adjust-
ment physics consist of a convective parameterization
following Zhang et al. (1998), Zhang and McFarlane
(1995), and Hack (1994), large-scale stable condensa-
tion, and dry convective adjustment. One of the inputs
for the model isamonthly mean sea surface temperature
boundary condition. For this study, we used sea surface
temperatures provided to us by the Program for Climate
Model Diagnosis and Intercomparison (PCMDI) at
Lawrence Livermore National Laboratory (Taylor et al.
2000). Additionally, the model requires a time-variant
0zone mixing ratio boundary dataset, and an initial con-
ditions dataset that includes initial values of prognostic
variables (Kiehl et al. 1996).

Climate models may exhibit considerable internal
variability or noise, partly due to fluctuations on syn-
optic time scales. Consequently, as has been shown by
Barnett (1995) in his GCM simulations, a single model
simulation of an interannual climate event or a climate
forecast is woefully inadequate for the accurate evalu-
ation of a model’s performance. We will show that this
finding is also valid for CCM 3. To distinguish the mod-
el’s response to natural variations in the SST boundary
condition (external variability) from its response to its
own internal variability, it is helpful to look at statistics
from an ensemble of simulations. Therefore, for this
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Fic. 1. (@) Map of the 48 regions of comparison and monthly mean precipitation rates in mm day —* for Jan 1998-Aug 2001 as simulated
by the eight members of the CCM3 ensemble for (b) 14W and (c) 15E. Gray curves represent the individual member means, and the heavy

black curve represents the ensemble mean.

project, we carried out eight separate CCM3 simula-
tions, each forced by exactly the same sea surface tem-
perature boundary condition and differing only in their
initial conditions. While the sensitivity of extended-
range forecast models to initial conditions is quite sig-
nificant (Lorenz 1963; Tracton and Kalhay 1993), the
actual initial conditions are largely irrelevant to climate
forecasts (Barnett 1995), since a climate simulation
“forgets” its initial conditions after some limit of de-
terministic predictability. Therefore, to generate our en-
semble, we modified initial conditions among the mem-
bers by adding random perturbations to the temperature
field of a 4-month spinup run (1 September 1996-1
January 1997). By the beginning of the TRMM ob-
serving period, in late November of 1997, the realiza-
tions have decorrelated from each other and can betreat-
ed as statistically independent. Intermember correl ations
are never identically zero since the observed sea surface
temperature field, common to all the members, exerts a
common forcing.

The precipitation rates of each simulation, both con-

vective and large scale, are saved as hourly averages.
Unless otherwise stated, CCM3 monthly, seasonal, or
annual means shown here are ensemble monthly, sea-
sonal, or annual means, and all TRMM results are either
monthly, seasonal, or annual means averaged onto the
CCM3 grid. However, since the sampling errors asso-
ciated with TRMM are too large on this grid, both da-
tasets will be spatially averaged over much larger re-
gions (greater than 5° X 5°) for the model validation.

3. Results

Before discussing the comparison, we briefly address
the variability across the ensemble. For the purposes of
analyzing the model’s internal variability and for the
comparison that follows, we divided the Tropicsinto 48
separate, nonoverlapping regions with partitions resting
halfway between two adjacent grid points. See Fig. 1a
which is a map of their locations. Boxes are numbered
down the columns and then across the rows, each box
labeled with a suffix of “W’ or “E” depending on
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whether it is west or east of the prime meridian. Time
series are computed from the monthly means averaged
over al grid points within a box. For example, the re-
sults to be shown for box 1W are monthly means av-
eraged over all grid points between longitudes 178.6°E
and 136.4°W, and between latitudes 19.5°N and 30.7°N.
Longitudes and latitudes are rounded off to the first
decimal place for brevity. Figure 1b shows area-aver-
aged monthly mean precipitation rates for al eight en-
semble members for box 14W. The ensemble mean is
shown in heavy black. Figure 1c shows the results for
box 15E.

For box 14W, the model exhibits remarkably little
variability across the ensemble. Each of the eight curves
falls very close to the ensemble mean. This is not the
case for box 15E. Here, the model exhibits considerably
more spread among the simulations. Noticethat aclearly
defined seasonal oscillation isevident, whichisthe mod-
el’s response to SST variations.

The comparison of the simulated and observed pre-
cipitation rates is now discussed. Figure 2 shows a map
of the climatological annual-mean precipitation rate in
the Tropics, as computed from the CCM3 simulations
and from the TRMM observations for the period 1 Jan-
uary 1998-31 August 2001. These results are presented
on the model’s approximate 2.8° X 2.8° grid.

Features of the large-scale general circulation are ev-
ident in the annual-mean precipitation intensity. The
model clearly depictstheintertropical convergencezone
(ITCZ) regions straddling the equator and the areas of
subsidence in the subtropics. It also captures the ascent
and descent regions of the Walker circulation in the
Pacific Ocean. Along the equator, more intense precip-
itation occurs over the Indian Ocean and the Maritime
Continent, while less precipitation occurs in the eastern
Pacific. The geographical distributions of mean precip-
itation agree fairly well with the TRMM climatology,
but there are regions of overestimation by the model
(see Fig. 2c, which plotsthe absol ute differences). These
include the Caribbean and eastern Pacific, equatorial
Africa, and the Indian Ocean. There are also regions
where the model underestimates precipitation. Theseare
generally smaller in area and include parts of north-
western and southeastern South America, the central
equatorial Atlantic, western equatorial Africa, extreme
southeastern Asia, and parts of the Maritime Continent.

Maps of the climatological seasonal means (Fig. 3)
show the tendency for CCM3 to simulate larger time-
mean precipitation rates than observed by TRMM. At
this point, it should be noted that the TRMM seasonal
means are the time averages of 12 months of TRMM
data (four 3-month seasons). CCM 3 results, on the other
hand, are computed using 8 times as much data. In
addition, the CCM3 rain fields are available much more
frequently than the TRMM observations. Therefore,
when averaging over these shorter time periods, the
CCM3 maps are generally smoother than the corre-
sponding TRMM maps; this is particularly evident in
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maps of monthly means (not shown). Despite the sub-
stantially greater amount of averaging, the CCM3 data
have numerous localized regions with higher precipi-
tation rates than seen by TRMM. For example, during
December—January—February (DJF) simulated precipi-
tation rates are quite high over portions of eastern South
Americaand the western equatorial Pacific Ocean, com-
pared to the TRMM observations. During March—April—
May (MAM), large localized differences are evident in
equatorial Africaand in the western equatorial Atlantic.
In June-July—August (JJA), the largest differences are
concentrated in two regions. Central America (and the
adjacent waters) and in the northern Indian Ocean. The
differences in these regions are large not only in mag-
nitude but also in spatial scale. In September—October—
November (SON), model—satellite differences are more
localized. Relative to TRMM observations, CCM 3 sim-
ulates too much precipitation in portions of the Carib-
bean, the central equatorial Atlantic, equatorial Africa,
the central Indian Ocean, and the western equatoria
Pacific.

To provide a more detailed view of the time structure
of the differences between the model and the data, we
compare the fields month by month in each of the 48
boxes described earlier. Note that the 48 boxes rangein
size from 45° X 8.3° to 45° X 11.2° and thus are large
enough to compare monthly means without worrying
about the sampling errors associated with the TRMM
observations. However, it is important to observe two
points regarding these time series. First, the monthly
means associated with these boxes are averages over at
least 48 2.8° X 2.8° model grid boxes, while the earlier
maps of the annual and seasonal means are produced
on the model’s approximate 2.8° X 2.8° grid. Therefore,
some of the details evident on the model’s grid can be
blurred or hidden in the averages over these larger box-
es. Second, duetoitsorbital precession, TRMM requires
at least 1.5 months to completely sample the diurnal
cycle of rainfall over a given grid box. Therefore, in a
given month, boxes with a strong diurnal cycle may
experience most of their rain in hours unobserved by
the satellite, creating alow bias in the satellite monthly
mean. It has been noted by Lin et a. (2002) that this
phenomenon may introduce a spurious signa into a
monthly time series. It is difficult to estimate the size
of this effect without a thorough investigation of the
diurnal cycle simulated by the model. Such an inves-
tigation is currently underway.

Time series of monthly mean precipitation rates are
shown in Fig. 4. In order to quantitatively measure how
well one series tracks the other, the Spearman rank cor-
relation coefficient is computed for each box. It is a
nonparametric statistic that assumes no a priori knowl-
edge of the distributions of the monthly means (Desh-
pande et al. 1995), and its value may span the real
numbers from —1 to 1. In Fig. 4, the coefficient is
printed in the top left-hand corner of each region’s plot.
A deficiency of the difference map of Fig. 2c is that it
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FiG. 2. Climatological annual mean precipitation rate in mm day ~* (a) as simulated by CCM3 and (b) as observed by TRMM (TMI + PR)

for the period 1 Jan 1998-31 Aug 2001. (c) The climatological mean difference (CCM3 — TRMM) in mm day ~*. Note that all results are
on the model’s approximate 2.8° X 2.8° grid.
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ensemble-average mean, and the dashed black curve is the TRMM mean. The rank correlation coefficient is given in
the upper left-hand corner of each box while the absolute and relative differences between CCM3 and TRMM total
precipitation are given in the upper right-hand corner of each box. Absolute differences are given in cm (per year),
and relative differences are given in %.
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are given in the upper left-hand corner of each box, while the absolute
and relative differences between CCM3 and TRMM total precipita-
tion are given in the upper right-hand corner of each box. Absolute
differences are given in cm (per year), and relative differences are
given in %.

isnot useful for discerning the model’s underestimations
or overestimations relative to what TRMM observes.
While the absolute differences are more important for
evaluating the model’s simulation of latent heating, the
relative differences are important for appraising the
model’s success with precipitation; relative differences
can be large in regions where TRMM observes little to
no rainfall. Therefore, the absolute and relative differ-
ences in total precipitation as simulated by the model
and as observed by the satellite are computed for each
of the 48 regions. Total precipitation refers to the sum
over all 44 months of the monthly mean precipitation
rates weighted by the number of days in each month.
The absolute difference in total precipitation refers to
CCM3 total precipitation — TRMM total precipitation,
where the sign of the difference is retained. That is, an
absolute difference that is less than zero indicates that
when rainfall is totaled over the comparison period, the
model exhibits a dry bias. The relative differenceisthe
ratio of this absolute difference to the TRMM total pre-
cipitation multiplied by 100. In Fig. 4, the absolute and
relative differences are printed in the top right-hand cor-
ner of each region’s plot, the absolute differences ex-
pressed in centimeters per year, and the relative differ-
encesin %. We divided the Tropicsinto six geographical
regions, labeled A through F and discuss each region
in turn. Where absolute and relative differencesin total
precipitation are quite large, the region is further sub-
divided into smaller boxes for closer inspection. How-
ever, even these smaller boxes are large enough that we
expect TRMM sampling errors to be sufficiently small.
Within these subregions, large model—satellite differ-
ences are diagnosed as either wet season, dry season,
or seasonally invariant, based on relative differences
between the monthly means.

a. Region A: The central and eastern Pacific

Over the central and eastern Pacific, CCM 3 performs
reasonably well in it simulation of precipitation. For
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FiG. 6. Same as in Fig. 5 except for the Central American—Carib-
bean—far eastern Pacific region (boxes 7W, 8W, 9W, 13W, and 14W
of Fig. 4a).

example, the model simulates well the annual cycle of
precipitation, where it isdiscernible in the observations.
The simulations of boxes 3W, 4W, and 10W are good
examples. The simulation of box 4W in the central Pa-
cific is particularly noteworthy in that CCM3 tracks
TRMM closely during the relatively wet El Nifio period
of 1998 and then continues to simulate the normal an-
nual cycle thereafter. In boxes where the model’s phase
of the monthly precipitation is simulated well, the cor-
relation coefficient is high, as would be expected. Even
where the annual cycle is somewhat less pronounced,
the model results remain close to the observations, such
asin box 6W. However, where the model correctly cap-
tures the phase of the annual cycle, its precipitation rates
do not always agree so well with the observations in
magnitude. Absolute and relative differences are par-
ticularly high in boxes 5W, 11W, and 12W. For a better
understanding of where and when the largest of the
differences occur, these regions are further subdivided,
as seen in Fig. 5.

Over this region of the southern tropical Pacific, dif-
ferences in the monthly means are generally indepen-
dent of season and are highest in boxes 1 and 2, where,
compared to the satellite observations, the model sim-
ulates at least 83 cm more precipitation per year during
the comparison period. Figure 3 suggests that the large
model—satellite differences here are caused by the mod-
el’s generating a South Pacific convergence zone
(SPCZ) which is both too large and too intense. The
absolute differences in total precipitation taper toward
the South American coast, as do the monthly mean pre-
cipitation ratesin general. However, relative differences
are larger over this part of the region. For example, the
model simulates 328% too much precipitation in box 4
and in excess of 100% too much precipitation in box
3. In spite of its difficulties with simulating magnitude
in these dry areas, the model is reasonably successful
with capturing the annual cycle. The success is most
evident in boxes 1 and 2 where it correctly simulates
maxima in DJF and minima in JJA. However, the
model’s maxima and minima are large relative to the
observations.
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Fic. 7. Same as in Fig. 5 except for the southern tropical Atlantic
region (boxes 22W and 23W of Fig. 4a).

b. Region B: Central America, the Caribbean, the
Gulf of Mexico, and the far eastern Pacific

In contrast to region A, where the model—satellite
differences are relatively small except in the southern-
most boxes, differences are quite large in most of region
B, encompassing Central America, the Caribbean, the
Gulf of Mexico, and the far eastern Pacific. While the
simulation in box 7W is satisfactory, the model exhibits
problems with magnitude elsewhere. In box 8W, the
model simulates two precipitation peaks per year, which
are not seen by the satellite. Overestimation by the mod-
el appears both in JJA and in DJE In boxes 13W and
14w, it is largely confined to JJA. Differences in the
monthly means are considerablein box 14W, where sim-
ulated precipitation rates are some 3 times higher than
observed by TRMM during this period, resulting in ex-
cessive rates of near 14 mm day—*. In box 9W, where
absolute and relative differences in total precipitation
are small, the model appears to be having trouble cap-
turing the annual cycle. Thisregionisfurther subdivided
for a more precise evaluation in Fig. 6.

Over this region, model—satellite differences are
much more seasonally dependent than they are over the
southern tropical Pacific. In box 5, the model produces
3 times as much precipitation in the wet season despite
fair agreement with the satellite observations during the
dry season. In box 4, the model’s overestimation is as
large as 100% in both the wet and dry seasons despite
fair agreement during thetransitional periods of theyear.
In box 7, the simulation is relatively satisfactory during
the wet season, but significantly wet-biased during the
dry season, estimating between 2 and 6 times the sat-
ellite-measured precipitation during this time. Box 3 is
drier than the other boxes examined here. However, in
this box, the relative difference in total precipitation is
large. Relative to the observations, the annual maximum
is simulated late in the year and is about twice as high.
In contrast to boxes 3, 4, 5, and 7, where absolute and/
or relative differences in total precipitation are signifi-
cant, these differences are almost negligible in box 6.
Here, the simulation disagrees with the observationsin
the phase of the annual cycle. Annual maximaare placed
reasonably correctly, but annual minimaare consistently
about 1/3 of ayear (4 months) behind their location in

FiGc. 8. Same asin Fig. 5 except for the equatorial Africa region
[boxes 2E (southern half) and 3E of Fig. 4b].

the data. The model is comparatively successful with
both magnitude and phase in boxes 1 and 2, except for
a model wet bias of around 100% in the August—Sep-
tember time frame. In terms of the total precipitation
over the comparison period, the absolute and relative
differences in these two boxes are quite a bit lower than
those of boxes 4 and 5 to the south.

¢. Region C: South America and the tropical Atlantic

Compared to the rest of the tropical Western Hemi-
sphere, the simulation over the continent of South Amer-
ica (boxes 15W—-18W) is superior. In general, the CCM 3
annual cycle and magnitudes of precipitation arein good
agreement with TRMM. Over the northern tropical At-
lantic (boxes 19W, 20W, and 21W), agreement is also
quite good. Boxes 19W and 20W are dry compared to
the rest of region C, and the model’s low monthly mean
precipitation rates closely follow those observed. Box
21W is considerably wetter throughout the year, but the
CCM3 monthly means are still quite close to those ob-
served, and the annual cycle evident here is similarly
well simulated. As awhole, region C shares asimilarity
with central and eastern Pacific region A: the simulation
and observations are in good agreement except in the
southern oceanic boxes, where simulated magnitudes
aretoo large. The most problematic portion of theregion
resides in southeastern boxes 22W and 23W, where the
model tends to be consistently too wet throughout the
period. Absolute and relative differences in tota pre-
cipitation are quite large in these two boxes. See Fig.
7, in which this area is further partitioned.

Likethose of the southern tropical Pacific, the model—
satellite differences in the subregions of the southern
tropical Atlantic arelargely independent of season. Also
like those of the southern tropical Pacific, the differences
are exclusively ones of magnitude. Where an annual
cycle is evident, such as in boxes 1, 2, and 4, CCM3
simulates it well. In this region, the largest absolute
difference in total precipitation is in box 1, encom-
passing extreme eastern South Americaand the adjacent
ocean. Here, the model’s monthly means are nearly con-
sistently between 100% and 150% larger than the sat-
ellite’'s monthly means throughout the year, excepting
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Fic. 9. Sameasin Fig. 5 except for the south-central Asia—northern
Indian Ocean region (boxes 7E-10E and western portions of boxes
13E and 14E of Fig. 4b).

reasonable agreement in November. The same behavior
can be seen in box 4, yet, asin box 1, there are single
months where the model output and satellite data agree.
Relative differences are huge in arid boxes 5 and 6,
where there is no annual cycle present. For example, in
box 5, over the comparison period, the model simulates
262% too much rain, and in box 6, it simulates over
700% too much, the largest relative difference in total
precipitation found in the Tropics of the Western Hemi-
sphere.

d. Region D: Northern Africa and southern Asia

In northern Africa and southern Asia, the comparison
does not fare well. In box 3E, the model output and
satellite data is not well correlated. CCM3 simulates a
semiannual maximum in precipitation which appears
unfounded in the TRMM data. Though the model’s sec-
ond precipitation peak (in October) lies relatively close
to the observations, the first one greatly exaggerates
precipitation in January through April, and the relative
minimum between the two peaks actually underesti-
mates precipitation from May to October. A partitioning
of thisregion into smaller boxes, asseeninFig. 8, shows
that the model’s behavior with respect to the satellite
observations varies considerably on smaller spatial
scales.

In equatorial Africa, model—satellite differences are
highly spatially dependent. In box 1, while the model
agrees well with the satellite during the dry season, it
is too dry during the wet season. In box 4, the model
istoo dry during the wet season and too wet during the
dry season, indicating that the monthly means are out
of phase. CCM3 overestimates total precipitation in
boxes 2, 3, 5, and 6. In box 2, the model’s monthly
means are in good agreement with those of TRMM dur-
ing the dry months of DJF, but when there is observed
precipitation, they are consistently higher. Exceptions
occur during SON of 1998 and 1999. In box 3, the
model—satellite differences are seasonally invariant: the
model’s wet bias is present throughout the year, even
in the rainless months of DJF The model—satellite dif-
ference in total precipitation is largest in box 5, where

Fic. 10. Same as in Fig. 5 except for the northwestern tropical
Pacific Ocean region (boxes 19E and 20E of Fig. 4b).

the contrast between the monthly means is dramatic.
Here, CCM3 most prominently simulates the semian-
nual cycle evident in the larger-scale average, but this
feature is not well supported by the TRMM data. The
model’s maxima are consistently higher than those of
the observations, and itsminimain DJF arefar too high.

Returning to Fig. 4b, in south-central Asia and the
northern Indian Ocean, the disparity between CCM 3 and
TRMM is also quite large. In this region, absolute dif-
ferencesin total precipitation are especially largein box-
es 8E, 9E, and 10E, and with few exceptions throughout
the 44-month period, the model consistently overesti-
mates precipitation in these boxes. This region is sub-
divided in Fig. 9 for a more detailed consideration.

One of the outstanding features of Fig. 9 is the
model’s excessive precipitation ratesin box 1 (the south-
ern Arabian peninsula) during JJA. Here, the model’s
overestimation is on the order of 300%. According to
TRMM observations, monthly mean precipitation rates
are less than 1 mm day —* every month of the year, in
stark contrast to the model’s simulation of an average
6 mm day —* during the month of August. This model—
satellite difference can hardly be classified as a wet-
season model wet bias, since there is no seasonal var-
iation evident in the TRMM observations. It appears
that the model is creating a wet season that does not
exist. According to the seasonal-means map (Fig. 3) the
source of the artificial wet season in JJA appears to be
an extension of a rainfall belt stretching across equa-
torial Africa, from Guineaon the Atlantic coast, through
the Congo, and then northeastward into Saudi Arabia.
However, in contrast to CCM3, TRMM data suggest
that this belt does not extend as far east and that there
isaclearly defined ““dry” spot over Saudi Arabia, con-
sistent with its small monthly means.

The precipitation of box 2 is simulated much more
satisfactorily. Thisbox is dominated by amonsoon-type
climate, wherein strong southwesterlies during the sum-
mer months transport moisture from the Indian Ocean
into the Indian subcontinent (Pant and Kumar 1997;
Kendrew 1953). Here, the model’s timing of the onset
of the monsoon is about right, according to the TRMM
observations. In this box, the model’s total wet biasis
less than 10 cm yr—*. In boxes 3 to 6, where there is
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little annual cycle evident, the comparison fares better
in boxes 4 and 6 than in boxes 3 and 5. Precipitation
in box 6 issimulated remarkably well during all of 1998.
By contrast, in boxes 3 and 5, the absolute difference
in total precipitation is quite large (over 1 m yr-1), yet
it is difficult to discern any systematic pattern to the
model’s wet bias.

e. Region E: The Maritime Continent and the western
tropical Pacific

There appears to be little seasonal variation in the
precipitation over the Maritime Continent, both in the
observations and in the simulations. In boxes 15E and
16E, monthly means are high throughout the year (>6
mm day~'). There are intermittent periods of model
overestimation and underestimation, but the total pre-
cipitation received over a course of a year is in good
agreement with the observations, relative to the rest of
region E. Over the western tropical Pacific, CCM3 does
not behave as well. Consider the partitioning of boxes
19E and 20E in Fig. 10 for example.

While the model performs comparatively well in box
1, its wet bias in boxes 2 to 6 lies between 50 and 80
cm yr—t. CCM3 appears to be simulating a strong sea-
sonality to the precipitation in boxes 2 and 3, though
such a seasonal variation is not apparent in the obser-
vations. Thus, it is difficult to classify the model—sat-
ellite differences here, except to conclude that the model
appears to behave as it does over the Arabian peninsula,
simulating unrealistic wet seasons, during which pre-
cipitation rates are too high compared to the observa-
tions. In box 6, where an annual cycle appears slightly
better supported, the model’s wet bias is over 100%
during the wet season months.

The most remarkable feature of the model’s perfor-
mance in boxes 21E and 22E of Fig. 4b (partitioned in
Fig. 11) isits close agreement with TRMM observations
over New Guinea and Papua New Guinea (box 4).

Absolute and relative differencesin total precipitation
in box 4 are particularly small. However, in the other
five subdivisions, the comparison is quite poor. For ex-
ample, in boxes 1 and 2, CCM 3 overestimates DJF pre-
cipitation by about 100%. Here, as over the Arabian
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Fic. 12. Categorical (a) absolute and (b) relative differences be-
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where a plus or a minus sign refers to the model’s wet or dry bias,
respectively. Each location corresponds to one of the subregions ex-
amined above.

Peninsula and in subregions of the northwestern tropical
Pacific, the model appearsto be simulating an unrealistic
wet season. The wet bias is of a similar magnitude in
box 3, though it resides in JJA, where a wet season
actually appears supported by TRMM observations. In
boxes 5 and 6, the model appears to be tracking the
overall trend in the precipitation observed by the sat-
ellite, but there are periods of excessive precipitation,
particularly in the latter halves of 1999 and 2000.

f. Region F: The southern Eastern Hemisphere

In contrast to the previous regions discussed, thereis
very little to be criticized of the model’s performance
in the southern Eastern Hemisphere. Annual cycles and
magnitudes of precipitation are simulated quite well
from southern Africato Australia. Absolute differences
in total precipitation are generally less than 0.5 m yr—*
and relative differences are generally less than 60%.
Where its measure is useful, the rank correlation be-
tween CCM3 and TRMM is high, indicating the model’s
success in capturing the annual cycle. The largest dif-
ferences in total precipitation are found in boxes 11E
and 12E of the southern Indian Ocean. These are caused
by a small, consistent month-to-month model wet bias.
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Fic. 13. Bar charts representing the magnitudes of 44-month total precipitation in cm yr—* as simulated by CCM3 and as observed by
TRMM. The CCM3 precipitation bar (on the left) is partitioned into a convective part (black) and large-scale stable part (white). The
percentage of the CCM 3 precipitation that is convective is written above the CCM 3 bar. The TRMM (TMI +PR) precipitation bar isrepresented

in dark gray to the right.

Overall, the model’s simulation over region F is a tes-
tament to the fact that, in certain areas, CCM3 can sim-
ulate both wet and dry climates well, since they are both
present here; contrast box 23E with box 18E, for ex-
ample.

4. Summary and conclusions

The results of this study illustrate that there are large
regions of the Tropics in which monthly mean precip-
itation rates, computed from an ensemble of CCM3 sim-
ulations, disagree with those computed from observa-
tions made by the TRMM satellite. Similarly, there are
large regions where CCM3 and TRMM monthly means
agree well. We summarize the differences on fairly
coarse regional and subregional scalesin Fig. 12.

The top two panels (Figs. 12a,b) plot categorical ab-
solute and relative differences in total (44-month) pre-
cipitation for the previously examined subregions. The
bottom plot (Fig. 12c) labelsthe differencesasoccurring
in the wet season (W) or in the dry season (D), as phase
differences (P), or as differences which are consistent
throughout the period or have no discernible seasonal
variation to them (C), or which are associated with ar-
tificial wet seasons created by the model (A). The mod-
el’s bias is indicated by a plus sign or a minus sign for
wet or dry, respectively.

Where there are differences, they are almost univer-

sally positive, indicating the model’s wet bias through-
out the Tropics. Negative model—satellite differencesev-
ident in the annual-difference plot (Fig. 2c) are not near-
ly as large on the regional and subregional scales con-
sidered here; the positive differences are far more
prominent. The only exception isin the interior Guinea
lands of western Africa (near the intersection of the
prime meridian and 15°N). Here, the model consistently
underestimates wet-season preci pitation. Regionswhere
absolute differences are large and positive correspond
to regions where CCM3 simulates too much conden-
sational heating, and unreadlistically large amounts of
latent energy can have effects on the simulation of the
general circulation. Inthe central South Pacific, thelarge
positive absolute differences between the model and sat-
ellite monthly means are most likely caused by the mod-
el’s generation of a SPCZ which is too large and too
intense. Outside this region, the largest positive absolute
differences tend to be north of 10°S and along the west-
ern edges of the Atlantic, the Indian, and the Pacific
Oceans' basins. North of the equator, about half of the
largest model—satellite differences are wet biases in the
wet season or wet biases in model-generated artificial
wet seasons. South of the equator, they are all wet biases
with no seasonal dependence.

In locations where absolute differences are large,
CCM3 does a poor job of simulating both precipitation
and latent heating. However, there are locations where
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absolute differences are comparatively small but relative
differences are extreme. Prime examples include por-
tions of the Arabian peninsula and the southern tropical
Atlantic, where absolute differences in total precipita-
tion are less than 75 cm yr—*, but relative differences
are greater than 300% and 700%, respectively. In such
regions, the model’s overrelease of latent energy is not
as important as its failure to simulate what is climato-
logically reasonable ‘“weather.”

It should be noted that the previous analysis has not
distinguished between the convective and large-scale
stable parts of the model’s precipitation. However, the
precipitation as simulated by CCM3 in the Tropics is
overwhelmingly convective in nature. See Fig. 13,
which shows the magnitudes of model-generated pre-
cipitation, partitioned into its convective and large-scale
stable parts, and TRMM-observed precipitation, totaled
over the comparison period. In all regions, the model’s
large-scale stable portion is smaller than not only its
convective portion but also the portion observed by
TRMM. Thus the model’s wet biases are wet biases in
convective precipitation.

In light of the problem regions described earlier, the
model’s simulation of the annual cycle of precipitation
agrees quite well with the TRMM observations over
South America and most of the southern Eastern Hemi-
sphere (generally south of 10°S), including Australia

and southern Africa. Over these regions, absolute and
relative differences between the model- and satellite-
derived monthly means are small, and the rank corre-
lations are large. In general, the model’s wet bias
throughout the Tropics tends to be smaller over the
Southern Hemisphere than over the Northern Hemi-
sphere, and it tends to be smaller over land than over
ocean. This general conclusion is supported by scatter-
plots of the regional-mean monthly mean CCM3 and
TRMM precipitation rates, specific to hemisphere and
land/ocean (see Fig. 14).

In the interest of improving the model, it would be
useful to explore how the model’s biasesin precipitation
are related to its biases in features of the general cir-
culation. Unfortunately, describing the “‘true’” general
circulation in the Tropics is subject to its own errors
since such a description relies on tools like National
Centers for Environmental Predictions (NCEP) and Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalyses, which are in part based on their
own models. Several studies have shown large differ-
ences between the reanalyses and observational data
and/or large discrepancies between the NCEP and
ECMWEF reanalyses themselves (see Newman et al.
2000; Rouault et al. 2003; Wu and Xie 2003; and Roads
2003 for examples). Therefore, such an analysis is a
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complex undertaking and is reserved for a separate
study.
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