Clim Dyn
DOI 10.1007/s00382-010-0878-z

Simulations of precipitation using NRCM and comparisons
with satellite observations and CAM: annual cycle

Aditya Murthi - Kenneth P. Bowman -
L. Ruby Leung

Received: 15 September 2009/ Accepted: 5 July 2010
© Springer-Verlag 2010

Abstract The accurate representation of rainfall in
models of global climate has been a challenging task for
climate modelers owing to its small space and time scales.
Quantifying this variability is important for comparing
simulations of atmospheric behavior with real time obser-
vations. In this regard, this paper compares both the sta-
tistical and dynamically forced aspects of precipitation
variability simulated by the high-resolution (36 km) Nested
Regional Climate Model (NRCM), with satellite observa-
tions from the Tropical Rainfall Measuring Mission
(TRMM) 3B42 dataset and simulations from the Commu-
nity Atmosphere Model (CAM) at T85 spatial resolution.
Six years of rainfall rate data (2000-2005) from within the
Tropics (30°S-30°N) have been used in the analysis and
results are presented in terms of long-term mean rain rates,
amplitude and phase of the annual cycle and seasonal mean
maps of precipitation. Our primary focus is on character-
izing the annual cycle of rainfall over four land regions of
the Tropics namely, the Indian Monsoon, the Amazon,
Tropical Africa and the North American monsoon. The
lower tropospheric circulation patterns are analyzed in both
the observations and the models to identify possible causes
for biases in the simulated precipitation. The 6-year mean
precipitation simulated by both models show substantial
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biases throughout the global Tropics with NRCM/CAM
systematically  underestimating/overestimating rainfall
almost everywhere. The seasonal march of rainfall across
the equator, following the motion of the sun, is clearly seen
in the harmonic vector maps. The timing of peak rainfall
(phase) produced by NRCM is in closer agreement with the
observations compared to CAM. However like the long-
time mean, the magnitude of seasonal mean rainfall is
greatly underestimated by NRCM throughout the Tropical
land mass. Some of these regional biases can be attributed
to erroneous circulation and moisture surpluses/deficits in
the lower troposphere in both models. Overall, the results
seem to indicate that employing a higher spatial resolution
(36 km) does not significantly improve simulation of pre-
cipitation. We speculate that a combination of several
physics parameterizations and lack of model tuning gives
rise to the observed differences between NRCM and the
observations.
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1 Introduction

One of the major problems that atmospheric scientists are
faced with today pertains to the accurate observation and
modeling of precipitation. Rainfall is known to span a wide
range of space and time scales, and although the devel-
opment of faster computers and better models have helped
to simulate this variability more accurately, the inadequate
representation of some of the fundamental dynamical and
microphysical processes that are important to rainfall has
slowed progress in the area of quantitative rainfall mod-
eling. Several research efforts are being directed to address
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this problem, which also forms the primary focus of the
current study.

From the perspective of the climate system, rainfall is a
key component of the hydrological cycle. The presence of
water over land determines habitability via its influence on
ecological systems through the net of precipitation minus
evaporation. Over the oceans, rain affects surface salinity
and hence mixing processes that influence deep convection
(Browning 1990). The most important impact of rainfall
and its variability is on the biosphere, including human
society. Additionally, rain-clouds directly affect the
atmosphere through latent heat release by precipitation,
two-thirds of which falls in the Tropics, and this in turn
drives a large part of the general circulation. Therefore,
variability in the horizontal distribution 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), Mo and Higgins (1998), Lau and
Wu (2001) and Adler et al. (2000), among others.

Quantitative estimates of tropical precipitation from
sources such as rain gauges and ground-based radars suffer
from errors as large as 100% due to lack of reliable direct
measurements as well as due to the highly variable nature of
rainfall (North 1987). Thus the only way to collect global-
scale rainfall data and accurately account for its variability is
by means of space-borne satellite sensors. The Tropical
Rainfall Measuring Mission (TRMM) has been specifically
developed to study rainfall in the Tropics by using passive
microwave, visible and infrared sensors along with the first
space-borne rain radar. With an orbital inclination of about
35°, the TRMM satellite is able to view the earth’s surface
between ~40°S and ~40°N and has provided researchers
with instantaneous rain-rate measurements throughout the
Tropics. This will contribute to a better understanding of
latent heat release during precipitation, which is a major
driver of atmospheric circulation (Kummerow et al. 2000).

With the advent of high-speed computers, substantial
progress has been made by global GCMs and numerical
weather prediction models in their simulation of rainfall
and cloud processes. However owing to computational and
cost constraints, these models tend to resolve scales that are
often larger than those typically associated with clouds and
rainfall processes and therefore must resort to “parame-
terizing” them. Most of these parameterizations are
extremely crude. Precipitation and convection parameter-
izations infer the averaged rain properties over a grid box
from the grid-box scale dynamical and thermodynamic
properties. For climate models, grid boxes are typically
orders of magnitude larger than convective cells. Thus,
large discrepancies exist between satellite observations of
rainfall and their corresponding model simulations that
need to be identified by comparing the two.
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The annual cycle of precipitation is a good yard stick for
evaluating climate model performance because the sea-
sonal radiative forcing is deterministic and periodic, and
the seasonal cycle is a large and easily observed component
of precipitation variability. It is forced primarily by the
seasonal cycle of solar radiation and corresponding surface
fluxes (over land) along with influences from nearby
oceans. The annual cycle is known to be large around the
Tropical Atlantic compared to inter-annual fluctuations of
sea-surface temperature (SST) as reported by Biasutti et al.
(2003). They found the role of the annual cycle of SST in
regulating precipitation to be quite significant over the
Tropical Atlantic ocean, along the Guinea coast of Africa
and north-eastern Brazil. Gadgil and Sajani (1998) ana-
lyzed the seasonal cycle of precipitation in the Atmo-
spheric Model Inter-comparison Project (AMIP) runs and
showed that the models that were able to realistically
simulate the seasonal transition of rain bands over the Asia-
Pacific region were more adept at simulating the seasonal
mean pattern of rainfall. Nanjundiah et al. (2005) exam-
ined the differences between the seasonal cycle of rainfall
over India in the Community Climate System Model
(CCSM2) and CAM by using a diagnostic model and found
that CCSM2 was able to simulate seasonal rainfall vari-
ability better than CAM. This was attributed to a large
accumulation of vertically integrated water-vapor in CAM
in the pre-monsoon months that gave rise to large rainfall
magnitudes throughout peninsular India during the mon-
soon. Fu et al. (2001) studied the influence of tropical SSTs
in modulating the seasonal distribution of monsoon pre-
cipitation over South America in CCSM2 and found that
the SSTs affected the Amazon precipitation significantly
during the two equinoxes and less during the solstice
seasons.

The aim of the current research is to assess the ability of
two climate models to simulate this dynamically “forced”
component of climate variability (i.e. the annual cycle) via
comparisons with satellite observations of rainfall. The
ability of climate models to produce precipitation patterns
that closely match the observations can serve as powerful
tools for diagnosing the reasons behind the shortcomings of
current models, and guidance in the investigation of inter-
annual variability (Biasutti et al. 2004). Moreover, the
success of the models in accurately predicting such long-
time behavior would depend upon whether they are capable
of simulating the proper interaction between a number of
precipitation producing phenomena such as synoptic
storms, convective complexes, upslope enhancement, and
tropical weather systems (Boyle 1998). For our compari-
sons with model simulations, we use rainfall data from the
TRMM Multisatellite Precipitation Analysis (TMPA 3B42)
(see Huffman et al. 2007 for details), that has been pro-
duced by combining rainfall information from TRMM and
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other satellites and ground-based instruments. Various
research studies have shown that the TMPA dataset com-
pares well with other contemporary gridded satellite
products such as GPCP, CMAP etc. and thus will serve as a
measure of model performance in simulating precipitation
in the present study.

The paper is organized as follows. In Sect. 2, we present
a summary of the satellite observations (TMPA) and the
model simulations (NRCM and CAM). We outline the
methodology used to obtain the long-term time means and
also the amplitude and phase of the annual harmonic in
Sect. 3. Section 4 describes some of the important results
from the comparative study of the annual cycle over four
land regions and Sect. 5 summarizes our results and out-
lines directions for future research.

2 Data
2.1 TMPA data

This study uses the TMPA 3B42 data-set to validate model
simulations. The data-set comprises of precipitation rates
derived from the TRMM Microwave Imager (TMI) and
Precipitation radar (PR) aboard the TRMM satellite that
have been combined with rainfall data from the Special
Sensor Microwave/Imager (SSM/I) on board the Defense
Meteorological Satellites (DMSP), the Advanced Micro-
wave Scanning Radiometer for Earth Observing System
(AMSR-E) provided by the Japan Aerospace Exploration
Agency (JAXA), the Advanced Microwave Sounding Unit
(AMSU-B) on board NOAA satellites. The physically
based microwave estimates are taken “as is” where
available, and the remaining grid boxes are filled with IR
estimates. Grid boxes where neither p-wave or IR esti-
mates are available are termed as “missing”. The rainfall
rate estimates are averaged onto 0.25° x 0.25° latitude-
longitude boxes between 50°N and 50°S and calibrated
against monthly rainfall estimates from rain-gauges and
scaled to 3-hourly temporal resolution. The 3-hourly tem-
poral resolution here does not mean that the satellite
sampled rainfall every 3 h, but rather pertains to a 3-h
interval or period within which at least a single measure-
ment was made over a given grid box.

Since most rainfall events have short correlation times,
typically on the order of a few hours, adequate sampling of
rainfall over a given location is required to completely
describe the temporal variability of rainfall. The inadequate
nature of the TRMM satellite’s sampling pattern introduces
an error in the retrieval, relative to ground truth, known as
“sampling error”. Sampling error has been studied by
various researchers who primarily focussed on reducing the
uncertainty associated with rainfall retrieval (see Shin and

North 1988; Bell and Kundu 1996; Bell and Kundu 2000;
Bell et al. 2001; Bowman 2004 for example). Shin and
North (1988) found the TRMM sampling errors in
monthly-mean rain rates in wet areas of the Tropics to be
less than 10% when averaging observations over areas of
5° x 5°. The results of Bowman et al. (2003) showed 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°. Since the dataset used
in this study is a merged high-resolution multi-satellite
gridded product, we expect the sampling error to be neg-
ligibly small, especially when averaged over larger
(~1.4° x 1.4°) grid boxes.

2.2 NRCM simulations

Climate simulations have been performed for a period of
6 years (January 2000-December 2005) using a tropical
channel model that was developed at the National Center
for Atmospheric Research (NCAR) based on the Weather
Research and Forecast (WRF) model, known as the Nested
Regional Climate Model (NRCM, Holland et al. 2009).
The model is initialized using NCEP/NCAR global
reanalysis data, which are also used to force the model at
its lateral boundary that is updated every 6 h. Monthly-
mean sea surface temperatures (SST) and sea-ice concen-
trations based on the Atmospheric model inter-comparison
experiment (AMIP II) runs are used as the lower boundary
conditions (see Taylor et al. 2000). The model uses the
Kain-Fritsch scheme to parameterize cumulus convection
(Kain 2004), the radiation scheme from CAM (see Collins
et al. 2006) to represent radiative processes in the atmo-
sphere, the WRF Single moment 6-class (WSM6) scheme
to explicitly resolve water vapor, cloud and precipitation
processes (Hong et al. 2004), and the Yongsei University
(YSU) scheme to calculate transport of fluxes from the
planetary boundary layer (Hong et al. 2006). The spatial
domain is restricted to the tropical latitudes between 45°S
to 45°N, and the model has a resolution of 36 km that
translates to ~0.32° x 0.32° on a regular latitude—longi-
tude grid. The model top is at 50 hPa with 56 vertical
levels. Both convective and large-scale precipitation are
saved as hourly accumulations. Since the model time step
is about 4 min, each hourly accumulation is the sum of 15
time steps. For this study, we present results from a single
NRCM run. From here on we use WRF to mean NRCM for
convenience.

2.3 CAM simulations
We also analyze a typical simulation with the Community

Atmosphere Model (CAM 3) for the same 6 year period at
a spatial resolution of T85 (~1.4° x 1.4°) wherein rainfall

@ Springer



A. Murthi et al.: Simulations of precipitation using NRCM

rates are saved at hourly intervals. The model is forced at
the lower-boundary by a weekly-mean SST boundary
conditions dataset that spans the 6 year study period. These
were generated by combining SST data from NOAA SST
analysis (see Reynolds and Smith 1994) and from the TMI
instrument on board the TRMM satellite. Additionally, the
model also requires a time-variant ozone mixing ratio
dataset and an initial conditions dataset that includes initial
values of prognostic variables. The Zhang-McFarlane
(1995) scheme is used to represent cumulus convection.
Details about the CAM model can be obtained from Collins
et al. (2004).

3 Method of analysis

The long-term time means are calculated by first aver-
aging all 3-hourly (TMPA) and hourly (WRF and CAM)
time-steps for the entire 6-year period, on the native grid.
The TMPA and WRF time means are then interpolated
onto the coarsest grid resolution (T85), in order to make
reasonable comparisons with CAM. We use harmonic
analysis to study annual precipitation patterns since it
provides information about the spatio-temporal variation
of precipitation and helps delineate the geographical
extent of the various precipitation regimes. The basic idea
involves fitting a statistical model of the annual cycle to
the monthly mean rainfall time series at each grid point.
Thus, the satellite observations and model data are first
binned by month for the 6 year study period, and then
averaged to produce a 12 point representation of the
annual cycle. The data (TMPA and WREF) is then inter-
polated onto a T85 grid.

The procedure outlined above is described below. Spe-
cifically, the monthly mean time series at a given location
is fit to the following model:

2
2mkt; . [ 2mkt;

() —Ao—l—;{akcos( B > —i—bksm< 0 )}—i—e(t,)

(1)

where t; = (0.5,1.5,2.5,...,11.5) is the time in months. Ag
is the mean of the time series, kK = (1, 2) is the harmonic
index that corresponds to the annual/semi-annual harmonic
respectively, and &(z;) is the residual of the fit that is
assumed to be a normally distributed random variable with
zero mean and constant variance. The harmonic coeffi-
cients Ao, a; and b, are estimated via linear-least squares
regression by minimizing > €%, where ¢; are the estimated
residuals from the fit of the model. Previous studies have
shown that the annual harmonic accounts for a large por-
tion of the precipitation variability over most regions of
the globe. However, the semi-annual harmonic is also
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significant in certain regions and therefore cannot be
neglected, but higher harmonics can generally be ignored.

The amplitude (A;) and phase (¢;) of the annual/semi-
annual cycles can be calculated from the estimated coef-
ficients as

b
Ay =@l +b; ¢ =tan”! (ai) (2)

The statistical significance of the estimated coefficients
is evaluated using the F-statistic with numerator and
denominator degrees of freedom 2 and 12 — 5 = 7 for the
annual harmonic and 2 and 12 — 9 =3 for the semi-annual
harmonic (Anderson 1971). The harmonic vector maps
described in following section, are all plotted at the 95%
confidence level. It is worth noting that the residuals (¢;) of
the fit to the analytical model in (1), are normally
distributed as inferred by Bowman et al. (2004).

4 Results and discussion

In this section, the fidelity of the climate model’s simula-
tion of both long-term time means and the annual cycle of
rainfall over land regions is compared against the obser-
vations. The objective here is to identify biases (with repect
to the observations) in the simulated seasonal mean pre-
cipitation and to provide explanations for the same by
closely examining errors in the large-scale circulation. The
differences between the models and the observations will
be referred to as “anomalies” from here on.

4.1 Climatological long-term means

Figure 1a shows the TMPA 6-year mean rain rates plotted
on the native grid (0.25° x 0.25°). Figure 1b, c display the
long-term mean anomalies between WRF/CAM and
TMPA, respectively, plotted at T85 resolution. In terms of
the geographical distribution of precipitation, both models
produce considerable biases in regions with significant
rainfall. For example, both models overestimate precipi-
tation amount by about 6 mm/day in the western Pacific
warm pool region south of the equator. In the north western
Pacific, WRF produces a pronounced rainfall maximum
while CAM produces means that are closer to the obser-
vations. WRF underestimates rainfall over most land
regions but performs better than CAM over the Arabian
peninsula, equatorial and east Africa, and the Arabian sea.
WRF also simulates rainfall associated with the ITCZ
fairly accurately over much of the western and central
Pacific but produces a large wet bias in the eastern Pacific.
On the other hand, CAM produces a large (~6 mm/day)
dry bias along the mean latitude of the ITCZ (~ 7°N) over
the central and eastern Pacific. In particular, the ITCZ
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appears to have shifted north in both models thereby
underestimating rainfall over the Panama Bight region.
Other notable biases include the substantial dry bias (~3-6
mm/day) produced by WRF over major monsoon regions
of peninsular India, the Amazon, western equatorial Africa
and the maritime continent. WRF seems to be simulating
the storm tracks over the western Atlantic (1 mm/day dry
bias) better than CAM., while both models perform poorly
over corresponding storm tracks over the western Pacific.

By contrast, CAM produces too much rainfall over the
Indian sub-continent and equatorial east Africa, while
producing differences similar to WRF in the other regions.
For example, there appears to be a substantial net positive
mean rainfall anomaly over most of the Arabian sea (see
Fig. 1c) that leads to an overestimation of monsoon rainfall
over much of the sub-continent. Similarly a weak positive
rainfall bias exists over southern Africa, that contributes
toward a wetter than normal rainy season as described in
Sect. 4.2.3. In general, the magnitude of the differences
between mean rainfall produced by WRF and TMPA are
around 2—4 mm/day, and are smaller than those between
CAM and TMPA, with CAM overestimating rainfall by as

much as 6 mm/day over dry regions of the Arabian pen-
insula and north western India. Both models do a poor job
of simulating rainfall associated with the mid-latitude
storm tracks along the western edges of the Pacific and
Atlantic oceans.

The biases described above are clearly seen in the
zonally averaged sections (Fig. 2), calculated for various
regions of the global Tropics. The northward shift of the
ITCZ is clearly visible in both models over the eastern
Pacific (Fig. 2d), and over the Tropical Atlantic in CAM
(Fig. 2e). It is worth noting that while WRF significantly
underestimates mean rainfall over most Tropical land
regions, it performs much better over Tropical oceans
(Fig. 2b—e) by producing means that are closer to the
observations. In the following section, an attempt is made
to quantify some of these biases by looking at the seasonal
cycle of rainfall on a regional basis.

4.2 Annual cycle

The annual cycle over land is forced locally by the direct
effect of solar insolation, and remotely by large-scale
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Fig. 2 Zonally averaged long-term time mean rain rates over a Indian subcontinent, b Western Pacific, ¢ Central Pacific, d Eastern Pacific,
e Tropical Atlantic and f Tropical Africa. TMPA is plotted in blue, WRF in green and CAM in cyan

circulations that derive their energy from regions of per-
sistent precipitation organized primarily by SST, and sec-
ondarily by land (Biasutti et al. 2003). This distinction can
be applied to major monsoon regions as well, since the
monsoons are driven by land-sea temperature contrasts.
The following sections compare the annual cycle of pre-
cipitation simulated by the models with the observations.
The results have all been spatially averaged onto a T85 grid
for comparative purposes.

4.2.1 Indian monsoon region

The south-east Asian or Indian monsoon is characterized by
an annually reversing wind system that comprises of strong
westerlies at the 850 hPa level over the Arabian sea, known
as the low-level westerly jet (LLJ) (Goswami et al. 2005). In
general, monsoon rainfall over India and its accompanying
winds can be attributed to the northward seasonal migration
of the east—west oriented rainfall belt (ITCZ) from the
southern hemisphere in winter to the northern hemisphere in
summer (Gadgil 2003). Some of these features are readily
visible in the results described below.
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The pronounced summer rainfall peak is clearly seen in
the time series of the climatological mean annual cycle
(Fig. 3), which has been computed separately for land and
surrounding ocean regions. Error bars pertaining to the
95% confidence limits have also been overlaid to give an
indication of the magnitude of sampling error (interannual
variability). The timing of the summer rainfall peak is
simulated reasonably well by both models, but differences
in the mean rain rate are clearly evident. WRF consistently
underestimates monthly mean rainfall over land by almost
50% compared to the observations (Fig. 3a). On the other
hand, rainfall associated with the monsoon starts too early
in CAM, while also producing a prolonged rainy season
(see Fig. 3a). The rainfall produced by the models over the
surrounding ocean region (Fig. 3b) has a larger variance
and is indicative of the complex interaction between the
SSTs, large-scale circulation and precipitation in the region
(Nanjundiah et al. 2005).

The amplitude and phase of the annual harmonic
(Fig. 4) shows the progression of monsoon rainfall from
the Arabian sea across the Indian sub-continent during
boreal summer. The monsoon makes landfall during
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Fig. 3 Climatological mean
annual cycle for Indian
monsoon region (60°—100°E,
5°-30°N) over a land and

b ocean. The annual means have
been displayed for comparative
purposes. The observations:
TMPA are plotted in blue, WRF
in green and CAM in cyan.
Error bars around the monthly
means have been plotted at the
95% confidence level and
provide a measure of the inter-
annual variability. The last
figure illustrates the domain for
the annual cycle in a. Contours
showing the topography over
the Indian sub-continent are also
overlaid at 500 m intervals
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mid-July (Fig. 4a) along the western coast of India and
propagates eastward (and northward) across the continent
during the next couple of months before waning in late-
August/early September. These maps highlight some of the
regional biases not readily evident in the averaged monthly
mean time-series (Fig. 3). Overall, the models get the
general progression of the monsoon right but with incon-
sistencies in the magnitude of rainfall simulated. WRF in
particular, produces too much rainfall along the west coast
and too little over land. The monsoon starts early in CAM
(late-May/early-July) and is followed by a rather prolonged
rainy season, consistent with our findings in Fig. 3. CAM
also erroneously produces too much rainfall in April-May
along the eastern coast of India which is clearly seen in
the seasonal mean maps discussed below. The slight dis-
crepancy (late July or August peak) in the phase of the

(a) TMPA JJA (2000 - 2005) Sms
) ) i
' _d'/ . .' =

harmonic maps when compared to the time series (Fig. 3)
can be attributed to smoothed fits produced by the linear
regression procedure that causes monthly means to lead or
lag the original time series by half a month or so. A similar
trend is seen in all future harmonic vector maps discussed
in this paper.

In order to connect the biases to circulation features,
Fig. 5 displays maps of summertime rainfall with
1,000-850 hPa layer-averaged NCEP winds superimposed,
for the observations along with the corresponding model
anomalies. In WRF, the Western Ghats serve to block
advection of rainfall by monsoon westerlies into the sub-
continent leading to a pronounced maximum along the
western coast and a corresponding dry bias farther inland.
This feature agrees with the small amplitudes simulated by
the model in Fig. 4b. On the eastern side, the anomalous

(C) CAM - TMPA JJA (2000 - 2005)

Fig. 5 Seasonal mean rainfall maps with 1,000-850 hPa layer-
averaged horizontal winds from NCEP overlaid for a TMPA. The
departures of the model rainfall and winds from TMPA rainfall and

@ Springer

e
//‘l 5=
I y
\ A ;.
i S P Tl -
¥ S a1 SR s
P R L W
A B <l — <~ i B[N —_—
= - Sl R PR L. |
£ Lo e oA |- - - T S (|
40° 50° 60° 70° 80° 90° 100° 110°
2 4

mm/day

NCEP winds (“anomalies”) respectively are also shown for b WRF

and ¢ CAM over the Indian monsoon region (60°-100°E, 5°-30°N)

for JJA



A. Murthi et al.: Simulations of precipitation using NRCM

winds over the Bay of Bengal (BoB) are largely westerly
and consequently produce too much rainfall over Burma
and southeast asia, adding to substantial dry bias over
India.

In CAM, there is an anomalous low over the Arabian
ocean during the pre-monsoon months that leads to con-
vergence and moisture build-up there. The excessive
moisture is transported by monsoon westerlies into the
continent and leads to a wet bias over most of the sub-
continent. Nanjundiah et al. (2005) attributes this wet bias
to the presence of a surplus of vertically-integrated water
vapor (regulated by local SSTs) during the pre-monsoon
months (May) over the Arabian sea, that causes excessive
precipitation over land when advected by the westerlies.
There are similarities in the seasonal rainfall distribution
simulated by the models especially along the western coast
of India wherein CAM also produces too much precipita-
tion just off the coast, and too little over northeast India.

(a) NCEP JJA (2000 - 2005)

The divergence maps (Fig. 6) of the observations (for
JJA) shows strong correlation between regions of heavy
rainfall and large-scale convergence (negative divergence).
The convergence anomalies in the models (Fig. 6b, c) are
also consistent with the spatial distribution of the precipi-
tation anomalies in Fig. 5. Notable exceptions however
include southern and central tropical Indian ocean (10),
wherein the zone of large-scale convergence appears to
have shifted north in the models and over the Himalayan
plateau in WRF, wherein strong convergence coincides
with a dry bias in precipitation due to lack of moisture
during JJA.

4.2.2 South America
Rainfall over the South America shows strong seasonal

variability and is typically associated with large-scale
features such as the ITCZ and the South-Atlantic
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Fig. 6 Climatological mean divergence/convergence of 1,000-850 hPa layer-averaged horizontal winds (JJA) for a NCEP. The departure of the
models from the NCEP fields (“anomalies”) are also shown for b WRF and ¢ CAM over the Indian monsoon region (60°-~100°E, 5°~30°N)
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convergence zone (SACZ). The convective activity
migrates north and south following the annual march of the
sun and is also forced remotely, by SSTs over both the
tropical Atlantic and Pacific oceans (Chapa and Rao 2005).
The SSTs effect the location and intensity of the maritime
ITCZ, which in turn influences the large-scale circulation
through latent heating that extends into coastal regions
causing rainfall, thereby communicating the the SST signal
onshore (Biasutti et al. 2004).

Figure 7 displays the annual cycle of rainfall over South
America for regions north and south of the equator for the
domain depicted in Fig. 7c. In the south (Fig. 7b), a strong
annual rainfall peak is observed during the austral summer
(DJF) months followed by a dry season. WRF underesti-
mates the magnitude of rainfall throughout the rainy rainy
season while CAM fares marginally better. Both models
get the timing of peak rainfall right south of the equator.

(a) Annual cycle: Land points only (90 - 40 W, 5 - 10 N)
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TMPA = 5.25 mm/day
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(c) South America
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Fig. 7 Climatological mean annual cycle for South America for
regions a north (90°-40°W, 5°-~10°N) and b south (90°-40°W, 20°-
5°S) of the equator. The annual means have been displayed for
comparative purposes. The observations: TMPA are plotted in blue,
WREF in green and CAM in cyan. Error bars around the monthly
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WRF however performs better than CAM north of the
equator (Fig. 7a), but underestimates rain particularly
during the wet season. The seasonal cycle in CAM
(Fig. 7a) bears little resemblance to the observations,
consistent with the findings of Collier et al. (2004). Misra
(2006) showed that by prescribing SST anomalies in the
Atlantic and Pacific, the COLA atmospheric general cir-
culation model was able to simulate realistic seasonal
precipitation in the Nordeste region. Although both the
CAM and WREF simulations were driven by observed SST
forcing, the larger biases in the seasonal precipitation in
these simulations suggest that model deficiency, most
likely associated with the convective parameterizations,
reduces the models’ ability to capture atmospheric vari-
ability associated with the SST forcing.

Comparisons between the amplitude and phase of the
annual harmonic for observations and the models are

(b) Annual cycle: Land points only (90 - 40 W, 20 - 5 S)
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means have been plotted at the 95% confidence level and provide a
measure of the inter-annual variability. The last figure ¢ displays the
topography over South America where individual contours are drawn
every 500 m. The black boxes in ¢ represents regional domains for the
annual cycle displayed in a and b
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Fig. 8 Amplitude and phase of the annual harmonic for South
America (90°—40°W, 20°S-15°N) for a TMPA, b WRF and ¢ CAM.
The red lines indicate that the annual harmonic is significant as the

displayed in Fig. 8. The northward transition of rainfall
belt between the hemispheres is clearly seen in both the
observations (Fig. 8a) and the models (Fig. 8b, c). Both
models simulate the amplitude and phase of the annual
cycle accurately south of the equator and produce errone-
ous phases in the north, in accordance with Fig. 7. Spe-
cifically, rainfall in CAM lags both WRF and the
observations by a couple of months (August peak).

The seasonal mean rainfall and divergence maps for DJF
and JJA (Figs. 9, 10), help explain some of the differences
observed in the Figs. 7 and 8. In DJF (Fig. 9), most of the
biases are associated with the magnitude of rainfall simu-
lated (Fig. 9b, c), although both models appear to capture
the spatial patterns of monsoon precipitation reasonably
well. Specifically, both WRF and CAM produce a persis-
tent dry bias along the northeastern coast, central Amazon
and southern Brazil. In WREF, there appears to be strong
zone of convergence (Fig. 9e) associated with strong
anomalous easterly winds over the Amazon basin, that
surprisingly correlates with the large dry bias. We specu-
late that a lack of surface moisture in the model and its
associated recycling be the likely cause. CAM however

Jul

Apr—“ Otc

Jan

95% confidence level. The orientation of the harmonic vectors is
represented by the harmonic dial with ‘January’ pointing due south
and ‘July’ due north

performs better than WRF by producing smaller biases in
both rainfall and horizontal winds. The large dry bias along
the northeastern coast correlates well with the zone of
divergence in both models (see Fig. 9e, f). WRF is able to
simulate rainfall associated with topography along the
Andes in the southwest, while CAM produces too much
rain along the western coastline owing to the lack of rep-
resentation of orography and its effect on convective
processes.

In JJA, the rainfall shifts northwestward as seen in the
observations (Fig. 10a). The divergence (convergence)
patterns (Fig. 10d) correlate well with regions of heavy and
scant rainfall. Both models produce a persistent dry bias
throughout the region. This large dry bias can be attributed
to the northward shifted ITCZ, that accounts for much of
the rainfall in northern South America during JJA. Spe-
cifically, a surface moisture deficit that contributes towards
local moisture recycling (and hence precipitation) over the
region and weak northeasterly winds that advect rainfall
inland from the ITCZ in the Tropical Atlantic could lead to
the reduced rainfall intensity in WRF, as most of the
rainfall occurs offshore along the northeastern coast.
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Fig. 9 Seasonal mean rainfall with 1,000-850 hPa layer-averaged
horizontal winds from NCEP overliad for a TMPA. The departures of
the model rainfall and winds from TMPA rainfall and NCEP winds
respectively (“anomalies”) are also shown for b WRF and ¢ CAM

4.2.3 Tropical Africa

Rainfall variability over Africa is characterized primarily by
three climatic regimes namely, the equatorial, northwest and
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(d) NCEP DJF (2000 - 2005)
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over South America (90°-40°W, 20°S-15°N) for DJF. The diver-
gence/convergence maps of the layer-averaged winds are also shown
over the region for d NCEP, along with the corresponding model
“anomalies” for e WRF and f CAM

southeast monsoons (Sylla et al. 2009). The annual cycle is
particularly strong in the tropical latitudes just north and south
of the equator, and primarily follows the seasonal march of the
sun across the globe (Nicholson 2000; Jury and Mpeta 2005).
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Fig. 10 Seasonal mean rainfall with 1,000-850 hPa layer-averaged over South America (90°-40° W, 20°S-15°N) for JJA. The
horizontal winds from NCEP overlaid for a TMPA. The departures of divergence/convergence maps of the layer-averaged winds are also
the model rainfall and winds from TMPA rainfall and NCEP winds shown for d NCEP, along with the corresponding model “errors” for
respectively (“anomalies”) are also shown for b WRF and ¢ CAM e WRF and f CAM

A strong July—August peak in rainfall is seen in the  the August peak by a month and consistently over-predicts
northern hemisphere between latitudes of about 5° and  the monthly means throughout the rainy season. South of
20°N (Fig. 11a). WREF is able to reproduce the timing of  the equator (Fig. 11b), a similar trend is observed but CAM
the peak rainfall, but consistently underestimates the  performs better than WRF when compared to the obser-
magnitude throughout the year. The rainfall in CAM lags  vations. Here again, WRF systematically under-predicts
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(@) Annual cycle: Land points only (0 — 50 E, 5 — 20 N)
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Fig. 11 Climatological mean annual cycle over Tropical Africa for
regions a north (0°-50°E, 5°-20°N) and b south (0°-50°E, 20°-5°S)
of the equator. The annual means have been displayed for compar-
ative purposes. TMPA is plotted in blue, WRF in green and CAM in
cyan. Error bars around the monthly means have been plotted at the

the rainfall by about 50%, but both models capture the dry
season accurately.

The harmonic vector maps (Fig. 12) confirm the general
trends observed in Fig. 11. Both models get the phase of the
annual cycle right throughout Tropical Africa with notice-
able differences in the amplitude of rainfall. The northward
extent of the JJA rainfall band is smaller in WRF (Fig. 12b)
and it systematically underestimates rainfall in the region. In
CAM, the northern hemispheric summer rainfall belt seems
to have shifted north but it produces amplitudes that are
comparable to the observations, in general agreement with
Fig. 11. The delayed rainfall peak in CAM (mid-August to
early September), is particularly visible in the northeast over
the Sudan and the Ethiopian highlands (see Fig. 12c). The
equatorial regime has a significant semi-annual cycle with a
primary maximum occurring in April-June and a secondary
one in September—October (not shown). Both models are
able to reproduce this feature accurately but produce smaller
rain rates.

The spatial pattern of seasonal precipitation over Africa
are displayed in Fig. 13 along with the corresponding
model anomalies. In WREF, the highlands in the east
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6 (b) Annual cycle: Land points only (0 — 50 E, 5 — 20 S)
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95% confidence level. The last figure ¢ displays the topography over
Tropical Africa where individual contours are drawn every 500 m.
The black boxes in ¢ represents regional domains for the annual cycle
displayed in a and b

obstruct the moist north-easterlies from the 10 and produce
a precipitation maximum along the eastern coast, leaving
most of the interior dry in DJF (Fig. 13b). On the western
side, the anomalous winds are predominantly dry north-
westerlies that contribute towards a rainfall deficit in the
region. CAM also produces the same dry bias over the
equatorial west coast, but produces too much rain every-
where else including regions north of the equator. The
reasons for this large wet bias are not clearly evident and
needs to be investigated further.

In JJA (Fig. 13d), the ITCZ lies far north of the equator
between 18° and 20°N and accordingly the west African
monsoon rainfall is at its maximum. Both models repro-
duce the low-level circulation fairly well. However, WRF
underestimates rainfall by about 2 mm/day throughout
northern Tropical Africa and could once again be attributed
to a lack of moisture in the model (Fig. 13e). WRF how-
ever produces isolated rainfall peaks associated with local
orography (large maximum over Ethiopian highlands), that
is not seen CAM owing to its lower resolution. CAM on the
other hand produces a large wet bias almost everywhere
north of the equator in JJA, except along the Guinea coast
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Fig. 12 Amplitude and phase of the annual harmonic for Tropical
Africa (0°-50°E, 20°S-20°N) for a TMPA, b WRF and ¢ CAM. The
red lines indicate that the annual harmonic is significant as the 95%

and Ethiopian highlands where like WREF, it underestimates
seasonal rainfall (Fig. 13f).

4.2.4 North American monsoon (NAM) region

Higgins et al. 1997 describe the evolution of the North
American Monsoon System (NAMS) as being character-
ized by three phases: development, mature and decay. The
rainfall system develops during May—June, increases in
intensity during July producing heavy rainfall over large-
areas of the southwestern United States and northwestern
Mexico, before finally waning in mid-September (Adams
and Comrie 1997). The onset of the monsoon over south-
western Mexico is characterized by heavy rainfall in the
region that quickly spreads northward along the western
slopes of the Sierra Madre Occidental (SMO) and into
Arizona and New Mexico by early July. See Badan-Dagan
et al. (1991), Carleton (1986, 1987) and Okabe (1995).
The time-series of the annual cycle for the NAM region
(Fig. 14) indicates that neither model does very well in

. (@) NASATMPA Annual harmonic (Tropical Africa) 2mmiday

(b) WRF Annual harmonic (Tropical Africa)

confidence level. The orientation of the harmonic vectors is repre-
sented by the harmonic dial with ‘January’ pointing due south and
‘July’ due north

their simulation of monthly mean rainfall by producing
substantial dry biases. CAM simulates an early onset of the
monsoon in May and also shuts off a month earlier
(August). Conversely, WRF gets the timing of the monsoon
right but produces smaller rain rates during July. The
rainfall however recovers during August—September and
wanes thereafter, a trend that is similar to the observations.
The harmonic vector maps (not shown) reinforce the main
points discussed above wherein the early rainfall peak
produced by CAM is clearly seen over central and eastern
Mexico.

Figure 15 shows the mean precipitation and anomaly
maps for JJA. The continuous stream of northward flow
associated with monsoon westerlies is seen in the obser-
vations (Fig. 15a) over western Mexico and the Gulf of
California (GoC). The models appear to be generating a
strong northwesterly (i.e directed from the northwest to the
southeast along the GoC) flow which inhibits northward
advection of moisture leading to a substantial dry bias
along the northern flank of NAM. In WREF, the dry bias
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TMPA rainfall and NCEP winds respectively (“anomalies”) are also
shown for respective seasons for WRF (b, e) and CAM (¢, f) over

Tropical Africa (0°-50°E, 20°S-20°N)

Fig. 13 Seasonal mean maps of rainfall with 1,000-850 hPa layer-
averaged horizontal winds from NCEP overlaid for a DJF and d JJA
for TMPA. The departures of the model rainfall and winds from
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Fig. 14 Climatological mean annual cycle for a the North American
Monsoon (NAM) region 125°-95°W, 20°-40°N) and b topography of
the NAM region, where individual contours are drawn every 500 m.
The annual means have been displayed for comparative purposes. The

over southwestern Mexico and the GoC is attributed in part
to the large divergence (not shown) associated with flow
offshore that impedes transport of moisture from the SMO
and GC towards the northwest. CAM however, produces
excessive precipitation over the SMO and southwestern
Mexico but produces rainfall patterns similar to WRF
everywhere else.

5 Summary and conclusions

In this paper, we have evaluated the performance of two
climate models, WRF and CAM, in their ability to simulate
the annual cycle of precipitation over four Tropical land
regions. One of the goals of this study was to ascertain
whether the use of higher spatial resolution (36-km)
capable of resolving mesoscale features in the least, led to
an improvement in the simulation of seasonal rainfall. Our
main inferences are summarized below. Substantial biases
(compared to the observations) are evident in the long-term
time means for both models. WRF systematically under-
estimates the magnitude of mean rainfall over most land

—-95°

observations: TMPA are displayed in blue, WRF in green and CAM
in cyan. Error bars around the monthly means have been plotted at
the 95% confidence level. The black box in b represents the regional
domain for the annual cycle in a

regions while the biases in CAM depend on the region
being studied. Both models produce a substantial wet bias
in the western Pacific warm pool south of the equator,
while generally simulating the ITCZ correctly over the
western and portions of the central Pacific. However, the
ITCZ over the eastern Pacific is displaced a few degrees
north in both models, and leads to a reduction in monsoon
rainfall over South America.

Community Atmosphere Model produces a significantly
wet bias over the Indian sub-continent during summer that
lasts well into late-September/early-October. The presence
of an anomalous low over the Arabian sea during May is
diagnosed as the likely cause for the wet bias. WRF pro-
duces a uniform dry bias over land, while both models
produce excessive rainfall just off the west coast of India
leaving the interior dry. This could imply that the influence
of orography on advection of moisture into the continent is
significant, but one would need to examine vertical profiles
of moisture to make definitive conclusions. In regions
south of the equator over South America, both WRF and
CAM reproduce the timing of peak rainfall that agrees well
with the observations, but underestimate the magnitude of
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Fig. 15 Seasonal mean maps of rainfall with 1,000-850 hPa layer-
averaged winds from NCEP overlaid for a NASA TMPA. The
departures of the model rainfall and winds from TMPA rainfall and

mean rainfall. CAM does poorly over northern South
America in its simulation of the annual cycle by producing
smaller rainfall magnitudes that last well beyond the boreal
summer season. By contrast, WRF produces a peak in
April-May (early onset) after which the monsoon weakens
thereby under-predicting rainfall on average.

Over Tropical Africa, the phase of the annual cycle is
simulated fairly well by both models in JJA and DJF,
although in CAM (JJA) the monsoon starts early and
extends well into the winter months. WRF significantly
underestimates rainfall during both hemispheric summer
seasons. This can be attributed to the strong influence of
orography on moisture advection from adjacent oceans into
the continent and weaker low-level flow. The general trend
observed in other Tropical regions described in this study is
also prevalent in the North American Monsoon region.
WRF under-predicts rainfall amount compared to the
observations (and CAM). In particular, the anomalous
northwesterly winds flowing down the GoC, tends to
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NCEP winds respectively (“anomalies”) are also shown for b WRF
and ¢ CAM over the North American Monsoon region (125°-95°W,
20°-40°N)

obstruct northward transport of moisture from the SMO
and GoC regions into the northwestern United States
causing a dry bias in the region in both models.

Overall, simulation of the annual cycle by both models
suffer from systematic biases over most of the global
Tropics compared to the observations. The improved
resolution in WRF (36-km) does not seem to Dbetter
simulate precipitation and conversely produces too little
rainfall over most of the Tropical land regions compared
to CAM, except in small regions forced by local orog-
raphy. However, WRF simulates the seasonal timing of
rainfall better than CAM. Alternatively, CAM reproduces
the magnitudes of mean rainfall fairly well, but the
rainfall leads or lags the observations by a month or so
over most regions.

The substantial underestimates of precipitation produced
by WRF over most land regions could be caused by
problems with evapotranspiration (ET) and hence “mois-
ture recycling”, in the land-surface component (LSM) of
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Fig. 16 Seasonal mean maps of correlation between soil moisture
and evaporative fraction for a NCEP and b WRF over the Indian
Monsoon region (60°-100°E, 5°-30°N)

the model. Moisture recycling is defined as the fraction of
precipitation that comes from local evaporation, as opposed
to transport by horizontal advection, that contributes to
precipitation over a region (Trenberth 1997). Koster et al.
(2004) performed extensive AGCM simulations to ascer-
tain regions on the globe where land—atmosphere coupling
via soil moisture (i.e. moisture recycling) significantly
impacts seasonal precipitation variability. They concluded
that almost 25-40% of the precipitation over regions such
as Tropical Africa, central and southern Mexico and the
Amazon, comes from local evaporation during the mon-
soon months. However, moisture recycling is essentially a
feedback process, and if the LSM produces a negative bias
in ET, this would produce a dry bias in precipitation, that
would further reduce ET. To assess the strength of mois-
ture recycling/land—atmosphere interactions we examined
correlations between volumetric soil moisture (SMOIS)
and evaporative fraction (EF), a useful proxy for land-
atmosphere interactions (Betts 2004) defined as the ratio of
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Fig. 17 Seasonal mean maps of correlation between soil moisture
and evaporative fraction for a NCEP and b WRF over South America
(90°-40°W, 20°S—15°N)

the latent heat flux to the total (latent plus sensible) heat
flux. Figures 16 and 17 compare the strength of the land-
atmosphere interactions (SMOIS-EF correlations) between
the observations (NCEP) and the WRF model for the
Indian Monsoon region (JJA) and South America (DJF).
The correlations over both regions appear much stronger in
WRF compared to NCEP which suggests that the land—
atmosphere interactions are very strong in the model. Such
interactions might amplify wet or dry biases in regions
where local precipitation recycling accounts for an
important fraction of moisture for precipitation. Thus if a
model has dry bias (e.g., due to poor convection parame-
terization), then the dry bias leads to dry soil. If land-
atmosphere interactions are strong, then dry soil will fur-
ther reduce precipitation, hence amplifying the dry bias.
This trend is seen in other regions (not shown) as well and
could help explain the large dry biases observed in WRF.
We speculate that similar land-atmosphere interactions
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patterns exist for the CAM model as well, although we do
not show them due to unavailability of archived monthly
fields for soil moisture and heat fluxes.

In view of the above inferences, one would therefore
need to test the various cumulus convective and land-
surface parameterizations in the models to identify poten-
tial errors arising from representation of physical processes
themselves, since it is difficult to attribute causality to a
single factor. The next step in our analysis would thus
involve conducting more extensive experiments with the
WRF model, using a variety of “cloud-resolving” spatial
resolutions (12, 10, 4, 2 km) with variable convection and
land-surface parameterization schemes over a specific
region. We hope that the high resolution datasets obtained
from these experiments would help distinguish the
dynamical downscaling ability of the model from the
inherent parameterization and hence lead to a better
understanding of model generated precipitation.
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