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Summary

The purposes of this paper are to evaluate the new version
of the regional model, RegCM3, over South America for
two test seasons, and to select a domain for use in an
experimental nested prediction system, which incorporates
RegCM3 and the European Community-Hamburg
(ECHAM) general circulation model (GCM). To evaluate
RegCM3, control experiments were completed with
RegCM3 driven by both the NCEP=NCAR Reanalysis
(NNRP) and ECHAM, using a small control domain
(D-CTRL) and integration periods of January–March 1983
(El Ni~nno) and January–March 1985 (La Ni~nna). The new
version of the regional model captures the primary circu-
lation and rainfall differences between the two years over
tropical and subtropical South America. Both the NNRP-
driven and ECHAM-driven RegCM3 improve the simula-
tion of the Atlantic intertropical convergence zone (ITCZ)
compared to the GCM. However, there are some simulation
errors. Irrespective of the driving fields, weak northeasterlies
associated with reduced precipitation are observed over the
Amazon. The simulation of the South Atlantic convergence
zone is poor due to errors in the boundary condition forcing
which appear to be amplified by the regional model.

To select a domain for use in an experimental prediction
system, sensitivity tests were performed for three domains,
each of which includes important regional features and pro-
cesses of the climate system. The domain sensitivity experi-
ments were designed to determine how domain size and the
location of the GCM boundary forcing affect the regional
circulation, moisture transport, and rainfall in two years with
different large scale conditions. First, the control domain was

extended southward to include the exit region of the Andes
low level jet (D-LLJ), then eastward to include the South
Atlantic subtropical high (D-ATL), and finally westward to
include the subsidence region of the South Pacific subtropi-
cal high and to permit the regional model more freedom to
respond to the increased resolution of the Andes Mountains
(D-PAC). In order to quantify differences between the do-
main experiments, measures of bias, root mean square error,
and the spatial correlation pattern were calculated between
the model results and the observed data for the seasonal
average fields. The results show the GCM driving fields have
remarkable control over the RegCM3 simulations. Although
no single domain clearly outperforms the others in both sea-
sons, the control domain, D-CTRL, compares most favorably
with observations. Over the ITCZ region, the simulations
were improved by including a large portion of the South
Atlantic subtropical high (D-ATL). The methodology pre-
sented here provides a quantitative basis for evaluating do-
main choice in future studies.

1. Introduction

Regional climate models are increasingly being
used for downscaling climate scenarios and for
seasonal climate prediction in tropical and subtrop-
ical regions where human impact is potentially
high and demonstrated skill exists on seasonal
timescales. While it is understood that the one-
way nested model approach has problems asso-
ciated with lateral boundary reflection, there has



been relatively little discussion in the literature
about these issues and their relationship to do-
main choice in tropical regions. In this paper,
we present a simple sensitivity study of model
domain choice for South America, which has been
employed in the process of selecting a domain for
an experimental climate prediction system and
its requisite historical baseline integrations.

For the South American region, a number of
studies have begun to evaluate the performance
of regional models for their ability to simulate
the regional climate in retrospective studies (e.g.
Chou et al., 2002; Nicolini et al., 2002; Misra
et al., 2002a, b, 2003; Roads et al., 2003) and for
use in seasonal climate prediction (e.g. Nobre
et al., 2001; Druyan et al., 2002; Qian et al.,
2003; Misra and Kanamitsu, 2004; Sun et al.,
2005). However, the effect of domain choice on
the simulations is not discussed explicitly. In
order to investigate its potential for use in sea-
sonal climate prediction, Nobre et al. (2001) em-
ployed the National Centers for Environmental
Prediction (NCEP) regional spectral model with
a domain focused on the tropical Atlantic and
Northeast Brazil. The authors noted that their
simulations were sensitive to both the model
resolution and the location of the lateral bound-
aries, although they did not provide details. They
chose a ‘‘compromise’’ domain that covers most
of tropical and subtropical South America and
extends eastward into the Atlantic. Misra et al.
(2002b) used an even larger domain which in-
cludes much of the tropical eastern Pacific and
tropical Atlantic Oceans, extending from 30� N to
40� S and 160� W to 10� W to compare the ef-
fects of different land surface schemes on inte-
grations using the regional spectral model.

Implicit in these studies is that for the regional
model to provide more detailed spatial and tem-
poral climate information than the driving GCM,
some consideration of domain may be important.
For the mid-latitudes, several studies have found
that a larger domain reduces the constraints of
the lateral boundary conditions, thereby per-
mitting more internal model freedom (Jones
et al., 1995; Seth and Giorgi, 1998; Vannitsem
and Chom�ee, 2005). Therefore, the regional model
may respond to local topographic and land sur-
face features and processes. As part of larger
strategy (Fig. 1, Seth and Rojas, 2003) to test
the potential of a regional model (RegCM2) as

part of a nested prediction system over South
America, Seth and Rojas (2003) and Rojas and
Seth (2003) (hereafter SR03 and RS03) showed
that RegCM2 was better able to simulate the
location of the ITCZ in a domain which included
the Atlantic and Pacific oceans, but not in a smal-
ler domain which constrained the results to the
GCM solution. The present study employs a
new version of the regional model (RegCM3)
and a different GCM (the European Community-
Hamburg Model, ECHAM). The testing of this
updated experimental nested prediction system
offers an opportunity to more formally consider
issues related to domain choice. In particular,
how might domain choice affect the quality of
the output from the nested prediction system?

We therefore have two distinct purposes with
this paper: to assess the performance of the new
version of RegCM3 over South America, and to
select a domain for use in a nested modeling pre-
diction system, which incorporates the updated
RegCM3 and the ECHAM GCM. To evaluate
RegCM3, control experiments were completed
with the regional model driven by both the NCEP=
NCAR Reanalysis (NNRP) and ECHAM, using
a control domain (D-CTRL). By discussing the
NNRP-driven and ECHAM-driven simulations
together, we can more clearly show which errors
originate in the regional model and which come
from the GCM forcing. To test potential domains
for use in the ECHAM-based prediction system,

Fig. 1. RegCM3 domains employed: D-CTRL, 143� 108
grid points; D-LLJ, 107� 111 grid points; D-ATL,
131� 111 grid points; D-PAC, 194� 111 grid points (so-
lid). Resolution is 60 km in D-CTRL and 80 km in D-LLJ,
D-ATL, and D-PAC. Areas used for domain analysis: ITCZ
(35� W–20� W:15� S–15� N), SACZ (55� W–30� W:30� S–
15� S), and South Atlantic (35� W–20� W:40� S–18� S)
(dashed)
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experiments were performed for the same time
period with three sensitivity domains driven by
the ECHAM GCM. The domain experiments
were analyzed to understand how domain choice
affects the simulation of regional features by pro-
viding more regional model internal freedom,
and by locating domain boundaries where the
GCM forcing is more or less skillful.

The experiments were performed for two three-
month periods, JFM 1983 and JFM 1985. Figure 2
of SR03 shows the sea surface temperature (SST)
anomalies for the two cases. During the austral
summer of 1985, negative SST anomalies were
present in the northern equatorial Atlantic while
positive SST anomalies were found in the south-
ern equatorial Atlantic, enhancing the meridional
SST gradient. The ITCZ moved southward of its
climatological position, and large amounts of
rain fell over Northeast Brazil. In contrast, the
austral summer of 1983 was characterized by pos-
itive SST anomalies in the central and eastern
equatorial Pacific and in the equatorial North
Atlantic. Associated with these positive SST

anomalies, the Pacific Walker circulation shifted
eastward, resulting in depressed convection and in-
creased subsidence over northern South America
and Northeast Brazil. Although the Walker circu-
lation affects the intensity of the ITCZ (Kousky
et al., 1984), changes in ITCZ position tend to
be related to the meridional SST gradient in the
tropical Atlantic (Hastenrath and Heller, 1977;
Nobre and Shukla, 1996; Uvo et al., 1998;
Chiang et al., 2002). In 1983, with the combina-
tion of positive SST anomalies in the Pacific and
a weakened tropical Atlantic meridional SST
gradient, the ITCZ remained northward of its
climatological position, resulting in decreased
rainfall over Northeast Brazil. While negative
precipitation anomalies prevail over Northeast
Brazil and northern South America during a
warm ENSO event, positive precipitation anom-
alies occur over southern Brazil and the subtrop-
ical plains of northern Argentina and Uruguay
(Ropelewski and Halpert, 1987). These anom-
alies are associated with an increase in the
strength of the South Atlantic subtropical high,

Fig. 2. January–March average precipitation (mm day�1) for 1983 for (a) CMAP (b) ECHAM and the difference 1985–1983
for (c) CMAP and (d) ECHAM. Positive contours are solid, and negative contours are dashed
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which increases the zonal pressure gradient and
enhances moisture transport into subtropical
South America through the South American
low level jet (Berbery and Barros, 2002).

In Sect. 2, the models and data employed are
described. Section 3 presents results from the
control domain (D-CTRL) simulations driven
by the reanalysis and the GCM, and compares
them with observations and the driving fields.
Section 4 examines the sensitivity to domain
size, with a focus on the simulation of the ITCZ
and the South Atlantic convergence zone (SACZ)
by the regional model. Section 5 discusses these
results and presents conclusions.

2. Methods

2.1 Experiment design

The parameters for the experiments are listed in
Table 1. All experiments were performed for two
seasons, JFM 1983 (El Ni~nno) and JFM 1985
(La Ni~nna). Control experiments were completed
with RegCM3 driven by both NNRP and ECHAM,
using the control domain (D-CTRL). Since our
purpose is to evaluate potential domains for use in
the ECHAM-based prediction system, the domain
sensitivity tests were driven by the ECHAM GCM
only. The three sensitivity domains are shown in
Fig. 1. Each domain was designed to include
specific regional features of the climate system,
thereby posing the question: does the GCM ade-
quately represent these features, and can the
regional model improve upon the simulation of
them?

D-CTRL, the control domain, encompasses
most of tropical and subtropical South America,
extending from 94� W to 18� W and 34� S to 22� N
with a horizontal resolution of 60 km. The first
sensitivity domain, D-LLJ, has the same longitu-
dinal extent as D-CTRL, but the southern bound-
ary is located at 50� S in order to include the exit

region of the South American low level jet (LLJ).
In the second sensitivity domain, D-ATL, the
eastern boundary is extended to the Greenwich
Meridian so that South Atlantic subtropical high
is represented in the domain. Finally, to permit
the regional model more freedom to respond to
the increased resolution of the Andes, the wes-
tern boundary expands westward to 140� W in
the third sensitivity domain, D-PAC. This largest
domain also encompasses part of the South
Pacific subtropical high and the eastern and
central equatorial Pacific associated with SST
anomalies during ENSO events.

In order to render them more computationally
efficient for the planned extended integrations
(four ensemble members over 1982–2003), the
sensitivity domains (D-LLJ, D-ATL, and D-PAC)
have a resolution of 80 km. Error statistics calcu-
lated for precipitation from D-LLJ run with hor-
izontal resolutions of 60 km, 80 km, and 90 km
showed that the difference between the 60 km
and 80 km simulations was fairly small. While
a finer resolution would provide more detailed
information about mesoscale features such as
the South American LLJ, a resolution of 80 km
nevertheless provides a substantial improvement
over the driving fields. This resolution is also
being used in several of the modeling experi-
ments that are part of the South American LLJ
Experiment (SALLJEX), which is focused on
understanding how the South American LLJ af-
fects moisture and energy transport between trop-
ical and subtropical South America (http:==
www.usclivar.org=sallj-index.html).

The domain sensitivity experiments were
designed to explore how domain size and the
location of the GCM boundary forcing affect
the regional circulation, moisture transport, and
rainfall in two years with different large scale
conditions. We chose a single member of a 24-
member ensemble to drive the simulations. This
ECHAM ensemble member was selected based

Table 1. Experiments

Experiment Driving fields dx (km) Lon�Lat Lon Lat Features

D-CTRL NNRP=ECHAM 60 143� 108 94.0� W–17.4� W 33.5� S–21.6� N Control
D-LLJ ECHAM 80 107� 111 93.9� W–17.6� W 49.5� S–21.4� N Continental, LLJ
D-ATL ECHAM 80 131� 111 93.9� W–0.4� W 49.5� S–21.4� N ATL STH, ITCZ
D-PAC ECHAM 80 194� 111 139.6� W–0.7� W 49.5� S–21.4� N PAC STH
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on a careful comparison of all 24 ensemble mem-
bers with observed precipitation and low-level
and upper-level winds for the two test cases
(JFM 1983 and JFM 1985), and therefore repre-
sents the ‘‘best-case’’ driving fields for these two
seasons. While an ensemble mean might perform
better than this individual ensemble member
when evaluated against observations for many
years, for these two seasons the individual mem-
ber is better. The simulations presented here are
by necessity short because they were designed to
be sensitivity studies to provide a sense for which
domain is likely to perform better in the nested
prediction system. Although these limited tests
cannot deterministically tell us which domain is
best, they can provide some guidance. For the
next step of this research, we have performed ex-
tended simulations with multiple ensemble mem-
bers, and the results presented in Sect. 4 are
consistent with the longer runs.

2.2 Regional climate model

The regional model used in these experiments is
the third version of the ICTP regional climate
model (RegCM3) (Pal et al., 2006). A brief de-
scription is provided here with emphasis on the
new elements in RegCM3. RegCM3 is a primi-
tive equation, hydrostatic, compressible, sigma-
coordinate regional climate model based on
NCAR’s mesoscale meteorological model, MM4
(Anthes et al., 1987). The model’s vertical reso-
lution is 18 levels with 7 levels below 800 hPa.
The radiation parameterization used is the CCM3
radiation package of Kiehl et al. (1996). Exchanges
of energy, moisture, and momentum between the
land surface and the atmosphere are computed
using the BATS1E land surface model (Dickinson
et al., 1993). RegCM3 uses a medium-resolution
planetary boundary scheme developed by Holtslag
et al. (1990). Convective precipitation is repre-
sented using the Grell cumulus parameterization
scheme (Grell, 1993) with the Arakawa-Schubert
closure (Arakawa and Schubert, 1974). In the
Grell scheme, clouds consist of an updraft and a
downdraft, with no direct mixing between the two
except at the top and bottom of the circulations.

New features in RegCM3 include the surface
flux scheme over the oceans and a subgrid ex-
plicit moisture scheme. The surface flux scheme
of Zeng et al. (1998) corrects the tendency of

BATS1E to overestimate latent heat flux over
the oceans in both weak and strong wind condi-
tions (J. Pal, personal communication, 2004),
and in general results in decreased precipitation
over the oceans. Resolvable precipitation pro-
cesses are treated with the subgrid explicit mois-
ture scheme (SUBEX) of Pal et al. (2000).
SUBEX is a physically based parameterization
that includes variation at the subgrid scale of
clouds, cloudwater accretion, and evaporation
of raindrops.

2.3 Global climate model (ECHAM)

The European Community-Hamburg (ECHAM,
version 4.5) is an atmospheric general circulation
model derived from the European Centre for
Medium-Range Weather Forecasts (ECMWF)
spectral prediction model (Simmons et al., 1989)
by Roeckner et al. (1996). It has a hybrid sigma-
pressure vertical coordinate. In the ensemble
member used in these experiments, ECHAM has
a horizontal T42 spectral resolution (2.8� lati-
tude-longitude) and has 19 vertical levels, with
the top extending to 10 hPa. The model’s prog-
nostic variables are vorticity, divergence, surface
pressure, temperature, specific humidity, and the
mixing ratio of total cloud water. The mass flux
scheme of Tiedtke (1989) is employed for both
deep and shallow convection. Radiative fluxes
in the model follow a modified version of the
ECMWF formulation of Fouquart and Bonnel
(1980) and Morcrette et al. (1986). For full de-
tails on the ECHAM model, readers may refer to
Roeckner et al. (1996).

2.4 Data

Model initial and lateral boundary conditions
were created using one ‘‘best’’ ensemble member
of ECHAM (described in the preceding section),
which was chosen based upon a comparison with
observed precipitation and low level and upper
level winds for the 1983 and 1985 austral sum-
mer seasons, and the NCEP=NCAR Reanalysis
(NNRP) (Kalnay et al., 1996). NNRP is derived
from various data sources including rawinsondes,
surface marine data, aircraft data, surface land
synoptic data, satellite sounder data, special sen-
sing microwave imager, and satellite cloud drift
winds. Quality control studies are performed and
the data is assimilated using a numerical pre-
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diction model. SSTs were obtained from the
NOAA optimum interpolation (OI) SST analysis
(Version 2) of Reynolds et al. (2002). The model-
output precipitation is compared with the Climate
Prediction Center Merged Analysis of Precipi-
tation (CMAP) (Xie and Arkin, 1996). CMAP
is a blended product of global satellite and gauge
data on a 2.5� latitude-longitude grid available as
pentads and monthly averages.

3. Results: control simulations

Here results are presented from the control
simulations of RegCM3 driven by NNRP and
the ECHAM GCM for the 1983 and 1985 JFM
seasons. By discussing the NNRP-driven and
ECHAM-driven simulations together, we can more
clearly show which errors originate in the regio-
nal model and which come from the GCM for-
cing. Unless otherwise stated, all discussion of
the ECHAM GCM refers to the performance of
the single ensemble member chosen to drive the
simulations, which is our ‘‘best case’’ scenario to
evaluate how the nested modeling system might
perform.

3.1 Precipitation

Figure 2 shows the JFM 1983 and JFM 1985–1983
precipitation in mm day�1 for the CMAP observa-
tions (a, c) and the ECHAM GCM (b, d). In 1983,
the CMAP data show a well developed ITCZ
located near 5� N, relatively dry conditions over
Northeast Brazil, and larger rainfall amounts over
the southern Amazon, southeast Brazil, and the
SACZ. Overall, the ECHAM GCM replicates the
observed pattern of precipitation fairly well,
especially over the continent. However, in the
ECHAM GCM the ITCZ is a weak, amorphous
rainfall region which extends into the subtropical
North Atlantic. Over southeastern Brazil, the area
of maximum precipitation associated with the
SACZ is located southward of its observed posi-
tion. In addition, the GCM precipitation rates are
higher than are the observed precipitation esti-
mates in a corridor located to the east of the
Andes mountains that extends from western
Brazil to northern Argentina.

The difference maps for 1985–1983 illustrate
the dramatic increase and slight southward shift
in ITCZ rainfall in 1985 as compared to 1983.

This increase is captured by the GCM, but as the
simulated ITCZ was weak in 1983, no shift is
seen. The CMAP data show the differences be-
tween the two test cases are not as pronounced
over southern Brazil, Paraguay, and northern
Argentina compared to Northeast Brazil. None-
theless, precipitation was reduced in this region in
1985, consistent with the decreased (increased)
precipitation often observed during a(n) La Ni~nna
(El Ni~nno) (Ropelewski and Halpert, 1987). In the
observed data, the SACZ extends southward in
1983 relative to 1985, which is in agreement with
the tendency for the SACZ to move southward
and strengthen during warm ENSO events when
convection is enhanced in the central Pacific
(Nogu�ees-Paegle and Mo, 1997). However, in the
ECHAM GCM the SACZ appears to be in its
southern position in 1985, as the 1985–1983 dif-
ferences show dry conditions in southeastern
Brazil and wet conditions in southern Brazil,
Uruguay, and parts of northern Argentina. Given
that this realization is the best of 24 ensemble
members, it appears that the ECHAM GCM is
demonstrating a problem in the region of the
SACZ.

As shown in Fig. 3, in 1983 both the NNRP-
driven RegCM3 (a) and ECHAM-driven (b)
capture the observed spatial distribution of pre-
cipitation over the domain with several notable
differences. First, the ECHAM-driven RegCM3
greatly improves upon the simulation of the
Atlantic ITCZ as compared to the global model,
but its location still appears to be south of the
observed in the ECHAM-driven simulation. The
NNRP-driven RegCM3 places the ITCZ farther
north than does the ECHAM-driven RegCM3.
Second, precipitation is underestimated over the
Amazon Basin by both the ECHAM-driven and
NNRP-driven RegCM3. This same deficiency in
precipitation was observed by RS03 and SR03
using RegCM2, and was linked to a weakening
of the northeasterlies and associated low-level
moisture transport. Third, the SACZ is not very
well formed in either the ECHAM-driven and
NNRP-driven simulations. Precipitation is over-
estimated over southern Bolivia, Paraguay, and
northern Argentina, where both models show a
large area with a precipitation rate in excess of
8 mm day�1, twice that of the observed precipita-
tion rate in that region. Finally, the maps of the
1985–1983 precipitation (Fig. 3) show that both

S. A. Rauscher et al.



the ECHAM-driven RegCM3 (d) and the NNRP-
driven RegCM3 (c) are able to reproduce the
differences between the two years. The NNRP-
driven simulations capture the southward shift
in the ITCZ in 1985. Over southeastern and
south-central Brazil, both models show negative
anomalies consistent with the observations. It is
noteworthy that the ECHAM-driven RegCM3
locates these negative anomalies farther south-
ward than the GCM, resulting in an anomaly
field that is closer to the observed in this region.

3.2 Circulation

Simulated and observed low level wind differ-
ences between the two years yield some insights
into the precipitation results shown above. The
1985–1983 850 hPa winds for the NNRP (a) and
ECHAM GCM (b) are shown in Fig. 4. Regions

of divergence (convergence) are shaded with
light (dark) gray. Over the North Atlantic and
the ITCZ region, the GCM and the reanalysis
show some similarities. The northeasterlies en-
tering the South American continent were stron-
ger in 1985 than in 1983, consistent with the
negative SST anomalies in the equatorial North
Atlantic, as stronger than normal trades are as-
sociated with negative local SST anomalies, and
vice versa (Nobre and Shukla, 1996; Enfield and
Mayer, 1997). The increased convergence over
Northeast Brazil is also readily apparent.

However, over the South Atlantic and subtrop-
ical South America, the circulation anomalies
differ between the reanalysis and the GCM.
While NNRP shows a cyclonic anomaly over
southeastern Brazil, the ECHAM GCM shows an
anticyclonic anomaly in the region of the SACZ.
To investigate further, Fig. 5 shows the seasonal

Fig. 3. January–March average precipitation (mm day�1) for 1983 for (a) NNRP-driven RegCM3 (b) ECHAM-driven
RegCM3 and for the difference 1985–1983 (smoothed) for (c) NNRP-driven RegCM3 and (d) ECHAM-driven RegCM3.
Positive contours are solid, and negative contours are dashed
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mean (JFM) sea level pressure in hPa for NNRP
and ECHAM for 1985 and 1983. Typically dur-
ing warm ENSO events, the South Atlantic sub-
tropical high strengthens. This relationship can
be clearly seen in the plots of NNRP sea level
pressure (SLP), which indicate that the South
Atlantic subtropical high was stronger in 1983
(a) than in 1985 (c). However, in the ECHAM sim-
ulation, this relationship is reversed with 1985 (b)
displaying a stronger South Atlantic subtropical
high than the 1983 (d) case. In addition, in both
the 1985 and 1983 ECHAM simulations the South
Atlantic subtropical high is stronger and displaced
southward relative to NNRP. This positive bias in
the SLP field is also found in the ECHAM ensem-
ble mean (not shown), and has been documented
by the model developers (Roeckner et al., 1996),
who noted that the stronger and more poleward
shifted subtropical anticyclones in the southern

hemisphere indicate over-emphasized Walker cir-
culations in the equatorial region.

These differences in the location and intensity
of the subtropical high in the GCM relative to the
NNRP have consequences for moisture transport
into subtropical South America. There are two
main pathways of moisture transport from tropi-
cal South America to subtropical South America:
a northerly LLJ with average wind speeds of
15 m s�1 located just east of the Andes at 10� S,
65� W (Virji, 1981; Paegle, 1998) and northerly
flow out of the SACZ that occurs to the east of
the South American LLJ (Seluchi and Marengo,
2000; Herdies et al., 2002). Both of these ave-
nues of moisture transport are connected to the
strength and position of the South Atlantic sub-
tropical high and the Chaco Low, a thermal low
located near 22� S and 60� W (Schwerdtfeger,
1976). In austral spring and summer, the Chaco

Fig. 4. January–March difference 1985–1983 850 hPa Wind Vectors (m s�1) and divergence (s�1, shading) from (a) NNRP
(b) ECHAM GCM (c) NNRP-driven RegCM3 and (d) ECHAM-driven RegCM3 (right). Divergence values greater than
1.5�10e5 and less than �1.5�10e5 are shaded
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low intensifies due to strong heating from high
radiation receipts and low moisture at the sur-
face. The pressure gradient between the Chaco
Low and the South Atlantic subtropical high sets
up northeasterly flow that transports moisture
into the continent (Paegle and Mo, 2002). During
warm ENSO events, the South Atlantic subtrop-
ical high is strengthened, enhancing this moisture
transport into subtropical South America. Asso-
ciated positive precipitation anomalies occur
over southern Brazil and the subtropical plains
(Ropelewski and Halpert, 1987; Paegle and Mo,
2002). In addition, there is some evidence linking
a stronger South American LLJ to warm ENSO
events (Berbery and Barros, 2002). These pat-
terns are evident in the reanalysis, where we see
that the northerly winds are stronger in the jet
region in 1983 than in 1985, consistent with the
presence of a stronger South Atlantic subtropical
high. However, the strengthening of the South
American LLJ is not as clear in the ECHAM
GCM, as the 1985–1983 difference plots (Fig. 4)
show northerly anomalies south of 15� S and south-
erly anomalies north of 15� S in the jet region.

To a large extent, the circulation patterns of
the ECHAM-driven (Fig. 4d) and NNRP-driven
RegCM3 (Fig. 4c) follow the driving fields. In
each nested model, the northeasterlies entering
the South American continent are clearly stron-
ger in 1985 than in 1983, and convergence is
enhanced over Northeast Brazil. However, there
are differences over subtropical South America.
Both the ECHAM-driven and NNRP-driven
RegCM3 show stronger northerly and north-
westerly flow east of the Andes Mountains
(i.e. an enhancement of the LLJ) over Bolivia,
Paraguay, and northern Argentina as compared
to the driving fields in both 1983 and 1985 (not
shown). In addition, in both cases the wind
speed maximum is located farther south in the
ECHAM-driven regional model. This is a result
of the anomalous anticyclone in the SACZ, and
it is consistent with the southward displace-
ment of the subtropical highs in the ECHAM
GCM. Consequently, moisture transport is in-
creased relative to the reanalysis and GCM from
tropical to subtropical South America, which is
likely related to the presence of excessive pre-

Fig. 5. January–March average sea level pressure (hPa) for 1983 for (a) NNRP and (b) ECHAM GCM and for 1985 for (c)
NNRP and (d) ECHAM GCM. Values greater than 1020 hPa and less than 1014 hPa are shaded

Domain choice



cipitation in the exit region of the LLJ in 1985
and 1983.

4. Domain sensitivity

The control simulations showed that while both
the GCM and the regional model capture the
main precipitation and circulation features of
the two extreme cases, there are some simulation
errors. Over the ITCZ region, the regional model
appears to improve upon the GCM. While the

NNRP-driven simulations place the ITCZ posi-
tion closer to observations, the ECHAM-driven
simulations show a great improvement of the
overall simulation of the ITCZ compared to the
GCM. The weak northeasterlies and reduced pre-
cipitation over the Amazon are consistent between
the NNRP-driven RegCM3 and the ECHAM-
driven RegCM3, indicating a regional model bias.
The location and intensity of the SACZ are
affected by problems in the simulation of the
South Atlantic subtropical high. This problem

Fig. 6. January–March precipitation (mm day�1) for the ECHAM-driven RegCM3 for 1983 for (a) D-LLJ, (b) D-ATL, and
(c) D-PAC and for 1985–1983 (smoothed) for (d) D-LLJ, (e) D-ATL, and (f) D-PAC. Positive contours are solid, and negative
contours are dashed
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appears to be worse in the ECHAM-driven
RegCM3 because of the positive bias in sea level
pressure observed in the ECHAM GCM. Because
we have seen that domain can potentially improve
some aspects of the simulation (e.g. RS03), we
explore next if and how the results are modified
by choice of domain.

In the sensitivity results, the three domain
experiments are discussed in terms of their per-
formance over three regions represented by their
key circulation feature: ITCZ, SACZ, and the
South Atlantic subtropical high. These regions
are shown in Fig. 1. In order to quantify differ-
ences between the domain experiments, measures
of bias, root mean square error, and the spatial
correlation pattern were calculated between the
model results and the observed data for the sea-
sonal average fields. The CMAP precipitation data
and NNRP sea level pressure data were used as
the observed fields in the calculation of the error
statistics. For all of the performance measures, the
observations were interpolated on to the regional
and global model grids for the regional model
results and global model results, respectively.
The grid used for interpolation did not change
how the domains performed relative to each other.
The statistics were computed only for the do-
mains that contained the entire region of interest.

4.1 ITCZ

The regional model improves upon the simula-
tion of the ITCZ compared to the driving GCM,

both in location and spatial extent. Figure 6
shows the seasonal mean (JFM) precipitation in
mm day�1 for the sensitivity domains (D-LLJ, D-
ATL, and D-PAC) for 1983 (a–c) and 1985–1983
(d–f). The CMAP, ECHAM GCM, and D-CTRL
precipitation fields are shown in Figs. 2 and 3.
The regional model clearly simulates an ITCZ
that is more similar to the observations than
the GCM. In addition, the two largest domains
(D-ATL and D-PAC) appear to place the ITCZ
farther northward than the smaller domains,
which again compares more favorably with the
CMAP data.

To quantify this improvement, the ITCZ posi-
tion was calculated for each regional model
simulation, the ECHAM GCM, and the CMAP
observations. All of the data were interpolated to
the grid of the largest regional domain, D-PAC.
We defined the ITCZ position by determining the
latitude of the maximum precipitation from 15� S
to 15� N at each grid point longitude. If the max-
imum precipitation is less than 2 mm day�1, then
the ITCZ position is undefined for that longitude.
This additional criterion was added because of
the poor simulation of the ITCZ by the ECHAM
GCM in 1983, when the presence of some pre-
cipitation maxima in the far northern part of the
defined ITCZ region yielded ITCZ positions
north of 10� N.

Figure 7 shows the average JFM 1985 ITCZ.
The CMAP data indicate that the ITCZ is located
near the equator at most longitudes. There is a
slight northward trend from west to east across

Fig. 7. ITCZ Position for Janu-
ary–March 1985 from observa-
tions, the ECHAM GCM, and
the RegCM3 domains
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the Atlantic. The ECHAM GCM places the ITCZ
approximately 5� S of its observed location, but
the northward trend seen in the observed data is
reproduced. In D-ATL and D-PAC, the ITCZ is
located south of the ECHAM GCM position
from 35� W to approximately 25� W. With the
exception of D-PAC, the ITCZ is closer to its ob-
served position eastward of 25� W in all of the
domains. It is interesting to note that the larger
domains perform better in the central equatorial
Atlantic and less well near the coast of South
America.

The northward shift of the ITCZ in 1983 rela-
tive to 1985 is clearly seen in the CMAP data in
Fig. 8. The ITCZ is located approximately at
4� N, several degrees northward of its 1985 posi-
tion. As described in Sect. 2, the ECHAM GCM
poorly simulates the intensity and position of the
ITCZ in 1983. Because of the criterion for a
minimum of 2 mm day�1, the ITCZ is undefined
at all longitudes in the ECHAM GCM simula-
tion. The regional model domains all simulate

an ITCZ but place it southward of its observed
location, although the northward shift of the ITCZ
(approximately 5� northward) in 1983 compared
to 1985 is clearly shown. However, the regional
model domains have a pronounced northward
trend from west to east that is not as dramatic in
the CMAP data.

The analysis of the ITCZ positions shows that
the regional model was able to improve upon the
simulation of the intensity and position of the
ITCZ. Table 2 lists the spatial pattern correlation,
bias, and RMS error statistics for precipitation
in the oceanic ITCZ region, defined as 35�–
20� W:15� S–15� N. The eastern boundary for
this region was extended only to 20� W to be
consistent between all of the domains. In both
years, all of the regional model domains have
smaller biases than does the GCM. As would be
expected from the discussion of the ITCZ posi-
tion, for the 1983 case the spatial pattern correla-
tions for the regional model domains are much
higher than the GCM. In 1985, the spatial pattern

Table 2. Spatial pattern correlation (SCOR), bias (BIAS), and root mean square error (RMSE) for precipitation (PPT)
(mm day�1) for January–March 1983 and 1985 over the ITCZ region, 35�–20� W:15� S–15� N

PPT 1983 1985

STAT GCM D-CTRL D-LLJ D-ATL D-PAC GCM D-CTRL D-LLJ D-ATL D-PAC

SCOR 0.29 0.45 0.47 0.47 0.40 0.43 0.52 0.43 0.33 0.31
BIAS �0.68 0.09 �0.06 �0.12 �0.03 1.63 1.00 1.08 0.69 0.94
RMSE 1.55 1.76 1.74 1.51 1.61 4.81 3.70 4.84 3.28 3.62

Fig. 8. ITCZ Position for Janu-
ary–March 1983 from observa-
tions, the ECHAM GCM, and
the RegCM3 domains
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correlations for the regional model are similar to
the GCM. While the regional model appears to
perform better than the GCM over the ITCZ re-
gion, no single regional model domain clearly
outperforms the others. In 1983, D-ATL has ar-
guably the best performance overall when con-
sidering all three error statistics. However, the
control domain (D-CTRL) appears to perform
slightly better than the other domains in 1985.

The error statistics show that expanding the
domain to the Atlantic (D-ATL) enhanced mod-
el performance over the ITCZ region in 1983.
However, D-PAC did not provide any additional
improvement. This suggests that the relationship
between the climate variables over the eastern
Pacific and our regions of interest operate at a
sufficiently large scale so that the regional mod-
el cannot provide improvement over the forcing
GCM. The regional model did not meliorate
the simulation of the South Pacific subtropi-
cal high, and the large positive bias in SLP in
the regional model seen over the South Atlantic
was also observed for the South Pacific. In addi-
tion, the simulation of precipitation over the
South Pacific deteriorates relative to the GCM.
In D-PAC, the increased internal model freedom
does not appear to provide added value to the
simulation.

4.2 SACZ and the South Atlantic

Figure 6 shows the seasonal mean (JFM) precip-
itation in mm day�1 for the sensitivity domains
(D-LLJ, D-ATL, and D-PAC) for 1983 (a–c) and
1985–1983 (d–f). The CMAP, ECHAM GCM,

and D-CTRL precipitation fields are shown in
Figs. 2 and 3. As described in Sect. 2, neither
the ECHAM GCM nor the RegCM3 control sim-
ulations simulate the SACZ very well. In 1985
(not shown), none of the domains reproduce the
observed precipitation of 8 mm day�1 or more
near the southeast coast of Brazil around 25� S,
40�–45� W. Instead, there are precipitation max-
ima located along the Brazilian coast north
of the observed SACZ location and also over
southern Bolivia, Paraguay, and northern Argen-
tina. In 1983, the SACZ is somewhat defined
over the South Atlantic Ocean, but similar areas
of excess precipitation over the subtropical plains
continue to be present in all the domains. The
differences, 1985–1983, show a remarkable simi-
larity between the domains and clearly demon-
strate the control of the GCM driving fields on
the simulations.

Table 3. Spatial pattern correlation (SCOR), bias (BIAS), and root mean square error (RMSE) for precipitation (PPT) (mm
day�1) and sea level pressure (SLP) (hPa) for January–March 1983 and 1985 over the SACZ region: 55�–30� W:30�–15� S

STAT 1983 1985

GCM D-CTRL D-LLJ D-ATL D-PAC GCM D-CTRL D-LLJ D-ATL D-PAC

PPT

SCORR 0.74 0.51 0.37 0.46 0.44 0.21 �0.02 �0.06 �0.07 �0.1
BIAS 1.04 0.40 �0.38 �0.37 �0.37 �1.63 �1.40 �1.59 �1.63 �1.9
RMSE 2.25 2.76 3.14 2.66 2.46 3.53 3.57 3.66 3.68 3.95

SLP

SCORR 0.91 0.97 0.95 0.92 0.94 0.92 0.95 0.93 0.90 0.88
BIAS �0.54 0.64 1.12 1.19 1.37 2.09 3.10 3.82 4.02 3.92
RMSE 0.96 0.81 1.31 1.44 1.50 2.19 3.17 3.95 4.19 4.16

Table 4. As in Table 1 but for the South Atlantic region:
35�–20� W, 40�–18� S

STAT 1983 1985

GCM D-ATL D-PAC GCM D-ATL D-PAC

PPT

SCORR 0.77 0.65 0.64 0.86 �0.18 �0.22
BIAS 0.49 0.37 0.22 �1.21 �1.16 �1.19
RMSE 1.93 1.62 1.60 1.72 2.86 2.92

SLP

SCORR 0.86 0.84 0.83 0.83 0.65 0.65
BIAS 1.08 1.19 1.44 2.66 5.25 5.22
RMSE 0.86 0.84 0.83 2.82 5.58 5.56
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Table 3 lists the performance statistics for the
seasonally averaged (JFM) precipitation and sea
level pressure for 1983 and 1985 over the SACZ
region, here defined as 55�–30� W:30�–15� S.
When considering both years, the control domain
(D-CTRL) appears to perform slightly better than
the sensitivity domains over the SACZ region. In
1985, the spatial pattern correlations for precipi-
tation are weakly positive for the ECHAM GCM

and weakly negative for the regional model do-
mains. There is a negative precipitation bias in
the GCM and in all the regional model domains.
The RMSE is larger for every regional model
domain than it is for the ECHAM GCM, and
there appear to be increasing errors with increas-
ing domain size. These errors are indicative of
the reduced precipitation over the SACZ in the
regional model simulations.

Fig. 9. Contours of January–March 1985 average 850 hPa meridional wind for (a) NNRP, (b) ECHAM-driven RegCM3, and
(c) ECHAM GCM and January–March 1985 average vertically integrated moisture (kg m�1 s�1) transport vectors and
meridional component for (d) NNRP, (e) ECHAM-driven RegCM3, and (f) ECHAM GCM. Positive contours are solid,
and negative contours are dashed
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This lower precipitation over the SACZ re-
gion in 1985 is likely associated with the posi-
tive errors in sea level pressure over the SACZ
and South Atlantic regions (35�–20� W:40�–
18� S), listed in Tables 3 and 4. The regional
model SLP biases are greater than the GCM
bias by 1 to 2 hPa. The large positive SLP biases
appear to be the result of a strengthened South
Atlantic subtropical high that is shifted south-
ward of its observed position, originating in the
GCM and amplified by the regional model. While
the Amazon provides moisture for the SACZ
over land areas, over the ocean the SACZ re-
quires low level meridional moisture flux conver-
gence along the southwestern periphery of the
South Atlantic subtropical high (Kodama, 1993).
Maps of the meridional component of the 850 hPa
wind and vertically integrated moisture transport
for 1985 (Fig. 9) show that the v-wind maximum
in the low level jet region is stronger in the re-
gional model than in the observations and the
ECHAM GCM and is shifted southward. The
meridional component of the wind on the wes-
tern side of the South Atlantic subtropical high is
shifted southward as well. Therefore, the neces-
sary moisture supply for the oceanic SACZ is
effectively displaced southward, causing the
regional model to incorrectly simulate the spatial
distribution of precipitation over subtropical
South America and the South Atlantic.

In 1983, the regional model errors over the
SACZ and South Atlantic regions are generally
smaller than those observed for 1985. For precip-
itation, the spatial pattern correlations between
the regional model simulations and the obser-
vations are positive but lower than the GCM cor-
relation. Over the SACZ region, most of the
domains show a negative bias in precipitation.
The sea level pressure field shows a positive bias
around 1 hPa over the SACZ and the South Atlantic
in contrast to the negative bias in sea level pres-
sure for the GCM. Although there is the same
intensification of the northerly winds in the LLJ
region in 1983 as in 1985, the meridional compo-
nent of the winds is located in a similar place and
of a similar magnitude to the NNRP (not shown).
This helps to account for the better performance
of the regional model in 1983 compared to 1985.

Overall, the simulation of the SACZ in both
the regional model and the global model may
be problematic due to the thermodynamic cou-

pling between the atmosphere and the ocean in
this region. While SACZ variability may be re-
motely influenced by ENSO and its effect on the
upper level circulation in the region (Robertson
and Mechoso, 2000; Barreiro et al., 2002), local
Atlantic SST variability also appears to play a
role. In a series of coupled GCM experiments,
Chavez and Nobre (2004) showed that the SACZ
is strengthened and moved northward by positive
SST anomalies and weakened by negative SST
anomalies in the South Atlantic. However, the
cloudiness present in an active SACZ reduces the
amount of downward shortwave radiation, thereby
cooling SSTs underneath the SACZ, as observed
by Robertson and Mechoso (2000). The lack of
this coupling may limit the models’ ability to
simulate precipitation in the SACZ region, as
evidenced by an evaluation of the CPTEC=COLA
atmospheric GCM (Marengo et al., 2003) in
which the authors noted that the model had dif-
ficulty reproducing observed rainfall in tropical
and sub-tropical convergence zones such as the
SACZ.

5. Conclusions

The intention of this research was to evaluate the
performance of the new version of the regional
climate model, RegCM3, and to provide both
qualitative and quantitative rationale for select-
ing a regional model domain to be employed
for historical baseline simulations as the basis
for an experimental nested prediction system.
Two test simulations performed for JFM 1983
(El Ni~nno) and JFM 1985 (La Ni~nna) showed that
the new version of the regional model captures
the primary circulation and rainfall differences
between the two years over tropical and subtrop-
ical South America, although there are some
simulation errors. The regional model improves
the simulation of the Atlantic ITCZ compared to
the driving fields, especially in the dry year,
1983. Over the Amazon, the northeasterlies are
weaker than observed, leading to reduced mois-
ture transport and precipitation over the Amazon.
This problem occurs in both the reanalysis-driven
and GCM-driven RegCM3 and was also observed
by SR03. Over subtropical South America, the
nested model is dually affected by errors in the
GCM simulation of the South Atlantic subtropi-
cal high and their effect on the RegCM3 simula-
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tion of the South Atlantic subtropical high and
the South American LLJ.

Three domain sensitivity experiments, each of
which was designed to address specific region-
al climate features, were performed using the
ECHAM GCM as driving fields for the same two
test periods. A number of useful lessons were
learned from these domain experiments. The
results demonstrate very clearly the dominance
of the boundary forcing on the regional simula-
tions, as the similarities between the different
domains tested were striking. Objective error
statistics related to primary regional climate fea-
tures were compared between the GCM and the
nested regional model. Using this method, D-
CTRL, which extends from 94� W to 17� W and
33� S to 22� N, provides the best results in tests
for these two seasons. However, D-ATL, which
employs the full eastward extension and leaves
the western boundary of the control domain at
94� W, did improve the simulation over the
ITCZ region in 1983 compared to the GCM
and D-CTRL. Given the fairly high quality of
the ECHAM GCM simulations, it is not surpris-
ing that a small domain that limits the internal
regional model freedom performed the best.
These tests were intended to provide guidance
for domain choice. In order to yield determin-
istic results on the best domain, multiple sea-
sons and multiple ensemble members would be
needed. Recognizing these limitations, a simple
method has been provided for discussion, and
the authors intend that this method will be im-
proved upon.
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