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ABSTRACT

The potential of an experimental nested prediction system to improve the simulation of subseasonal
rainfall statistics including daily precipitation intensity, rainy season onset and withdrawal, and the fre-
quency and duration of dry spells is evaluated by examining a four-member ensemble of regional climate
model simulations performed for the period 1982-2002 over South America. The study employs the Inter-
national Centre for Theoretical Physics (ICTP) regional climate model, version 3 (RegCM3), driven with
the NCEP-NCAR reanalysis and the European Centre-Hamburg GCM, version 4.5. Statistics were exam-
ined for five regions: the northern Amazon, southern Amazon, the monsoon region, Northeast Brazil, and
southeastern South America. RegCM3 and the GCM are able to replicate the distribution of daily rainfall
intensity in most regions. The analysis of the rainy season timing shows the observed onset occurring first
over the monsoon region and then spreading northward into the southern Amazon, in contrast to some
previous studies. Correlations between the onset and withdrawal date and SSTs reveal a strong relationship
between the withdrawal date in the monsoon region and SSTs in the equatorial Pacific, with above-average
SSTs associated with late withdrawal. Over Northeast Brazil, the regional model errors are smaller than
those shown by the GCM, and the strong interannual variability in the timing of the rainy season is better
simulated by RegCM3. However, the regional model displays an early bias in onset and withdrawal over the
southern Amazon and the monsoon regions. Both RegCM3 and the GCM tend to underestimate (overes-
timate) the frequency of shorter (longer) dry spells, although the differences in dry spell frequency during
warm and cold ENSO events are well simulated. The results presented here show that there is potential for
added value from the regional model in simulating subseasonal statistics; however, improvements in the
physical parameterizations are needed for this tropical region.
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1. Introduction

While most climate forecasting efforts have empha-
sized the prediction of seasonal mean precipitation and
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temperature, knowledge of the timing and character of
the rainy season may be of more practical use to stake-
holders and decision makers, especially for agricultural
applications (Lemos et al. 2002). Traditionally, en-
sembles of general circulation model (GCM) simula-
tions driven by persisted and forecast sea surface tem-
peratures (SSTs) are used to make these seasonal fore-
casts (e.g., Barnston et al. 2003; Palmer et al. 2004). For
South America, GCMs have shown some skill in pre-
dicting seasonal precipitation because of the strong re-
lationships between SST anomalies and rainfall, par-
ticularly over Northeast Brazil (Nobre et al. 2001;
Moura and Hastenrath 2004). However, the coarse
horizontal resolution of GCMs limits their ability to
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resolve local climatological features induced by
smaller-scale variations in topography and land use,
which in turn may affect rainfall. This may be of par-
ticular importance for South America because of the
presence of the South American low-level jet (SALLJ).
Located just to the east of the Andes Mountains, the jet
is a mesoscale feature that plays a strong role in trans-
porting moisture from tropical to subtropical South
America (Virji 1981; Paegle 1998; Berbery and Barros
2002; Marengo et al. 2002, 2004; Vera et al. 2006). Re-
gional climate models can be used to identify these me-
soscale dynamical processes (i.e., “dynamical downscal-
ing”) because they are run at high resolutions (typically
5-100 km) over smaller areas. We therefore pose the
question: Can a regional model nested in a driving
GCM provide improved spatial and temporal climate
information, particularly with regard to higher-
frequency precipitation statistics such as rainy season
onset and demise, dry spells, and daily rainfall inten-
sity?

The correct simulation of daily precipitation in cli-
mate models has been problematic. Early studies
showed that while models produced seasonal precipita-
tion patterns and totals similar to observations, these
values were the product of compensating errors in the
frequency and intensity of precipitation, with too much
low intensity precipitation (i.e., drizzle) occurring too
frequently (Mearns et al. 1995). However, some recent
regional modeling studies for South America have
shown improvements in the simulation of daily precipi-
tation. Seth et al. (2004) examined the frequency and
intensity of daily precipitation events for two extreme
seasons, January-May 1983 (warm ENSO event) and
January—May 1985 (cold ENSO event) using a regional
model (RegCM?2) driven with both the National Cen-
ters for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) reanalysis and
a GCM (CCM3) for tropical and subtropical South
America. While RegCM2 slightly overestimated the
frequency of small precipitation events, it was never-
theless able to capture the shift in the distribution of
daily precipitation intensity between the two extreme
years. Using the NCEP Regional Spectral Model
(RSM) driven with multiple ensemble members of a
GCM, Sun et al. (2005) found that the RSM correctly
simulated the distribution of daily precipitation inten-
sity and other subseasonal characteristics of precipita-
tion such as the frequency and duration of dry spells
over Northeast Brazil. In an operational setting, dy-
namically downscaled forecasts produced with the
RSM showed higher skill than the driving GCM for
some seasons (Sun et al. 20006).
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In addition to intensity and frequency of precipita-
tion, some knowledge of the timing of the rainy season
[i.e., onset and withdrawal (demise)], would be benefi-
cial for applications in agriculture and water resource
management. Liebmann and Marengo (2001) showed
that for the Amazon, SST anomalies influence seasonal
precipitation through changes in the timing of the rainy
season, rather than through changes in the overall pre-
cipitation rate. In a companion paper to this work, Seth
et al. (2006) found that the regional model used here
can reproduce seasonal precipitation anomalies related
to SST forcing in the tropical Pacific and Atlantic
Oceans. Therefore, there is reason to believe that the
nested model could provide useful information regard-
ing the timing of the rainy season.

To date, numerous studies have calculated rainy sea-
son onset and withdrawal over tropical and subtropical
South America with qualitatively similar results using
observed data (Kousky 1988; Horel et al. 1989; Lieb-
mann and Marengo 2001; Marengo et al. 2001;
Gonzélez and Barros 2002; Wang and Fu 2002; Zhou
and Lau 2002). In general, onset is led by the annual
cycle of radiation across the continent (Horel et al.
1989). Onset occurs first (and rapidly) in late August
over the western Amazon, when there is a reversal of
low-level cross-equatorial flow from the south to the
north (Horel et al. 1989; Wang and Fu 2002). The es-
tablished view from many of these studies is that
onset dates increase both southward and eastward
from the western Amazon, although Liebmann and
Marengo (2001) and Liebmann et al. (2007) note a re-
versal of onset from central Brazil to the Amazon.
The subtropical plains experience onset on average in
October, with the formation of a northwest—southeast-
oriented band of convection known as the South
Atlantic convergence zone (SACZ; Kodama 1992,
1993; Carvalho et al. 2004). During the austral summer,
deep convection is present over most of the continent
from the equator to 20°S, with the exception of the
eastern Amazon and Northeast Brazil. This main phase
of the South American monsoon system (SAMS) is
characterized by the presence an upper-level anticy-
clone (the Bolivian high) located at 15°S, 65°W and a
trough over Northeast Brazil (Zhou and Lau 1998), as
illustrated in Fig. 1 of Nogues-Paegle et al. (2002). As
the austral autumn approaches, convection spreads into
the eastern Amazon and Northeast Brazil, while else-
where over the continent, the monsoon begins to re-
treat northwestward at a slower pace than onset
(Marengo et al. 2001). Over northern Northeast Brazil,
the main rainy season extends from January to May,
peaking in March and April when the ITCZ is at its
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FIG. 1. RegCM3 domain used in the present study: 111 X 138 grid points, 80-km horizontal resolution.
Shaded contours show topography in m. Boxes indicate regions used in calculation of statistics presented

(land only).

southernmost position, and high SSTs are present in the
western equatorial Atlantic (Hastenrath and Heller
1977).

Here we present results from a retrospective study
that spans 20 rainy seasons between January 1982 and
December 2002, in which we examine the potential of
an experimental nested prediction system to improve
the simulation of subseasonal rainfall statistics over the
driving GCM. The present study employs the Interna-
tional Centre for Theoretical Physics (ICTP) regional
climate model version 3 (RegCM3) driven with both
the NCEP-NCAR reanalysis (NNRP; Kalnay et al.
1996) and three ensemble members of the European
Centre-Hamburg GCM (ECHAM GCM), version 4.5
(Roeckner et al. 1996; referred to as the GCM in the
text). We examine the model skill in simulating higher-
frequency rainfall statistics including the distribution of
daily rainfall intensity, rainy season onset and with-
drawal, and the frequency and duration of dry spells
over five regions: the northern Amazon, southern
Amazon, Northeast Brazil, the monsoon region, and
southeastern South America.

2. Methods

a. Experiment design

A set of four simulations were performed. One simu-
lation was forced with initial and lateral boundary con-
ditions from NNRP (NN-RegCM) while the other three
were initialized using three ensemble members of the
GCM (EC-RegCM). The simulations were run during
1982-2003. We excluded 2003 from this analysis due to
some missing data in one of the observational datasets
(discussed below). The model topography and domain
for these experiments are shown in Fig. 1. The domain
is fairly large, encompassing most of tropical and sub-
tropical South America, extending from 50°S-22°N to
110°-10°W with a horizontal grid increment of 80 km.
The large domain was chosen because test simulations
revealed that a large domain extending into the Atlan-
tic Ocean improved the simulation of the ITCZ (Raus-
cher et al. 2006).

Also indicated in Fig. 1 are the areas used for the
analysis of the subseasonal rainfall statistics. All regions
are defined over land only. The Amazon basin was split
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into two regions, the northern Amazon (NAMAZ:
5°N-5°S, 70°-55°W) and the southern Amazon basin
(SAMAZ: 5°-15°S, 70°-55°W) because the annual
cycle of precipitation varies in these areas, with
NAMAZ experiencing a precipitation maximum in
May (Fig. 2a), while SAMAZ has its maximum in Feb-
ruary (Fig. 2b). Northeast Brazil (NEB) is defined as
12°-2°S, 45°-35°W. The monsoon region (MON) ex-
tends from 25°-15°S to 60°-50°W, which includes por-
tions of Bolivia, Paraguay, and west-central Brazil. The
southeastern South America region (SE) is defined as
35°-25°S, 60°-48°W, and covers parts of Uruguay,
southern Brazil, and northeastern Argentina. The west-
ern boundary of the MON and SE regions was limited
to 60°W due to missing data west of 60°W from the
daily precipitation dataset of Liebmann and Allured
(2005). The MON and SE regions were defined to cap-
ture the different precipitation regimes over the La
Plata River basin (located in northeastern Argentina,
southern Brazil, southeastern Bolivia, Paraguay, and
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FIG. 2. Average monthly precipitation (mm day™ ') for (a)
NAMAZ, (b) SAMAZ, (c) NEB, (d) MON, and (e) SE, 1982-
2003. CMAP (thick solid), ECHAM (solid), NN-RegCM
(dashed), and EC-RegCM (dotted).

Uruguay). Berbery and Barros (2002, their Fig. 7) show
that the northern part of the river basin has a clear
maximum in precipitation in the austral summer asso-
ciated with the SAMS. South of this region, the annual
cycle is damped, partly due to midlatitude disturbances
that occur during the austral winter.

For an examination of model performance in simu-
lating subseasonal statistics during years of strong SST
anomalies, when predictive skill would be expected to
be high, four warm ENSO events (hereafter warm
events) and four cold ENSO events (hereafter cold
events) were chosen based on the National Oceanic and
Atmospheric Administration (NOAA) Climate Predic-
tion Center’s oceanic Nifo index (Kousky and Higgins
2007). The index is a 3-month running mean of SST
anomalies in the Nino-3.4 region (5°N-5°S, 120°-
170°W) based on the 1971-2000 base period. Cold and
warm episodes are defined when the threshold of
+0.5°C is met for a minimum of five consecutive over-
lapping seasons [e.g., December-February (DJF),
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January-March (JFM), February-April (FMA),
March-May (MAM), and April-June (AMJ)]. For the
1982-2002 period, and considering the austral summer
season (DJF), the four strongest warm events occurred
in 1982/83, 1986/87, 1991/92, and 1997/98, while the four
strongest cold events were recorded in 1984/85, 1988/89,
1998/99, and 1999/2000. Composites of these events are
used to describe the nature of precipitation during
warm and cold events.

b. ICTP RegCM3

The ICTP RegCM3 (Pal et al. 2007) is a limited-area
model built around the hydrostatic dynamical compo-
nent of the fifth-generation Pennsylvania State Univer-
sity-NCAR Mesoscale Model (MMS5; Grell et al. 1994).
The model is compressible, based on primitive equa-
tions, and employs a terrain-following o-vertical coor-
dinate. The limited-area model is driven by atmo-
spheric lateral boundary conditions. Unresolved pre-
cipitation processes are represented with the cumulus
parameterization scheme of Grell (1993) with the Ar-
akawa-Schubert closure (Arakawa and Schubert 1974).
Further details regarding the physical parameteriza-
tions can be found in (Pal et al. 2007) and in Seth et al.
(2006).

c¢. ECHAM GCM

The ECHAM GCM is an atmospheric GCM with a
hybrid sigma-pressure vertical coordinate. It has a hori-
zontal T42 spectral resolution (2.8° latitude—longitude)
and has 19 vertical levels, with the top extending to 10
hPa. The mass flux scheme of Tiedtke (1989) is em-
ployed for both deep and shallow convection. Radiative
fluxes in the model follow a modified version of the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) formulation of Fouquart and Bonnel
(1980) and Morcrette et al. (1986). For full details on
the GCM, readers may refer to Roeckner et al. (1996).

A 24-member ensemble of +50-yr integrations
(1950-present) using observed monthly SST has been
performed at the International Research Institute for
Climate and Society (IRI). The ensemble members
were constructed using two methods: for some mem-
bers the start dates were varied, while other ensemble
members had the same start date but were perturbed
with some noise in the atmospheric wind field so that
their solutions would diverge (D. DeWitt 2006, per-
sonal communication). Three of these ensemble mem-
bers were used here; one of the ensemble members was
chosen based on a domain choice experiment (Raus-
cher et al. 2006); no particular selection criteria were
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applied to the other two ensemble members (i.e., the
ensemble members were chosen at random).

d. Data

Model initial and lateral boundary conditions were
created with three ensemble members of the GCM and
NNRP (Kalnay et al. 1996). Monthly SSTs were ob-
tained from the NOAA optimum interpolation (OI)
SST analysis (version 2) of Reynolds et al. (2002). The
monthly SSTs are linearly interpolated to daily values
in the model. The model-output precipitation is com-
pared with two datasets: the Climate Prediction Center
Merged Analysis of Precipitation (CMAP; Xie and Ar-
kin 1996) and daily precipitation grids for South
America produced by Liebmann and Allured (2005). A
blended product of global satellite and gauge data,
CMAP data are available as monthly averages on a 2.5°
latitude-longitude grid. The CMAP data are used in
section 2 to evaluate the models’ annual cycle. Daily
precipitation data for South America are supplied via a
gridded dataset (1° latitude-longitude grid) derived
from station observations (Liebmann and Allured
2005). Gathered from more than 15 different sources,
these data include 7900 station locations during 1940-
2003, although data for all stations were not available
for all years. Quality control issues such as missing and
duplicate data, outliers, and collection and recording
times have been examined and corrections have been
made. Station density varies throughout the years; it is
highest and most stable in the 1970s and 1980s and
decreases somewhat through the 1990s (this varies with
region, however). The NEB and SE regions have the
greatest number of stations, while the MON region has
the lowest density of stations when considering our five
regions. With the exception of a few grid cells in NEB,
most data were missing for 2003, so the 2002-03 rainy
season was not included in our subseasonal analysis. All
of the subseasonal analyses (sections 3b, ¢, d) were per-
formed using these daily data.

3. Results

a. Annual cycle of precipitation

Here we briefly describe the annual cycle of precipi-
tation for the five regions as background for the fol-
lowing discussion. The model output is compared with
monthly observations from the CMAP dataset. For a
full evaluation of model performance at seasonal and
interannual time scales, the reader is referred to Seth et
al. (2000).

In NAMAZ (Fig. 2a), precipitation is at a maximum
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when the SAMS retreats equatorward in April and
May. The CMAP observations show a maximum near
10 mm day ' in May. The GCM simulates the annual
cycle well, although its amplitude is damped somewhat
in comparison to the observations. Li et al. (2006)
showed that many GCMs have a tendency to underes-
timate precipitation over the Amazon region. This may
be partly due to the smoothing of the Andes in the
GCM simulations; there is a spatial maximum in pre-
cipitation in the western Amazon that is likely topo-
graphically forced (Figueroa and Nobre 1990). In NN-
RegCM and EC-RegCM, precipitation peaks too early
in April and is less than the observed. There is also a
secondary precipitation maximum in September that
occurs in response to the semiannual solar forcing in
the region; this is also seen in some GCM simulations
(Bonan et al. 2002; M. Rojas, A. Seth, and S. Rauscher
2006, unpublished manuscript). The presence of a
weaker low-level circulation in the regional model may
help to account for this increased response to the solar
forcing. For SAMAZ (Fig. 2b), the observations show a
maximum in February and a minimum in July. The
GCM simulates the annual cycle fairly well, although
there is no clear maximum in February. Both NN-
RegCM and EC-RegCM show a semiannual cycle (also
seen in NAMAZ), with a secondary precipitation maxi-
mum occurring in October and less-than-observed pre-
cipitation during the main core of the rainy season,
December—March.

Over NEB, the observations indicate that precipita-
tion is at a maximum during the austral autumn
(MAM), with precipitation rates averaging close to 7
mm day'. The driest part of the year occurs during the
austral winter and spring. The GCM shows good agree-
ment in the amplitude of the annual cycle, but the tim-
ing is slightly shifted so that the maximum and mini-
mum appear to occur slightly earlier than in the obser-
vations. The regional model displays a slightly damped
amplitude, but the timing agrees well with the observa-
tions.

All of the models perform well in MON (Fig. 2d), as
they capture the precipitation maximum in December
and January associated with the SAMS and the mini-
mum in July. Compared to MON, SE (Fig. 2e) shows a
small annual cycle, with differences of only 1-2 mm
day ' between the austral summer and winter. The
GCM reduces the annual cycle further in the region,
while both NN-RegCM and EC-RegCM show a more
marked difference in precipitation between the summer
and winter than is seen in the observations. In particu-
lar, the regional model is drier by approximately 2 mm
day ™! during July and August. In the regional model,
this reduced precipitation is related to weaker than ob-

RAUSCHER ET AL.

2647

served northerly flow over Paraguay that provides the
moisture source for precipitation systems (Vera et al.
2002).

b. Distribution of daily rainfall intensity

To calculate daily precipitation intensities, the rainy
season was first defined based on average onset and
withdrawal dates for each region, rounded to the whole
month (Table 1). The daily intensities were then com-
puted objectively for each region’s rainy season. For all
of the subseason analysis (sections 3b-d), the daily data
of Liebmann and Allured (2005) were used. Figure 3
shows the distribution of rainfall intensity for the five
regions defined in section 2a for 1982-2002.

In all of the regions except for NEB, the observed
modal intensity (the category with the maximum num-
ber of events) is in the 5-10 mm day ' category. This
pattern is replicated by the regional model, except in
NAMAZ where the regional model overestimates
events in the three lowest categories compared to the
observations. For NAMAZ, the absence of more in-
tense events in the regional model translates into an
underestimation of seasonal precipitation (Fig. 2a). The
GCM also captures this observed modal frequency with
the exception of SE, where the GCM simulates more
events in the 0-1 mm day ' category than in the 5-10
mm day ! category.

For NEB, most precipitation events are in the 2.5-5
mm day ' category. Both the NN-RegCM and EC-
RegCM have the correct modal frequency. However,
the regional model underestimates the number of no-
rainfall (0-1 mm day ') and heavy rainfall (10-20 mm
day™!) events. In contrast, the GCM simulates more
no-rainfall and heavy rainfall days compared to the ob-
servations.

To assess model performance during years of strong
forcing, the distributions of daily rainfall intensity dur-
ing the rainy season in warm and cold ENSO episodes
were calculated for the five regions. We limit the dis-
cussion to NEB because the ENSO signal is well estab-
lished in this region (Ropelewski and Halpert 1987,
1989). Over NEB (Fig. 4), there is a clear shift toward
smaller events during warm events (Fig. 4b) and larger
events during cold events (Fig. 4a). While this relative
shift in intensity is captured by the models, there are
obvious differences between the models and the obser-
vations. For warm events, the largest frequency occurs
in the no-rain category for the observations and the
GCM, while NN-RegCM and EC-RegCM have a
modal frequency in the 1-2.5 mm day ' category. In
cold events the modal frequency is 5-10 mm day ! for
the observations and the GCM, and 2.5-5 mm day ' for
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the regional model, regardless of lateral boundary forc-
ing.

c¢. Onset, demise, and length of rainy season

To calculate onset over South America, most studies
have employed thresholds of precipitation (Marengo et
al. 2001; Zhou and Lau 2002) or outgoing longwave
radiation (OLR; Kousky 1988; Gonzélez and Barros
2002) as a proxy for precipitation. Since these methods
use the same threshold everywhere (e.g., 6 mm day ')
to define onset and withdrawal everywhere, the defini-
tions are nonlocal and the onset and withdrawal date
may change substantially with the use of a different
value. Therefore, onset and withdrawal dates were cal-

culated in the method described by Liebmann and
Marengo (2001):

day

A(day) = >, [R(n)— R]. (1)

n=day

For each region, the difference between the daily pre-
cipitation [R(n)] and the long-term (1982-2002) daily
mean precipitation (R) was summed, beginning during
the dry season (day,, 1 July). The date on which this
sum [A(day), or anomalous accumulation] is a mini-
mum is the date of onset, while the date of the maxi-
mum sum marks the rainy season withdrawal. This
method is both objective and defined locally, that is,
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1) SOUTHERN AMAZON AND MONSOON REGIONS

Figure 5 shows the average onset date (Fig. 5a), with-
drawal date (Fig. 5b), and length of the rainy season
(Fig. 5¢) for SAMAZ and MON. These dates and their
standard deviations are also listed in Table 1. The ob-
servations show the rainy season beginning almost si-
multaneously in the SAMAZ and the MON regions in
the middle of October, with onset actually occurring
slightly earlier in the MON region. This is consistent
with Liebmann and Marengo (2001) and Liebmann et
al. (2007), who found onset occurring in October in the
MON region, and then later in the Amazon (their Fig.
3). Withdrawal occurs during April, first over the MON
region (14 April) and then about 11 days later (25
April) over the SAMAZ.

F1G. 5. Average date of (a) onset, (b) withdrawal, and (c)
length of rainy season, 1982-2002. Shading as in Fig. 3.

The regional model simulations are quite similar to
each other in terms of onset and withdrawal dates over
the SAMAZ and the MON region. The observed near-
simultaneous onset seen over the SAMAZ and the
MON region is absent. The rainy season begins first
over the SAMAZ in the second week of September,
and then progresses to the MON region at the end of
September. In both areas, onset is approximately one
month early in the regional model simulations com-
pared to the observations. The GCM appears to out-
perform the regional model (regardless of lateral
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TABLE 1. Average date [std dev (days)] of onset, withdrawal, and length of rainy season (days).
Region Obs NN-RegCM EC-RegCM GCM
Onset
SAMAZ 19 Oct (13) 8 Sep (8) 11 Sep (5) 13 Oct (9)
MON 16 Oct (25) 28 Sep (11) 27 Sep (5) 17 Oct (10)
NEB 26 Dec (25) 13 Dec (40) 3 Dec (40) 10 Dec (20)
Withdrawal
SAMAZ 25 Apr (11) 16 Apr(8) 6 Apr (3) 9 May (5)
MON 14 Apr (21) 26 Mar (18) 26 Mar (12) 10 Apr (8)
NEB 15 May (23) 20 May (23) 22 May (27) 3 May (20)
Length
SAMAZ 187 (17) 220 (13) 216 (5) 208 (11)
MON 180 (34) 178 (25) 179 (12) 174 (11)
NEB 140 (39) 158 (56) 169 (62) 143 (33)

boundary forcing), as the onset time is very similar to
the observed for both regions.

Both the NN-RegCM and EC-RegCM have with-
drawal occurring too early in both regions, although the
EC-RegCM appears to have a stronger early bias. The
GCM shows a late withdrawal over the SAMAZ. All of
the models overestimate the length of the rainy season
in the SAMAZ, but the length is better simulated over
MON, with differences of a week or less between the
models and the observations.

Figures 6 and 7 show the plots of yearly onset and
withdrawal dates for the SAMAZ and MON regions,
respectively. Considering the observations, variability
over the SAMAZ is the smallest, with onset and with-
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FI1G. 6. Yearly onset and withdrawal dates for SAMAZ, 1982—
2002. Observations (black circles), NN-RegCM (dark gray
circles), EC-RegCM (light gray circles), and GCM (open circles).

drawal dates varying by an average of two weeks. Vari-
ability is higher over the MON region, although this
may be partly due to the presence of three years with
anomalously late onset dates in 1985-86, 1986-87, and
1999-2000. The late onset in 1985-86 was due to two
breaks that occurred in mid-November and early De-
cember. In 1986-87, precipitation occurred throughout
the austral spring, but there were no large events to
mark onset. Finally, in 1999-2000, a break throughout
most of November moved the date of onset from early
November to December. The presence of these breaks
may be indicative of fewer midlatitude disturbances
that help to start and organize convection in the SACZ
(Gan et al. 2004; Liebmann et al. 1999), and of a less-
active SACZ in general. In both SAMAZ and MON,
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FIG. 7. Yearly onset and withdrawal dates for MON, 1982-2002.
Shading as in Fig. 6.
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TaBLE 2. Correlations between modeled and observed onset
and withdrawal date. Entries in boldface are significant at the 0.10
level.

SAMAZ NN-RegCM EC-RegCM GCM
Onset -0.18 0.15 0.53
Withdrawal —0.04 0.28 0.03

MON NN-RegCM EC-RegCM GCM
Onset 0.53 0.04 0.18
Withdrawal 0.42 0.41 -0.39

NEB NN-RegCM EC-RegCM GCM
Onset 0.57 0.56 0.22
Withdrawal 0.80 0.65 0.79

onset date is slightly more variable than withdrawal
date. This same result was noted by Gan et al. (2004),
who identified onset and withdrawal dates, for west-
central Brazil, an area that includes part of our SAMAZ
and MON regions.

For the regional model, the averages discussed in the
previous section are borne out by the model perfor-
mance in individual years, as both the regional models
shows onset earlier than the observed in almost every
year, particularly for the SAMAZ. In fact, when con-
sidering correlations between the observed onset dates
and the model results, none of the models perform par-
ticularly well in the SAMAZ region, as seen in the
correlations in Table 2. The regional model improves
when considering the MON region, however, although
the NN-RegCM performs better than the EC-RegCM.
All of the models display less interannual variability
than the observed data, as evidenced by their smaller
standard deviations. In addition, the three years with
late onset dates in the MON region are not captured by
any of the models.

For the MON region, the observed difference in on-
set date for warm events and cold events is one week,
with onset occurring earlier during warm events (in
contrast to SAMAZ). Again, this difference is much
less than the standard deviation of onset, 25 days. Cor-
relations performed with SSTs showed no strong asso-
ciations between onset date and SSTs in either the At-
lantic or Pacific Oceans (not shown). However, for
withdrawal, a larger difference of three weeks, with
withdrawal occurring later in warm events and earlier
in cold events, is present in the observations. Note that
this difference is largely attributable to late withdrawal
in warm events, rather than early withdrawal in cold
events. The late withdrawal during warm events is cap-
tured by both the regional models, but not by the GCM.

This relationship between the timing of the rainy sea-
son in the MON region and Pacific SSTs is interesting,
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as this is an area where strong correlations between
Pacific SSTs and rainfall have not been previously
found (Ropelewski and Halpert 1987; Grimm et al.
2000; Gan et al. 2004). To explore this relationship fur-
ther, the withdrawal date for each year was correlated
with monthly SSTs. In the observations, weak positive
correlations (~0.4), meaning that above-verage SSTs
are associated with late withdrawal, appear in the cen-
tral and eastern Pacific as early as October. However,
the strongest correlations are seen in December—
March. As an example, the correlations for March are
shown in Fig. 8. These correlations are statistically sig-
nificant (using a Student’s ¢ test) for the NN-RegCM
and the EC-RegCM, although they are weaker than
observed. This relationship is not found in the GCM,
and in fact the correlations are negative to those that
are found in the observed data and the regional model.
Seth et al. (2006) showed that the GCM does not cap-
ture the observed ENSO-related signal in the subtropi-
cal South Atlantic during warm events, and this may
help to explain the lack of relationship between with-
drawal date and Pacific SST anomalies in the GCM.

2) NORTHEAST BRAZIL

Over NEB, the main rainy season extends from Janu-
ary to May, peaking in March and April when the ITCZ
is at its southernmost position (Hastenrath and Heller
1977; Kousky 1979), and high SSTs are present in the
western equatorial Atlantic. As shown in Fig. 5, the
average observed date of onset is 26 December; the two
regional models place onset about two to three weeks
early, as does the GCM. Withdrawal occurs in the
middle of May. Both EC-RegCM and NN-RegCM are
approximately one week late of the observed with-
drawal, while the GCM is about two weeks early on
average. The early onset and late withdrawal seen in
the regional model result in a rainy season that is too
long. Although the timing of the rainy season in the
GCM is problematic, the length of the average rainy
season is closer to observations.

NEB displays more interannual variability in onset
and withdrawal than the other regions, as shown by the
large standard deviations in onset and withdrawal listed
in Table 1, and shown in Fig. 9. NN-RegCM and EC-
RegCM have larger deviations in onset date, while the
standard deviation for the onset for the GCM and with-
drawal in all of the models are comparable to the ob-
servations. Despite the similar standard deviations in
onset between the observations and the GCM, there is
more year-to-year agreement in onset dates between
the regional model simulations and the observations, as
shown by the much larger correlations (Table 2).

Since rainfall in NEB is affected by SST anomalies in
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FIG. 9. Yearly onset and withdrawal dates for NEB, 1982-2002.
Shading as in Fig. 6.

the equatorial Pacific and Atlantic Oceans, and the
model’s predictive skill stems from these relationships,
the model performance during warm and cold events is
examined. The onset and withdrawal dates for the four
cold and four warm event cases were calculated (Table
3). The observations show the average difference in
onset between warm and cold events is 38 days. This
difference was greatly exaggerated in the regional
model. Although the average onset date during the
warm events in the regional model simulations agrees
well with observations, there are large differences in
onset dates in several of the cold events (~40 days). In
the GCM, onset occurs too early during both warm
events and cold events.

d. Dry spells

In addition to knowledge of the timing of the rainy
season, another aspect of the character of the rainy
season is the occurrence of breaks, or dry spells. The
frequency of dry spells 2-25 days in length occurring
during the rainy season was calculated for NEB and SE.
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TABLE 3. Average onset, withdrawal, and length of rainy season
during warm and cold ENSO events.

SAMAZ Obs NN-RegCM EC-RegCM  GCM
Onset

Warm event 22 Oct 14 Sep 15 Sep 20 Oct

Cold event 12 Oct 2 Sep 6 Sep 7 Oct
Withdrawal

Warm event 21 Apr 8 Apr 17 Apr 6 May

Cold event 23 Apr 22 Apr 14 Apr 11 May

MON Obs NN-RegCM EC-RegCM  GCM

Onset

Warm event 16 Oct 23 Sep 29 Sep 16 Oct

Cold event 23 Oct 29 Sep 30 Sep 16 Oct
Withdrawal

Warm event 13 May 5 Apr 5 Apr 8 Apr

Cold event 3 Apr 14 Mar 20 Mar 12 Apr

NEB Obs NN-RegCM EC-RegCM  GCM

Onset

Warm event 19 Jan 5 Feb 28 Jan 26 Dec

Cold event 13 Dec 2 Nov 26 Oct 22 Nov
Withdrawal

Warm event 15 Apr 21 Apr 22 Apr 7 Apr

Cold event 3 Jan 28 May 11 Jun 20 May

We concentrate on these areas because they are major
agricultural centers and because the ENSO signal is
well established (Ropelewski and Halpert 1987, 1989).
Dry spells are defined as consecutive days with rainfall
below a given threshold. For this threshold we used the
10th percentile precipitation (Table 4) calculated over
the rainy season (defined for each region) from 1982 to
2002. For example, if the observed precipitation for
Northeast Brazil was lower than 0.82 mm day ' for 3
consecutive days, then this would be a 3-day dry spell in
the observations. Note that the 10th percentile precipi-
tation was computed separately for each model and the
observations, as indicated in Table 4. For the ensembles
(EC-RegCM and GCM), the 10th percentile precipita-
tion value was computed relative to the distribution for
daily precipitation for all three ensemble members in-
clusively.

1) NORTHEAST BRAZIL

The average number of dry spells per rainy season
during 1982-2002 for NEB is shown in Fig. 10a. Obvi-
ously, dry spells of shorter length occur more often than
longer dry spells. The regional model has a frequency
similar to that of the observations, although the re-
gional model tends to have more shorter-duration dry
spells (2-3 days) than are shown by the observations.
Midlength (4-7 days) dry spells are underestimated by
all of the models, in particular the NN-RegCM, which
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TABLE 4. 10th percentile precipitation (mm day ™).

Region 10th percentile

NEB

Obs 0.82

NN-RegCM 1.42

EC-RegCM 1.37

GCM 0.26
SE

Obs 0.33

NN-RegCM 0.46

EC-RegCM 0.43

GCM 0.16

does not have sufficient dry spells in the 4-, 5-, and
7-day categories. At lengths greater than 8 days, the
regional model tends to have more dry spells than are
shown by the observations. The GCM underestimates
the number of dry spells of lengths from 2 to 8 days
(except for 6, when it has the same frequency), but
overestimates dry spells of longer lengths.

Composites were also created for cold and warm
events (Figs. 11a,b), defined in section 2a. The obser-
vations show a clear difference in the average number
of dry spells of all lengths that occur during these pe-
riods, with far more dry spells during warm events. In
addition, the observations show more dry spells of
longer lengths; for example, there are more dry spells
on average of 8 days length than there are 3-, 4-, 6-, or
7-day lengths. There are no observed dry spells longer
than 3 days in the cold event composite. The EC-
RegCM and NN-RegCM capture this dearth of dry-
ness, as they show some occurrences of 4- and 5-day dry
spells, respectively, while the GCM has some dry spells
in the 7-9-day categories.

2) SOUTHEAST SOUTH AMERICA

The dry spell frequency (Fig. 10b) was computed for
SE as for NEB. Compared to the northeast, the obser-
vations show more shorter-duration dry spells, but
fewer midlength dry spells. The regional model under-
estimates the number of shorter dry spells and overes-
timates somewhat the number of midlength dry spells.
The observations show a few occurrences of longer dry
spells (8-9 days) during the 20 rainy seasons, which are
simulated by the regional model (especially the EC-
RegCM), but not by the GCM.

The difference between the warm episode and cold
episode composites is somewhat smaller over SE than
NEB, as shown in Figs. 11c,d. There are more dry spells
during cold events, and the only dry spells longer than
4 days occur in a cold event year. The GCM and the
EC-RegCM do not perform well here; in fact, in some
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Fi1G. 10. Dry spell frequency, 1982-2002 for (a) NEB and (b) SE. Shading as in Fig. 3.

cases they simulate more dry spells in warm events ver-
sus cold events. This is not surprising considering that
interannual variability due to ENSO is not well repre-
sented by the GCM (and via the lateral boundary con-
ditions, by the EC-RegCM) in this region (Seth et al.
2006).

4. Conclusions

We examine the potential for an experimental nested
prediction system to improve the simulation of subsea-
sonal rainfall statistics over the driving GCM. Results
from a 20-yr retrospective study (rainy seasons between
January 1982 and December 2002) with four ensemble
members were analyzed for five regions in tropical and

subtropical South America: NAMAZ, SAMAZ, NEB,
MON, and SE. The regional model and the GCM are
able to replicate the observed modal intensity (the cat-
egory with the maximum number of events) of daily
rainfall in most regions. Both the regional model and
the GCM tend to underestimate (overestimate) the fre-
quency of shorter (longer) dry spells, although the dif-
ferences in dry spell frequency during warm events and
cold events are fairly well simulated for NEB.

The analysis of the timing of the rainy season indi-
cates that the regional model errors are smaller than
those shown by the GCM over NEB. In addition, for
NEB the strong interannual variability in the timing of
the rainy season is better simulated by RegCM3. Over
the interior of the continent, the observations show on-
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set occurring first over the MON region and then
spreading northward into SAMAZ, in agreement with
the findings of Liebmann and Marengo (2001) and Lieb-
mann et al. (2007). While the GCM is able to correctly
simulate the timing of the rainy season over the SAMAZ
and MON areas, the regional model consistently dis-
plays an early onset and withdrawal, regardless of the
lateral boundary forcing. Correlations between the on-
set and withdrawal date and SSTs revealed a strong
relationship between withdrawal date in the MON re-
gion—an area for which strong relationships between
SSTs and rainfall has not been established—and SSTs
in the equatorial Pacific, with higher-than-average SSTs
associated with late withdrawal. This relationship was
captured by the regional model but not by the GCM.

Despite some problems with the simulation of the
large-scale climatological features (Seth et al. 2006), the
regional model appears to perform as well as, and in a
few cases better than, the GCM in simulating the sub-
seasonal precipitation statistics. However, there are
also some measures for which the GCM outperforms
the regional model. Given this mix of results, the nested
regional modeling system does not offer sufficient

added value to be used in an operational setting at the
present time. However, recent experiments performed
with the recently added Massachusetts Institute of
Technology-Emanuel convective parameterization
(Emanuel 1991; Emanuel and Zivkovic-Rothman 1999)
in RegCM3 have shown substantial improvements in
the simulation of the annual cycle over South America
(Seth et al. 2006; Pal et al. 2007). Preliminary results
indicate that this scheme greatly reduces the early bias
in the timing of the rainy season over the SAMAZ and
MON regions. These results further illustrate that
higher resolution alone is insufficient to capture sub-
seasonal statistics such as rainy season onset, with-
drawal, and dry spells. Improved understanding of the
physical processes, particularly related to convection,
must be developed and implemented at high resolution
in order to achieve added value in tropical regions.
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