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[1] Three regional climate simulations covering the austral summer season during three
contrasting phases of the El Niño-Southern Oscillation cycle were conducted with the
Regional Spectral Model (RSM) developed at the National Centers for Environmental
Prediction (NCEP). The simulated interannual variability of precipitation over the
Amazon River Basin, the Intertropical Convergence Zone, the Pacific and Atlantic Ocean
basins, and extratropical South America compare reasonably well with observations. The
RSM optimally filters the peturbations about a time-varying base field, thereby enhancing
the information content of the global NCEP reanalysis. The model is better than the
reanalysis in reproducing the observed interannual variability of outgoing longwave
radiation at both high frequencies (3–30 days) and intraseasonal (30–60 days) scales. The
low-level jet shows a peak in its speed in 1998 and a minimum in the 1999 simulations.
The lag correlation of the jet index with convection over various areas in continental
South America indicates that the jet induces precipitation over the Pampas region
downstream. A detailed moisture budget was conducted over various subregions. This
budget reveals that moisture flux convergence determines most of the interannual
variability of precipitation over the Amazon Basin, the Atlantic Intertropical Convergence
Zone, and the Nordeste region of Brazil. However, both surface evaporation and surface
moisture flux convergence were found to be critical in determining the interannual
variability of precipitation over the southern Pampas, Gran Chaco area, and the South
Atlantic Convergence Zone. INDEX TERMS: 3309 Meteorology and Atmospheric Dynamics:
Climatology (1620); 1836 Hydrology: Hydrologic budget (1655); 3374 Meteorology and Atmospheric Dynamics:
Tropical meteorology; 3354 Meteorology and Atmospheric Dynamics: Precipitation (1854); 9360 Information
Related to Geographic Region: South America KEYWORDS: South America, low-level jet, interannual variability,
regional climate, moisture budget.

1. Introduction
[2] Many observational studies have shown a robust rela-

tionship between rainfall at regional scales over South America
and the global scale phenomenon of El Niño and the Southern
Oscillation (ENSO) [Ropelewski and Halpert, 1987]. Likewise,
such a synergy has been observed between the Atlantic sea
surface temperature (SST) and rainfall anomalies over the
Nordeste region [Uvo et al., 1998; Nobre and Shukla, 1996].
Using rain guage measurements from 105 stations, Uvo et al.
[1998] showed a negative (positive) relationship between the
seasonal mean precipitation over Nordeste and the SST anom-
alies in the Pacific (South Atlantic) during E1 Niño years.
Furthermore, they find that the Pacific correlations were
weaker than the Atlantic correlations. From an analysis of data
sets incorporating a global precipitation index, rain guage ob-

servations and National Aeronautics and Space Agency/Data
Assimilation Office four-dimensional (4-D) analysis, Lenters
and Cook [1999] found that the Altiplano plateau to the east of
the Andes has drier conditions and there is a northward shift of
the Bolivian high during El Niño years. In the extratropics,
Pisciottano et al. [1994] showed a positive correlation between
observed monthly precipitation reported over Uruguay and El
Niño SST anomalies over the Pacific. However, they also pro-
vided evidence of spatial and temporal asymmetries, such as
the disappearance and reversal of the sign of the rainfall anom-
alies after La Niña years over southern Uruguay. Grimm et al.
[2000] found a near-linear behavior of rainfall anomalies in a
number of regions in southern South America in response to
tropical SST anomalies.

[3] It is evident from the above discussion that the summer
season precipitation over South America exhibits pronounced
spatial and temporal variability. Within the austral summer
season the movements of the South Atlantic Convergence
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Zone (SACZ), South Atlantic subtropical high (SASH), and
the Bolivian high (BH) along with the intrusion of cold fronts
from the extratropics hold significant ramifications for the in-
terannual variability of the regional climate in the area. Paegle
and Mo [1997] show that when the SACZ is intense, the SASH
moves eastward and diminishes the northerly (vertically inte-
grated) moisture flux into the Amazon Basin resulting in dry
spells of the austral summer season over the region. Liebmann
et al. [1999], while examining the variance of outgoing long-
wave radiation, showed that the south central Amazon exhib-
ited a large subseasonal variance relative to the interannual
variance. The very high frequency (3–30 days) convective ac-
tivity was restricted to the area over the central Amazon. The
interannual variation of this intraseasonal variability is inves-
tigated further in this study.

[4] Figure 1 displays the seasonal mean SST anomalies for
the January-February-March (JFM) and March-April-May
(MAM) seasons of 1997, 1998, and 1999. The SST anomalies are
derived from the weekly optimally interpolated (OI) SST of Reyn-

olds and Smith [1994]. The anomalous warm temperatures in the
central and eastern Pacific near the equator in 1998 are evident in
Figures 1b and 1e. Similarly, the relatively cooler SST of 1999
over the equatorial Pacific region is obvious in Figures 1c and 1f.
However, it should be mentioned that 1999 was a rather weak La
Niña event with negative anomalies over the far eastern Pacific
weakening slightly from JFM to MAM, although the negative
SST anomalies off the coast of Peru and subtropical South
Pacific strengthen from JFM (Figure 1c) to MAM (Figure 1f).

[5] In this study we examine the simulation of the interan-
nual variability of the rainfall and circulation features during
austral summer season over tropical and extratropical South
America and the tropical Pacific and Atlantic Ocean basins
from a high-resolution regional climate model. The austral
summer seasons of 1997, 1998, and 1999 are analyzed to begin
to understand the regional climate variations over this region
under the influence of strong interannual variability of SST.

[6] The South American region has a complex terrain,
steep topography and large land surface heterogeneity. Fur-

Figure 1. Seasonally averaged sea surface temperature anomalies for January-February-March of (a) 1997,
(b) 1998, and (c) 1999 and March-April-May of (e) 1997, (f) 1998, and (g) 1999. Units are in �C.
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thermore, it is an area that is strongly influenced by the Inter-
tropical Convergence Zone (ITCZ), the South Atlantic Con-
vergence Zone (SACZ), and deep convection over the central
Amazon, resulting in a great deal of mesoscale structure and
strong gradients of rainfall over the region. Mohr and Zipser
[1996] have shown from satellite measurements that tropical
South America is one of the most active centers of mesoscale
convective systems. Since the coupled general circulation mod-
els have too coarse a resolution to resolve these fine scale

features, we use a relatively high-resolution regional climate
modeling.

[7] This research is a prelude to the development of a
high-resolution regional climate prediction system driven by a
general circulation model (coupled to the ocean and land sur-
face processes). Here we shall examine the skill of the regional
atmospheric model in simulating the variability of the regional
climate during normal (1997), El Niño (1998), and La Niña
(1999) years.

[8] In the following section a brief description of the model

Figure 2. January-February-March variance of outgoing
longwave radiation at 30–60 days (intraseasonal) scale from
(a) RSM, (b) observations, and (c) NCEP reanalysis in 1998.
The units are in W2/m4.

Figure 3. The January-February-March variance of outgoing
longwave radiation at 3–30 days scale (high frequency) from
(a) RSM, (b) Observations and (c) NCEP reanalysis in 1998.
The units are in W2/m4.
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is given. More details of the model can be found in the works
of Juang and Kanamitsu [1994] and Juang et al. [1997]. In
section 3 we discuss the model results, followed by conclusions
in section 4.

2. Model Description
[9] We have adopted the Regional Spectral Model (RSM)

developed by Juang and Kanamitsu [1994] and Juang et al.
[1997] for our seasonal simulation runs. The RSM predicts the
total variable from which it determines the perturbations about
the time-varying global field (in this case National Center for
Environmental Protection (NCEP) reanalysis) in the regional

domain. These perturbations are then smoothly relaxed to zero
at the lateral boundaries in grid space and then Fourier trans-
formed to satisfy solid wall (or symmetric) boundary condi-
tions.

[10] The RSM uses the terrain following sigma coordinate
in the vertical with 28 levels. In the vertical, a second-order
central finite difference formulation is used. The model equa-
tions are integrated by a semi-implicit scheme. The humidity
equation is integrated explicitly.

[11] The model has a comprehensive physics package that

Figure 4. Seasonal (JFM) precipitation errors of the Re-
gional Spectral Model in (a) 1997, (b) 1998, and (c) 1999. The
units are in mm/d.

Figure 5. Seasonal precipitation (JFM) from the Regional
Spectral Model in (a) 1997, (b) 1998, and (c) 1999. The units
are in mm/d.
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includes shortwave [Chou, 1992] and longwave [Fels and
Schwarzkopf, 1975] radiation which are fully interactive with
the clouds. The boundary layer physics in the model employs a
nonlocal diffusion scheme developed by Hong and Pan [1996]
which is strongly coupled to the surface layer physics. The flux
computations in the surface layer are based on Monin-
Obukhov similarity theory. The model also includes a two-
layer soil model of Mahrt and Pan [1984], Pan and Mahrt
[1987], and Pan [1990]. The deep convection in the model is
parameterized with a simplified Arakawa-Schubert scheme

[Pan and Wu, 1995]. The large-scale condensation (and re-
evaporation) involves disposition of supersaturation. Shallow
convection following Tiedtke [1984] is invoked only in the ab-
sence of deep convection. The gravity wave drag formulation
of Alpert et al. [1988] is also included.

[12] In this study the RSM is at an 80 km grid resolution
with dimensions of 217�112 centered at 15�S and 80�W. The
time step of integration is 240 s. The NCEP reanalysis (on a
Gaussian grid of triangular truncation at wave number 62)
provides the time-dependent base field, which is updated
every 12 hours. The base field is linearly interpolated in time
and bicubic spline interpolated in space to the RSM grid.

Figure 6. Seasonal precipitation (JFM) from observations
[Xie and Arkin, 1996] for (a) 1997, (b) 1998, and (c) 1999. The
units are in mm/d.

Figure 7. Same as Figure 5 but for the MAM season.
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Time-varying SST and sea ice are prescribed in the integra-
tion. They are updated daily by linearly interpolating from
weekly Reynolds and Smith [1994] optimum interpolation
SST data set. The snow cover and soil moisture are pre-
scribed initially from NCEP reanalysis but predicted there-
after. The integrations for each year start with NCEP re-
analysis from 0000 UTC 13 December and end on 0000 UTC
1 June.

3. Results
[13] The model results have been analyzed for both the

JFM and the MAM seasons. However, when the results are
nearly the same for both seasons, we shall restrict our discus-
sion to one of them. The 1998 and 1999 simulations are used
to highlight the interannual variation.

3.1. Outgoing Longwave Radiation

[14] The simulated outgoing longwave radiation (OLR) is
compared to observations of Liebmann and Smith [1996]. The
OLR is used for validation because the observations are com-
pletely independent. The observed OLR is available daily on a
2.5� grid. The corresponding NCEP reanalysis of OLR is
shown to assess the impact of the relatively higher resolution of
the RSM. Both intraseasonal and high frequencies are com-
pared. A spectral band-pass filter is employed on the model
output and observations to obtain the high (3–30 days) and
intraseasonal (30–60 days) frequencies. Liebmann et al. [1999]
have indicated the importance of the subseasonal anomalies
(from observed OLR) propagating from the SACZ, which de-
fine episodes of dry and wet events over southern Brazil. In the
subsequent section the seasonal precipitation errors of the
RSM are dicussed. It should be noted that both the RSM
output and the NCEP reanalysis were interpolated to the ob-
servational grid for these comparisons.

3.1.1. Intraseasonal Variability

[15] Figures 2a–2c show the variance of OLR on intrasea-
sonal (30–60 days) time scales from the RSM, observations,
and NCEP reanalysis for 1998. There is a distinct improvement
in RSM compared to NCEP reanalysis over both the Pacific
and the Atlantic Ocean basins. The large variance observed
over the Pacific Ocean at 10�S–20�S and 150�W–130�W and its
northeastward and southeastward extensions (Figure 2b) is
captured by the RSM (Figure 2a). So is the low-variance region
over the equatorial Atlantic where the NCEP reanalysis (Fig-
ure 2c) has erroneously a large variance of over 400 W2/m4.
However, over continental South America the performance is
not so encouraging. The variance over land simulated by RSM
in Figure 2a is far less than in the observations (Figure 2b) and
in the NCEP reanalysis. However, there are areas over land
where RSM shows improvement over the NCEP reanalysis,
such as over the Llanos and the Pakaraima Mountains in
northern Brazil where RSM captures the region of high-
variance, albeit less than the observations. Similarly, the struc-
ture of the high variance region depicted by the 75 W2/m4

contour extending from northwest Brazil into the Atlantic
Ocean in the RSM simulation (Figure 2a) can be seen as a
improvement over NCEP reanalysis (Figure 2c) in comparison
to the observations. The variance maxima in the NCEP reanal-
ysis (Figure 2c) over land are systematically displaced to the
west compared to observations. During 1999 (not shown) the
RSM continues to show an improvement over the Pacific and

Atlantic Ocean basins. However, over land, particularly over
the SACZ region, the RSM predicts a smaller variance than
observations and NCEP reanalysis. We suspect this consistent
shortcoming of the RSM over this region at both high fre-
quency and intraseasonal scales may be due in part to the
inability of the model to simulate the cold front intrusions from
the midlatitudes due to the constraint at the lateral boundary
of the model located at 42�S. Past studies, such as Kousky
[1979], have shown a strong influence of midlatitude frontal
systems on the precipitation over northeast Brazil and south-
eastern South America. The relatively simple land surface

Figure 8. Same as Figure 6 but for the MAM season.
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scheme also may be a factor in the poor simulation of variabil-
ity at these frequencies over land.

3.1.2. High-Frequency Variability

[16] In Figures 3a–3c we present the variance of 3 to 30
days-filtered OLR from the RSM, observations, and NCEP
reanalysis averaged during JFM 1998. Both the reanalysis and
the RSM underestimate the high-frequency variance over the
entire region. However, over the Pacific Ocean the broad area
of high variance near the equator in the RSM (Figure 3a)
compares favorably with observations (Figure 3b), whereas the
NCEP reanalysis (Figure 3c) poorly resolves the fine scale
features over the equatorial Pacific ocean. Over the Atlantic
Ocean and South America the RSM exhibits less variance than
both the reanalysis and the observations. However, the simu-
lated spatial structure is coherent with the observations. For
example, in the RSM (Figure 3a) the ITCZ in the Atlantic
Ocean is discernible as a region of highvariance straddling
areas of low variance in the North and South Atlantic Ocean.
The observations (Figure 3b) show a similar ITCZ, whereas
the NCEP reanalyses (Figure 3c) does not. Likewise, during
JFM 1999 (not shown), the improvement over the Pacific
Ocean from RSM relative to the NCEP reanalysis is similar to
that in the previous year. Low variance over the equatorial
Pacific ocean at the equator is better captured by the RSM, but
over the North Atlantic, comparison with observations is poor,
and the RSM displays very little variance over South America.
Similar features in the RSM OLR occurred in JFM 1997 and
the MAM seasons in all the 3 years (not shown).

[17] On an average over the 3 years, the RSM simulations
display a 15% reduction in the root-mean-square error in OLR
at high-frequency scales and about 50% reduction at intrasea-
sonal scales over the NCEP reanalysis.

3.2. Precipitation

3.2.1. Mean Errors

[18] In Figures 4a–4c we show the deviation of RSM JFM
precipitation for 1997, 1998, and 1999, respectively, from the
2.5� gridded observed monthly mean values of Xie and Arkin

[1996]. To make the fields comparable, the model precipitation
has been interpolated to the coarser 2.5� grid. In all three
figures the positive errors over the northern Andes and Pa-
karaima Mountains located over north Brazil between 55�W
and 70�W are large. These differences are the result of the
high-resolution orography used in the model, which induces
strong convection from upslope flow. Because of the coarse
resolution of the observations, there is a strong possibility that
the observations are not able to resolve such features. The
errors over the equatorial Pacific Ocean between 5�S and 5�N
are less systematic. The model produces more rain than ob-
served in 1997 (Figure 4a), less than observed in 1998 (Figure
4b), and more than observed in 1999 (Figure 4c). Similar errors
are also present in the base field (NCEP reanalysis, not
shown). This suggests that these errors are carried over by the
RSM as a large-scale feature from the reanalysis base field.
The precipitation errors over SACZ and extratropical South
America are relatively small in comparison. The RSM shows
improvement over the NCEP reanalysis precipitation (not
shown) over these regions.

3.2.2. Interannual Variability

[19] In Figures 5a–5c the model rainfall is displayed for
JFM 1997, 1998, and 1999, and the corresponding observations
are shown in Figures 6a–6c. It should be noted that in both as
these figures the precipitation is contoured on a exponential
scale. The interannual variability of the precipitation over the
Pacific ocean, Amazon River Basin (ARB), and the Atlantic
Ocean is apparent from the figures. For example, the single
(double) ITCZ in the Pacific in 1998 (1999) is nicely simulated
by the model (Figures 5b and 5c). Stronger precipitation in the
ARB in 1999 (Figure 5c) relative to 1998 (Figure 5b) and 1997
(Figure 5a) is also evident. This feature compares well with
observations in Figure 6. Extratropical South America between
20�S and 35�S shows a robust interannual variability with JFM
1998 (Figure 5b), being relatively wet compared to JFM 1998
(Figure 5c), evident from the modulation of the the 8 mm/d
contour line. It is found from these model simulations that
seasonal mean precipitation (JFM) over this region is reduced

Figure 9. Outline of the Amazon River Basin (ARB), ITCZ over Atlantic (ITCZA), Nordeste (NOR),
SACZ, Pampas region (PAM), Gran Chaco area (GRAN), South Pacific (SP), equatorial Pacific (EP), and
North Pacific (NP).
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from 5.9 mm/d in 1998 to 4.4 mm/d in 1999. This feature is also
seen in the corresponding observations in Figures 6b and 6c. In
an observational study, Aceituno [1988] found that in south-
eastern South America the rainfall tends to be higher than
average from November to following February during El Niño
years. The variability of precipitation over the SACZ is also
well simulated by the model. In 1998 the RSM simulates a
broad SACZ with precipitation in excess of 4 mm/d like the
observations in Figure 6b. In JFM 1999 the intensity of pre-
cipitation in the SACZ is in Figure 5c reduces significantly as
the observations indicate in Figure 6c. The RSM also simulates
some finescale features, such as the interannual signal over
northeast Brazil (southern Nordeste) with rain rates less than
1 mm/d in 1999 relative to 2–4 mm/d in 1997 and 1998, which
is in agreement with past observational studies such as Nobre
and Shukla [1996]. Their study shows that the rainfall compos-
ites over southern Nordeste from warm episodes of El Niño
exceed the rainfall composites of cold episodes annually by
about 200 mm. In addition, the weakening of the northern
branch of the ITCZ at around 5�N in 1998 and 1999 over the
Atlantic relative to JFM 1997 (Figure 8a) and the amplification
of its southern branch (around 5�S) in 1998 are other fine scale

features that the RSM has simulated. This is consistent with
the warmer SST observed in 1998 in the equatorial Atlantic
Ocean (Figure 1).

[20] Figures 7a–7c and 8a–8c illustrate the seasonally av-
eraged rain rates for MAM 1997, 1998, and 1999, from the
RSM and observations, respectively. The interannual signal in
MAM is weaker over the equatorial Pacific relative to the JFM
season in both observations and simulations. Similarly, the
RSM captures the interannual variability over subtropical
South America reasonably well. The reduction of precipitation
in southern South America in 1999 (Figure 7c) relative to 1998
(Figure 7b) is more pronounced than in JFM. This is consistent
with Mechoso and Pêrez [1992] who identified a clear tendency
for the streamflow of the Negro and Uruguay Rivers during
June through December to be below average in high southern
oscillation index years. Over the Atlantic the RSM simulates
the ITCZ with stronger interannual variability. Comparing Fig-
ures 7b and 7c, the weakening (strengthening) of the northern
(southern) branch at around 5�N (5�S) of the ITCZ from 1998
to 1999 is apparent.

[21] In Figure 9 we outline ARB, the ITCZ over the At-
lantic (ITCZA), Nordeste (NOR), SACZ, southern Pampas

Figure 10. Rainfall distribution over (a) ARB, (b) GRAN, (c) PAM, (d) SACZ, (e) NOR, (f) ITCZA, (g)
NP, (h) EP and (i) SP from the 1998, 1999 simulations, respectively. The ordinate denotes number of days.
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(PAM), Gran Chaco area (GRAN), South Pacific (SP), equa-
torial Pacific (EP), and North Pacific (NP) for which daily
rainfall distributions over the 5 months of integration from
January to May will be shown. The daily average precipita-
tion is binned into eight 2 mm/d categories and is shown for
1998 and 1999 in Figures 10 and 11, respectively. Over ARB
there is a slight shift of the distribution toward more heavy
precipitation events in 1999 relative to 1998. This shift is
more apparent over ITCZA and NP as well. In contrast
there is a shift toward lower precipitation rates from 1998 to
1999 in NOR, GRAN, PAM, EP, SACZ, and SP. The results
from a chi-square test for the significance of the null hy-
pothesis that the precipitation datasets from the two simu-
lations are drawn from the same distribution is shown in
Table 1 for all the subdomains. The Chi-square value (�2)
and the degrees of freedom (DOF) alongside the probability
that the observed chi-square will exceed the �2 by chance
even for a correct model are shown in the table. The large
values of �2 indicates that the null hypothesis is rather
unlikely. Furthermore, the small values of the probability
show that there is a significant difference between the two
precipitation distributions. Therefore one may conclude

that the interannual variability of the simulated precipita-
tion is associated with a change in the number of days of
heavy precipitation. In other words, the model simulates
changes in “storminess” or the statistics of weather associ-
ated with interannual variability.

Figure 11. Same as Figure 10 but from the 1999 simulation.

Table 1. Results of the Chi-Square Test on the
Significance of the Null Hypothesis That PDFs of
Precipitation From 1998 and 1999 Simulations are Same.a

Region DOF �2 Probability

ARB 4.0 33.85 0.799 � 10�6

ITCZA 6.0 41.38 0.244 � 10�6

SACZ 4.0 13.72 0.824 � 10�2

SP 7.0 226.67 0.00
NP 5.0 138.25 0.00
NOR 6.0 10.37 0.123
PAM 7.0 15.65 0.285 � 10�1

GRAN 7.0 25.94 0.517 � 10�3

SACZ 6.0 7.97 0.241

aSee text for details.
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3.3. Low-Level Jet

[22] In this section we shall discuss the interannual vari-
ability of the low level jet (LLJ) east of the Andes and its
connection with precipitation in the area. A cross section at
20�S latitude of the seasonally (JFM) averaged meridional
wind at 1200 UTC is shown in Figures 12a–12c for 1997, 1998,
and 1999, respectively. The amplification of the northerly jet in
1998 is distinct in Figure 12b relative to the other two years.
This result is very robust; we examined the cross section of the
meridional wind at neighboring latitudes and found similar
results. The increased speed of the LLJ in 1998 is consistent
with a more intense and westward extending Atlantic subtrop-

ical high, which increases the pressure gradient over subtrop-
ical South America. This is clearly depicted in Figures 13a–13b
which show the JFM 850 hPa geopotential heights for 1998 and
1999, respectively. This more intense and extensive subtropical
high in 1998 (Figure 13a) results in a stronger ridge developing
into the western part of Brazil almost up to Selvas, thereby
increasing the northerlies, while in 1999 (Figure 13b) the sub-
tropical high is weaker and displaced eastward. As a result,
there is hardly any noticeable gradient of the geopotential
height over central South America.

[23] To understand the relation between the intensity of
the LLJ and convection, we defined a jet index as the area-

Figure 12 The cross-section of the seasonally averaged (JFM) meridional wind through 20� S in (a) 1997, (b)
1998, and (c) 1999. The units are in m/s.
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averaged meridional wind over the jet maximum region be-
tween 20�S and 17�S latitudes and 63�W and 62�W longitudes
at 850 hPa. This index shows an interannual variation similar to
that shown in Figure 12. We correlated this jet index at various
lag and lead times with precipitation averaged over all areas
outlined in Figure 9. We found that the most significant cor-
relations of the jet index were obtained with precipitation over
PAM only. This lag correlation is illustrated in Figure 14 for
JFM 1997, 1998, and 1999. Here positive lag means that jet
index leads the average precipitation. Since the jet index is
primarily negative (reflecting that northerlies are negative me-

ridional winds), a strong negative correlation in Figure 14 will
suggest that a stronger precipitation over PAM relates to a
strengthened jet. The 1% significance level for the correlation
coefficient being different from zero using the two-tailed stu-
dent-t test is 0.136. It is clearly seen from the figure that the
significant correlations are skewed towards positive lags, indi-
cating that the jet acts as a precursor to precipitation over
PAM. This behavior of the LLJ appears to correspond to what
is observed in North America, where the jet acts as a conduit
to transport water vapor to convective regions at the deceler-
ating edge of the jet.

Figure 13. Seasonally averaged (JFM) geopotential heights at 850 hPa for (a) 1998 and (b) 1999 simulations.
The units are in meters.
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3.4. Moisture Budget

[24] The moisture budget was computed for the regional
domains over South America and the Atlantic Ocean outlined
in Figure 9 in order to determine the variations in the
precipitation sources and sinks and to understand the pre-
cipitation variability. In Figures 15–17 the monthly and sea-
sonal moisture budget are illustrated for ARB and GRAN,
PAM and SACZ, ITCZA, and NOR from the 1997, 1998,
and 1999 simulations, respectively. The storage term (thick
solid line in the figures) in the budget is the smallest of all
the budget components and shall be ignored in the following
discussion. The other components of the budget following
the storage term in the figures are moisture flux conver-
gence, precipitation, and surface moisture flux convergence.
Moisture flux convergence is obtained as a residue in the
budget.

[25] In Figures 15a–15c it is seen that the variations of
precipitation over ARB closely follow the moisture flux con-
vergence with surface evaporation being nearly invariant on
interannual scales. The increase of 1.55 mm/d in basin av-
erage precipitation in JFM 1999 relative to 1998 is consis-
tent with a proportional increase of moisture flux conver-
gence of 2.35 mm/d to 3.63 mm/d. At intraseasonal scales
both surface evaporation and moisture flux convergence are
also varying comparably. This is evident in all three years of
the simulation. Over GRAN, in Figures 14d–14f the varia-
tions in precipitation are dependent on both moisture flux
convergence and surface evaporation at both intraseasonal
and interannual scales. However, at interannual scales the
trends are opposite to that seen in ARB, with generally
more precipitation in 1998 compared to 1999. Furthermore,
the amplitude of variability is much stronger over GRAN.
An interesting feature is that the interannual variability of

the intraseasonal oscillations in GRAN is very strong. For
example, the maximum precipitation of the season in Janu-
ary 1997 shifts to February in 1998 and then nearly becomes
equal in January and February 1999.

[26] Like the budget over ARB, that over ITCZA in Fig-
ures 16a–16c shows that interannual variability of precipi-
tation is strongely dictated by the moisture flux convergence.
Even at intraseasonal scales the moisture flux convergence
seems to exert a similar influence over precipitation, al-
though in 1999 the intraseasonal variability of all the budget
components is very small relative to the other two years
shown in the figure. Over NOR (Figures 16d–16f), the mois-
ture flux convergence is clearly the important forcing for the
variability of precipitation at both intraseasonal and inter-
annual scales.

[27] The budget over PAM in Figures 17a–17c indicates
that the interannual and intraseasonal variation of precipita-
tion is equally derived from the corresponding variations in
moisture flux convergence and surface evaporation. Similar to
the budget over GRAN, PAM also exhibits relatively smaller
interannual variation in the seasonal mean of JFM and MAM.
However, there is a considerable interannual variation of the
moisture budget components from month to month. In other
words the interannual variability of the intraseasonal variation
is significant. The budget over SACZ in Figures 17d–17f indi-
cates that unlike ITCZA, surface evaporation and moisture
flux convergence both play a decisive role in the interannual
and intraseasonal variation of precipitation over the region.
Furthermore, there is a larger interannual variability of pre-
cipitation over SACZ in both JFM and MAM seasons between
1997 and 1999 compared to 1998 and 1999. This result is
consistent with the larger Atlantic SST variability between
1997 and 1999 pointed out in the introduction.

Figure 14. Lag correlation between the jet index and the precipitation averaged over the Pampas region
(PAM in Figure 12).
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[28] It is worth noting here that the connection between the
LLJ and precipitation over PAM is apparent from this budget
study. The excess precipitation over this region in 1998 relative
to 1999 comes from increased moisture flux convergence in the
area in 1998 when the jet reaches its maximum. Paegle and Mo
[1997] have shown that increase in moisture flux in the sub-
tropical South America during wet episodes is largely from a
more intense LLJ.

4. Conclusions
[29] We have conducted three climate simulations of 5

months duration centered over South America using the Re-
gional Spectral Model (RSM) during contrasting states of the
sea surface temperature over the Pacific Ocean basin. The
RSM optimally filters the perturbations about a time-varying
base field, thereby, enhancing the information content of the
base field.

[30] The impact of the higher resolution of the RSM rela-

tive to NCEP reanalysis is easily discernible at high fre-
quency and intraseasonal scales. The simulated outgoing
longwave radiation (OLR) shows significant improvements
over the NCEP reanalysis in explaining the variance at these
scales over both the Pacific and the Atlantic Ocean basins.
Furthermore, it is able to discern the South Atlantic Con-
vergence Zone (SACZ) and ITCZ over the Atlantic, while
the NCEP reanalysis failed to resolve these features ade-
quately. However, the RSM does exhibit some limitations,
such as in producing far lower variance in OLR than ob-
served over SACZ and the North Atlantic. This may be due
to the inability of the RSM to adequately capture the influ-
ence of the intrusions of the midlatitude frontal systems due
to the extent of the model domain in the north-south direc-
tion.

[31] The RSM shows reasonable skill in capturing the in-
terannual variability of the precipitation over the ITCZ in
the Pacific and the Atlantic Ocean basins and over the

Figure 15. The moisture budget over the ARB and GRAN (see Figure 9) (a, d) 1997, (b, e) 1998 and (c, f)
1999 simulations. The units are in mm/d. The moisture budget components are storage (S), moisture flux
convergence (MFC), precipitation (P) and surface evaporation (SE).
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Amazon River Basin (ARB). Regionally, the interannual
variability over southern Nordeste and over extratropical
South America conforms to the past observational work.
The rainfall distribution indicates that variability of storm-
iness from one year to the other is important for the simu-
lation of the interannual variability of the precipitation over
these regions. This emphasizes the necessity to conduct cli-
mate modeling studies at higher spatial and temporal reso-
lutions. Insights into the interannual variability of the low
level jet (LLJ) is an important aspect revealed by higher-
resolution simulations. The amplitude of the LLJ is closely
linked to variations in the subtropical high over the Atlantic.
The jet acts as a precursor to convection over Pampas,
similar to the LLJ of North America, where convection
outbreaks at the decelerating edge of the jet are common.
However, besides this relationship, the jet did not have a
statistically significant relationship with convection over
other regions. These features remain to be confirmed from
observations.

[32] The moisture budget study revealed the importance of
the moisture flux convergence and surface evaporation to
the variability of precipitation at interannual and intrasea-
sonal scales. It was apparent from the simulations that the
intraseasonal variability is more robust in the subtropical
regions of GRAN, PAM and SACZ regions. In addition, the
interannual variability of precipitation over ITCZA and
SACZ is more critically dependent on the Atlantic SST
variability. It is observed that the original NCEP reanalysis
has a dry bias in soil moisture (J. Roads, personal commu-
nication, 2000). Preliminary results using NCEP reanalysis-2
for regional climate simulations, which has a larger interan-
nual variability of soil moisture, indicate that surface evap-
oration plays a more important role in the moisture budget
over the region.

[33] The model has its limitations. The foremost in this
study is probably the simplistic nature of the land surface
scheme which does not consider the spatial heterogeneity in
vegetation and soil types. We are at present conducting

Figure 16. Same as Figure 15 but over ITCZA and NOR.
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similar seasonal regional climate simulations with a more
sophisticated coupled land-atmosphere model. The results
from these integrations will be presented in a future paper.
Nonetheless, the model simulations in this study shed light
on some of the fine scale features not revealed in the coarser
analysis and observations. This is useful particularly over the
data-void regions such as the tropical rain forest area over
the ARB.
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