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ABSTRACT: A small set of seasonal hindcasts of the South American monsoon (SAM) from the Center for Ocean-
Land-Atmosphere Studies (COLA) climate model is compared with a multi-decadal integration from the same model.
It is shown that there are broad similarities in the December-January-February mean precipitation bias over continental
South America, which comprise of the dry (wet) bias over central Amazon, northern South America (central Andes and
south-east Brazil) in the seasonal hindcasts and in the long-term simulation. Furthermore, both types of model integrations
underestimate (overestimate) the strong (weak) precipitation events over the core region of the SAM. In terms of interannual
variability, seasonal hindcasts and the multi-decadal simulation show reasonably similar results. However, the spin-down of
the moisture field in the seasonal hindcasts is evident in its distribution of the daily precipitation over the SAM core region.
It is also found that in the multi-decadal integration owing to model drift, the Sea Surface Temperature (SST) gradient in
the Atlantic Ocean north of the equator is so reduced that results in a weaker low-level cross-equatorial flow into the SAM
region compared to either the seasonal hindcasts or the National Centers for Environmental Prediction (NCEP) reanalysis.

We then repeated the coupled seasonal hindcasts separately with higher horizontal and vertical resolutions of the
atmospheric general circulation model (AGCM) to assess their impact on the SAM climate and its variations. It is shown
that a higher horizontal resolution does not significantly improve the precipitation climatology and its interannual variability
over continental South America. However, there are some marginal improvements in the frequency of occurrence of heavy
precipitation events in the core region of the SAM at higher horizontal resolutions. The higher vertical resolution of
the AGCM did not show a comparable benefit as the higher horizontal resolution on the SAM precipitation. However,
some of the largest precipitation errors, especially over the north-eastern part of continental South America, over the
Atlantic inter-tropical convergence zone and over the central Andes remain in all resolution experiments conducted in this
study. Copyright  2008 Royal Meteorological Society
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1. Introduction

The seasonal prediction of the South American monsoon
(SAM) is of immense importance to society at large. The
core region of the SAM (5–20°S, 40–60°W) following
Vera et al. (2006) and Grimm et al. (2005), is one of
the leading producers of cash crops such as soybean and
corn (Sampaio 2005) and it sustains a large population
and generates considerable hyrdoelectrical power (Nobre
et al., 2006). Although north-east Brazil (or Nordeste) is
well known for its seasonal climate predictability (Fol-
land et al., 2001; Misra, 2004, 2006), the SAM region is
one of the more difficult regions to make reliable seasonal
predictions (Nobre et al., 2006). The SAM region has a
robust annual cycle of precipitation (Grimm et al., 2005;
Vera et al., 2006) that is comparable to other monsoon
systems. However, its relationship to El Niño–Southern
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Oscillation (ENSO) variability is not uniform either spa-
tially or during the season (Grimm, 2003, 2004), but
Liebmann et al. (2001); Carvalho et al. (2004) point to
a stronger influence of ENSO on extreme events over
south-east Brazil through tropical–extratropical interac-
tions. The dominant interannual variations over tropi-
cal and subtropical South America are forced by the
ENSO variations in the tropical Pacific Ocean (Grimm
et al., 2000; Nogues-Paegle and Mo, 2002; Grimm, 2003,
2004). In recent studies (Chaves and Nobre, 2004; Nobre
et al., 2006), it is indicated that coupled air–sea interac-
tions are important for realistic simulation of the variabil-
ity of the SAM. These studies clearly make a persuasive
argument that coupled ocean–atmosphere models are a
necessary tool to resolve the interannual variability of
the SAM. The negative correlation between the precipita-
tion and in situ SST over the South Atlantic Convergence
Zone (SACZ; the oceanic extension from the core region
of SAM) is best captured in modelling frameworks that
allow for coupling of the atmospheric general circulation
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model (AGCM) with an ocean general circulation model
(OGCM; Nobre et al., 2006).

The intent of the paper is two-fold. One is to inves-
tigate how large an impact is the coupled model drift
over the SAM region. The other is to determine the
impact of the resolution of the AGCM on the coupled
seasonal hindcasts of the SAM. Several studies in the
past examining the sensitivity of the AGCM resolution
on climate simulation used observed SST as the bound-
ary forcing (Brankovic and Gregory, 2004; Duffy et al.,
2003; Kobayashi and Sugi, 2004; Hack et al., 2006). In
this study, we examine a similar sensitivity to AGCM res-
olution both in the vertical and horizontal when coupled
to a given fixed resolution of an OGCM. The motivation
to conduct such a resolution study with a focus on the
SAM is based on the prevalence of the steep orography
of the Andes and the Brazilian highlands in central-east
Brazil and its influence on the climate of continental
South America (Misra et al., 2002; Vernekar et al., 2003;
Grimm et al., 2007). In a related study, Duffy et al.
(2003) showed that a higher-resolution AGCM forced
with observed SST verified the present climate simula-
tion better than the coarser versions of the same model.
In another such horizontal sensitivity study, Brankovic
and Gregory (2004) indicated that no dramatic changes
were found in the ensemble mean quantities between the
various resolutions that they tested. They also showed
that the highest model resolution does not always give
the best results. Furthermore, they indicate that not all
differences can be attributed to local orographic features.

The motivation to examine the sensitivity to vertical
resolution of the AGCM stems from two recent devel-
opments. The National Centers for Environmental Pre-
diction (NCEP)-Climate Forecast System (CFS) showed
a dramatic improvement in the global climate especially

in its ENSO simulation from its previous version pri-
marily as a result of increasing the vertical resolution
(Saha et al., 2006; personal communication 2005). In a
related study, Inness et al. (2001) showed that by increas-
ing the vertical resolution of the AGCM they were able
to improve the Madden-Julian Oscillation (MJO). They
attributed this feature to the spectrum of changing tropical
cloud types from a bi-modal to a tri-modal distribution
with introduction of mid-level congestus clouds in addi-
tion to the shallow and deep convective clouds in their
higher vertical resolution model. The resulting cloud dis-
tribution more closely resembles observations especially
during the suppressed phase of the MJO.

The paper is organized as follows. In the next section, a
brief description of the model is provided. In Section 3,
the details of the experiments conducted in this study
are explained followed by a discussion of the results in
Section 4. Concluding remarks are provided in Section 5.

2. Model description

The Center for Ocean-Land-Atmosphere Studies (COLA)
coupled climate model (Misra et al., 2007) is used in
this study. It comprises of the AGCM version 3.2 at a
spectral resolution of T62 with 28 sigma (= p

ps
)levels

which are identical to the NCEP-NCAR reanalysis model
(Kalnay et al., 1996). The dynamical core follows from
the Eulerian core of the Community Climate Model
Version 3 (Kiehl et al., 1998) wherein the dependent
variables are spectrally treated except for moisture which
is advected by semi-Lagrangian scheme. The relaxed
Arakawa-Schubert scheme (Bacmeister et al., 2000) is
used for deep convective parameterization. The long-
wave and short-wave radiation scheme are identical to

(a) (b)

Figure 1. The model orography used at (a) T62 and (b) T159 spectral truncation. Units are in metres. This figure is available in colour online
at www.interscience.wiley.com/ijoc
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those in the Community Climate System Model Version
3.0 (Collins et al., 2006). The cloud optical properties
follow from Kiehl et al. (1998). The planetary boundary
layer is a non-local scheme (Hong and Pan, 1996) and
the shallow convection uses the formulation in Tiedtke
(1984). The land surface scheme uses the simplified
simple biosphere scheme (SSiB; Xue et al., 1991, 1996;
Dirmeyer and Zeng, 1999). The time step of the AGCM
is 20 min.

This COLA AGCM is coupled to the modular ocean
model version 3.0 (MOM3; Pacanowski and Griffies,
1998). MOM3 covers the global oceans between 74°S
and 65°N with realistic bottom topography. However,
ocean depths less than 100 m are set to 100 m, and
the maximum depth is 6000 m. This version of MOM3
uses the free surface method for solving the baroclinic
and tracer equations. The artificial high-latitude zonal
boundaries are impermeable and insulating. It has a
uniform zonal resolution of 1.5° while the meridional
resolution is 0.5° between 10°S and 10°N gradually
increasing to 1.5° at 30°N and 30°S and fixed at 1.5°

in the extratropics. The vertical mixing is the non-
local K-profile parameterization of Large et al. (1994).
The momentum mixing uses the space–time dependent
scheme of Smagorinsky (1963); tracer mixing follows
Redi (1982) and Gent and McWilliams (1990) quasi-
adiabatic stirring. The time step of the OGCM is 1 h.

The coupling procedure follows an earlier version of
the model (Kirtman et al., 2002). The AGCM-OGCM
are coupled once a day. The daily averaged atmospheric
fluxes computed by the AGCM are passed to the OGCM
once a day where they are linearly interpolated to its
grid. Likewise, the daily averaged SST from the OGCM
is interpolated to the AGCM grid before it is passed to the
AGCM at intervals of 1 day. No flux correction is applied
at the time of coupling the AGCM and the OGCM.

This recently developed COLA-coupled climate model
has been extensively used for seasonal–interannual mod-
elling studies (Misra, 2007; Misra and Marx, 2007; Misra
et al., 2007, 2008). It displays a reasonable mean global
climate and its variability. However, some of the well-
known systematic errors such as the split inter-tropical
convergence zone (ITCZ) and the associated lack of stra-
tus clouds in the eastern oceans are present.

Four different resolutions of the COLA AGCM (V3.2)
are tested: T62L28, T62L64, T159L28 and T159L64.
T62L28 corresponds to horizontal triangular spectral
truncation of 62 waves (≈210 km) with 28 terrain sigma

levels. Likewise, T159L28 corresponds to ≈ 80 km
horizontal resolution. The 64 terrain-following sigma
levels are identical to the NCEP-CFS. The physics and
dynamics are identical in all these different resolution
AGCMs. However, the second-order horizontal diffusion
in the L28- and L64-level models is invoked in the
upper 2 and 12 levels, respectively. The time step is also
reduced from 12 min at the T62 resolution to 4 min in
the T159 resolution model. The model orography also
changes from the T62 spectral resolution to the T159
resolution as illustrated in Figure 1. The ocean model is
identical for all the model runs conducted in this study.

3. Design of experiments

Several sets of integrations with the COLA-coupled cli-
mate model were conducted for this study: one long-term
integration (the coupled model simulation, CMS), and
several coupled dynamical seasonal predictions (CDSP).
As most of the comparisons involve the CMS and the
CDSP with the same resolution (T62 spectral truncation
in the horizontal and 28 levels in the vertical, T62l28),
this seasonal hindcast experiment is simply named CDSP.
The other sensitivity seasonal hindcast runs are named
after their resolution. All these experiments are briefly
outlined in Table 1. For CMS, the initial conditions of
the ocean and atmosphere were borrowed from the restart
files of a previous multi-decadal coupled integration.
Therefore, the initial conditions of the ocean are well
spun-up, and the tropical upper ocean has no trends (not
shown). The seasonal hindcasts in this study are inte-
grated through a period of 1 year with the start dates of
their integration of 1 December at 0000 UTC of 1982,
1988, 1997 and 1998. The choice of these times for
initialization of the coupled seasonal hindcasts is delib-
erate, to capture the strong ENSO forcing at its most
mature phase, when coupled models display their best
skill (Kirtman, 2003; Jin et al. (2008)). For each year,
ten ensemble members of the coupled model are inte-
grated. For all coupled seasonal hindcast experiments,
the initial conditions of the ocean and land are identical
for a given year. They differ only in their initial con-
ditions of the atmosphere. The initial conditions of the
atmosphere are generated by running the AGCM only,
for a period of 1 week with optimally interpolated SST
version 2 (Reynolds et al., 2002) and resetting the date
at the end of the 1-week-integration in its restart file to

Table I. A brief outline of the coupled model experiments.

Experiment
name

Horizontal
resolution

No. of Vertical
levels

Length of integration
(in years)

No. of ensemble
members

No. of years

CMS T62 (≈210 km) 28 40 1 40
CDSP T62 (≈210 km) 28 1 10 4
T62L64 T62 (≈210 km) 64 1 10 4
T159L28 T159 (≈80 km) 28 1 10 4
T159L64 T159 (≈80 km) 64 1 6 4
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(a)

(d) (e)

(b) (c)

Figure 2. The climatological mean DJF precipitation from (a) OBS (CMAP), (b) CDSP and (c) CMS model runs. The corresponding mean (d)
errors of CDSP computed as the difference from OBS for the same years (1982–83, 1988–89, 1997–98, and 1998–99) and (e) bias of CMS
computed as the difference from a comparable long-term mean (26 year, 1979–2005) of the OBS. The Units are in mm day−1. This figure is

available in colour online at www.interscience.wiley.com/ijoc

the initial date of the coupled integration (1 December
0000 UTC of the given year). This is recursively done
for ten times to generate ten synoptically independent
initial conditions of the atmosphere for each year. This
procedure was developed by Kirtman et al. (2002) for
generating very large ensembles. The initial state of the
land for the start date of the coupled integration is from
an off-line data assimilation (Dirmeyer et al., 2006). For
the T159L64 case, only six members are generated (for
reasons of limited computational resources).

The initial conditions of the ocean for the retrospec-
tive predictions were interpolated to the ocean model grid
following Kirtman (2003) from the ocean data assimila-
tion (ODA; Rosati et al., 1997). The ODA was generated
from a higher-resolution MOM3 with identical physics
and parameter settings.

The retrospective seasonal predictions were limited to
40 seasonal hindcasts per model owing to limited compu-
tational resources. For example, 1 min of wall clock time
was needed to complete 1 day of coupled integration with
T62L28 using 20 processors of SGI Altix 3700. On the
other hand, it required 16 min per day of coupled inte-
gration at T159L64 using 80 processors on the same SGI
Altix 3700. These 40 seasonal hindcasts spanned over
4 years with ten ensemble members for each year.

4. Results

We will be primarily focussing on the rainy season of
December-January-February (DJF) precipitation in the
analysis of the model results. For verification, we use
the monthly mean precipitation dataset from the Climate
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(a) (b)

(c)

Figure 3. The climatological mean SST from (a) OBS (HADISST1.1; Rayner et al. 2002), (b) SST errors of CDSP computed as the difference from
OBS for the same years (1982–83, 1988–89, 1997–98 and 1998–99) and (c) SST bias of CMS computed as the difference from a comparable long
term mean (40 year, 1959–1998) of the OBS. Units are in mm day−1. This figure is available in colour online at www.interscience.wiley.com/ijoc

Prediction Center Merged Analysis Precipitation (CMAP;
Xie and Arkin, 1996) for the period 1979–2005. We
supplement this with the daily precipitation dataset from
rain gauges over Brazil over the 55-year period of
1950–2004 (version 19; Liebmann and Allured, 2005;
hereafter rain gauge data). This dataset is gridded at
1° resolution. However, it should be noted that while
computing the mean errors for the CDSP integrations we
use the corresponding years of available observations,
but in the case of the CMS we use a comparable number
of years of observations (40; 1965–2004) to compute its
difference from the observational mean. The focus of this
study will be over the SAM core domain as mentioned
earlier. This domain is unique in the fact that its seasonal
predictability is lower than other regions of continental
South America (Nobre et al., 2006). This primarily stems
from the fact that it is also a region that has strong
intra-seasonal variability (Nogues-Paegle and Mo, 1997).
Nevertheless, in a recent study, Krishnamurthy and Misra
(2007) point out that in years of strong ENSO variability,
the domination of the seasonally persistent signal of
ENSO is much stronger than that of the intra-seasonal
variability. Since our seasonal hindcast runs are made
when the ENSO signal is strong, our study does not
delve into the intra-seasonal scales. It may, however, be
pointed out that the intra-seasonal variance in the COLA
model over the SAM region is relatively weak in the
CMS integration.

4.1. Comparison of the seasonal hindcasts (CDSP)
with the multi-decadal simulation (CMS)

4.1.1. i) Climatology

In Figure 2(a)–(c), the climatological seasonal mean DJF
precipitation from the observations CMAP, CDSP and
the CMS runs are shown respectively. The mean DJF
precipitation errors of CDSP and the bias in CMS are
shown in Figure 2(d) and (e) respectively. The common
precipitation errors in CDSP and CMS integration that
can be gathered from the figure are the following:

1. The dry bias over the central Amazon River Basin and
the northern part of continental South America

2. The wet bias over south-east Brazil and central Andes
3. The erroneous banded structure of precipitation to the

leeward side of the Andes.

There is however a major difference in the precipita-
tion errors over the tropical Atlantic Ocean between the
models. The CDSP displays a wet bias over the northern
branch of the Atlantic ITCZ (north of the equator) and a
dry bias over its southern branch (over and south of the
equator). These errors are nearly reversed with dry and
wet bias located over the northern and southern branches
of the Atlantic ITCZ in the CMS integration. In addi-
tion, there are some subtle differences between the model
experiments, like the dry bias over north-east Brazil is
more severe in the CDSP than in the CMS experiment.
It should be mentioned that the wet bias over south-east
Brazil and the associated banded structure displayed both
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(a) (b) (c)

(d) (e)

Figure 4. Same as Figure 2 but for 850 hPa circulation. Wind speed is shaded. The units are m s−1. This figure is available in colour online at
www.interscience.wiley.com/ijoc

by the CDSP and CMS are also seen (to a moderately
lesser extent) in the NCEP-CFS (not shown) and in the
Community Climate System Model Version 3.0 (CCSM3;
Collins et al., 2006; not shown). The corresponding SST
differences from observations are shown in Figure 2(b)
and (c). The cold tongue bias in the equatorial Pacific
Ocean becomes more severe in the CMS compared to that
in the CDSP. Furthermore, the subtropical SSTs in the
CMS integration over the northern Atlantic Ocean also
show some warm bias that effectively reduces the preva-
lent SST gradients relative to the CDSP and observations.

However, these precipitation and SST errors in the
CDSP and the CMS integrations have implications on the
low-level circulations of the SAM. In Figure 4(a)–(c),
we show the climatological 850 hPa circulation from
the NCEP reanalysis, the CDSP and the CMS integra-
tions, respectively. Their corresponding differences from

the NCEP reanalysis are shown in Figure 4(d) and (e),
respectively. As a result of the relative reduction in the
SST gradients over the tropical Atlantic Ocean in the
CMS run, the cross-equatorial flow into tropical South
America is comparatively weaker than either in the CDSP
or in the NCEP reanalysis. Consequently, due to the
reduction of the momentum of the cross-equatorial flow,
the north-westerly flow along the eastern slopes of the
Andes becomes much weaker in the CMS run com-
pared to the CDSP integration and the NCEP reanaly-
sis. Furthermore, the ridge along 7°S seen in the NCEP
reanalysis (Figure 4(c)) which makes the observed clima-
tological flow more north-westerly is poorly simulated in
the model integrations.

We also examined the distribution of the daily pre-
cipitation in the DJF season over the SAM region from
observations (rain gauge), CDSP and CMS model runs, as
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Figure 5. The distribution of the daily precipitation in December–January–February season over the SAM region. The frequency along the
ordinate is normalized by the total number of days in the DJF season through the length of the corresponding dataset. The distribution rain gauge
(CMS) corresponds to 40 years of observed data (Liebmann and Allured 2005; 1966–2005) while rain gauge (CDSP) corresponds to the same
observed data but for 1982–83, 1988–89, 1997–98 and 1998–99. The ten bins along the abscissa are 0–2.8, 2.8–3.8, 3.8–4.7, 4.7–5.6, 5.6–6.5,
6.5–7.5, 7.5–8.6, 8.6–10.0, 10.0–12.1 and 12.1–23.7 mm day−1. This figure is available in colour online at www.interscience.wiley.com/ijoc

shown in Figure 5. This distribution is normalized by the
total number of days in the DJF season through the length
of the dataset for easier comparison. Furthermore, the
observed daily rain gauge data for the 40 years is divided
into ten unequal bins such that each bin has an equal num-
ber of days (decile). We have also shown the observed
daily distribution of precipitation data for the DJF season
of 1982–1983, 1988–1989, 1997–1998 and 1998–1999
for comparison with the CDSP integration. From this
Figure 5 it is apparent that the distribution of the daily
precipitation over the SAM region in the CDSP and in
the CMS integrations strongly overestimates (underesti-
mate) the weak (strong) precipitation events relative to
the observations. The difference in the climatological dis-
tribution of the daily precipitation between the CDSP and
the CMS integrations relates to the spin-up of the tropi-
cal SSTs that result in a spin-down of the moisture field
over tropical oceans, and a consequent reduction of pre-
cipitation over land surface (Larow and Krishnamurti,
1999; Kirtman et al., 2002). The distributions of daily
precipitation from the CMS and CDSP were tested for
their uniqueness using the Kuiper test (Press et al., 1986).
The Kuiper test, tests against the null hypothesis that the
two distributions were randomly selected from the same
continuous probability distribution. Unlike other compa-
rable tests, the Kuiper test has the more desirable property
of being equally sensitive to differences at all points in
the distributions, including the far side of the distribution
tails. The tests proved the null hypothesis to be false at
99% confidence interval.

4.1.2. ii) Interannual variability

The teleconnection patterns depicted as the regressions of
the mean DJF precipitation over continental South Amer-
ica from CMAP, rain gauge, CDSP and the CMS model
runs on the corresponding mean DJF Niño3 SST index
are shown in Figure 3(a)–(d), respectively. The CMAP
(at 2.5° grid resolution) and rain gauge (gridded at 1°

grid resolution) show some variations in this teleconnec-
tion pattern. The two datasets are somewhat consistent in
showing insignificant relationship with ENSO over the
SAM region. Significant ENSO relationship is seen over
north-east Amazon and over south Brazil–Uruguay with
opposite signs in both the observational datasets. Broadly,
this teleconnection pattern is reasonably well captured
by both the CDSP and the CMS integrations. For the
CDSP integrations, we have strung out the ten ensemble
members of each year so that we have a ’40-year’ long
time series which is comparable with the CMS integra-
tion. Nonetheless, the ensemble members of the CDSP
cannot be considered to be totally independent of each
other. Therefore, we have used only 4 degrees of freedom
(dof) to compute the significant values of the regres-
sion coefficients in Figure 3(c), unlike 40 dof used in the
rest. There is, however, some difference in subtropical
South America over Uruguay, with precipitation anoma-
lies more dominant and significant in the CDSP. But, as
shown in the Figure 3(d), these anomalies appear weakly
as statistically insignificant values in the CMS as a result
of the attenuation of this signal from weak ENSO events.
If, however, this figure is redone using relatively strong
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(b)(a)

(c) (d)

Figure 6. The regression of the mean DJF precipitation on the contemporaneous mean DJF Niño3 SST index over continental South America
from (a) CMAP, (b) Rain Guage data (Liebmann and Allured 2005), (c) CDSP and (d) CMS. The SST in (a) and (b) is from HADISST1.1
(Rayner et al. 2002) while in (c) and (d) it is from the corresponding coupled model integration. Only significant values at 90% confidence
interval according to t-test are plotted using 40 degrees of freedom (dof) in (a), (b) and (d) and 4 dof in (c). The units are in mm day−1. This

figure is available in colour online at www.interscience.wiley.com/ijoc

ENSO events that occur in the CMS integration, the pre-
cipitation anomalies appear as significant (not shown).
It may however be pointed that the CDSP follows the
CMAP regression pattern over south-east Brazil while
the CMS does not indicate any significant relationship
with the Niño3 SST index.

There are, however, some discrepancies between the
two observed datasets like over central-east Brazil. Here,

the CMAP (Figure 3(a)) shows negative as against the
positive regression coefficients in the rain gauge data
(Figure 3(b)). These positive regression coefficients of
precipitation over central-east Brazil in relation to ENSO
SST anomalies are, however, consistent with some of
the past observational studies (Nogues-Paegle and Mo,
2002; Grimm, 2003, 2004). The CMS is unable to simu-
late any spatially coherent and significant relations over
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central-east Brazil, but the CDSP indicates some negative
regression coefficients over central-east Brazil.

We have plotted the distribution of the daily precip-
itation for wet and dry SAM seasons in Figure 6. An
SAM year is designated as wet if the DJF precipitation
anomaly exceeds 0.5×σp (where σp is the standard devia-
tion of the corresponding mean DJF precipitation over the
SAM region). Likewise, an SAM year is considered dry
if the DJF precipitation anomaly is less than–0.5×σp .
This provides a reasonable sample of contrasting sea-
sonal anomalies of DJF precipitation from the rain gauge
data (Table 2). The rain gauge data in Figure 6(a) clearly
show a shift in the distribution from strong to weak
precipitation events in the wet and dry seasons, respec-
tively. The CDSP runs show a marginal shift to relatively
stronger events with some moderate reduction of the
weakest precipitation event in going from a dry to a wet
season in Figure 6(b). This frequency shift occurs com-
paratively over a broader range in the CMS integration
in Figure 6(b) but is still much weaker than the observa-
tions in Figure 6(a). In Table 2, using the same criterion
as used for the observations to distinguish between dry
and wet monsoons, the CMS produces 15 wet and 11 dry
seasons that compare well with the 26 anomalous seasons
of the rain gauge data. In both the model runs (CDSP
and CMS), the distribution of the daily precipitation in
the wet and dry monsoon seasons is not as different from

its climatological distribution as in the observations. In
other words, the COLA model perceives the interannual
variation as a vacillation of the daily precipitation events
about its climatological distribution. In the rain gauge
data, the largest change occurs at the tail ends of the
distribution. The coupled model initialization seems to
further exacerbate the model bias in the distribution of the
daily precipitation. Each pair of distribution in Figure 6
passes the Kuiper test at 99% confidence interval.

Table II. Number of wet and dry DJF seasons of the South
American monsoon.

Experiment
Name

No. of Wet
seasons

No. of Dry
seasons

Rain gauge 11 14
CDSP, T62L64, T159L28, T159L64 2 2
CMS 15 11

4.2. Sensitivity experiments

The results from the various sensitivity runs outlined in
Table 1 are discussed here. Primarily, these models differ
in their AGCM resolution both in the vertical and in the
horizontal. The OGCM is identical in all experiments.
These experiments are motivated from the results of
the CDSP and CMS integrations which suggest that the
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Figure 7. The distribution of the daily precipitation over the SAM region in DJF season in the dry (red) and wet (blue) SAM seasons from (a)
Rain gauge (Liebmann and Allured 2005), (b) CDSP, and (c) CMS runs. The binning is as in Figure 5. This figure is available in colour online

at www.interscience.wiley.com/ijoc
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(a) (b) (c)

(d) (e) (f)

Figure 8. Same as Figure 2 but from sensitivity model runs (T62L64, T159L28 and T159L64). This figure is available in colour online at
www.interscience.wiley.com/ijoc

resolution may be constraining the model from simulating
stronger precipitation events.

4.2.1. i) Climatology

Similar to Figure 2 we have plotted the climatological
seasonal mean DJF precipitation from the three sensitiv-
ity model runs in Figure 7. In comparison to Figure 2(b)
and (d), the higher vertical resolution in the T62L64
integration (Figure 7(a) and (d)) yielded some reduc-
tion of the dry bias over the Amazon River Basin.
But the precipitation errors over south-east Brazil and
over central South America (Paraguay and north-eastern
Argentina) in Figure 7(d) are nearly the same as in CDSP
(Figure 2(d)). The higher horizontal resolution in the
T159L28 experiment (Figure 7(b) and (e)) further exac-
erbated the dry bias over the central Amazon River Basin
compared to CDSP and T62L64 integrations. But the

banded structure of the precipitation on the leeward side
of the Andes is reduced by the higher horizontal resolu-
tion of the T159 compared to the T62 spectral resolution.
The wet bias over south-east Brazil and the Atlantic ITCZ
region is further accentuated in the T159L28 seasonal
hindcasts relative to the CDSP. At higher vertical reso-
lution of T159L64 (Figure 7(c) and (f)), there is some
significant reduction of the dry bias over the Amazon
River Basin region relative to the rest of the seasonal
hindcast sensitivity experiments. The excessive precipita-
tion over the tropical Atlantic, a feature of all the seasonal
hindcasts is further exacerbated at T159L64.

One of the obvious potential benefits of higher spatial
resolution atmospheric models is that the orographic fea-
tures are simulated better. At least, that is the conclusion
drawn with respect to the low-level jet along the eastern
slopes of the Andes from some of the previous studies
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Figure 9. Same as Figure 5 but for the sensitivity runs (T62L64, T159L28 and T159L64). This figure is available in colour online at
www.interscience.wiley.com/ijoc

that prescribed observed SST (Misra et al., 2002, 2003;
Vernekar et al., 2003). However, as seen in Figure 7, the
large precipitation errors over continental South Amer-
ica obviate the benefit of the higher resolution of the
AGCM in the sensitivity runs. In these sensitivity runs,
the low-level circulation of the cross-equatorial flow and
the consequent north-westerly flow along the slopes of the
Andes become much weaker than in the CDSP integration
resulting in an apparent loss of resolving the low-level
jet (not shown).

Similar to Figure 5, the distribution of the daily pre-
cipitation over the SAM region in the DJF season is
shown in Figure 8 for the sensitivity experiments. The
higher vertical resolution of 64 levels at T62 reso-
lution had a marginal impact on the daily precipita-
tion distribution compared to CDSP. The frequency of
the stronger precipitation events increased slightly. The
stronger precipitation events occur more often in both the
T159 runs compared to their T64 counterparts. However,
in all seasonal integrations the frequency of the strong
precipitation events are far less than as suggested by the
rain gauge data.

4.2.2. ii) Interannual variability

The regression of the mean DJF precipitation over
continental South America corresponding to the mean
DJF Niño3 SST index is shown for all the sensitiv-
ity runs in Figure 9. In comparison to the CDSP inte-
gration (Figure 3(b)), the interannual variations of the
precipitation over south-east Brazil in the three sen-
sitivity seasonal hindcast runs (T62L64, T159L28 and
T159L64) are quite similar. Precipitation anomalies of
opposite signs appear in all the seasonal hindcasts over

tropical South America and subtropical South America
(south Brazil and Uruguay). It may be concluded that
the higher-resolution coupled seasonal hindcasts did not
perceptibly improve the ENSO impact over South Amer-
ica. The higher horizontal resolution runs at T159 tend to
shift the ENSO-related anomalies further westward over
the Amazon relative to the CDSP, T62L64 integrations
and rain gauge data.

In Figure 10, the distributions of the daily precipita-
tion for the dry and wet SAM seasons are plotted as in
Figure 6 for the sensitivity integrations. The T62L64 sen-
sitivity run in Figure 10(a) exhibits a small improvement
over the corresponding figure of CDSP in Figure 6(b)
in that the daily precipitation events vary over a wider
range of precipitation in the shift from an anomalous wet
to dry season. The T159L28 runs in Figure 10(b) fur-
ther improve upon T62L64 distribution, showing a small
change in the tail end of the stronger events between the
wet and dry seasons. The results from the T159L64 inte-
grations in Figure 10(c) are quite similar to the T159L28
runs in Figure 10(b). Again, each pair of distribution in
Figure 10 passes the Kuiper test at the 99% confidence
interval.

5. Conclusions

In this study, we have examined the coupled ocean–
atmosphere seasonal hindcasts of the SAM precipitation
using the COLA-coupled climate model. It is seen that the
climatology and variability of the SAM precipitation in
the COLA-coupled model are not very different between
a multi-decadal integration and a small set of comparable
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(a) (b)

(c)

Figure 10. Same as Figure 6 but from the sensitivity seasonal hindcast runs (T62L64, T159L28 and T159L64) using only 4 dof to plot only the
significant values at 90% confidence interval according to t-test. This figure is available in colour online at www.interscience.wiley.com/ijoc

seasonal hindcasts. Both modes of integration of the same
model show the following:

1. Erroneous banded structure of the precipitation on the
lee side of the Andes.

2. Dry bias the in northern part of continental South
America and the Amazon.

3. Wet bias over south-east Brazil and atop central
Andes.

4. Underestimation of strong events in daily precipitation
totals over south-east Brazil.

5. Overestimation of weak events in daily precipitation
totals over south-east Brazil.

6. Similar spatial pattern of precipitation anomalies over
continental South America due to ENSO forcing.

7. Interannual variation of the daily precipitation totals
over the SAM region is perceived as a vacillation
about its climatological distribution in contrast to
observations that show a distinct shift in its frequency
distribution.

The subtle differences between the two model integrations
relate more to the spin-down effect of the moisture field
over land surface, which makes the dry bias over the
Amazon and the northern part of South America more
severe in the seasonal hindcast (CDSP) compared to the
long-term simulation (CMS). Furthermore, the climato-
logical distribution and its interannual variation of the
daily precipitation over the core region of the SAM in
the CMS appear to vary over a wider precipitation range
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Figure 11. Same as Figure 7 but for the sensitivity seasonal hindcast runs (T62L64, T159L28 and T159L64). This figure is available in colour
online at www.interscience.wiley.com/ijoc

than the CDSP. The Atlantic ITCZ also shows large dif-
ferences between the two simulations. Furthermore, the
relatively large warm bias of the subtropical SSTs in the
north Atlantic Ocean in the CMS reduces the SST gra-
dients. This results in weaker low-level cross-equatorial
flow compared to that in the CDSP.

Three sensitivity experiments were conducted with
three different resolutions of the AGCM component of
the COLA-coupled climate model: T62L64, T159L28
and T159L64 (Table 1). The AGCM formulations differ
only in the orography they use and the rate at which the
energy is dissipated by the horizontal diffusion process.
There is no significant change in the climatological mean
DJF precipitation and in its interannual variability over
continental South America between T159 and T62 resolu-
tion runs. However, the climatological distribution of the
daily precipitation over the SAM core region shows some
marginal improvement in the frequency of occurrence of
heavy precipitation events. Likewise, the interannual vari-
ations in the frequency distribution of daily precipitation
are marginally improved especially in the occurrence of
heavy precipitation events in the wet monsoon year at
T159 spectral resolution compared to T62.

The change in the vertical resolution of the AGCM in
the COLA-coupled model did not have as comparable
an impact as the change in the horizontal resolution
which the AGCM had. This result is consistent with an
earlier study of Bossuet et al. (1998) who also found

insignificant impact on the mean climate of their model
from changing the vertical resolution. The improvement
in reducing the bias from changing resolutions in the
COLA model is disappointingly much smaller than the
model bias.

However, there are some important caveats of this
study that need to be noted. First, these results could be
model-dependent and will have to be examined in other
models independently. Second, the choice of picking
strong ENSO events for seasonal hindcast experiments is
deliberate and may have an influence on the results of this
study. However, this argument may have to be tempered
by the fact that the current state-of-the-art coupled climate
models may not be mature enough to provide reliable
seasonal predictions under weak ENSO or near-neutral
conditions in the eastern equatorial Pacific Ocean (Jin
et al. 2008). Third, the resolution changes made to the
AGCM from T62 (≈210 km) to T159 ((≈80 km) in this
study are insufficient to make a case for drastic changes
in the physics of the model. If however, for instance, we
were to make a horizontal resolution change to resolve the
meso-scale, then the physical parameterizations would
have to be replaced with explicit physics. Under those
circumstances it is not clear if the results of this study
will be applicable.
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