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Abstract This work evaluates the added value of the down-
scaling technique employed with the Eta model nested in the
CPTEC atmospheric general circulation model and in the
CPTEC coupled ocean—atmosphere general circulation
model (CGCM). The focus is on the austral summer season,
December—January—February, with three members each
year. Precipitation, latent heat flux, and shortwave radiation
flux at the surface hindcast by the models are compared
with observational data and model analyses. The global
models generally overestimate the precipitation over
South America and tropical Atlantic. The CGCM and the
nested Eta (Eta + C) both produce a split in the ITCZ precip-
itation band. The Eta + C produces better precipitation pattern
for the studied season. The Eta model reduces the excessive
latent heat flux generated by these global models, in particular
the Eta + C. Comparison against PIRATA buoys data shows
that the Eta + C results in the smallest precipitation and
shortwave radiation forecast errors. The Eta + C comparative-
ly best results are though as a consequence of both: the
regional model resolution/physics and smaller errors on the
lateral boundary conditions provided by the CGCM.

1 Introduction

Regional climate models (RCMs) have become useful tools to
simulate climate at higher resolution with reduced computa-
tional cost in comparison with the global models. These
models have the advantage of representing a more detailed
regional characteristics and surface topography and feedback
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processes with less computational demand. However, studies
indicate that regional models are sensitive to the type of
nesting strategy (Nobre et al. 2001; Dimitrijevic and Laprise
2005), the choice of the domain area and spatial resolution
(Dimitrijevic and Laprise 2005; Antic et al. 2006), and also the
data and the resolution of lateral boundary conditions (Druyan
et al. 2002; Seth et al. 2007; Amengual et al. 2007; Laprise
et al. 2008). On the other hand, lower boundary conditions
provided by slowly varying tropical sea surface temperature
(SST) have strong effects in the tropical climate (Shukla
1981).

The Eta model has been used for studying seasonal
climate in various works adopting continental scale domains
and driven by atmospheric global models (e.g., Fennessy
and Shukla 2000; Altshuler et al. 2002; Katsafados et al.
2005; Chou et al. 2005). Chou et al. (2000) carried out a 1-
month simulation of the rainy season over South America
(November 1997) using the Eta model with 80-km resolu-
tion nested in the T62L28 CPTEC (The Brazilian Center for
Weather Forecasts and Climate Studies) AGCM. The
authors found that in general the Eta model improved the
representation of the precipitation over the driver AGCM,
except in regions of the northeast of Brazil and part of the
Amazon. In Chou et al. (2005), precipitation evaluation of
4.5-month Eta model hindcasts for the year 2002 at 40-km
resolution showed that the model nested in the CPTEC
AGCM represents well the pattern and magnitude of the
seasonal precipitation over South America. Multidecadal
version of the Eta model was developed (Pesquero et al.
2010) and applied to study the climate of South America in
the period between 1961 and 1970 nested in the HadAM3P
AGCM from UK Hadley Centre (Pope et al. 2000). Their
results at 40-km resolution showed reduction of the bias
present in the driver AGCM. A four-member ensemble with
the Eta model nested in the HadCM3 CGCM was also
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realized for the present climate considering the period be-
tween 1961 and 1990 (Chou et al. 2011). The nested runs
produced spread and errors of magnitude comparable to the
CGCM runs, but improved the precipitation especially over
the Amazon region.

In general regional models applied over South America
showed improvement of the simulations over the driver
global models by using the downscaling technique (Nobre
et al. 2001; Druyan et al. 2002; Misra et al. 2003; Rauscher
et al. 2007; Solman et al. 2008). Most of these works used
reanalysis or atmospheric global models to drive the RCMs.
In this work, the Eta model will be nested in the CGCM and
the comparison with the run nested in AGCM will be carried
out in the domain covering the tropical Atlantic Ocean.

Coupled ocean—atmosphere global models are the appro-
priate tools to study the climate variability. On the other
hand, these models tend to exhibit some persistent system-
atic errors such as the double Intertropical Convergence
Zone (ITCZ), the warm bias of SST over the southeast
Atlantic region or the heat and moisture fluxes, which in
some circumstances can severely hinder the CGCM ability
to predict seasonal climate variations a few months ahead
(Nobre et al. 2006). The atmospheric component has been
accounted for some of these errors (e.g., Schneider 2002;
Lin 2007). Some works have shown that changes in the
ACGM, such as in the horizontal and vertical resolutions
(Mechoso 2006), cumulus parameterization scheme (Frey
et al. 1997; Zhang and Wang 2006) or formulation of the
surface wind stress (Luo et al. 2005), can reduce these
errors. Huang et al. (2007) found SST warm bias over
the southeast tropical Atlantic which persisted for the 9-
month length integrations of the climate forecast system
(CFS) of the National Centers for Environmental Predic-
tion (NCEP) for the period from 1981 to 2003. They
showed that these errors grew faster during summer and
spring, peaking in November and December at about 2 °C.
Nobre et al. (2006, 2012) compared the CPTEC AGCM and
CGCM, and showed that CGCM improved the precipitation
forecasts over the Atlantic Ocean and southeast South
America.

In order to validate modeling studies and to identify model
systematic errors, observational dataset is necessary; however,
the availability of these observations in South America and
over the ocean is a restriction to validation works. Reanalysis
data is used as an alternative to observations. Over the tropical
Atlantic Ocean, the PIRATA (Pilot Research Moored Array in
the tropical Atlantic) Project (Bourlés et al. 2008) has provided
some buoys measurement.

The objective of this work is to verify the added value of
nesting the Eta regional climate model in the CPTEC CGCM
to hindcast precipitation, latent heat flux, and shortwave radi-
ation over the tropical Atlantic and South America regions and
compare with the model nested in the same global model, but
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only the atmospheric component. Verification using PIRATA
observations will be performed. The data and models are
described in Section 2. Section 3 presents the four-way model
output comparisons, the validation against the PIRATA buoys,
and an evaluation of the ensemble spread. Some conclusions
are drawn in Section 4.

2 Data and methodology
2.1 Global models

The CPTEC AGCM, described in detail by Cavalcanti et al.
(2002), is a primitive equation spectral model with triangu-
lar truncation at wave number 62 and 28 sigma levels
unevenly spaced (T062L28). It uses SSiB (Xue et al.
1991) to compute surface fluxes over the continents and a
bulk formula over the oceans. The planetary boundary layer
closure scheme is that of Mellor and Yamada 2.0 (Mellor
and Yamada 1982). The cumulus convection is parameter-
ized by the Kuo scheme (Kuo 1974). The shortwave radia-
tion scheme is based on Lacis and Hansen (1974) and the
long-wave radiation scheme is from Harshvardhan et al.
(1987). The atmospheric component of the CPTEC CGCM
(Nobre et al. 2009) has the same configuration of the
CPTEC AGCM, except for the deep convection scheme,
which was replaced by the Relaxed Arakawa-Schubert
(RAS) scheme (Moorthi and Suarez 1992). The oceanic
component uses the Modular Ocean Model version 3
(MOM3) (Pacanowski and Griffies 1998), which was con-
figured in a global tropics grid between 40° S and 40° N,
with 1/4x1/4 of a degree latitude—longitude over the tropi-
cal Atlantic between 10° S and 10° N, relaxing to a coarser
grid over the Pacific and Indian Oceans and extratropics.
For the vertical resolution, 20 levels were adopted, seven of
them in the first 100 m, spaced by 15 m.

2.2 Regional climate model

The Eta model is a grid-point model and has the feature of
the Eta vertical coordinate (Mesinger 1984). The vertical
coordinate is approximately horizontal near topography
which is an advantage in continent with the steep orography
of the Andes Cordillera. The model was setup with 40-km
horizontal resolution and 38 vertical layers in hydrostatic
mode. The cumulus convection is parameterized by the
Betts—Miller—Janjic scheme (Janjic 1994) and the cloud
microphysics represented by the Ferrier scheme (Ferrier
et al. 2002). The radiation scheme was developed by the
Geophysical Fluid Dynamics Laboratory, the shortwave
(Lacis and Hansen 1974) and long-wave (Fels and
Schwarzkopf 1975) radiation schemes update tempera-
ture tendencies every 1 h. The Noah is the land-surface
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scheme (Ek et al. 2003). In the surface layer, Monin—Obukhov
similarity theory is applied with Paulson’s function (1970)
over the land and Lobocki (1993) functions over the sea with
a viscous sublayer (Janjic 1994). The model has been applied
for seasonal forecasts at CPTEC since 2003 and evaluation of
the seasonal precipitation forecasts can be found in Chou et al.
(2005).

2.3 The runs

Two types of nested runs were setup: the Eta model nested
in the CPTEC AGCM (Eta + A) and nested in the CPTEC
CGCM (Eta + C). The limited area model domain spans
from 80° W to 15° E, and 30° S to 30° N, which includes the
tropical South America, western Africa, and the tropical
Atlantic Ocean.
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The season chosen for the study is the austral sum-
mer, the months of December, January, and February
(DJF). This is the rainy season over the central and
southeastern Brazil, when over 50 % of the total annual
precipitation occurs (Rao and Hada 1990). Approximate-
ly 15 days of atmospheric component spin-up time was
included in the runs. In order to generate some spread of
the results, an ensemble of three members were con-
structed. Therefore the integrations started at 1200
UTC, on the days 16, 17, and 18 of November of each
year and ended on the last day of February. Ten austral
summers were considered in the period of 1997 until
2006. Hence, the AGCM carried out 30 integrations
using persisted SST anomaly of November, whereas
the CGCM carried out 30 integrations using forecasted
SST. The observed SST anomalies are produced and
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Fig. 2 SST ME (a) and RMSE (b) from CGCM, DJF mean between 1997 and 2006. Unit is degree Celsius
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Fig. 3 Precipitation (mm day ') from (a) AGCM, (b) CGCM, (c) Eta + A, (d) Eta + C, and (¢) CMAP, DJF mean between 1997 and 2006

made available by the National Oceanic and Atmo-
spheric Administration (NOAA; Reynolds et al.
2002). The ocean model initialization was conducted
through a forced run starting from rest and Levitus
salinity and temperature global fields (NODC_WOA98
data provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA, from their Web site at http://www.
esrl.noaa.gov/psd/), forced by NCEP reanalysis mo-
mentum fluxes (Kalnay et al. 1996) and parameterized
surface heat fluxes (Rosati and Miyakoda 1988). The
atmospheric initial conditions were also taken from
NCEP reanalysis.
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One-way nesting was applied to downscale the global
models conditions using the regional model. For consis-
tency, the limited area model used the same SST and
initial atmospheric conditions as the global models. Therefore,
the Eta model carried out a total of 60 seasonal range
integrations.

2.4 PIRATA buoys
Ten PIRATA buoys, positioned in the tropical Atlantic

(Fig. 1), were used in the validation of the forecasts. SST,
precipitation, and shortwave radiation of the period between
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December 1997 and February 2007 were used. Precipitation
and shortwave radiation are measured at 3.5 m above sea
level and the SST is measured at 1 m below sea level. Data
were accessed from the address: http://www.pmel.noaa.gov/
tao/disdel/disdel.html.

The value of the model grid-box, which contains a PIRATA
buoy, was compared against the point value of the observa-
tion. It is expected that the inconsistency in comparing model
grid-box value against observation point value is small by
assuming some spatial homogeneity of properties over the
ocean, and therefore observations can be representative of a
large area.

3 Results

Evaluation is initially performed in terms of spatial distribu-
tion of the errors and is followed by buoy point value error
evaluation. A four-way model output comparison is possible
from the runs: CPTEC AGCM, CPTEC CGCM, Eta+ A, and
Eta+ C. Part of model performance will depend on the quality
of the SST, so evaluation of this field is shown before evalu-
ating other variables. The mean error, ME, was calculated

from the difference between seasonal mean of the observa-
tions, O;, and the seasonal mean of each member j of the
ensemble of simulations, M;;, as shown below:

o Zfil Z,Ail (MiJ — Oi)
B NM

where i is the ith year. In analogy, the root mean square error
(RMSE) is given as:

2
RMSE — \/val Zjﬂil (Mu B O,-)
NM

ME

These errors were applied to spatial values and station
point values.

3.1 Sea surface temperature

In the equatorial Atlantic Ocean, most coupled ocean—atmo-
sphere models, which do not apply flux correction, exhibit SST
zonal gradients along the equator opposite to the observations
(Davey et al. 2002; Richter and Xie 2008). The latitudinal SST
gradient within the latitude band between 5° S and 5° N, in DJF
period, are correctly predicted by CPTEC CGCM, although the
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Fig. 4 Precipitation ME (mm day ') from (a) AGCM, (b) CGCM, (c) Eta + A, and (d) Eta + C, DJF mean between 1997 and 2006
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minimum values are slightly displaced to the west (figure not
shown). While Davey et al. (2002) carried out 20 years of
continuous integrations, here 30 integrations (i.e., 3 ensemble
members X 10 summers), 3.5 months forecast each were carried
out. This shorter-term integrations may have contributed for
improving the prediction of SST, as the coupling of the two
components, atmosphere and ocean, the systematic errors of
the coupled model could not reach stabilization within
the short runs.

Spatial distribution of SST forecast errors are shown in
Fig. 2. In most of the tropical Atlantic Ocean the SST ME is
positive. Some smaller areas along the equatorial Atlantic,
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in southeastern Atlantic and northwestern Atlantic, negative
errors were found. Huang et al. (2007) found, in general,
similar error signs in the NCEP CFS system. The largest
SST RMSE is found in the South Atlantic Ocean, up to about
1.5 °C, whereas the smallest errors are found in the eastern and
western Atlantic Ocean.

3.2 Precipitation
The DJF mean precipitation patterns produced by the global

models (Fig. 3a, b) showed similarities between each other,
as the regional model driven by those conditions show more

3
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Fig. 5 Latent heat flux (W m 2) from (a) AGCM, (b) CGCM, (c¢) Eta + A, (d) Eta + C, and (¢) ERA-Interim, DJF mean between 1997 and 2006
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similarities between each other (Fig. 3c, d) than compared
with the driver model outputs. The precipitation pattern
from the regional models improved considerably the precip-
itation forecasts over the two global models, AGCM and
CGCM, according to CPC merged analysis of precipitation
(CMAP) observations (Fig. 3e). This improvement occurred
in most of the Eta model domain, except in the eastern
Atlantic near African coast, where precipitation forecasts
were worse than the driver GCMs. The cumulus convection
parameterization scheme of the Eta model, although it is a
simple adjustment type of scheme, has important contribu-
tion to the improvement of precipitation forecasts (e.g.,
Seluchi and Chou 2000). On the other hand, the GCMs
which apply the RAS scheme, produce large precipitation
errors over South America and tropical Atlantic (e.g., Pezzi
and Cavalcanti 2000; Silva 2009).

In the western equatorial Atlantic, in the region of the
ITCZ activity, the AGCM and the Eta + A produced more
precipitation than the CMAP observations. This excessive
precipitation may be caused by the excessive latent heat flux
over the oceans in the CPTEC AGCM (Cavalcanti et al.
2002). The CGCM and the Eta + C do not show as much
overestimate as the other two model outputs. This shows an
advantage of the interactions of the surface fluxes over the
ocean, which occurs in the CGCMs. However, the CGCM
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and the Eta + C show a split in the ITCZ precipitation band,
which is not observed in the CMAP data. This error in the
CGCM and Eta + C is probably associated with the cold
SST bias produced by CGCM in this area where the split
occurs (see Fig. 2a). Therefore, it is suggested that this cold
SST bias may have contributed to the “double ITCZ” like
band present in the CGCM and the Eta + C.

Misra et al. (2003) nested the Regional Spectral Model
(Juang and Kanamitsu 1994) at 80-km resolution in the AGCM
of the Center for Ocean—Land—Atmosphere Studies version 2.2
at T42L18 resolution and produced five-member simulations
of January—February—March for 3 years, 1997-1999 forced by
observed SST (Reynolds and Smith 1994). Their AGCM sim-
ulations of precipitation showed some similarity with the cur-
rent work, however, their simulations suggest a split in the
Atlantic ITCZ precipitation band, which was not found in our
AGCM runs but in our CGCM runs. The RSM simulations
followed closely the AGCM precipitation pattern.

Over the eastern equatorial Atlantic Ocean, the nested
regional models, Eta + A and Eta + C, produced too much
rain associated to the ITCZ, which is not seen in both driver
global models or in the observations. It is interesting to note
that Misra et al. (2003) also found this excessive rain in this
region in their regional model simulations although the
RSM model used in that study has different dynamics and
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Fig. 6 Latent heat flux ME (W m 2) from (a) AGCM, (b) CGCM, (c) Eta + A, and (d) Eta + C, DJF mean between 1997 and 2006
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physics scheme compared to the Eta model. This error does
not seem to be related to the cumulus parameterization
scheme, since in Misra et al. (2003) both regional and the
driver global models used RAS cumulus scheme and the
excessive rain was not present in the AGCM simulations. In
this region, the CPTEC CGCM produces less precipitation
and cold SST bias. Over the ITCZ region, in general the Eta
nested in both AGCM and CGCM global model outputs
shows narrower and latitudinally elongated pattern, which
resembles the observational pattern.

Along the eastern coast of Brazil, the global models pro-
duce precipitation of convective origin, which is not shown in

10E

10E

BOW 70W 60W 50W 40W 30W20W 10W 0 10E

observations (Fig. 3). The nested Eta model improves the
precipitation forecasts in that area by not producing rain, but
on the other hand produces excessive low clouds, as seen in
Fig. 9. In Misra et al. (2003), the AGCM also produced
the spurious convective precipitation in the eastern coast of
Brazil. This error may be related to the RAS convection
scheme used in the AGCM and RSM in Misra et al. (2003)
work, since this error was not found in Cavalcanti et al. (2002)
using Kuo scheme.

In the northwestern Atlantic Ocean, near the coast of
South America, the global models tend to produce ex-
cessive precipitation. The two nested Eta model runs

Fig. 7 Shortwave radiation (W m2) from (a) AGCM, (b) CGCM, (c) Eta + A, (d) Eta + C, and (e) ISCCP, DJF mean between 1997 and 2003
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show smaller amounts and closer to the observations, as
seen in Fig. 3.

The South Atlantic Convergence Zone (SACZ), which is
a typical feature of South American summer season, is
shown by the predicted precipitation band. This band
extends from the Amazon toward the southwestern Atlantic
Ocean. Over the continent, the CGCM had less precipitation
in the SACZ than the AGCM and approached the CMAP
observations (Fig. 3). The Eta + A and Eta + C improved
substantially the SACZ precipitation band over the global
models. This improvement was also reported by Misra et al.
(2003). Over the Andes Cordillera, between southern Boli-
via and northern Argentina, the global models also overes-
timate precipitation, which is reduced by the Eta model
(Fig. 3). The spectral and coarse representation of topogra-
phy may have contributed to this error in the global models
as were also shown in Misra et al. (2003) and Cavalcanti
et al. (2002). The CGCM has generally smaller amounts of
precipitation than the AGCM, and each nested Eta run
follows this feature similarly. Along the northern coast of
the South American continent, the global models exhibit a
wide no-rain band, which extends from eastern Colombia up
to northeast of Brazil. Misra et al. (2003) and Pezzi and

Cavalcanti (2000) found this same error pattern using RAS
scheme. This error may be a consequence of induced subsi-
dence from the excessive convective activity in the western
Amazon and central part of Brazil. The Eta model produces
less rain in the western Amazon and central Brazil, therefore
the convective activity is weaker, and consequently the
convection induced subsidence is also weaker. The CPTEC
AGCM underestimated precipitation in the Amazon region
using Kuo scheme (Cavalcanti et al. 2002) whereas it over-
estimated using RAS scheme in this work.

In this four-way model output comparison, the largest
precipitation errors (Fig. 4), average over the 30-DJF inte-
grations, are found in the CPTEC AGCM. Over the ocean
these precipitation errors occur in the western Atlantic, near
the northern and eastern coast of South America, with
maximum values about 5 and 6 mm per day. The CGCM
errors are generally smaller then the AGCM’s, ranging
about 3 and 4 mm per day over the western Atlantic and
extending farther eastward. The Eta model nested in these
two global models has considerably reduced the precipita-
tion errors over the continent and over the ocean, with Eta + C
exhibiting the smallest error among the four models precipi-
tation outputs.
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Fig. 8 Shortwave radiation ME (W m2) from (a) AGCM, (b) CGCM, (c) Eta + A, and (d) Eta + C, DJF mean between 1997 and 2003
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3.3 Latent heat flux

Over the tropical regions domain, the latent heat flux fields
show similar spatial patterns in both global models (Fig. 5a, b).
The latent heat flux fields of the nested Eta runs are also similar
to each other (Fig. 5c, d), despite the quite distinct patterns
produced by the global models they are nested in. This sug-
gests the strong control of the atmospheric component on the
surface latent heat flux. Both global models share the same
atmospheric component (i.e., the AGCM), which is different in
many aspects, dynamics and physics, from the regional model.
The global models use different schemes from the regional
model to treat surface fluxes, over land and over the ocean (see
Sections 2.1 and 2.2).

All models reproduce the two centers of maxima in both
hemispheres of latent heat flux, which results from the
strong northeasterly and southeasterly trade winds that blow
in the equatorial region. The nested Eta model outputs show
latent heat flux fields closer to reanalysis (Fig. 5¢), in
particular the Eta + C, in comparison with the driver global
models. The latent heat flux is partially affected by the
driver model through the lateral boundary conditions. The
AGCM exhibits higher latent heat flux than the CGCM by
about 30 W m 2, and the nested Eta + A also exhibits higher
latent heat flux than the Eta + C by similar amount (Fig. 5).
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This excess of latent heat flux is caused by the prescribed
SST in the AGCM, which therefore lacks the negative
feedback processes of surface temperature cooling, inherent
in the CGCM one-tier simulations. The latent heat flux
reproduced by CPTEC CGCM is similar to the values
obtained by Huang et al. (2007) in the Northern Hemi-
sphere, but higher in the Southern Hemisphere. In the Gulf
of Guinea, the CGCM also exhibits similar values to those
of Huang et al. (2007), but the CPTEC AGCM strongly
overestimates the flux, by about 90 W m 2 in comparison
with reanalysis values. This error was partly transmitted to
the Eta + A.

In the southeastern tropical Atlantic Ocean, the latent heat
flux from CGCM is higher than the AGCM (Fig. 5b). This
error coincides with the area of warm SST bias of the CGCM,
and is reproduced by the regional model. The Eta + C exhibits
higher flux than the Eta + A in that region. In the southern
Atlantic Ocean, the AGCM tops the overestimation of the
latent heat flux, followed by the CGCM. The Eta + C exhibits
the smallest errors in the region. In the northern part of South
America and northeast of Brazil regions, the latent heat flux
reproduced by the global models are smaller than reanalysis,
Eta+ A and Eta + C values. This error may be partly caused by
the lack of local moisture source, as it is the region where the
global model does not produce enough precipitation.
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Fig. 9 Low cloud cover (%) from (a) Eta + A, (b) Eta + C, and (¢) ISCCP, DJF mean between 1997 and 2003
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Fig. 10 Interannual variability of DJF mean SST of buoys (a) A, (b) B, (¢) D, and (d) H in comparison with CGCM

The global models overestimate the latent heat flux up to
100 W m 2 along the latitude 5° N (Fig. 6a, b) where the mean
errors from the Eta runs (Fig. 6¢, d) are smaller, in particular
the errors in the Eta + C are the smallest. In the northeastern
part of the tropical Atlantic Ocean, the global models overes-
timate the fluxes by about 40 W m 2, whereas the Eta runs
underestimate about 60 W m . Over the Southern Hemi-
sphere, the errors of the nested Eta runs are smaller than the

Table 1 SST (°C) ME,

RMSE, and temporal Buoys ME RMSE r value
correlation (r)
between CGCM A -0.25 0.90
and buoy point B -0.13 0.58 0.77
C —0.30 0.73
D -0.12 0.85 0.54
E -0.10 0.40
F -0.13 0.50
G 0.03 0.36
H 0.81 2.63 0.51
1 —0.15 0.33
J —0.01 0.24

errors of the global models, reaching values up to about
40 W m 2 in the southwestern Atlantic.

3.4 Shortwave radiation

In general, the pattern of the incoming shortwave radiation
(SWR) at the surface of the AGCM (Fig. 7a) is similar to the
pattern of the CGCM (Fig. 7b), but different from the SWR
pattern produced by the Eta + A (Fig. 7c) and Eta + C
(Fig. 7d). The CPTEC global model and the Eta model em-
ploy the same SWR scheme, which would suggest the similar
error pattern between global and regional models. However, a
closer look shows that the low cloud coverage is different for
both models. The global models have simple stratiform cloud,
whereas the regional model has complex cloud microphysics
scheme. The different spatial distribution of low clouds af-
fected the surface incoming SWR.

In the region between the ITCZ and 30° S, both Eta + A and
Eta + C underestimate the SWR in comparison with the Inter-
national Satellite Cloud Climatology Project (ISCCP) observa-
tions (Fig. 8). Note that mean values are calculated in a shorter
period (1997-2003), when ISCCP data are available. Figure 9
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Fig. 11 Precipitation (mm day ') ME (number above) and RMSE (number below) from (a) AGCM, (b) CGCM, (c¢) Eta + A, and (d) Eta + C, at

each PIRATA buoy position

shows the pattern of low cloud cover of the nested runs. Note
that SWR errors occur over the same region where the Eta
model overestimates the low cloud coverage (Fig. 9), suggest-
ing the blocking of the downward SWR before reaching the
surface. The global models had excessive convective precipi-
tation in that region. However, the associated optical depth does
not seem efficient enough to block the downward SWR as the
surface SWR from the global models is higher than Eta runs
and closer to the observations. In the Guinea Gulf region, the
SWR from the Eta + A and Eta + C is closer to the observations
than the global models. In the southeastern Atlantic Ocean, all
models produce large errors; the regional model overestimates

Table 2 Precipitation and SWR ME, RMSE, average in all buoys,
from AGCM, CGCM, Eta + A and Eta + C

Average AGCM CGCM Eta+A Eta+C

Precipitation ME 1.72 0.77 1.03 0.14
-1

(mmday ) RMSE  5.12 4.42 4.09 3.77

SWR (Wm™?) ME 34.35 34.76 -19.64 1341

RMSE 8541 83.56 78.53 65.42

@ Springer

the SWR there, where it produces few low clouds. Over the
continent, all models generally show large errors, except over
the western Amazon where the Eta + A and Eta + C exhibit
values close to the observations (Fig. 7).

Over the western basin of the South Atlantic Ocean, the
global models exhibit the smallest mean errors of incoming
surface SWR (Fig. 8a,b) whereas the Eta + A and Eta + C
(Fig. 8c, d) exhibit strong negative bias, of about —80 W m 2 by
Eta+ A, and about =70 W m 2 by Eta + C. In the Guinea Gulf
region, the global models mean errors are positive and larger
than the nested regional model errors. Over the southeastern
Atlantic Ocean, all models overestimate the SWR, in particular
Eta + A. According to Carton et al. (2005), this excessive SWR
in that region of South Atlantic is due to the deficit in the models
of low cloud cover, which maintains the warm SST bias fre-
quently found in coupled ocean—atmosphere global models. On
the other hand, Hu et al. (2011) replaced the model global low
clouds by ISCCP monthly low clouds (LCA2 exp.), and they
found that the improved low cloud cover only had a minor
influence on the amount of net shortwave radiation reaching the
surface (see their Fig. 3) in the southeastern Atlantic in the
NCEP CFS model. They suggested that low cloud cover plays
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Fig. 12 Interannual variability of DJF mean shortwave radiation (W m ) of buoys (a) A, (b) C, (¢) D, and (d) H in comparison with AGCM,

CGCM, and nested Eta runs

a secondary role in blocking and absorbing the radiation in the
radiation parameterization scheme of the model. Over the con-
tinent, the Eta + A and Eta + C mean radiation errors are
positive, but still smaller than the global models mean errors.

Evaluation of model Outgoing Longwave Radiation
(OLR) was carried out in comparison with ISCCP data
(Figures not shown) and showed that all models overesti-
mated OLR, but the Eta + C only marginally produced
smaller errors than the other runs.

3.5 PIRATA buoy validation

The SST, precipitation, and SWR produced by the models
are compared against the ten time series measured by the
PIRATA buoys distributed over the Atlantic Ocean, as
shown in Fig. 1. Buoys are identified by the letters A to J,
and are distributed in various regions over the tropical
Atlantic. Linear correlations between seasonal mean of the
observations and of the three-member mean of the SST
simulation were calculated in order to evaluate model capa-
bility to capture interannual variability.

3.5.1 Sea surface temperature

The interannual variability of SST is well captured by the
CGCM in the buoys A, B, and H (Fig. 10a, b, d). Yet, in
buoy H, in the central part of the South Atlantic basin, the
SST variability from CGCM is smaller than the buoy, and
the CGCM does not show the peaks in 1998 and 2000.
Also, the model fails to capture the interannual variabil-
ity in the buoys C (figure not shown) and D (Fig. 10c),
which are located along the equator. Yet, the model
seems to capture the linear temporal trend of the sum-
mers of the period. Due to data gaps in the time series in
buoys E, F, G, I, and J, the interannual variability cannot be
evaluated there.

In terms of ME, the CGCM underestimates the SST
measured in most of the buoys, except in G and J, located
in the western basin of the South Atlantic Ocean, where
errors are negligible, and in buoy H where errors are large
and positive (Table 1). This warm SST bias is a common
error produced by the coupled ocean—atmosphere global
models around this region. The RMSE of SST in H is just
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over 1 °C. The mean errors calculated with respect to these
PIRATA buoys, averaged over the ten summer seasons, are
similar to errors with respect to the NOAA OI SST (see
Fig. 2a). Correlation between the times series are possible
for buoys B, D, and H where observations series were
continuous in time. Correlations were all higher than 0.5,
in particular in buoy B, northern Atlantic, where correlation
reached 0.77, which shows that the SST produced by the
CGCM follows correctly the temporal variability of SST on
those regions.

3.5.2 Precipitation

Due to gaps in the precipitation time series of the PIRATA
buoys, the interannual variability could not be accurately
evaluated. But it was noted the consistency among the buoys,
for example in buoys B and C, located along the equator, are
the rainiest stations, whereas buoy H, located in the middle of
the South Atlantic ocean, has small amount of precipitation.
Figure 11 shows the spatial distribution of model precip-
itation mean errors and RMS errors from comparison
against buoys measurements. In the buoy A, the nested Eta

runs produce marginal errors and generally smaller than the
global model errors. The buoys B and D show large ME and
RMSE from all models. The magnitudes of the errors of
Eta + A and Eta + C approximately follow the error magni-
tudes of the global models, but the nested runs generally
exhibit smaller errors, which is consistent with comparison
against CMAP mean data (Fig. 4).

In the buoy G area, located near the coast of northeast of
Brazil, the global models have large positive ME, which is a
result of spurious convective precipitation. The nested runs
also have positive errors in that area, but at much smaller
magnitude. The buoys I and J were not evaluated due to
problems in the dataset. From the average over the eight
buoy errors (Table 2), the Eta + C exhibited the smallest
mean precipitation error.

3.5.3 Shortwave radiation

In comparison with the nested Eta runs, the global models
show weaker interannual variability of the SWR in DJF in all
the evaluated buoys: A, C, D, and H (Fig. 12). The other buoys
are not evaluated due to buoy data gaps. In those evaluated
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points, the global models overestimate the radiation, whereas
the nested model values are closer to the observations. More-
over, both CGCM and AGCM SWR values are very similar to
each other, whereas both Eta + A and Eta + C exhibit large
differences in their magnitudes. The observed interannual var-
iability is hardly captured by the models, except in buoy D,
where the Eta + A follows closely the buoy curve.

Figure 13 shows all model errors in SWR with respect to
the buoy observations. The Eta model nested in CPTEC
global models generally have smaller RMS errors than their
driver models; except in the area of buoys C, G, I, and J,
which are located in the South Atlantic near the coast of
South America, where the Eta model largely underestimate
the SWR. This negative ME is also found in comparison
against ISCCP observations (Fig. 8). The global models
overestimate the SWR in most of buoy points.

The Eta runs produce smaller errors than the global models
in six out of nine buoy locations. Considering the ME, the
Eta + C shows the smallest errors among the models (Table 2).
The regions over the Atlantic near the coast of South America
require attention in the regional model due to the clear system-
atic negative bias in SWR. In general, the Eta + C show better

a

model performance. It should be noted, however, that the
evaluation was based mostly on precipitation and SWR and a
few points distributed over the Atlantic Ocean; and that various
time gaps were found in the dataset. The errors found in the few
buoy points do agree with the error signs found in other sources
of verification data, e.g., Era-interim reanalysis and ISCCP.

3.6 Boundary forcings

The Eta + A and Eta + C have exactly the same setup. The
differences in the runs lie only in the lateral boundary con-
ditions in the atmosphere and lower boundary conditions over
the ocean. In order to investigate the causes for the Eta + C
general better forecasts than Eta + A, the errors of the forcings
through the lower boundary conditions in term of SST and the
lateral boundary conditions were assessed. Figure 14 shows
the ME and RMSE of predicted SST from the CGCM and the
persisted anomaly SST used in AGCM. It shows that both
errors are larger in the predicted than in the persisted SST.
Figure 15 shows the RMSE of the zonal wind at 850 hPa
and geopotential height at 500 hPa, which can be representative
of the large-scale flow. It is speculated that large-scale forcing
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Fig. 15 Root mean square error of 850-hPa zonal wind (fop row) and 500-hPa geopotential height (bottom row), from AGCM (left) and CGCM
(right). The red box corresponds to the Eta model lateral boundaries. Units are meters per second and meters, respectively

provided by CGCM had smaller errors and, therefore, better
quality. Figure 15 shows that the RMS errors of the wind and of
the geopotential height, in particular near the lateral boundaries
where large-scale information is transmitted to the regional
model, exhibit larger values in the AGCM than in CGCM.
The Eta model does not apply any nudging, either in the
boundary conditions or internal domain. It was shown in Chou
et al. (2002) that in long-term integrations, the regional model is
strongly constrained by the atmospheric lateral boundaries,
more than the ocean lower boundary. Therefore, although the
CGCM had larger SST errors than the persisted AGCM in these
runs, the former had smaller errors in the wind than the AGCM,
which resulted better large-scale circulation values transferred
laterally to the regional model. Therefore the improvement of
the regional model runs over the GCM runs are probably due to
the regional model resolution and physics, while the better
performance of the Eta + C over Eta + A is probably due to
the better large-scale forcing description of the CGCM over
AGCM.

3.7 Ensemble spread

In order to verify whether the ensemble members envelop the
observations, the spread of the members is compared against

@ Springer

the RMSE. It is expected that spread and RMSE have similar
magnitudes. Standard deviation of the members of the 10-year
mean of the seasonal precipitation was calculated at each grid-
point. The global and regional models precipitation was inter-
polated to the CMAP grid (2.5° latitudex2.5° longitude).
Figure 16 shows the scatter plot between the standard deviation
and RMSE of DJF precipitation. The plot distinguishes the
grid points over the continent from the ocean. All points of all
models exhibit RMSE much larger than the ensemble spread as
all grid points lie below the solid line. The figure also shows
that the global models have large precipitation errors over the
continent. Both Eta versions have smaller error over continent,
but on the other hand the spread is slightly smaller than the
global models. Over the ocean, scatter plot of the global
models are similar to the regional models.

The magnitude of the spread of other variables, such as
latent heat flux, shortwave radiation, 1000-hPa temperature,
and 850-hPa geopotential show values much smaller than the
respective RMSE (figures not shown), both in the global and
regional models. One could argue that the small spread with
respect to the RMSE is due to the small number of members of
the ensemble. A ten-member ensemble of the AGCM and
CGCM was tested for the DJF 2005/2006 season and com-
pared against the three-member ensemble of the same season
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(Fig. 17). The increase in the number of members resulted in
no evident increase in the ensemble spread.

This assessment shows that the model errors are too large
and that they should be reduced before increasing the num-
ber of the ensemble members.

4 Conclusions

Hindcasts of 10 years of austral summer season for the months
of DJF are generated by the CPTEC atmospheric and coupled
ocean—atmosphere global general circulation models using
persisted and forecasted SST anomalies, respectively. The
Eta model is nested in these runs at 40-km resolution over
the domain that encompasses the tropical Atlantic Ocean, and
parts of South America and western Africa. The results shown
so far demonstrate the added value of the dynamical down-
scaling using the Eta regional atmospheric model of these two
global model conditions. The evaluation considers the average
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of three members of 10 years, between 1997 and 2006, of
3.5-month integrations for the austral summer season, DJF.

Evaluation of the hindcasts of SST from CPTEC CGCM
showed correct latitudinal gradient near the equatorial Atlantic
and errors of magnitude of about 0.5 °C, which can be con-
sidered small. Over the southeastern Atlantic, which is a
region where the CGCMs commonly produce large SST warm
bias, the CPTEC CGCM generated a mean error of up to
1.25°C.

The nested Eta model improves the precipitation forecasts
over the AGCM and the CGCM, in comparison with CMAP
observations. This improvement occurred in most of the do-
main, except in the eastern Atlantic near African coast. Al-
though, the CGCM produced a split in the ITCZ precipitation
band, the CGCM produced the smallest precipitation errors in
comparison with AGCM. The Eta model nested in the CGCM
showed the best results for precipitation.

The nested Eta model runs improved the latent heat
flux hindcasts, in particular the Eta + C, in comparison
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with the driver global models. Over the ocean, the
AGCM overestimated the latent heat flux more than
the CGCM. This excess of latent heat flux is caused
by the prescribed SST in the AGCM, which therefore
lacks the negative feedback processes of surface tem-
perature cooling, inherent in the CGCM one-tier simu-
lations. Except over the southeastern Atlantic Ocean,
where the latent heat flux from the CGCM is higher
than the AGCM, which is probably associated with the
warm SST bias of the CGCM in that region.

The shortwave radiation patterns were not well reproduced
by the global and regional models, in comparison with the
ISCCP observations. The SWR from the nested Eta runs is
strongly underestimated in the western Atlantic Ocean, which
is related to the excessive low cloud coverage in the Eta model
in that region. Over the southeastern Atlantic, all models
overestimate the SWR, in particular the nested runs, which
underestimated the low cloud coverage. According to Carton
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et al. (2005), this excessive SWR in that region of South
Atlantic is due to the deficit in the models of low cloud cover,
which maintains the warm SST bias frequently found in
CGCMs. Over the continent, the errors of SWR from the
nested runs were slightly smaller than the driver models.

Precipitation and SWR from models outputs were com-
pared against the time series of ten PIRATA buoys over the
tropical Atlantic Ocean. Although various data gaps were
found in the series, in general the version of Eta model
nested in the CPTEC CGCM atmospheric conditions gen-
erated the smallest errors.

The largest differences between AGCM and CGCM
hindcasts occurred over the ocean, where CGCM had
smaller errors. This shows that despite the systematic errors
in SST, the CGCM is more appropriate for global climate
studies. In general, the nested Eta runs improved the hind-
casts over the driver models, which are probably due to the
regional model resolution and physics.
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It was also found that the Eta + C produced better fore-
casts than Eta + A forecasts. The Eta + C was not benefited
from the lower boundary as the predicted SST had larger
errors than the persisted SST. However, at the lateral bound-
ary, the CGCM large-scale circulation exhibited smaller
errors than the AGCM. In long-term integration of the
regional model, the lateral boundary forcing is stronger than
the lower boundary forcing as was also found in Chou et al.
(2002). Therefore, the better performance of the Eta + C
over Eta + A is probably due to the better large-scale forcing
description of the CGCM over AGCM.

The evaluation of the ensemble spread versus the RMSE
from the global and regional models showed that all models
had errors larger than the spread. Tests increasing the number
of the members did not increase the spread, therefore the
ensemble system cannot be characterized as under-dispersive
but that the global model errors need to be reduced before
increasing the number of the ensemble members. This char-
acteristic of the global model ensemble is transferred to the
regional model.

The results presented so far suggest that the configuration of
the Eta nested in the CPTEC CGCM produced best forecasts
for the summer season over tropical Atlantic and South Amer-
ica continent. The smallest RMS errors support the added
value of dynamical downscaling of the CPTEC GCMs runs
with the Eta model, in particular the CGCM. Also, these results
suggest the future work of including the full coupling between
the regional Eta model and the ocean model at the lower
boundary conditions, nested in the CPTEC CGCM in the
lateral boundary conditions for improvement of the seasonal
forecasts over tropical Atlantic and South America regions.
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