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Abstract

We compared forecasts of the Center for Weather Prediction and Climate Studies (Centro de Previsão
de Tempo e Estudos Climáticos—CPTEC) General Circulation Model (GCM) and the mesoscale Eta
Model with observations undertaken at the Rondonia Coordinated Enhanced Observing Period (CEOP)
reference site, Brazil, for the dry period between 1 July and 1 September 2001. The Rondonia site is lo-
cated in the Jaru Biological Reserve Area in the state of Rondonia within the Amazon region. The site is
forested and is one of the Reference Sites of the Large-Scale Biosphere–Atmosphere Experiment in the
Amazon Basin (LBA) Continental-Scale Experiment (CSE). Time series and mean diurnal cycles of pre-
cipitation, near-surface temperature, latent and sensible heat fluxes, surface incoming shortwave and
net radiation fluxes are shown for 24-h and 48-h forecasts. In the global model, the predicted incoming
shortwave radiation and net radiation are similar to observed values; however, this is accompanied by
large overestimate of deep clouds and precipitation. Partition of the available energy results in an over-
estimate of the sensible heat fluxes and an underestimate of the latent heat fluxes. The latent heat
fluxes are large shortly after rain, but decay quickly. No clear improvement is noted in the 48-h forecasts
compared with the 24-h forecasts.

The Eta Model is a grid-point limited-area model. Its precipitation forecasts are similar to observa-
tions; however, the model overestimates the incoming shortwave radiation, resulting in excessive net ra-
diation. The Eta sensible and latent heat fluxes are both overestimated, and 48-h forecasts produce
small improvements over the 24-h forecasts. Near-surface temperatures are overestimated by both
models. The global model requires a reduction in precipitation production, and both models require a re-
duction in incoming short-wave radiation at the surface.

1. Introduction

The measurement of energy, momentum, and
moisture fluxes at the earth’s surface is impor-
tant in gaining an understanding of the energy
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and water cycle in the climate system. Numeri-
cal models are generally used to simulate
the transfer of energy and water between the
land and atmosphere; however, models contain
biases related to numerical limitations in terms
of resolution and the physics and dynamic
schemes employed in the model. A description
of model errors can help to identify sources
of error and potential improvements to the
model schemes, thereby producing more realis-
tic model simulations. The reliability of results
obtained using model output depends on the
magnitude of the model error and the character
of the error pattern.

The objective of the present work is to com-
pare forecasts of the CPTEC GCM and Eta
Model with surface observations collected at
the Rondonia Site for the period between 1
July and 1 September 2001. This is a forested
site located at 10�04 042 00S, 61�56 02 00W in the
Jaru Biological Reserve Area in the Rondonia
State, Brazil. Hourly measurements of air
temperature, precipitation, latent and sensible
heat fluxes, incoming shortwave and longwave
radiation, and outgoing shortwave and long-
wave radiation were obtained at the site. The
verifying models are used operationally at
CPTEC and represent a contribution by CPTEC
to CEOP (Coordinated Enhanced Observing
Period; Bosilovich and Lawford 2002).

Global models generally use a coarse spatial
resolution within which sub-grid-scale phe-
nomena are represented by parameterization
schemes. Mesoscale models are applied to
add detail in describing surface characteristics
such as topography, vegetation, and soil condi-
tions, and to improve representations; however,
such models have their limitations, as they re-
quire parameterization of physical processes
and must take into account errors associated
with the lateral boundary conditions. The eval-
uation of such models is important because
they are increasingly used as research tools
for understanding past and future climate con-
ditions.

Intercomparison projects such as the Atmo-
spheric Model Intercomparison Project (AMIP)
(Gates et al. 1998) and the Project to Intercom-
pare Regional Climate Simulations (PIRCS)
(Takle et al. 1999) were designed to establish
standardized frameworks for numerical experi-
ments involving general circulation models and

regional climate models, respectively. A com-
parison of model results can identify the defi-
ciencies of the employed models. For example,
the ensemble mean precipitation produced from
the 25 AMIP models shows large inter-model
differences at low latitudes, although the simu-
lation results are similar to observations. These
models are also deficient in terms of simulating
total cloudiness.

In Brazil, several observation sites are avail-
able for verification against model outputs as
part of the Large-Scale Biosphere–Atmosphere
Experiment in the Amazon Basin (LBA)
Continental-Scale Experiment (CSE) reference
site network. A forest site in Rondonia State,
Brazil (Jaru Biological Reserve), measures both
the major variables such as the 2-m tempera-
ture and 10-m wind and surface fluxes. Flux
verifications are important because they reveal
the model’s partitioning of energy.

The partitioning of energy between latent
and sensible heat is one of the major sources of
error in weather and climate simulations (Betts
et al. 1996). Land-surface schemes driven by
observed conditions can produce realistic simu-
lations, such as the results obtained using the
Simplified Simple Biosphere Model (SSiB) over
the Amazon Basin (Xue et al. 1991; Xue et al.
1996); however, model errors can arise when
the land-surface schemes are coupled to atmo-
spheric models, as the interaction with other
schemes within the model can lead to greater
errors. In the validation of the Eta/SSiB Model
over South America, Chou et al. (2002) found
that an overestimate of the surface latent and
sensible heat fluxes could result from exces-
sive incoming shortwave radiation reaching
the surface. This excessive shortwave radiation
was also found in short-range forecasts over
North America (Betts et al.1997). This error
might reflect cloud treatment or deficient ex-
tinction by water vapor or aerosols in the
model, as suggested in an evaluation of the
National Centers for Environmental Prediction
(NCEP) Eta Model using Atmospheric Radia-
tion Measurement (ARM) data (Hinkelman et
al. 1999).

The evaluation of Eta Model precipitation
forecasts over South America carried out by
Bustamante et al. (1999) showed that the 24-h
precipitation forecasts are less accurate than
the 36-h or 48-h forecasts. Their evaluation
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was based on a rainy month for the Amazon re-
gion. The improvement of the forecast within
this short range indicates the poor quality of
the initial conditions: the dependence of the
quality of the forecasts on the initial conditions
is stronger in short-range forecasts. A compari-
son of the errors at 24 h and 48 h can help to
indicate the rate at which the errors propagate
in the model.

Although in the present study verification
is carried out against a point measurement,
the site is located within a homogeneous forest
area; therefore, the measurement values can be
regarded as being approximately representa-
tive of the wider area.

The remainder of the present paper is orga-
nized in the following sections. The analyzed
models are described in Section 2 and site char-
acteristics are outlined in Section 3. Model ver-
ifications are presented in Section 4, and the
main conclusions of the study are drawn in Sec-
tion 5.

2. Models

2.1 CPTEC GCM
The version of the CPTEC GCM used in this

work is a spectral model with triangular trun-
cation T126 and 28 layers in the vertical (Bo-
natti 1996). This horizontal resolution is ap-
proximately equivalent to a 100 � 100 km grid.
The first layer is approximately 60 m thick,
and the model uses a sigma vertical coordinate.
Convective precipitation is produced by the
Kuo scheme as modified by Anthes and Keyser
(1979). Land-surface energy transfers are re-
solved using SSiB (Xue et al. 1991), which
maps 12 types of vegetation cover. Calculations
of shortwave radiation are performed every 2 h
based on the scheme developed by Lacis and
Hansen (1974). The longwave radiation fluxes
are calculated every 3 h and are based on the
scheme of Harshvardhan et al. (1987). The
model-verification grid box at the Jaru Biologi-
cal Reserve has an evergreen forest type of veg-
etation. Albedo was obtained from seasonal cli-
matology, and sea-surface temperatures were
taken from weekly mean values updated daily
on a 1� � 1� grid. Monthly climatology provided
the initial conditions for soil moisture, and the
initial atmospheric conditions are taken from
NCEP analyses at T126L28. Additional details
on the CPTEC GCM and its validation can be

found in Cavalcanti et al. (2002) and Marengo
et al. (2003).

2.2 Eta Model
The Eta Model (Mesinger et al. 1988) is

the limited-area model used operationally at
CPTEC. The model uses the Eta vertical coordi-
nate (Mesinger 1984), and prognostic variables
are temperature, horizontal winds, specific
humidity, surface pressure, turbulent kinetic
energy, and cloud hydrometeors. Convective
precipitation is produced using the Betts–
Miller–Janjic scheme (Betts and Miller 1986;
Janjic 1994), and land-surface processes are
treated using the Noah Land Surface Model
(Chen et al. 1997). The verification grid-box for
the Eta Model in the Jaru Biological Reserve
Area also has an evergreen forest vegetation-
type and an elevation of 63 m. The radiation
package was developed by the Geophysical
Fluid Dynamics Laboratory in Princeton, the
United States. Model shortwave radiation is
treated using the Lacis and Hansen (1974)
scheme, whereas longwave radiation is treated
using the Fels and Schwarzkopf (1975) scheme.
The longwave and shortwave fluxes are calcu-
lated every model hour. The initial atmospheric
conditions are taken from NCEP analyses at
T126L28, which are the same as those used by
the CPTEC GCM, and the lateral boundaries
are updated every 6 h from CPTEC GCM fore-
casts. The Eta Model used a seasonal climato-
logical albedo and daily updated sea-surface
temperature, as used by the global model. The
initial soil moisture was taken from the 12-h
forecast of the global model, and the model
was configured with 20-km resolution and 38
layers. At this resolution and with the use of an
updated vegetation map (Sestini et al. 2002),
the model is able to identify the notorious arc
of deforestation at the southern boundary of
the Amazon region, which extends close to the
surrounding area of the Jaru Biological Re-
serve Area.

3. Site characteristics

The CEOP initiative is currently in the pro-
cess of firming up the contributions of the atmo-
spheric modeling centers to the CEOP archive
center for model data. The LBA project is part
of the Global Energy and Water Cycle Experi-
ment (GEWEX) CSEs around the world, and
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CPTEC is the main operational center where
LBA modeling activities are developed. As part
of the CEOP program, each CSE maintains
a number of reference sites that consist of ex-
perimental sites with flux towers that under-
take observations at high temporal resolutions.
Among the reference sites available in the LBA
region (Marengo and Horta 2003), the chosen
station possesses the most complete dataset.

The observations are taken from the tower
located in the Rondonia site where the vegeta-
tion cover is mainly evergreen tropical forest.
The Ji-Paraná River flows next to the reserve
and the topography in the area varies in eleva-
tion from 0 to 800 m. Figure 1 shows the loca-
tion of the reference site.

The Rondonia site has not been in operation
long enough to produce a reliable climatology;
thus, the climatology was estimated from the
nearest conventional surface station located at
Porto Velho (8�27 036 00S, 63�03 000 00W and 95 m
a.s.l.), which is approximately 250 km from
the Rondonia site. The mean temperature in
Porto Velho during July and August is 24–
25�C. These two months are the coldest of the
year, with average minimum temperatures of
approximately 18 and 19�C, respectively, which
result from cold fronts that occasionally reach
this far north. The largest diurnal temperature

range of the year occurs during these two
months, as the average maximum tempera-
tures reach 31�C in July and 33�C in August.
During 2001, the temperatures were slightly
higher than the normal mean. The Rondonia
climatological total precipitation in July is
about 23 mm, which on average falls on only
2 rainy days (Rebello et al. 1996); this is the
driest period of the year in this region. In
2001, 34.5 mm of precipitation was observed
at the Rondonia site in July and 0 mm in
August. During the study period, there were
only 3 days on which rain was recorded at the
reference site. Table 1 shows the monthly ob-
served precipitation for the period; most of the
precipitation occurred in one event on 25 July
2001.

Fig. 1. Location of the Jaru Biological Reserve in Rondonia State, North Brazil.

Table 1. Monthly total precipitation [mm]
derived from observations, CPTEC
GCM 24-h and 48-h forecasts, and Eta
Model 24-h and 48-h forecasts.

CPTEC GCM Eta Model

Month Observation 24-h 48-h 24-h 48-h

July 34.6 121.5 154.9 2.1 0.2

August 0.0 27.3 140.8 0.0 1.5
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4. Verification

The Rondonia reference site provided obser-
vations of precipitation, 2-m air temperature,
surface winds, latent and sensible heat fluxes,
downward and upward shortwave and long-
wave radiation and net radiation. Here, we ver-
ify the variables related to the surface heat bal-
ance. Because the global model operationally
writes output every 6 h, the predicted precipi-
tation was accumulated every 6 h, whereas the
energy fluxes were averaged over each 6-h
period. The forecasts of the Eta Model were
output every hour.

While the comparison between the grid-box
value of the model and the value at the obser-
vation point may not be completely fair, it is
still expected that the spatial homogeneity of
the forest site may enable it to approximate
an area-mean value and thereby be compara-
ble to the coarse-scale model grid values. It is
expected that systematic errors may provide
some indication of the model processes that
generate the errors. We compared the forecasts
of the CPTEC T126L28 GCM and the Eta
Model at 20-km resolution. This latter model is
driven via the lateral boundaries by the global
model conditions.

Time series of the variables measured at the
site for 24-h and 48-h model forecasts may
reveal some dependence of forecast quality on
the initial conditions and model errors. Both
models take initial conditions from the NCEP
analyses at T126 truncation and 28 sigma lev-
els. The spectral truncation of the global model
results in the Gibbs effect in grid space due to
the proximity of Rondonia State to the Andes
Mountains; this effect is evident in the verifica-
tions. The global model elevation of the grid box
that contains the reference site is 280 m. The
formulations of the dynamics and physics in
the two operational models are distinct; thus,
different errors can be expected from the mod-
els even though both start from the same initial
conditions and one of the models is driven by
the other via the lateral boundaries.

Forecast error statistics were calculated
based on bias, root mean square error (RMSE),
and correlations between forecast and observed
time series. The standard deviation of the se-
ries was also calculated to provide a measure
of the variability of the evaluated variables.

The bias, or the part of the mean error that re-
mains after the cancellation of compensating
errors, indicates the offset of the forecasts com-
pared to observations. The rmse penalizes the
large errors and is generally larger in higher-
resolution models due to their inherently larger
internal variability. It is expected that rmse
will show a small growth rate in the forecasts
from 24 h to 48 h. The linear correlation indi-
cates the degree to which the forecast series
are in phase with observations. These statistics
were chosen for their simplicity in terms of re-
vealing the magnitude of error features.

4.1 Precipitation
Precipitation was observed at the Rondonia

site on 3 days, which is close to the climatologi-
cal number of rainy days recorded in nearby
Porto Velho. These rain events were caused by
isolated convection on 25 July 2001 and the
passage of a frontal system over the southeast-
ern part of the continent on 27–28 July 2001.
The accumulated precipitation was 28.6 mm
on 25 July, 4.2 mm on 27 July, and 3.8 mm on
28 July. The frontal cloud band extended
toward Rondonia, causing precipitation and a
sharp decrease in temperature on those days;
no rain was observed during August 2001.

Figure 2 shows the brightness temperature
estimated from infrared satellite channels. Ac-
cording to Machado et al. (1998), a deep convec-
tive cloud system can be identified from infra-
red brightness temperatures below �28�C, and
at some time this may contain embedded con-
vective clusters that are defined by values be-
low �55�C. The event caused by deep convec-
tion was that of 00Z 25 July, when brightness
temperatures reached values below �30�C. On
27 and 28 July, the total precipitation amounts
were smaller and the cloud tops remained
below the �30�C isotherm; cloud-free periods
were common.

The forecasts of the global model clearly
overestimated the number of precipitation
events, as forecasts produced rain in most of
the days in July and toward the end of August
(Fig. 3). Precipitation amount tended to in-
crease with time during the forecasts in Au-
gust, as shown by the 48-h forecasts (Fig. 3).
The large-scale organization induced by the
frontal passage triggered isolated convective
showers in Rondonia. The overestimate of pre-
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Fig. 2. Brightness temperature below 0�C taken around the Rondonia reference site. Values below
�30�C are considered to be high-top clouds.

Fig. 3. Six-hourly accumulated precipitation [mm] derived from observations (thick line) and Global
Model 24-h (dashed line) and 48-h (dotted line) forecasts.
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cipitation events in the global model may re-
flect its coarse horizontal resolution (grid size
of approximately 100 km � 100 km). The model
may also have attempted to include precipita-
tion at neighboring sites; nonetheless, the total
accumulated monthly precipitation predicted
by the global model is much larger than ob-
served values (Table 1). The accumulated pre-
cipitation of the global model in July was ap-
proximately 121 mm for the 24-h forecasts and
155 mm for the 48-h forecasts, whereas the
observed accumulated precipitation was about
35 mm.

In contrast, the Eta Model produced just one
rain event in the 24-h forecasts (Fig. 4) for the
study period, which is more similar to the ob-
served frequency in the region. However, the
48-h forecasts (Fig. 4) produced two precipita-
tion events and smaller total amounts, which
suggests that no increase in the precipitation
amount with integration is recorded in the Eta
Model.

The total monthly precipitation values of the
Eta Model are more similar to observed values,
but remain below observations for July and
above observations for August (Table 1). The

no-rain events were accurately forecast by the
Eta Model, as the number of rain events was
close to the observed number. The global model
uses a different convection scheme to that used
in the Eta Model, and this results in distinct
precipitation patterns predicted by the two
models. July and August are the driest months
for this region. During this time, precipitation
events result from showers related to frontal
passages to the south, although these events
were not well captured by the models. An eval-
uation of the precipitation forecasts of the Eta
Model for the rainy month of April revealed
that the model started with large precipitation-
forecast errors for 24-h forecasts, but the error
decreased with integration at 36 and 48 h (Bus-
tamante et al. 1999).

4.2 Latent heat flux
The global model predicted a latent heat flux

for July that was similar to observed values;
however, these fluxes were largely underesti-
mated in August (Fig. 5). The model produced
frequent precipitation in July but rare precipi-
tation in August. There appears to be an in-
verse relation between the error in the forecast

Fig. 4. Hourly accumulated precipitation [mm] derived from observations (thick line) and Eta Model
24-h (dashed line) and 48-h (dotted line) forecasts.
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latent heat flux and the amount of precipita-
tion. Although the model contains a large bias
in its July precipitation forecasts, the latent
heat fluxes for July are closer to observed
values. In late July, when observational data
were missing, the model results were of approx-
imately the same magnitude as those for the
early part of the month; however, when the
model ceased its precipitation production, these
fluxes decreased sharply. This trend is clearer
in the 48-h forecasts for August when the latent
heat fluxes reached their minimum before in-
creasing again after 24 August as the model
rains resumed. During days without rain, no
water was supplied to the surface from precipi-
tation, leading to a reduction in the latent heat
fluxes. This may indicate an inefficiency in the
model land-surface scheme in terms of produc-
ing direct evaporation or in terms of producing
evapotranspiration from the vegetation by ex-
tracting soil moisture from deeper layers at
shorter time scales during dry days. In the
global model, a sharp depletion in soil moisture
occurred immediately after the rains ceased.
Figure 6 shows the sharp depletion in surface
soil wetness in the global model, which may in-

dicate a rapid transfer of water or loss of water
to the drainage zone.

In contrast to the global model, the latent
heat fluxes predicted by the Eta Model ex-
ceeded the observed values at the Rondonia
site. The model fluxes showed a smaller degree
of temporal variability than the observations.
This is shown in Table 2, where the standard
deviation of the forecasts is smaller than that
of the observations. The forecast fluxes slowly
decreased toward the end of the dry season.
The 24-h forecasts remained below values of
approximately 400 W m�2, whereas the hourly
observations peaked at 600 W m�2 on several
occasions. During late July, when observations
were not recorded, the model results peaked
at about 450 W m�2; this is similar to values
for the early part of the month. The errors
in the Eta Model were different from those in
the global model, as the magnitude of the
Eta fluxes were maintained, regardless of the
amount of precipitation. Figure 6 shows that
soil wetness of the Eta Model remained at
higher values than that of the global model
during early August when both models pro-
duced no rain.

Fig. 5. Latent heat flux [W m�2] derived from 6-h mean observations (thick line) and 48-h global
model forecasts (squares). Observations were not collected during the period 16–26 July 2001.
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Figure 7 shows the mean diurnal cycle of
the latent heat flux calculated for the 2-month
study period. The observed values were aver-
aged over 6-h intervals to enable comparison
with the global model quantity. The observed
6-h mean value at 18Z of about 240 W m�2

was underestimated by the global model at
24 h; the error increased at 48 h. Figure 8
shows that the error was produced by the fore-
casts in the second half of the period (in Au-
gust) when the global model produced reduced
precipitation and latent heat fluxes. As the
global model produced little rain in August,
the soil surface had less moisture available for
evaporation and latent heat fluxes were under-

estimated. In July, the mean error in the latent
heat flux was positive.

The mean observed peak value of approxi-
mately 310 W m�2 at 17Z was largely overesti-
mated by the Eta Model forecasts, which yielded
an average of approximately 420 W m�2 (Fig.
7). Unlike the global model, the Eta Model
generally overestimated these fluxes. Table 2
shows that while the global model has a nega-
tive bias, the Eta Model has a positive bias.
The 48-h Eta forecasts showed a small im-
provement relative to the 24-h forecasts, along
with the opposite error-growth behavior of that
in the global model. The large transfer coeffi-
cient may have caused the excess in surface

Fig. 6. 48-h Global (thin solid line) and Eta (thick solid line) forecasts of soil wetness (dimensionless)
in the surface layer.

Table 2. Standard deviation, bias error, root mean square error and correlation between observa-
tions and CPTEC GCM and Eta Model forecast time series of latent heat flux [W m�2].

SD BIAS RMSE CORR

Model SD Obs 24-h 48-h 24-h 48-h 24-h 48-h 24-h 48-h

CPTEC GCM 127.5 84.2 70.3 �19.6 �27.7 97.3 114.0 0.67 0.50

Eta Model 98.7 160.9 158.3 43.3 40.8 93.1 92.0 0.86 0.85
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heat fluxes; however, a reduction in the coeffi-
cient could aggravate the positive bias in the
surface temperature.

Table 2 shows that the standard deviation of
the observed 6-hourly mean latent heat flux is
larger than the standard deviation of the global

model forecasts for the July–August 2001 time
series. This indicates that the model showed
little temporal variability. The mean errors of
the series were negative, and rmse increased
from 24 h to 48 h in the forecasts. The correla-
tions between global model forecasts and ob-
served latent heat flux series were the smallest
among the different fluxes. The standard devia-
tion of the observed hourly mean latent heat
fluxes was smaller than the standard deviation
of the Eta Model forecasts. Unlike the global
model, the mean error was positive, the RMSE
showed little change at 48 h, and the correla-
tion between observed and forecast series was
approximately 0.85.

4.3 Sensible heat flux
Although observations were taken during dry

periods, the sensible heat fluxes are smaller
than the latent heat fluxes. While the mean
hourly latent heat fluxes are approximately
300 W m�2, the hourly sensible heat fluxes
peak at about 120 W m�2. The forest maintains
evapotranspiration at a constant rate despite
the lack of rain. This feature of the forest dur-
ing dry days was also observed by Shuttleworth
et al. (1984) in the first field measurements un-
dertaken in Amazonia.

During the period in which precipitation was
predicted by the global model, the sensible heat
fluxes were comparable to observed values;
however, in no-rain or reduced-rain periods,
the global model largely overestimated these
fluxes. This error may reflect the model defi-
cient latent heat flux. The resulting increase in
surface temperatures, due to reduced surface
evaporation, led to an increase in surface sensi-
ble heat fluxes; this error is generated during
dry days in the global model. As the integra-
tions progressed to the 48-h forecasts, the
global model showed a slight improvement in
terms of these errors. The change in regime of
the model fluxes occurred after 24 July, when
the fluxes increased sharply as model rains
ceased. In late July, when observations were
missing, a gradual increase in the fluxes is ap-
parent from the global model results.

The Eta Model forecasts of sensible heat
fluxes also exceeded observed values. The model
peak values of approximately 200 W m�2 gener-
ally exceeded the observed peak values. Model
error in the sensible heat flux is consistent

Fig. 7. Mean diurnal cycle of the latent
heat flux [W m�2] derived from 6-hourly
mean observations (thick solid line),
global model 24-h (thick dashed line)
and 48-h (thick dotted line) forecasts,
hourly observations (thin solid line),
and Eta Model 24-h (thin dashed line)
and 48-h (thin dotted line) forecasts.

Fig. 8. Six-hourly mean diurnal cycle of
latent heat flux [W m�2] in July derived
from observations (thick solid line) and
24-h global model forecasts (thick
dashed line). Values are also shown for
August derived from observations (thin
solid line) and 24-h global model fore-
casts (thin dashed line).
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with the large positive error in near-surface air
temperature described below. The Eta Model
showed a decrease in the daily maxima of sen-
sible heat fluxes toward the month of August,
which was the opposite trend to that for the
latent heat flux; this trend is not clear in the
observations.

The mean diurnal cycle of the sensible heat
fluxes (Fig. 9) reveals that the global model
overestimated these fluxes, mainly at 18Z. This
error appears to arise progressively during the
predicted no-rain periods in August when the
fluxes were overestimated. At 18Z, the ob-
served 6-hourly mean value was approximately
100 W m�2, whereas the forecasts peaked at
approximately 300 W m�2. Both the 24-h and
48-h mean forecasts of the global model show
similar values. The time of 18Z is equivalent to

1400 local time for Rondonia, which is the time
that deep clouds are fully developed and most
of the convective precipitation is observed (Ne-
gri et al. 2002). In August, the model produced
larger sensible heat fluxes. The sensible heat
fluxes of the global model are much larger
than the latent heat fluxes; this is an undesired
feature for this forest.

The mean diurnal cycle of the sensible heat
flux of the Eta Model (Fig. 9) summarizes the
overestimated fluxes for the study period. Dur-
ing the daytime, these predicted fluxes exceeded
observed values, but the peaks were in phase.
During the nighttime, the predicted fluxes gen-
erally became negative, indicating an excessive
surface inversion at these times. Daily negative
fluxes are recoded in the observed data, al-
though these are cancelled out over the dura-
tion of the study period. As expected, the Eta
sensible heat fluxes are smaller than the latent
heat fluxes for the duration of the study period.

Table 3 shows that the sensible heat flux se-
ries of both the global model and the Eta Model
record greater variability than observed data
(as indicated by the standard deviations). The
biases of these fluxes were positive for both
models. The RMSE for the Eta forecasts were
much smaller than those for the global model
errors. For both models, there is little change
from 24-h to 48-h forecasts.

4.4 Radiation
The observed 6-hourly mean incoming short-

wave radiation showed values peaking at ap-
proximately 700 W m�2. Smaller values were
predicted in July, indicating cloudy conditions
more often than those in August. The global
model incoming shortwave radiation predicted
at 24-h or 48-h lead times showed values com-
parable to observed data for July. These fluxes
were overestimated in August, mainly during
the period when the model did not produce

Fig. 9. Mean diurnal cycle of sensible
heat flux [W m�2] derived from 6-hourly
mean observations (thick solid line),
global model 24-h (thick dashed line)
and 48-h (thick dotted line) forecasts,
hourly observations (thin solid line),
and Eta Model 24-h (thin dashed line)
and 48-h (thin dotted line) forecasts.

Table 3. Standard deviation, bias error, root mean square error and correlation between observa-
tions and CPTEC GCM and Eta Model forecast time series of sensible heat flux [W m�2].

SD BIAS RMSE CORR

Model SD Obs 24-h 48-h 24-h 48-h 24-h 48-h 24-h 48-h

CPTEC GCM 51.9 152.2 150.5 66.5 64.7 142.6 138.1 0.77 0.79

Eta Model 41.7 92.5 92.7 14.9 17.0 58.8 61.3 0.83 0.83
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rains. Figure 10 shows extracts from two peri-
ods, one in which observations and the global
model indicated clear sky, and another in which
the observations and global model forecasts
indicated cloudy conditions. In the clear-sky
period, the model overestimates the incoming
shortwave radiation, whereas in cloudy periods
these fluxes are underestimated.

The hourly observed values of incoming
shortwave radiation peaked at approximately
900 W m�2, and the hourly Eta forecasts of in-

coming shortwave radiation were similar to ob-
served values. These forecasts showed a slow
but steady increase toward the end of the dry
season; this trend is not clear in the obser-
vations. A detailed assessment of cloudy and
clear-sky periods predicted by the Eta Model
shows that the excess of incoming solar radia-
tion is larger on cloudy days (Fig. 11).

The mean diurnal cycle of shortwave incom-
ing radiation predicted by the global model at
48 h is consistent with observed values (Fig.

Fig. 10. Incoming shortwave radiation flux [W m�2] derived from global model 24-h forecasts (thin
line) for a cloudy period (A) and a clear-sky period (B). Observed values are indicated by thick
lines.
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12); however, this occurred in the presence of
frequent rains associated with deep convection.
The mean diurnal cycle of incoming shortwave
radiation predicted by the Eta Model (Fig. 12)
showed that these fluxes were overestimated.
A 1-h delay in these model fluxes is also appar-
ent. This excess of incoming shortwave radia-
tion has also been detected in different ver-
sions of the model (Hinkelman et al. 1999;
Chou et al. 2002) when using the same radia-
tion scheme.

The diurnal cycle of the global model 24-h
forecasts of 6-hourly net radiation also showed
a good fit with observations (Fig. 13). The

global model correctly balances the radiation
fluxes, as shown by the mean diurnal cycle of
net radiation, but the partition between latent
and sensible heat fluxes requires correction. In
contrast, the Eta Model showed excessive net
radiation in the diurnal cycle (Fig. 13). Overes-
timation of the Eta latent and sensible heat
fluxes leads to an imbalance in the model heat
budget. Figure 14 reveals that the imbalance
is greater during the hours of sunrise and sun-
set, when flux residues reach approximately
30 W m�2 at around 12Z and 21Z.

In the Eta Model (Fig. 13), a clear 1-h delay
in the forecast peaks occurred with the slow de-

Fig. 11. Incoming shortwave radiation flux [W m�2] derived from Eta Model 24-h forecasts (thin
line) for a cloudy period (A) and a clear-sky period (B). Observed values are indicated by thick
lines.
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cay of the net radiation fluxes toward sunset,
resulting in an overall overestimate. One would
expect that afternoon clouds would reduce this
excessive incoming solar radiation; however,
this delay is present in the Eta forecast even

during cloudless days. This indicates that the
calculations of the solar zenith angle may re-
quire a revision. The nighttime net radiation is
well forecast by both models, and no clear dif-
ference is observed in the quality of the 24-h
and 48-h forecasts.

Table 4 shows that while the radiation fluxes
of the global model are variable relative to ob-
servations, the Eta Model showed even greater
variability. The mean errors of the global model
were generally of smaller magnitude than those
of the Eta Model, whereas the global model in-
coming shortwave and net radiation flux rmse
were larger than those of the Eta Model. The
48-h global model forecasts showed an increase
in negative bias related to increased cloud and
precipitation production at this lead time.

4.5 Temperature
The global model near-surface temperature

refers to the first model layer, as the model
does not yet provide output at the 2-m level.
The first layer of the global model is 60 m thick.
Both models tended to overestimate the near-
surface temperatures, particularly on those
days when no precipitation was forecast by the
models. The sharp reduction in temperature
during the passage of frontal systems was cap-
tured by both models. Although the Eta Model
predicted fewer rain events, the Eta 2-m tem-
perature errors were larger than those for the
global model. For a better comparison, a global
model 2-m temperature should be derived; how-
ever, this can lead to increased error. The mean

Fig. 12. Mean diurnal cycle of incoming
shortwave flux [W m�2] derived from 6-
hourly mean observations (thick solid
line), Global Model 24-h (thick dashed
line) and 48-h (thick dotted line) fore-
casts, hourly observations (thin solid
line), and Eta Model 24-h (thin dashed
line) and 48-h (thin dotted line) fore-
casts.

Fig. 13. Mean diurnal cycle of net radia-
tion flux [W m�2] derived from 6-hourly
mean observations (thick solid line),
global model 24-h (thick dashed line)
and 48-h (thick dotted line) forecasts,
hourly observations (thin solid line),
and Eta Model 24-h (thin dashed line)
and 48-h (thin dotted line) forecasts.

Fig. 14. Mean diurnal energy-budget res-
idue [W m�2] for 48-h forecasts of the
Eta Model.
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diurnal cycle shows that Eta forecasts exhibit a
larger amplitude in the temperature cycle than
observations (Fig. 15); a reduction in the incom-
ing solar radiation could have helped to reduce
this error. The 1-h delay in the Eta radiation
peak is reflected in the surface temperatures,
which on average also peak approximately 1 h
after observed peaks. No clear improvement in

the 48-h temperature forecasts are observed
over the 24-h forecasts in either the Eta or
global models.

Table 5 shows that the models and observa-
tions produced similar degrees of temperature
variability. The errors in the Eta Model were
larger than those in the global model but
showed a stronger correlation with observa-
tions.

5. Discussion and conclusions

The CPTEC GCM and Eta Model were eval-
uated relative to surface observations under-
taken at the CEOP Rondonia Reference Site lo-
cated in the LBA area in Brazil for the period
from 1 July to 1 September 2001, which is part
of the Enhanced Observing Period 1 (EOP1).

Both models showed errors in precipitation
forecasts; however, the global model greatly
overestimated the monthly total amount and
the number of events. The global model tended
to show increased precipitation errors with
forecast time, whereas the Eta Model produced
underestimates that changed little with increas-
ing forecast lead time. Although the coarse res-
olution of the global model is deficient in cap-
turing convective clouds, the model produced
frequent convective rain during the study pe-
riod. The observed data revealed only three

Fig. 15. Mean diurnal cycle of near-
surface air temperature [�C] derived
from hourly observations (thick solid
line), Eta Model 48-h forecasts (thin
dotted line), and 6-hourly 48-h forecasts
from the global model (thick dotted line).

Table 4. Standard deviation, bias error, root mean square error and correlation between obser-
vations and CPTEC GCM and Eta Model forecast time series of incoming shortwave radiation
(SWinc) [W m�2] and net radiation (netRad) [W m�2].

SD BIAS RMSE CORR

Model SD Obs 24-h 48-h 24-h 48-h 24-h 48-h 24-h 48-h

CPTEC GCM SWinc 304.4 295.6 272.5 24.4 �1.8 171.4 164.5 0.84 0.84

CPTEC GCM netRad 261.6 232.6 211.2 �0.1 �7.4 132.9 131.6 0.86 0.87

Eta SWinc 267.5 357.7 353.2 55.5 50.6 114.0 111.6 0.97 0.97

Eta netRad 229.2 348.3 342.6 8.8 7.8 69.6 71.4 0.97 0.97

Table 5. Standard deviation, bias error, root mean square error and correlation between observa-
tions and CPTEC GCM and Eta Model forecast time series of near-surface air temperature [�C].

SD BIAS RMSE CORR

Model SD Obs 24-h 48-h 24-h 48-h 24-h 48-h 24-h 48-h

CPTEC GCM 4.0 4.7 4.6 0.6 0.9 0.6 0.9 0.89 0.85

Eta Model 4.1 4.8 4.9 1.4 1.2 2.5 2.7 0.90 0.87

February 2007 S.C. CHOU et al. 39



rain events, and the satellite-estimated cloud-
top temperatures showed a lack of frequent or-
ganized deep convective clouds in the area sur-
rounding the site, as suggested by the global
model. In a model with such a coarse resolution
as the global model, a convective cloud is as-
sumed to occupy a small fraction of the grid
cell. During summer, when convective clouds
occur frequently, the probability that a grid
cell contains a convective cloud is high; however,
in dry periods when large areas are cloud-free,
this probability is low. Therefore, the system-
atic presence of deep convection and precipita-
tion in the global model, even at coarse re-
solution, can be considered a deficiency in dry
periods.

The results showed that the latent heat
fluxes of the global model are a direct response
to precipitation that was made available as soil
moisture. As the rain ceased, soil moisture de-
clined to minimum values in less than 12 h.
In reduced precipitation forecast periods, the
global model failed to correctly reproduce the
surface latent and sensible heat fluxes. A more
highly efficient transfer of latent heat to the at-
mosphere should therefore be introduced into
the global model. The latent heat fluxes of the
global model are much smaller than the sensi-
ble heat fluxes; however, observations reveal
that during dry periods the forest maintained
its evapotranspiration rate and the latent heat
fluxes were larger than the sensible heat fluxes.
The net radiation was well predicted by the
global model; however, the partition of this
available surface energy between latent and
sensible heat only approached observations
when the global model produced rain at an ex-
cessive rate. An increase in the resolution of
the global model could achieve considerable im-
provements in the forecasts, but a more realis-
tic partition of latent and sensible heat fluxes
in this Amazon forest area requires a reduction
in the precipitation production and an increase
in other sources of surface evaporation.

The root mean square error of the global
model forecasts is generally equal to or smaller
than the standard deviation of the observa-
tions, except for the latent and sensible heat
fluxes. The rmse of the sensible heat flux of
the global model is approximately three-times
larger than its variability. The linear correla-
tion between the observed and global forecast

series is in excess of 0.6 for most of the vari-
ables, indicating a satisfactory correlation. The
latent heat fluxes showed the smallest correla-
tions. The forecast errors of the Eta Model
show a positive bias for all variables. Although
the biases of the Eta Model are generally
greater than those of the global model, the Eta
forecast rmse are mostly smaller than those of
the global model. The Eta forecast rmse are
also generally smaller than the variability in
the observed data; therefore, the errors can be
considered to be small. Correlation coefficients
between observations and Eta forecasts for all
variables are above 0.8. The correlations be-
tween Eta forecasts and observations are gen-
erally higher than those between the forecasts
of the global model and observed values. We de-
tected a number of differences in the quality of
the 24-h forecasts of the global model relative
to the 48-h forecasts; however, overall these
two forecast lead times are of comparable qual-
ity, as they record similar values of rmse.

Although the integrations used the same ini-
tial conditions and the lateral boundary condi-
tions were provided by the CPTEC GCM, the
Eta limited-area model showed different error
patterns from the global model; this shows
that the errors were largely associated with
model dynamics and the physics employed in
the models. Although the Eta Model provided
superior predictions of precipitation and did
not show large errors in net radiation, the la-
tent and sensible heat fluxes were significantly
overestimated. This might indicate an imbal-
ance in the Eta heat budget. This imbalance is
in the order of 50 W m�2, and occurs close to
sunrise and sunset. The Eta Model also pre-
dicts dry-period latent heat fluxes that are
larger than sensible heat fluxes, which is an ex-
pected feature in this region.

Systematic errors associated with the repre-
sentation of orography in a coarse grid should
be expected; however, errors in other model
component such as radiation and land-surface
scheme are more prominent than errors related
to discrepancies in orography. The quality of
the 48-h forecasts compared with the 24-h
forecasts may have shown an improvement for
certain variables, but overall we recognized no
clear differences between the two forecasts;
this indicates that only a minor increase in er-
ror is recorded in both models at short range.
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The global model’s radiation fluxes are more
similar to observed values, but adjustments
are required to the surface fluxes. The Eta
Model requires correction of the excessive in-
coming shortwave radiation.
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