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ABSTRACT

The fidelity of the interannual variability of precipitation over Nordeste is examined using the suite of the
NCEP Climate Forecast System (CFS) seasonal hindcasts. These are coupled ocean-land-atmosphere
multiseasonal integrations. It is shown that the Nordeste rainfall variability in the season of February—April
has relatively low skill in the CFS seasonal hindcasts. Although Nordeste is a comparatively small region in
the northeast of Brazil, the analysis indicates that the model has a large-scale error in the tropical Atlantic
Ocean. The CFS exhibits a widespread El Nifio-Southern Oscillation (ENSO) forcing over the tropical
Atlantic Ocean. As a consequence of this remote ENSO forcing, the CFS builds an erroneous meridional
SST gradient in the tropical Atlantic that is known from observations to be a critical forcing for the rainfall

variability over Nordeste.

1. Introduction

Nordeste or Northeast Brazil (Fig. 1) has been noted
by many authors to be a region of high seasonal climate
predictability (Misra 2006, 2004; Sun et al. 2005; Moura
and Hastenrath 2004; Folland et al. 2001; Goddard et al.
2003; Oldenborgh et al. 2005). This primarily results
from the strong influences of tropical Pacific and At-
lantic Ocean variability (Nobre and Shukla 1996; Has-
tenrath and Greischar 1993). Numerical model predic-
tion studies that heretofore have been conducted over
Nordeste have either been performed in a psuedofore-
cast mode [where observed SST is prescribed to the
atmospheric general circulation model (AGCM)] or in
tier-2-type predictions where the AGCM is forced with
forecast SST derived from an independent source. This
study examines the prediction skill of precipitation dur-
ing the rainy season of Nordeste in a coupled ocean—
land—atmosphere forecast system.

Observational studies (Moura and Shukla 1981; Has-
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tenrath and Heller 1977) have shown that tropical sea
surface temperature anomaly (SSTA) over the Atlantic
and the eastern Pacific Ocean modulates the Nordeste
seasonal rainfall variability. More recently, with inno-
vative modeling experiments, Giannini et al. (2001), Sa-
ravanan and Chang (2000), and Misra (2006) have at-
tempted to separate the contributions of the variability
in the Atlantic and Pacific Oceans to Nordeste rainfall
variability. These studies clearly point out that the
tropical Atlantic SST variability is critical in modulating
the Nordeste rainfall variability. However, it should be
noted that there is other evidence from observations
(Nobre and Shukla 1996; Curtis and Hastenrath 1995;
Enfield and Mayer 1997) and modeling studies (Sara-
vanan and Chang 2000) to suggest that the Atlantic SST
variability is strongly influenced by El Nifio-Southern
Oscillation (ENSO) in addition to its intrinsic variabil-
ity (Chang et al. 2003; Giannini et al. 2001). Futher-
more, this relationship between ENSO in the eastern
equatorial Pacific Ocean and the northern tropical At-
lantic Ocean (NTAO) SSTA has a lag of about one
season (Enfield and Mayer 1997).

Observations and modeling studies suggest that it is
the meridional gradient of SSTA in the tropical Atlan-
tic Ocean that modulates the Nordeste rainfall variabil-
ity (Moura and Shukla 1981; Nobre and Shukla 1996;
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FI1G. 1. The outline of the Nordeste area (NOR) in northeast Brazil is shown. The outline
of areas denoting NTAO and STAO is also shown. NTAO and STAO areas are used to
calculate the meridional gradient of SST in the tropical Atlantic Ocean.

Giannini et al. 2004; Misra 2006, among others). Al-
though opposite-sign SSTAs often appear north and
south of the equator in the Atlantic Ocean, giving them
the appearance of a dipole, there is evidence to suggest
that these anomalies may appear independently (En-
field and Mayer 1997; Mehta 1998; Dommenget and
Latif 2000, 2002). The NTAO anomaly has been de-
scribed as a manifestation of remote ENSO forcing
(Czaja et al. 2002; Chiang et al. 2002; Huang et al.
2002), chaotic atmospheric variability, such as the
North Atlantic Oscillation (Wallace et al. 1990; Czaja
and Frankignoul 2002), and local air-sea thermody-
namic feedback (Chang et al. 2003; Huang et al. 2004),
while Hu and Huang (2005) provided a dynamical air—
sea feedback mechanism to explain the appearance of
SSTA in the southeastern Atlantic Ocean.

Giannini et al. (2004) and Misra (2006) used un-
coupled AGCM experiments to show that the predict-
ability of Nordeste rainfall is reduced when the meridi-
onal gradient of SSTA in the tropical Atlantic develops
contrary to the ENSO forcing. That is, when the SSTA
in the NTAO region is large and not significantly cor-
related with eastern Pacific Ocean SSTA, then the cer-
tainty of Nordeste rainfall variability is less obvious.
This adds additional complexity to the predictability of
Nordeste rainfall variability. In fact, Misra (2006)
showed instances of poor seasonal predictability of
rainfall over Nordeste even when the ENSO variability
in the eastern Pacific is significantly large. More re-
cently, Oldenborgh et al. (2005) showed that the Euro-

pean Centre for Medium-Range Weather Forecasts
coupled seasonal forecast system had relatively higher
skill in predicting Nordeste rainfall variability and out-
performed an ENSO-based statistical model.

The purpose of this study is to analyze a huge set of
seasonal hindcasts from the Coupled Forecast System
(CFS) of the National Centers for Environmental Pre-
diction (NCEP) that was recently developed and re-
leased to the community (Saha et al. 2006). CES rep-
resents a growing perception in the community that
coupled ocean-land-atmosphere models (which can,
in principle, more faithfully represent the relevant
coupled processes) should be developed and encour-
aged for the prediction of seasonal climate (see online
at http://copes.ipsl.jussieu.fr/Organization/Activities/
TFSeasonalPred.html). A reflection of this tenet is
found in the motivation for the Development of a
Multimodel Ensemble System for Seasonal to Interan-
nual Climate Prediction project initiated in Europe
(DEMETER; Palmer et al. 2004). This project demon-
strated that coupled models have comparable or higher
skill than the forced AGCM experiments in the first
season (Gueremy et al. 2005; Graham et al. 2005; Old-
enborgh et al. 2005), thus supporting the point that
coupled ocean-land—atmosphere models have the ca-
pability to capture unrealized seasonal predictability
that may arise from interactions among the climate
components. Therefore, verifying and examining the
Nordeste seasonal rainfall—a coupled ocean—atmo-
sphere phenomenon—in the CFS is most appropriate.
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The domain of Nordeste outlined in Fig. 1 is identical
to that in Misra (2006). The season to be examined is
February-April (FMA). Although the domain outlined
for Nordeste extends into both the northern and the
southern regions, which have been shown to have dis-
tinct variability and annual cycles (Moura and Shukla
1981), neither the Climate Prediction Center Merged
Analysis Precipitation (CMAP; Xie and Arkin 1996)
nor the CFS model at T62 spectral truncation are able
to capture this feature. Furthermore, Misra (2006)
showed that for this domain of Nordeste, the annual
cycle of precipitation peaks in FMA. In addition, al-
though the focus of the paper is on the Nordeste rainfall
variability, the analysis points to a model bias at much
larger scales.

In the following section, we will briefly outline the
CFS followed by a concise description of the suite of
hindcast experiments. The results are discussed in sec-
tion 3 and the summary and concluding remarks are
made in section 4.

2. Description of the model and seasonal hindcasts

The CFS model, described in detail in Wang et al.
(2005) and Saha et al. (2006), is summarized here. It is
a 64-level, terrain-following (o) vertical coordinate with
T62 horizontal resolution (equivalent to an approxi-
mately 200-km grid) model. The AGCM of this coupled
model is modified from the version adopted in the
NCEP-National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al. 1996) with updates to
the shortwave, boundary layer, cumulus convection,
and gravity wave drag and with the inclusion of a new
prognostic variable in the cloud water—-ice scheme
(Wang et al. 2005). The oceanic component of the CFS
is the Geophysical Fluid Dynamics Laboratory
(GFDL) Modular Ocean Model version 3 (MOMS3;
Pacanowski and Griffies 1998). It covers the global
ocean from 74°S to 64°N. The zonal resolution is 1°.
The meridional resolution is '3° between 10°S and
10°N, gradually increasing through the Tropics and get-
ting fixed at 1° poleward of 30°S and 30°N. There are 40
layers in the vertical with 27 layers in the upper 400 m.
The coupling between the atmospheric and the oceanic
components is done once a day without any flux adjust-
ment.

Saha et al. (2006) have given a detailed description of
the suite of seasonal hindcasts from CFS produced by
NCEP. There are 15 ensemble members for each sea-
sonal hindcast integration (covering the period 1981-
2003) starting from every month of the year through the
following 9 months. It should be mentioned that in this
study, model runs identified by their start month (lead
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Fi1G. 2. The RMSE of the FMA seasonal mean rainfall over
Nordeste. The observations are from CMAP (Xie and Arkin
1996). The interannual std devs from CMAP and CFS for FMA
seasonal mean rainfall are also shown.

month 1) include ocean initial state of the 11th and 21st
of the lead month 0 and 1st of the lead month 1.

3. Results

In discussing the results of this study, we shall be
using extensively the CMAP dataset (Xie and Arkin
1996) and the NCEP-NCAR reanalysis (Kalnay et al.
1996), made available on a 2.5° X 2.5° latitude-
longitude grid, to verify and compare the model simu-
lations. We shall also be using the SST from the Ex-
tended Reynolds and Smith SST version 2 (ERSST-V2;
Smith and Reynolds 2005). The verification is made
over a time period from 1981 to 2003. Furthermore, we
shall be depicting the results from the ensemble mean
(averaged over the 15 ensemble members) of the model
runs.

In Fig. 2, we show the root-mean-square error
(RMSE) of FMA rainfall as a function of lead time.
This figure clearly indicates that the mean precipitation
errors in the CFS over Nordeste depend on lead time.
This is despite the known, strong observed teleconnec-
tions of Nordeste precipitation with slowly varying SST.
Misra (2004) showed that seasonal hindcast and long
multiyear integrations of an AGCM forced with ob-
served SST had comparable skill over Nordeste, thus
reinforcing the notion that seasonal rainfall predictabil-
ity in Nordeste is unlikely to be an initial value prob-
lem. However, in a coupled model where the SST is
also a prognostic variable, such a conclusion is not ob-
vious. Rather, it is not surprising to see that precipita-
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F1G. 3. FMA seasonal mean rainfall anomalies from observations (CMAP) and CFS hind-
casts at 0- (February start), 1- (preceding January start), 2- (preceding December start), 3-
(preceding November start), 4- (preceding October start), 5- (preceding September start), and
6- (preceding August start) month lead times. The anomaly correlations of the seasonal

rainfall are indicated in the legend.

tion errors over Nordeste are a function of lead time.
From zero lead time (February start) to a 6-month lead
time (August start), the RMSE of the FMA seasonal
mean rainfall grows from 1.3 to 2.8 mm day ™', making
it almost comparable to the observed seasonal mean
climatology of 3.18 mm day ' over the region. In Fig. 2,
we also show the interannual standard deviations of
FMA seasonal rainfall from CMAP and CFS as a func-
tion of lead time. It is clearly seen that the standard
deviation of FMA seasonal rainfall is underestimated
by the CFS and the variability reduces gradually as a
function of lead time. In Fig. 3, we illustrate the mean
FMA seasonal rainfall anomaly over Nordeste from ob-
servations and CFS from a lead time of 0-3. The
anomaly correlations are relatively small compared to
previous GCM studies forced with observed SST
(Misra 2004, 2006; Folland et al. 2001). The main ob-
jective of this paper is to investigate the cause of this
low skill in the CFS seasonal hindcasts.

The contemporaneous teleconnection of the Nor-
deste FMA seasonal rainfall with the tropical SST in
the Pacific and Atlantic Ocean basins is shown in Figs.
4a,b from observations and from the corresponding
seasonal hindcasts at 0- month lead time. A similar set
of comparative figures (Figs. 4c,d) are shown with FMA
seasonal Nordeste rainfall correlated against the pre-
ceding November—January (NDJ) SST. It should be

mentioned that for generating Fig. 4d, we utilized the
CFS seasonal hindcasts with a 3-month lead (November
start). It is apparent from these figures that the tele-
connections of Nordeste rainfall variability are errone-
ous in the CFS seasonal hindcasts. In the CFS (Fig. 4b),
the variability in the south tropical Atlantic Ocean
(STAO) clearly dictates a large proportion of the total
predictable Nordeste rainfall variability contrary to ob-
servations both at zero and one season lag. On the
other hand, the observations (Figs. 4a,c) indicate a
subtle interplay of covariability between the eastern Pa-
cific and the Atlantic SST gradient (set up between the
NTAO and the STAO regions) that teleconnects to
Nordeste rainfall variability. It should also be noted
that Fig. 4a shows a significant correlation with the SST
over the South Atlantic convergence zone region. How-
ever, there is insufficient observed data to verify this
relationship further. At one seasonal lag (Fig. 4c), the
observed correlations of the FMA seasonal rainfall
over Nordeste with the SST of the preceding NDJ sea-
son are similar to the contemporaneous correlation pat-
tern in Fig. 4a except that the correlations are relatively
weaker. The appearance of this teleconnection pattern
is consistent with the observational studies of Enfield
and Mayer (1997) that indicate one season lag in the
relationship between the NTAO SST and ENSO vari-
ability in the eastern Pacific Ocean. The CFS persists
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FI1G. 4. The correlations of the Nordeste mean FMA seasonal precipitation anomaly from (a) observations (CMAP) with contem-
poraneous observed (ERSST-V2; Smith and Reynolds 2005) SST, (b) CFS with contemporaneous SST from February (0-month lead)
start run, (c) observations with 1-season lead (NDJ) observed SST, and (d) CFS with 1-season lead (NDJ) SST from November
(3-month lead) start run. Correlations at the 90% confidence limit are shaded.

with the erroneous positive correlations over the STAO
region with the absence of any significant negative cor-
relation over the tropical Pacific Ocean.

Similarly, in Fig. 5, we show the contemporaneous
correlation of Nifio-3 SST with global SST from obser-
vations and the corresponding CFS seasonal hindcasts
(at zero lead time) for the FMA season. In the obser-
vations (Fig. 5a), the relationship of the NTAO SST
anomalies with ENSO variability is clearly seen. This
supports the theory that NTAO SST anomalies are a
manifestation of remote ENSO forcing. However, the
absence of any contemporaneous (or even at one sea-
son lag; not shown) correlations over the STAO region
indicates that the SST anomalies in this region are un-
likely to be related to remote ENSO forcing. Yet, the
CFS displays correlations that stretch into both hemi-
spheres and are basinwide over the tropical Atlantic in
contrast to observations. In other words, the ENSO
effect over the tropical Atlantic Ocean is erroneous in
the CFS. This consequently results in an erroneous de-
velopment of the anomalous meridional gradient of
SST in the tropical Atlantic Ocean. This is further il-
lustrated in Fig. 6a (Fig. 6b) where we show the regres-
sion of the meridional gradient of the mean FMA (lead-

ing NDJ) SST against global precipitation from obser-
vations. The meridional gradient of tropical Atlantic
SST is calculated as the difference between the area-
averaged SST over the northern and the southern tropi-
cal Atlantic regions (NTAO and STAO regions) out-
lined in Fig. 1. This figure shows an inverse relationship
(significant at 90% according to a ¢ test) that evolves
from central Nordeste with the meridional gradient of
SST leading by one season (Fig. 6a) to northern Nor-
deste (Fig. 6b) with the contemporaneous SST over the
tropical Atlantic Ocean. A similar figure for the CFS
(not shown) indicated an absence of any significant re-
lationship of the tropical Atlantic SST gradient on the
Nordeste FMA seasonal rainfall anomaly.

A related significant problem in the CFS is the erro-
neous symmetric response about the equator of the
lower-tropospheric temperature to ENSO heating
(Figs. 7a,b). In Figs. 7a,b, we have plotted the correla-
tion of the Nifio-3 seasonal mean (NDJ) anomaly of
SST with the succeeding 850-hPa-temperature seasonal
mean anomaly (FMA) from the NCEP-NCAR re-
analysis and the CFS seasonal hindcasts starting in No-
vember, respectively. The correlation patterns are sym-
metric and comparable in the two figures over the
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F1G. 5. The correlations of the Nifio-3 mean FMA SST with contemporaneous observed SST
from (a) observations (ERSST-V2) and (b) CFS from February (0-month lead) start runs.
Correlations at the 10% significance level according to ¢ tests are shown.

tropical Pacific. However, over the tropical Atlantic
Ocean, the NCEP-NCAR reanalysis exhibits an asym-
metric pattern with stronger correlations over the Ca-
ribbean Sea that is farther northwestward. In the CFS,
the correlations are nearly symmetric about the equator
over the Atlantic Ocean. This has implications on the
simulated SST anomalies in the CFS following the
Brown and Bretherton (1997) argument. They showed
that externally forced tropospheric temperature (TT)
anomalies in convective regions affect the boundary
layer equivalent potential temperature since it is locked
to a virtual temperature profile in a quasi-equilibrium
state. In a related study, Chiang and Sobel (2002)
showed from their idealized experiments that the tro-
pospheric temperature anomalies propagate to the sur-
face only in regions of convection, which could either

be deep or shallow. Since the free atmosphere in the
tropical latitudes cannot maintain horizontal pressure
gradients, the TT anomalies are uniform in response to
ENSO SST anomalies in the equatorial Pacific
(Yulaeva and Wallace 1994). As a result, the equivalent
potential temperature in the boundary layer is forced to
change in the convective regions of the global Tropics
that include the southern tropical Atlantic region as a
response to the remote ENSO forcing. Huang and Hu
(2005), in analyzing the systematic errors over the
tropical Atlantic Ocean in the CFS, indicated an exces-
sive warming of the SST under the southern branch of
the ITCZ that arises from an excessive downwelling
shortwave flux as a result of the model’s inability to
produce adequate low-level cloud cover in the region.
As a consequence of the Brown and Bretherton (1997)
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mechanism and the warm SST bias over the STAO
region in the CFS, the convection is overtly active over
the southern branch of the ITCZ, resulting in errone-
ous symmetric TT anomalies. It should, however, be
mentioned that the correlations of the Nifio-3 SST with
the temperature anomalies above 300 hPa are symmet-
ric about the equator in the Atlantic both in the NCEP-
NCAR reanalysis and in the CFS (not shown).

4. Conclusions

The National Centers for Environmental Prediction
(NCEP) Climate Forecast System (CFS) has been
evaluated for its fidelity of Nordeste seasonal rainfall
variability in the February—April season. The suite of
seasonal hindcasts comprising 15 ensemble members
for coupled integrations starting from each month of
the year exhibit relatively low skill over Nordeste, de-
spite the relatively high predictability of that region’s
rainy season.

The CFS is a huge improvement in ENSO simulation

and prediction (Wang et al. 2005; Saha et al. 2006) over
other dynamical systems, and its hindcast skill over the
Nifio-3 region is comparable to the best statistical mod-
els. Yet, its ENSO teleconnection pattern over the
tropical Atlantic Ocean is at variance with observa-
tions. In this study we find that in the CFS, the Nifio-3
SST teleconnection with the tropical Atlantic SST in
the February—April season is widespread, extending
into both hemispheres and being basinwide. As a result,
the anomalous meridional gradient of SST in the tropi-
cal Atlantic in the CFS is erroneous. Consequently, the
skill of the Nordeste seasonal rainfall variability in the
CFS seasonal hindcasts is poor, as it is critically depen-
dent on this anomalous meridional gradient of SST in
the tropical Atlantic.

It is also shown in this study that the seasonal tropo-
spheric temperature anomalies in the lower tropo-
sphere (850 hPa) are symmetric about the equator in
the Atlantic Ocean, contrary to that exhibited by the
NCEP-NCAR reanalysis. This is further accentuated
by the split ITCZ phenomenon in the CFS that is indi-
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cated in the study of Huang and Hu (2005). Similar
problems over the tropical Atlantic Ocean have been
identified in other coupled models (Huang et al. 2004;
Davey et al. 2002). The interannual variability in the
Atlantic Ocean is a fine balance between the intrinsic
and the forced variability (Chang et al. 2003; Huang et
al. 2004). Obviously, when models show strong ENSO
variability such as in the CFS, the relative roles of the
forced and intrinsic variations change, giving rise to
unverifiable variability. In this study we show that
through the tropospheric temperature mechanism of
Brown and Bretherton (1997), a widespread ENSO re-
sponse can further exacerbate the remote ocean re-
sponse that is already influenced by the prevalent sys-
tematic errors.

Nordeste in northeast Brazil is a region of relatively
high seasonal climate predictability in forced AGCM
simulations or in two-tier forecast systems. This study
reveals that despite the strong observed teleconnec-
tions of the slowly varying SST on the Nordeste climate
variability, the systematic errors and erroneous coupled
feedback mechanisms offer a stiff challenge for making
coupled models an invaluable tool for climate predic-
tion.
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