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Abstract. This study addresses seasonal predictability ofl Introduction

South American rainfall during ENSO. The skill of empirical

and coupled multi-model predictions is assessed and com! his work has been developed as part of the Ph. D. of the first
pared. The empirical model uses the previous season Augus@uthor of this paper (Coelho, 2005), under supervision of the
September-October Pacific and Atlantic sea surface tempeﬁecond and third authors, in collaboration with the fourth au-
atures as predictors for December-January-February rainthor. The ultimate aim of this study was to produce improved
fall. Coupled multi-model 1-month lead December-January-integrated (i.e. combined and calibrated) probability fore-
February rainfall predictions were obtained from the Devel- casts of seasonal rainfall for South America that incorporate
opment of a European Multi-model Ensemble system for sea@ll available forecast information (i.e. provided by empirical
sonal to inTERannual prediction (DEMETER) project. Inte- and physically-derived dynamical models). Such forecasts
grated (i.e. combined and calibrated) forecasts that incorpo@llow local governments to plan their actions prior to the oc-
rate information provided by both the empirical and the cou-currence of climate anomalies such as those observed during
pled multi-model are produced using a Bayesian procedureE! Niflo-Southern Oscillation (ENSO) events. ENSO is one
This procedure is referred to as forecast assimilation. Thedf the most important modes of climate variability affecting
skill of the integrated forecasts is compared to the skill of rainfall over South America. Therefore, the improvement of
empirical and coupled multi-model predictions. This com- ENSO seasonal forecasts can indirectly help to improve the
parison reveals that when seasonally forecasting Decembefuality of rainfall forecasts for South America.
January-February South American rainfall at 1-month lead- We compare the skill of South American austral summer
time the current generation of coupled models have a leve(December-January-February, DJF) rainfall predictions pro-
of deterministic skill comparable to those obtained usingduced by an empirical model with the skill of predictions
simplified empirical approaches. However, Bayesian com-produced by a coupled multi-model ensemble system and
bined/calibrated forecasts provide better estimates of foreforecasts of an integrated system that incorporate informa-
cast uncertainty than the coupled multi-model. This indi- tion provided by both the empirical model and the coupled
cates that forecast assimilation improves the quality of prob-multi-model ensemble. The austral summer is when most of
abilistic predictions. The tropics and the area of South Brazil, South America receives most of its annual rainfall. There-
Paraguay, Uruguay and Northern Argentina are found to bdore, good quality predictions for DJF are crucial for those
the two most predictable regions of South America. ENSOsectors that depend on seasonal rainfall for future planning
years are more predictable than neutral years, the latter ha€-9. agriculture, electricity generation).

ing nearly null skill.
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a) Corr (EMP) &) Corr (ENS) i) Corr (INT) 2 Methodology

The Bayesian methodology used here, which allows the cal-
ibration and combination of coupled model with empirical
predictions to produce a single integrated forecast, was de-
veloped and tested in three stages. The Bayesian method
(Bayes, 1763) is a procedure for updating prior informa-
tion when new information becomes available. See Coelho

e ~ - = he ~ et al. (2003, 2004, 2005) and Stephenson et al. (2005) for
T T further information. First, the Bayesian procedure was de-
-1-08 -06 05-04 02 02 04 05 06 08 1 veloped for the calibration of predictions of an ENSO in-
b) BSS (EMP) f) BSS (ENS) i) BSS (INT) dex (Nﬁ0-34) obtained from an individual Coupled model

(Coelho et al., 2003, 2004). Next, the method was extended
for the calibration and combination of equatorial Pacific sea
surface temperature anomaly predictions from seven DEME-
TER coupled models (Stephenson et al., 2005). Hence, in the
second stage the method dealt with multi-model predictions
and acquired the first spatial (longitudinal) component. Fi-
nally, in the third stage the Bayesian multi-model method
was applied to the calibration and combination of spatial
field forecasts of rainfall over South America (Coelho et al.,
09 -08 -06 -05 -03 -01 01 03 05 06 08 09 2005). The Bayesian procedure is referred to as forecast as-
¢) Rel (EMP) g) Rel (ENS) similation (Coelho, 2005; Stephenson et al., 2005). Results

. v show that integrated (INT) forecasts (i.e. combined and cal-
ibrated) obtained with forecast assimilation are better cali-
brated and more reliable than both empirical (EMP) and cou-
pled multi-model ensemble (ENS) forecasts alone.

The multi-model ensemble investigated here is composed
of three coupled models (ECMWF, &o-France and Met
Office), and was produced as part of the DEMETER project
(http://wvww.ecmwf.int/research/demetetEach model pro-
vides 9 members to compose the 27 multi-model ensem-
-1-09-08 0.7 -06 0504 03 02-01 0 01 ble. One-month lead predictions for DJF are investigated.
d) Res (EMP) h) Res (ENS) I) Res (INT) The empirical model uses the previous season August-

AL : September-October (ASO) ERA-4Bt{p://www.ecmwf.int/
research/edasea surface temperature anomalies of the Pa-
cific and Atlantic as predictors for DJF rainfall anomalies
for the entire South American continent. Multi-model en-
semble predictions are obtained by pooling all 27 ensemble
members. All results shown here were obtained using the
cross-validation method (Wilks, 1995). Skill assessment is
performed for the period 1959-2001. Additional information
about South American DEMETER hindcasts can be found at
http://www.met.reading.ac.ukéwrOlcac
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Fig. 1. Maps of correlation (first row), BSS (second row) and its
reliability (third row) and resolution (fourth row) components for 3 Results and discussion
empirical (EMP), coupled multi-model ensemble (ENS), and inte-

grated (INT) forecasts. The BSS is for the event “rainfall anomaly Figure 1 shows correlation maps (Figs. 1a, e and i), Brier
less than or equal to zero”. The reliability component of the BSS 9 P gs. ‘a, ’

is given by—Rel/BScand the resolution component of the BSS is Skill Score (BSS)_ (W'lkS’ 1995) maps (Figs. 1b, f and j), as
given byRes/BSpwhereBScis the Brier Score (Brier, 1950) of the Well as the reliability (Figs. 1c, 1g and 1k) and the resolu-
climatological forecast, anelandResare the reliability and res-  tion (Figs. 1d, h and I) components of the Brier Skill Score
olution components of the Brier Score shown in panels ¢, g, and Kor rainfall anomaly predictions of empirical, coupled multi-
and d, h and |, respectively. model ensemble and integrated forecasts obtained with fore-
cast assimilation for the period 1959-2001. Correlation maps
show the correlation between observed and predicted anoma-
lies at each grid point. The BSS is for the event “rainfall
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anomaly less than or equal to zero”. The BSS represents the «
level of improvement of the Brier score (Brier, 1950) com- °
pared to the Brier score of the reference/climatological fore-
cast (BSc). The climatological probability of the event “rain- 2 __JEwe
fall anomaly less than or equal to zero” is about 50%, and g Ef
the BSc is about 0.25. The BSS is designed to range from

o

one for perfect predictions, through zero for predictions that §
provide no improvement over the reference forecast, to neg-

ative values for predictions that are worse than the reference
forecast. The Guianas region in northern South America, is °
the most skilful with correlations between 0.6 and 0.8 and | ’_‘
BSS between 0.1 and 0.6. The subtropics (southern Brazil, 3 L]
La Nina Neutral El'Nino 1959-2001

Paraguay, Uruguay and northern Argentina) also show some
skill. Correlations between 0.2 and 0.5 are found in this re-Lig. 2. Mean DJF anomaly correlation coefficient (ACC) for em-

gion. These two regions are |nf|uenc_ed by ENSO (g.g. DIaZpirical (EMP), coupled multi-model ensemble (ENS) and integrated
etal., 1998 and Mestas-Raz and Enfield, 2001). This Sug- (NT) forecasts of La Nia, neutral, El Nio years (listed in Table 1)
gests that most of the skill of South American rainfall pre- and all 1959-2001 years. The vertical solid line on the top of the
dictions is ENSO derived. white bars indicate the 95% confidence interval for the mean ACC
It is noteworthy, however, that the Guianas is not the tradi-of empirical predictions which were obtained using a bootstrap re-
tionally well-known northern South American region associ- sampling procedure (Wilks, 1995, Sect. 5.3.2).
ated with ENSO. In fact, the traditional well-known northern
South American region associated with ENSO and subject to
many studies is the northeast region of Brazil (e.g. Uvo et Figure 2 shows the mean anomaly correlation coefficient
al., 1998 and Coelho et al., 2002). The effect of ENSO in the(ACC) (Jolliffe and Stephenson, 2003), sometimes referred
atmospheric circulation of the Guianas in DJF is to reduceto as pattern correlation, for La f&, neutral and El Nio
convection over the region during El b years (Mestas- years occurred during 1959-2001 (Table 1) and all years.
Nufiez and Enfield, 2001), whereas the reduction of convecThe ACC of each year is given by the correlation between
tion which is observed over the northeast regions of Brazilthe observed and predicted spatial anomaly pattern over the
in March-April-May is association with the warming of the South American domain. The geographic conformity is gen-
tropical North Atlantic that moves the Inter Tropical Conver- erally low (c.f. ACC less than 0.31). La R& and El Nito
gence Zone away from the region, favouring subsidence oveyears have higher mean ACCs than neutral years, indicat-
the northeast of Brazil. ing that predictions for ENSO years are more geographically
Empirical, coupled multi-model ensemble and integratedconsistent than predictions for neutral years. HidNand
predictions have similar correlation maps (Figs. 1a, e and-a Nifia integrated forecasts obtained with forecast assim-
i), indicating that these three approaches have comparabléation show an increase in the mean ACC compared to the
level of deterministic skill. The probabilistic measure of skill uncalibrated coupled multi-model ensemble predictions. The
(Figs. 1b and f) shows that empirical predictions are moremean ACC of El Nito and La Nina integrated forecasts are
skilful than coupled multi-model ensemble predictions, par-now comparable to the mean ACC of empirical predictions.
ticularly in the tropical region where empirical predictions This comparison is better quantified by examining the verti-
have higher BSS. Integrated forecasts obtained with forecagtal solid lines on the top of the white bars of Fig. 2. These
assimilation (Fig. 1j) have higher BSS than uncalibrated coudines indicate the 95% confidence interval for the mean ACC
pled multi-model ensemble predictions (Fig. 1f). This indi- of empirical predictions. These intervals were obtained us-
cates that the calibration provided by forecast assimilationing a bootstrap resampling procedure as described in section
improves the skill of the multi-model predictions. This in- 5.3.2 of Wilks (1995). Mean ACCs that are within the range
crease in BSS is mainly due to improvements in the relia-of values of the 95% confidence interval of the mean ACC of
bility of the predictions (Figs. 1c, g and k), with the tropical empirical predictions cannot be considered different from the
regions also showing improvements in resolution (Figs. 1d, hmean ACC of empirical predictions from the statistical point
and ). Integrated predictions obtained with forecast assimi-of view at the 5% significance level. Figure 2 shows that em-
lation (Fig. 1j) now have a level of probabilistic skill compa- pirical and integrated forecasts have comparable ACCs. Neu-
rable to empirical predictions (Fig. 1b). The predominancetral years have nearly null mean ACC, indicating that rainfall
of negative BSS in Figs. 1b, f and j is due to certain proper-anomalies of these years are virtually unpredictable.
ties of this score. Mason (2004) has shown that the expected Figure 3 shows observed and forecast austral summer rain-
value of the BSS is less than zero if nonclimatological fore-fall anomaly composites for those La i and El Niio
cast probabilities are issued. As a result, negative skill scoregears listed in Table 1. Empirical prediction composites
can often hide useful information content in the forecasts.(Fig. 3c—d) are in good agreement with the observed com-
Therefore, negative skill scores need to be interpreted wittposites (Fig. 3a—b). Coupled multi-model ensemble compos-
caution. ites (Fig. 3e—f) fail to reproduce the observed anomalies in
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Table 1. La Nifa, neutral and El Niio years occurred during 1959-2001 as defined by the Climate Prediction Getgefwyww.cpc.noaa.
gov).

Years

LaNifia 1964/65, 1970/71, 1971/72, 1973/74, 1974/75, 1975/76, 1983/84, 1984/85, 1988/89, 1995/96, 1998/99, 1999/00, 2000/01
Neutral ~ 1959/60, 1960/61, 1961/62, 1962/63, 1966/67, 1967/68, 1978/79, 1980/81, 1981/82, 1985/86, 1989/90, 1993/94, 1996/97, 2001/02

ElNiflo  1963/64, 1965/66, 1968/69, 1969/70, 1972/73, 1976/77, 1977/78, 1979/80, 1982/83, 1986/87, 1987/88, 1990/91, 1991/92, 1992/93, 1994/95, 1997/98

2) 0BS (LaNina) c) EMP (La Nina) e) ENS (La Nina) 9) INT (La Nina) to those obtained using a simplified empirical approach, as
illustrated by the correlation maps of Fig. 1. This result is in
agreement with findings of previous comparison studies.
Bayesian forecast assimilation has been shown to be a
powerful tool for the calibration and combination of multi-
- S0 (g0 084 model ensemble and empirical predictions. Integrated pre-
) OBS (EI Nino) ) EMP (EI Nino) 1) ENS (EI Nino) h) INT (EI Nino) dictions obtained with forecast assimilation have been shown
to have improved BSS compared to the simple multi-model
prediction. This is because forecast assimilation provides
better estimates of forecast uncertainty than coupled multi-
model. Additionally, forecast assimilation ENSO composites
- - K- - have been shown to be in much better agreement with ob-
served composites than multi-model ensemble composites.
The tropics and the area of south Brazil, Paraguay,
Uruguay and northern Argentina have been found to be
Nifia and EI Nio years listed in Table 1. Observed (first column), the tvyo most_ pred!ctable regions of SOUt.h Amerllca. South
empirical (second column), coupled multi-model ensemble (thirdAMerican rainfall is generally only predictable in ENSO
column) and integrated (fourth column) forecast composites. CorY&@rs rather than in neutral years, which exhibit very little
relation between observed and forecast composites appears on ti§&ill.
right hand corner of the forecast composites panels.

Fig. 3. DJF rainfall anomaly composites (mm/day) for those La
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