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ABSTRACT

The 21-yr ensemble predictions of model precipitation and circulation in the East Asian and western
North Pacific (Asia-Pacific) summer monsoon region (0◦–50◦N, 100◦–150◦E) were evaluated in nine different
AGCM, used in the Asia-Pacific Economic Cooperation Climate Center (APCC) multi-model ensemble
seasonal prediction system. The analysis indicates that the precipitation anomaly patterns of model ensemble
predictions are substantially different from the observed counterparts in this region, but the summer monsoon
circulations are reasonably predicted. For example, all models can well produce the interannual variability
of the western North Pacific monsoon index (WNPMI) defined by 850 hPa winds, but they failed to predict
the relationship between WNPMI and precipitation anomalies. The interannual variability of the 500 hPa
geopotential height (GPH) can be well predicted by the models in contrast to precipitation anomalies. On
the basis of such model performances and the relationship between the interannual variations of 500 hPa
GPH and precipitation anomalies, we developed a statistical scheme used to downscale the summer monsoon
precipitation anomaly on the basis of EOF and singular value decomposition (SVD). In this scheme, the
three leading EOF modes of 500 hPa GPH anomaly fields predicted by the models are firstly corrected by
the linear regression between the principal components in each model and observation, respectively. Then,
the corrected model GPH is chosen as the predictor to downscale the precipitation anomaly field, which is
assembled by the forecasted expansion coefficients of model 500 hPa GPH and the three leading SVD modes
of observed precipitation anomaly corresponding to the prediction of model 500 hPa GPH during a 19-year
training period. The cross-validated forecasts suggest that this downscaling scheme may have a potential to
improve the forecast skill of the precipitation anomaly in the South China Sea, western North Pacific and
the East Asia Pacific regions, where the anomaly correlation coefficient (ACC) has been improved by 0.14,
corresponding to the reduced RMSE of 10.4% in the conventional multi-model ensemble (MME) forecast.
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1. Introduction

The East Asian and western North Pacific mon-
soon (Asia-Pacific monsoon) is a complex system that
affects global climate. It is characterized not only

by unique seasonal changes, but also by the remark-
able interannual variability of the winter and summer
monsoons (Tao and Chen, 1987; Wang and Fan, 1999;
Wang et al., 2001a; Li and Zeng, 2002; Zhu et al., 2005,
and among others). The prediction ability of General
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Circulation Models (GCMs) on the seasonal time-scale
has been improved, however, the model forecast skill
varies from region to region (Brankovic et al., 1994),
and the model has almost no skill in the prediction
of monsoon seasonal climate anomalies (Palmer et al.,
2000).

Wang et al. (2001b) examined the performance of
a coupled GCM (CGCM) on seasonal to interannual
prediction focusing on SST fields, model biases and
forecast skill. They found that the coupled model
is capable of simulating the basic ENSO features in
the tropical Pacific, but the precipitation patterns are
weak and somewhat shifted in the mid-latitudes of the
Asian Pacific region. The insufficient predictions in the
variations of summer monsoon rainfall over the Asian-
Western Pacific region and the systematic errors also
exist in a number of AGCMs, where the observed mei-
yu rain band from the East China Sea to the central
Pacific could not be reproduced (Kang et al., 2002).
On the basis of predictions in 11 AGCMs, Wang et
al. (2004) evaluated the model predictions of summer
rainfall anomaly in the Asian-Australian (A-A) mon-
soon regions (30◦S–30◦N, 40◦–160◦E). They found the
model-predicated rainfall patterns are less realistic in
the A-A monsoon regions, which is mainly due to the
lack of skill over Southeast Asia and the western North
Pacific (WNP) (5◦–30◦N, 80◦–150◦E). Therefore, the
current model atmosphere in the mid-latitudes does
not respond correctly to tropical sea surface temper-
ature (SST) forcing, particularly over the Asia-Pacific
summer monsoon region.

A number of studies have shown that the limita-
tions of dynamical predictions are not only due to the
inherent nonlinear characteristics of the atmosphere,
but also the inaccurate responses of current GCMs to
external forcings, and that they mainly come from the
SST anomalies (Sperber and Palmer, 1996; Goswami,
1998; Feddersen et al., 1999; Sperber et al., 2001;
Wang et al., 2004; Kang et al., 2004). This kind of
model bias in the external component appears in a
systematic way in both the climatological mean and
the anomalies. The major part of the systematic er-
ror associated with the anomaly component, predomi-
nantly forced by the SST anomalies, can be corrected
by using a statistical relationship between the predic-
tion and observed anomalies based on EOF, canonical
correlation analysis (CCA), and singular value decom-
position (SVD) as well (Feddersen et al., 1999; Kang
et al., 2004). In order to reduce both model system-
atic error and uncertainties in initial conditions, a new
approach to weather and climate forecasts, called the
multi-model ensemble (MME) method was recently
proposed (Palmer et al., 2000). The basic idea of MME
is to avoid model inherent error by using a number

of independent and skillful models in the hope of a
better coverage of all of the possible climate phase
spaces (Hagedorn et al., 2005). Similar to statisti-
cal downscaling schemes, the transfer functions link-
ing the model forecast and the observed atmospheric
variables have been widely applied to the MME fore-
casts. However, the basic assumptions of statistical
downscaling are that the predictors are reliable, and
that the derived transfer functions are stable in time
(Charles et al., 1999; Wilby and Wigley, 2000). There-
fore, the tasks of the downscaling scheme and MME
forecasts are not only to find the transfer functions,
where the predictors strongly correlated with the pre-
dictands, but also to identify those predictors that can
be well forecasted by model. It is noted that a related
problem here is the stability of the regression equation
for the different training and forecast time periods. If
the relationships have a sound physical basis, however,
they are more likely to remain stable in time.

Because of the marginal performance of current cli-
mate models in forecasting the Asia-Pacific summer
monsoon rainfall, this study uses other prognostic vari-
ables as the predictor to predict the Asia-Pacific sum-
mer monsoon rainfall anomaly. In this study, we pro-
posed a statistical downscaling method, where the 500
hPa geopotential height is chosen as a predictor, and
used to predict the Asia-Pacific summer monsoon pre-
cipitation by SVD. This scheme is built on the basis
of verification of the model hindcasts and the relation-
ship between the observed summer monsoon circula-
tion and precipitation anomalies. The MME predic-
tion is defined as a joint ensemble mean of 9 model
forecasts used in the present study.

In the remainder of this paper, model predictions
and observed data used in the present study are de-
scribed in section 2. The verifications of model pre-
dictions for the Asia-Pacific summer monsoon circula-
tion and precipitation anomalies are presented in sec-
tion 3. The physical basis applied to the statistical
downscaling scheme in this study is explored in section
4. The statistical downscaling scheme and its fore-
cast skill scores for individual model and conventional
MME forecasts are discussed in terms of anomaly cor-
relation coefficient (ACC), RMSE, and temporal corre-
lation between downscaled and observed precipitation
anomalies in section 5. A summary and conclusions
are given in section 6.

2. Data sets

The Atmospheric Model Intercomparison Project
(AMIP), Seasonal Prediction Model Intercomparison
Project-2 (SMIP2), and Historical Forecasting Project
(HFP) have provided comprehensive evaluations of the
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performance of atmospheric GCMs, which have proven
to be useful benchmarks of model sensitivity and pre-
dictability experiments to SST forcing (Slingo et al.,
1996; Sperber et al., 2001). In the AMIP-type ex-
periment, an AGCM is constrained by realistic SST
and sea ice; however, the SMIP2-type experiment is to
investigate the first and second season potential pre-
dictability based on initial conditions and the AGCM
response to specified observed values of SST and sea-
ice. In the SMIP2/HFP-type experiment, the models’
first season actual predictability is based on initial con-
ditions and the AGCM response to predicted values of
SST and sea-ice. Also, it may be based on the results
of a coupled atmosphere-ocean forecast system (Sper-
ber et al., 2001; Kusunoki et al., 2001).

Table 1 shows the 9 models utilized in this study,
where the predictions in all models are based on the
SMIP2 or SMIP2/HFP-type experiment except the
model of IRI, the prediction in this model is designed
based on the type of AMIP. The outputs of model pre-
diction utilized consist of 21-yr ensemble and summer
season-averaged models’ predictions. The variables
used are precipitation, 500 hPa geopotential height
(hereafter, 500 hPa GPH), winds and the temperature
at 850 hPa for boreal summer (June to August) dur-
ing 1979–1999. The observed precipitation data used
in this study are from the Climate Prediction Cen-
ter (CPC) Merged Analysis of Precipitation (CMAP)
dataset (Xie and Arkin, 1997). The 2.5◦ × 2.5◦ of
spatial resolution in CMAP is coarse for downscaling
study, however, it is the only candidate data covering
land and ocean with a long enough record; the other
observed atmospheric variables corresponding to the
model predictions were constructed from the NCEP-
DOE AMIP-II Reanalysis (R-2) (Kanamitsu et al.,
2002). These observations are used to assess the model
forecasting skills and investigate the transfer function
between the summer monsoon circulation and the pre-
cipitation anomaly. All data sets used in this study are
on the 2.5◦ by 2.5◦ grid.

3. Asia-Pacific summer monsoon forecasts by
the models

The model forecasting skills in the Asia-Pacific
summer monsoon region are evaluated by comput-
ing correlation coefficients between the observed and
model-forecasted anomaly fields, which measures the
point-to-point correlation between the two fields dur-
ing the 21-yr hindcast period. Meanwhile, to examine
the year-to-year variations of model rainfall anomaly
forecasting skill scores in the Asia-Pacific summer
monsoon region of 0◦–50◦N, 100◦–150◦E, we calcu-
lated the ACC and RMSE in each model prediction
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Fig. 1. Correlation coefficients between observed and model-predicted precipitation anomaly during summer of
1979–1999 for (a) JMA, (b) GCPS, (c) CWB, (d) MGO, (e) NCEP, (f) IRI, (g) GDAPS, (h) METRI, and (i)
HMC models. Contour interval is 0.3. The shaded indicates the correlations passed 0.05 significant test levels.

and MME scheme, and used them to measure the si-
multaneous spatial correlation and bias between ob-
servation and model prediction with the sample size,
which is determined by the total number of grids in
the given region.

Figure 1 shows the spatial distributions of temporal
correlation coefficients between observation and model
summer precipitation anomalies during the model
hindcast period of 1979–1999. It is noted that posi-
tive correlations with 95% confidence level are found
only in the tropical western Pacific regions (0◦–30◦N,
120◦–180◦E) in the models. These regions are cor-
responding to the sectors with higher potential pre-
dictability in the dynamical models as discussed by
Kang et al. (2004). In the region of (0◦–50◦N, 100◦–
150◦E), including from the South China Sea (SCS) to
the eastern Philippine Sea, the sector from Yangtze
River to the southern islands of Japan, and the major
parts of WNP, the models show weaker or even neg-
ative correlations. Thus, the model precipitations are
not convincing and could not be directly applied in the

seasonal forecast in these summer monsoon regions.
Figure 2 shows the interannual variability of the

ACC and RMSE of each model and MME scheme for
the region of (0◦–50◦N, 100◦–150◦E). It was found the
models show a higher ACC in the case of 1981 and
1995 for example, however, the general skills indicated
by the 21-yr averaged ACC are still very low, and
even show negative values. Also, the ACC is less than
0.1 in 7 of the 9 models. The higher ACC is 0.18 in
METRI and 0.11 in IRI. In MME scheme, the ACC is
only 0.07. The rainfall anomaly forecast skill of MME
scheme is relatively better, but it is still poor due to
weaker individual model performance in this region.
The MME scheme shows the smaller bias in the year-
to-year variations of RMSE, the 21-yr averaged RMSE
in the model and MME scheme ranges from 1.73 to
2.32 mm d−1, and the MME is smaller than any other
model biases. Several models show better skills with
the higher ACC and lower RMSE, but they failed to
predict the summer monsoon rain band anomalies as
it was shown in Fig. 1.
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Fig. 2. The interannual variability of the precipitation anomaly forecast skill scores for each model
and MME scheme in the Asia-Pacific summer monsoon region of (0◦–50◦N, 100◦–150◦E), which are
evaluated by (a) spatial anomaly correlation, and (b) root mean square error between observation
and models’ predictions during 1979–1999. The averaged forecast skill scores are presented in the
last column in the figures.

In contrast to the precipitation anomaly forecast,
the models show better performance in forecasting the
500 hPa GPH anomaly field (Fig. 3). The correlation
coefficients between the observed and model-predicted
500 hPa GPH anomaly field range from 0.2 to 0.8, and
such positive correlations cover most areas with the
exception of the sectors from the Yangtze River valley
to the southern islands of Japan, which are dominated
by the summer mei-yu (Changma in Korean, Baiu in
Japanese) rain belts. In addition, it was found the

models also show better skill in predicting tempera-
ture and zonal wind at 850 hPa in terms of correlation
analysis (the figures are not shown). This evidence
implies the models have better skill in the Asia-Pacific
summer monsoon circulation forecast compared to the
case of precipitation anomaly.

The previous studies have shown that the interan-
nual variability of the western North Pacific monsoon
index (WNPMI, Wang and Fan, 1999; Wang et al.,
2001a) has a good capability in representing East

Table 2. Correlation coefficients between observed and model-forecasted western North Pacific monsoon index of
WNPMI (Wang and Fan, 1999; Wang et al., 2001a) by 8 participating models during 1979–1999; The marked correla-
tion coefficients by one and two asterisk represents the correlations which passed the 0.05 and 0.01 significance testing,
respectively. The METRI is excluded due to the absent 850 hPa wind vectors in the present study.

Correlation coefficient

OBS. JMA GCPS CWB MGO NCEP GDAPS IRI HMC

OBS. 1.0 0.58∗ 0.48∗ 0.56∗ 0.51∗ 0.78∗∗ 0.59∗ 0.43∗ 0.71∗∗

JMA 1.0 0.40 0.68∗∗ 0.49∗ 0.69∗∗ 0.85∗ 0.37 0.62∗

GCPS 1.0 0.46∗ 0.72∗∗ 0.56∗ 0.12 −0.05 0.23
CWB 1.0 0.76∗∗ 0.70∗∗ 0.65∗ 0.43∗ 0.62∗

MGO 1.0 0.58∗ 0.46∗ 0.13 0.45∗

NCEP 1.0 0.57∗ 0.44∗ 0.53∗

GDAPS 1.0 0.43∗ 0.65∗∗

IRI 1.0 0.61∗

HMC 1.0
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Fig. 3. Same as Fig. 1, but for the 500 hPa GPH anomaly fields. Contour interval is 0.2 and the zero
contours are omitted.

Asian and western North Pacific summer monsoon
circulation and precipitation anomaly patterns (Zhu
et al., 2005). We applied the WNPMI to examine
the model performances in predicting the Asia-Pacific
summer monsoon circulation and the relationship with
the model precipitation anomalies following the previ-
ous study (Wang et al., 2004). Table 2 shows the corre-
lation coefficients of WNPMI between the observation
and the model prediction. It is found that all models
can predict the WNPMI well, and the correlation co-
efficients of WNPMI are greater than 0.42 and reach a
maximum of 0.78, which exceed the 0.05 significance
level.

Corresponding to the positive WNPMI, it was
shown that the summer rainfall is enhanced over the
SCS, the eastern Philippine Sea to the south, and over
the Okhotsk Sea to the north, while the mei-yu rainfall
pattern is suppressed from the mid-lower reaches of the
Yangtze River to the southern Japanese Islands (Zhu
et al., 2005). Such a monsoon rainfall pattern had
been widely addressed by many studies (e.g., Nitta,
1987; Nitta and Hu, 1996; Wang et al., 2001a; Li and
Zeng, 2002; Zhu et al., 2005). A recent study shows
that this monsoon pattern anomaly is a response of

the Asia-Pacific summer monsoon to the atmosphere
external forcing of ENSO-related SST anomaly (Lee
et al., 2005). To examine the relationship between
model-forecasted monsoon circulation and precipita-
tion anomaly, we calculated the correlations between
WNPMI and precipitation anomaly for the observa-
tion and each model prediction and presented these
results in Fig. 4.

The correlation between the model-forecasted
WNPMI and the precipitation anomaly field shows
positive correlation coefficients over the region of the
SCS to the eastern Philippine Sea, where the maxi-
mum correlation coefficients reach 0.8 in some of the
models. However, in the mid-lower reaches of the
Yangtze River to the southern islands of Japan and
the Okhotsk Sea to the north, the high correlation co-
efficients between WNPMI and rainfall anomalies with
respect to the observations are not found in the mod-
els’ predictions. The correlations shift greatly in con-
trast to the observed case, therefore the models failed
to predict the correct relationship between the sum-
mer monsoon circulation and rainfall anomaly field
due to the unrealistic rainfall anomaly predictions in
the middle-high latitudes of the Asia-Pacific region.
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Fig. 4. The correlation coefficients between the western North Pacific monsoon index (WNPMI) and the precip-
itation anomaly for (a) observation, (b) JMA, (c) GCPS, (d) CWB, (e) MGO, (f) NCEP, (g) IRI, (h) GDAPS,
and (i) HMC. Contour interval is 0.2, the zero contours are omitted, and the regions where the values greater
than 0.2 are shaded.

Many studies have addressed the issue of the weak
model forecasting skill of the summer monsoon rain-
fall (e.g., Wang et al., 2001b; Kang et al., 2004), how-
ever, it is worth noting that the weak model rain-
fall forecasting skill might come from the improper
parameterization scheme in the middle-high latitudes
rather than the incorrect responding of summer mon-
soon circulation to the external forcing due to the ex-
isting higher correlations between the observed and the
model-predicted WNPMI and partially correct rainfall
pattern prediction over the SCS to the eastern Philip-
pine Sea.

4. Coupling between summer monsoon rain-
fall and 500 hPa GPH

The better skill of the models in predicting the
year-to-year variations of the summer monsoon circu-
lation anomaly and 500 hPa GPH shows us the po-
tential information in the model predictions, which

can possibly be used to improve the rainfall anomaly
forecast if the sound relationship (transfer function)
between the Asia-Pacific summer monsoon circulation
and precipitation anomaly is clearly explored. In sta-
tistical downscaling, this kind of transfer function is
mainly investigated by the EOF, CCA, and SVD tech-
niques (e.g., Feddersen et al., 1999; Feddersen, 2003;
Kang et al., 2004). However, the eigenmodes extracted
by these methods might be quite different from region
to region due to the varying covariance matrix, which
is related to the local atmospheric internal variability
and the responding to the boundary forcing, mainly
from SST anomalies. In this study, we choose the
500 hPa GPH in the region of 0◦–60◦N, 70◦E–170◦W,
which covers the Bay of Bengal, SCS to the eastern
Philippine Sea, and the East Asian and western North
Pacific summer monsoons, and discuss the creditable
transfer function between the model-predicted 500 hPa
GPH and the observed precipitation anomaly fields by
virtue of EOF and SVD.
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       Fig. 5. The three leading EOF modes of the observed summer (June to August) precipitation anomaly (upper
panels; contour interval is 0.5 where the values less than −0.3 are shaded), 500 hPa GPH (middle panels; contour
interval is 3 where the negative values are shaded), and their corresponding PCs (bottom panels) during 1979–
1999. The solid line with closed and open circle denotes the PC for 500 hPa GPH and precipitation anomaly,
respectively. The right side of the bottom title line represents the correlation coefficient between PCs in the two
fields.

Figure 5 shows the first three EOF modes corre-
sponding to the observed summer precipitation and
500 hPa GPH anomaly fields during 1979–1999. The
EOF mode of observed precipitation anomaly exhibits
a similar triple pattern as we have seen in Fig. 4,
but here it represents the dominant monsoon rainfall
pattern related to the interannual variability of the
Asia-Pacific summer monsoon rainfall anomaly. The
first EOF of the observed 500 hPa GPH anomalies in-
dicates the dominant monsoon circulation mode and
shows that the similar triple pattern with opposite
signs of centers compared to the counterpart of sum-
mer rainfall anomalies. The observed monsoon pre-
cipitation and circulation anomaly pattern exhibit a
remarkable interannual variability and show a close
relationship with the interannual variability of ENSO
as indicated by the variations of corresponding princi-
pal components (PCs). For example, during the sum-

mer of 1983, 1987, 1993, and 1998 corresponding to
the decaying phases of ENSO, the Asia-Pacific sum-
mer monsoon is weaker, and the rainfall over the low-
middle reaches of the Yangtze River valley to southern
islands of Japan (the SCS to the eastern Philippine
Sea) were greatly enhanced (suppressed) correspond-
ing to the enhanced western North Pacific subtropical
high (WNPSH) centered over the SCS and the middle-
latitude trough over the Eastern central Japanese Is-
lands. The second and third EOFs of precipitation
and 500 hPa GPH anomaly fields also exhibit a very
consistent year-to-year variability, but the large vari-
ance corresponding to the EOF modes of precipitation
anomalies move to the tropical and western North Pa-
cific, respectively, associated with the counterparts of
500 hPa GPH anomalies in the middle-high latitudes
over the East Asia-Pacific region.

The model-predicted spatial pattern of precipita-
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Fig. 6. The first EOF mode for the model-predicted summer precipitation anomaly during 1979–1999 in (a) JMA,
(b) GCPS, (c) CWB, (d) MGO, (e) NCEP, (f) IRI, (g) GDAPS, (h) METRI, and (i) HMC models. Contour
interval is 0.5, the values between −0.2 and 0.2 are omitted, and the regions where the values less than −0.2 are
shaded. The variance explained by the EOF in each model is printed on the right side of the title line.

tion anomaly explored by the first EOF mode is dif-
ferent from the counterpart of observed precipitation
anomaly (see Fig. 6), where the EOF showed the pat-
tern either in a zonal or a meridional dipole in the
models. The observed rainfall anomaly corresponding
to the first EOF mode over the SCS to the eastern
Philippine Sea can be observed in the counterpart of
the model predictions, but the models failed to predict
the rainfall anomalies in the middle-higher latitudes.
The spatial pattern of the model-simulated 500 hPa
GPH is not much better than the counterpart of pre-
cipitation anomaly, and the discrepancy between the
observed and model-simulated EOF modes is still re-
markable (see Fig. 7). Some of the models can sim-
ulate the overall anomaly pattern, but the systematic
shift is still present. However, the transfer function
between model prediction and observation is depen-
dent on the linear relationship between expansion coef-
ficients related to the model and observed EOF modes,
if the dominant expansion coefficients corresponding to

the leading eigenmodes can be well predicted by the
model, the spatial discrepancies between observation
and model prediction, however, can be corrected by re-
placing the model eigenmodes with the corresponding
observed ones (e.g., Feddersen et al., 1999; Feddersen,
2003; Kang et al., 2004).

To examine how well the models can predict expan-
sion coefficients corresponding to the spatial patterns,
we calculated the correlations between the observed
and model-predicted expansion coefficients associated
with the three leading EOF modes of 500 hPa GPH
and precipitation anomalies, respectively (see Table
3). The models show a good performance in predict-
ing the interannual variability of PCs corresponding to
the EOF modes of model 500 hPa GPH anomaly field.
The correlations between the first pair of PCs passed
the 95% and 99% confidence level with correlation co-
efficients varying from 0.46 to 0.79 in the models, and
such a remarkable correlation can also be observed in
the second pair of PCs in most models, and even in
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Fig. 7. Same as Fig. 6, except for the model-forecasted 500 hPa GPH anomaly field. Contour interval is
2 and the negative values are shaded.

the third pair of PCs in some models. In contrast,
the absolute values of correlation coefficients for the
first EOF of precipitation anomaly between observa-
tion and model predictions range from 0.04 to 0.65,
where the correlation between the first pair of PCs
in some models can pass the 0.05 significance level,
but no remarkable correlations are found between the
second and third pair of PCs in the model-simulated
precipitation anomaly fields. As a result, the model-

predicted 500 hPa GPH exhibits a better candidate of
predictors, which can be used to downscale the pre-
cipitation anomaly if the relationship between the 500
hPa GPH and precipitation anomaly fields was clearly
explored.

To address the relationship between the variations
of the summer 500 hPa GPH and the rainfall anomaly,
we applied SVD to the observed fields corresponding
to the model hindcast period of 1979–1999. Different

Table 3. The absolute values of correlation coefficients between PCs of three leading observed and model-forecasted
EOFs for (a) boreal summer 500 hPa GPH and (b) precipitation anomaly field during 1979–1999. The marked coefficient
by one and two asterisks indicates the correlation passed the 0.05 and 0.01 significance testing, respectively.

Correlation coefficient

JMA GCPS CWB MGO NCEP IRI GDAPS METRI HMC

(a) 500 hPa GPH anomaly
PC1 0.79∗∗ 0.66∗∗ 0.74∗∗ 0.71∗∗ 0.75∗∗ 0.73∗∗ 0.67∗∗ 0.46∗ 0.79∗∗

PC2 0.68∗∗ 0.13 0.81∗∗ 0.50∗ 0.67∗∗ 0.68∗∗ 0.66∗∗ 0.41 0.18
PC3 0.20 0.23 0.28 0.00 0.01 0.47∗ 0.07 0.16 0.21

(b) Precipitation anomaly
PC1 0.65∗ 0.43∗ 0.33 0.20 0.29 0.45∗ 0.04 0.54∗ 0.44∗

PC2 0.01 0.38 0.40 0.04 0.29 0.15 0.06 0.18 0.14
PC3 0.08 0.00 0.07 0.02 0.05 0.05 0.26 0.11 0.36
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 Fig. 8. The three leading SVD modes between the observed summer precipitation anomaly (upper panel; contour
interval is 0.5 where the values less than −0.3 are shaded), 500 hPa GPH (middle panel; contour interval is 3 where
the negative values are shaded), and their corresponding PCs (bottom panel) during 1979–1999. The solid line
with closed and open circle denotes the expansion coefficient for 500 hPa GPH and precipitation anomaly SVD
mode, respectively. Squared covariance fraction between two fields is expressed as a percentage and is printed in
each title, and the correlation coefficient between the expansion coefficients corresponding to the SVD modes is
printed in the bottom title.

from the case of EOF, we choose the domain of pre-
cipitation to only be in the study region of 0◦–50◦N,
100◦–150◦E. Figure 8 shows the first three SVD modes
and expansion coefficients for the observed precipita-
tion and 500 hPa GPH anomaly fields, where we can
find that the first pair of SVD modes also show the
dominant Pacific-Japan (P–J) patterns similar as the
first corresponding EOF counterpart (Fig. 5). The
correlation between the expansion coefficients for the
first SVD modes reaches 0.85, and it exhibits a close
linear relationship between the Asia-Pacific circulation
and rainfall anomaly patterns on interannual variabil-
ity, where the Asia-Pacific summer monsoon precipi-
tation anomaly is dominated by the corresponding cir-
culation anomaly pattern. The enhanced (suppressed)
rainfall over the lower middle reaches of the Yangtze
River valley to the southern islands of Japan (the SCS

to the eastern Philippine Sea) is corresponding to the
enhanced (suppressed) 500 hPa GPH anomalies over
the corresponding regions, respectively. Meanwhile,
the interannual variations of the expansion coefficients
show a close relationship with El Niño events. For ex-
ample, during the summers corresponding to the de-
caying phase of the El Niño events (Chou et al., 2003),
e.g., 1983, 1987, 1991, 1995 and 1998, the rainfall over
the low-middle reaches of the Yangtze River valley to
the southern Japanese Islands (the SCS to the east-
ern Philippine Sea) would be greatly enhanced (sup-
pressed).

The coupled relationship is also remarkable in the
second and third SVD modes, where the regressed pre-
cipitation and 500 hPa GPH anomalies of the SVD
modes shows the similar pattern as their correspond-
ing EOF counterparts, and the correlation coefficient
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between the expansion coefficients for the second and
third SVD modes is 0.84 and 0.90, respectively. In
addition, we found that the correlations between the
three expansion coefficients corresponding to the EOF
and SVD modes with respect to the precipitation and
500 hPa GPH anomalies range from 0.82 to 0.99, which
passed the 0.01 significance test.

5. A statistical downscaling scheme and its
forecasting skill

5.1 Statistical downscaling scheme

The models show better performance in predicting
the 500 hPa GPH anomaly field. However, the models
are either producing centers of variability in geograph-
ical positions away from the corresponding observed
positions or the models are missing some centers of
variability. Such errors may degrade the skill of the
model if the skill score is based on grid point com-
parisons between predictions and observations, which
is very common (Feddersen et al., 1999; Kang et al.,
2004). These model systematic errors are mainly re-
lated to the spatial pattern shift, whereas, such errors
can be corrected on the basis of the linear regression
between the expansion coefficients corresponding to
the eigenmodes of observation and model prediction
during a training period based on either EOF or SVD
(e.g., Feddersen et al., 1999; Kang et al., 2004; Yun et
al., 2005).

In the present study, we use the EOF scheme to
correct model systematic error in predicting the spa-
tial pattern of the 500 hPa GPH anomaly field fol-
lowing the same procedure as described by Yun et al.
(2005), where each model forecast is corrected by us-
ing a combination of the past observations and the
model forecasts, and a consistent spatial pattern is de-
termined among the observations and forecasts using
a linear regression relationship in the EOF space.

In this study, the training period is 19 yr, and the
remaining 2 yr are used for target forecast and verifica-
tion. The time series of observation of X(x, t) during a
training period of t and model forecasts of F (x, t+∆t)
during the whole period of t + ∆t can be written as a
linear combination of EOFs such as,

X(x, t) =
n∑

i=1

Pi(t) · φi(x) , (1)

F (x, t + ∆t) =
n∑

i=1

Qi(t + ∆t) · ϕi(x) . (2)

Here, index i and n in Eqs. (1) and (2) represent
the particular EOF and the retained number of EOF
modes, respectively. Pi(t) and φi(x) are the i-th prin-
cipal component (PC) and the corresponding EOF

mode for the observed field during a training period,
Qi(t + ∆t) and ϕi(x) have the same meanings but for
the model forecast of F (x, t + ∆t), which covers the
training and model forecast time period. Using a re-
gression relationship between the PC time series be-
tween observation and model forecast data, it is pos-
sible to reduce the spatial pattern shift of model fore-
cast errors, which evolves in a consistent way with the
EOFs of the observation for the time series consid-
ered. A number of linear regression relationships be-
tween Pi(t) and Qi(t + ∆t) during a training period
are given by

P̃i(t) = aiQi(t) + εi , i = 1, . . . , n , (3)

where, P̃i(t) is the regressed PC of Pi(t) and εi is the
residual. The regression coefficients of ai are calcu-
lated when the residual error variance of E(ε2

i ) is min-
imized. According to these linear regression relation-
ships, the corrected model forecast PC of the i-th EOF
mode at the target year can be expressed by

P̃i,reg(t + ∆t) = aiQi(t + ∆t) , i = 1, . . . , n . (4)

Therefore, the corrected model forecast of F̃ (x, t+∆t)
at the target year can be constructed by the combi-
nation of observed EOF modes and corrected model
forecasted PC, which is given by

F̃ (x, t + ∆t) =
n∑

i=1

P̃i,reg(t + ∆t) · φi(x) . (5)

The model-forecasted precipitation anomalies
could be downscaled by the transfer function explored
by SVD, which is constructed on the basis of model-
forecasted 500 hPa GPH after correction and the ob-
served precipitation anomaly fields during a training
time period. Suppose during a training period, the
model-forecasted 500 hPa GPH and the observed pre-
cipitation anomaly fields are represented by Z(x, t)
and Y (x, t), then they can be decomposed by the ex-
pansion coefficients and the corresponding SVD modes
as:

Z(x, t) =
m∑

j=1

uj(t) · gj(x) , (6)

Y (x, t) =
m∑

j=1

vj(t) · hj(x) . (7)

Here, the two fields are normalized to have mean zero
and standard deviation at each grid point, the index
j is the particular SVD mode and m is the total num-
ber of retained SVD modes (m 6 n). The patterns of
gi(x) and hi(x) are corresponding to the j-th pair of
SVD modes between the two anomaly fields, uj(t) and
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vj(t) are time series of expansion coefficients, which
are calculated by the projections of Z(x, t) and Y (x, t)
onto the singular vectors explored by SVD (Feddersen
et al., 1999; Feddersen, 2003). Similar to Eq. (3), the
linear regression relationship between uj(t) and vj(t)
can be constructed as follows:

ṽj(t) = βjuj(t) + εj , j = 1, . . . , m , (8)

where, εj is the residual, βj are the linear regression co-
efficients between uj(t) and vj(t) corresponding to the
j-th pair of SVD modes, which are calculated when the
residual error variance of E(ε2

j ) is minimized. Then,
the forecasted time series of uj(t + ∆t) corresponding
to the model j-th SVD mode at the target forecast
year can be defined as:

ũj(t + ∆t) = F̃ (x, t + ∆t) · gj(x) , j = 1, . . . , m ,
(9)

where, F̃ (x, t + ∆t) is given by Eq. (5). According
to Eq. (7), the forecasted Ỹ (x, t + ∆t) of the model

precipitation at the target year can be written as:

Ỹ (x, t + ∆t) =
m∑

j=1

βjF̃ (x, t + ∆t) · gj(x) · hj(x) .

(10)

Therefore, the downscaled precipitation anomaly fore-
cast of Ỹ (x, t + ∆t) is jointly decided by the linear
regression coefficient βj and the corrected model fore-
cast of F̃ (x, t + ∆t).

It is noted that the transfer function linking the
500 hPa GPH of the models and the observed pre-
cipitation anomaly fields is constructed by the linear
regression between the leading expansion coefficients
corresponding to the SVD modes during a training
time period where the dominant SVD modes between
two anomaly fields can be explained as the dominant
circulation and precipitation anomaly patterns, which
control the summer climate anomaly over the Asia-
Pacific region.

                   
Fig. 9. Same as Fig. 1, except for the downscaled precipitation anomaly forecasts.
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5.2 Forecasting skill scores

According to this statistical downscaling scheme,
the success of the Asia-Pacific summer monsoon rain-
fall anomaly forecast is dependent on the model fore-
cast of 500 hPa GPH anomaly and the transfer func-
tion. To examine the skill of this statistical downscal-
ing rainfall anomaly forecast, we retain the first three
leading EOF and SVD corresponding modes based on
the evaluation of the models’ predictions and apply
this scheme to all models. We consider the first 19-
yr as the training period and the last two year as the
target years for the Asia-Pacific summer rainfall down-
scaling forecast. In order to avoid the over-fitting in
this downscaling scheme, we used the cross validation
to examine this downscaling forecasting skill follow-
ing the previous studies (e.g., Feddersen et al., 1999;
Kang et al., 2004; Yun et al., 2005), where the EOF

and SVD are repeatedly applied to the data sets from
which the observations at the target year are excluded.
This is similar to the previous definition, but the MME
is defined, by this downscaling scheme, as the simple
composite of downscaled precipitation anomaly fields
in the nine different models.

This downscaling scheme shows better perfor-
mance in improving the model forecast skill of the sum-
mer monsoon rainfall anomaly in the Asia-Pacific re-
gion (Fig. 9). It is found that the correlations between
the downscaled rainfall anomalies in the models and
the observation have been significantly improved in the
lower-middle reaches of the Yangtze River, the south-
ern islands of Japan, the SCS to the eastern Philippine
Sea, and the western North Pacific region, where the
Asia-Pacific summer monsoon prevails associated with
the rain bands of mei-yu-Changma-Baiu. In these ar-
eas, the correlation coefficients range from 0.2 to 0.8

              
Fig. 10. The differences of correlation coefficients between the model-predicted and downscaled precipitation
anomaly against the observation during 1979–1999 for (a) JMA, (b) GCPS, (c) CWB, (d) MGO, (e) NCEP, (f)
IRI, (g) GDAPS, (h) METRI, and (i) HMC models. Contour interval is 0.3 and the positive values are shaded.
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in most models comparing to the weak and even the
negative correlations in the original model predictions
(see Fig. 1). Figure 10 shows the differences of cor-
relation coefficients between the model-predicted and
the downscaled rainfall anomaly forecasts based on 21-
yr cross-validations, where the positive and negative
values show the improved and degraded forecasting
skill scores. In association with the positive correla-
tions, the improved forecasting skills by this downscal-
ing scheme also can be observed in the models, where
the positive values dominate the Asia-Pacific summer
monsoon prevailing areas and the maximum exceeds
0.9.

To examine the year-to-year forecasting skill of
summer monsoon rainfall anomaly by this downscal-
ing scheme, we calculated the ACC and the RMSE of
downscaled rainfall anomaly in each model and MME
prediction over the same region of (0◦–50◦N, 100◦–
150◦E) as defined in section 2 (see Fig. 11). The 21-
yr forecasts show that this downscaling scheme has
a better forecasting capability for each model and
MME scheme, and its good performance is substan-
tially shown during 1979–1999 except in 1980. It ex-
hibits a weaker performance in 1980 when the ACC
in 6 of the 9 models were severely degraded during
this summer. A similar situation can also be found
in 1989 and 1995, but in fewer models, which suggests
that the rainfall pattern anomaly is less predictable for

the summer corresponding to non-ENSO years when
the Asia-Pacific summer monsoon anomaly is domi-
nated by the meridional temperature gradient in the
upper troposphere (Chou et al., 2003). It was observed
that the summer rainfall anomaly forecast skill in the
Asia-Pacific monsoon region is generally improved by
this downscaling scheme in the models, where the aver-
aged ACC of downscaled rainfall anomaly fields during
1979–1999 ranges from 0.13 to 0.27 in contrast to the
original range of −0.05 to 0.18 of the model-predicted
rainfall anomaly fields after downscaling.

Figure 11 shows that the averaged ACC and RMSE
in the MME prediction by this downscaling scheme
during 1979–1999 is 0.24 and 1.55 mm d−1 in con-
trast to 0.07 and 1.73 mm d−1 in the old MME
forecast based on the model-predicted precipitation
anomaly fields. To examine how well this downscaling
scheme works, we calculated the 21-yr correlation coef-
ficients of the MME predictions, respectively based on
the model-predicted and downscaled rainfall anomaly
fields against the observed counterpart, and presented
the results in Fig. 12. Here, we can clearly see that this
downscaling scheme does improve the summer rainfall
anomaly forecast skill in the MME prediction, partic-
ularly over the SCS to the eastern Philippine Sea, the
lower-middle reaches of the Yangtze River valley to
central Japan, and the major parts of the northwest-
ern Pacific region, where the correlation coefficients of

                          

Fig. 11. Same as Fig. 2, except for the downscaled precipitation anomaly fields.
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Fig. 12. Correlation coefficients between observed and MME-predicted precipitation anomaly for
21-yr (a) before and (b) after downscaling. Contour interval is 0.3, the regions where the values
greater than 0.1 are shaded. The enclosed region by the thick line indicates where the correlations
passed the 0.05 significance test level.  

       Fig. 13. The improved forecasting skill scores of ACC and RMSE by the downscaling scheme in the models
and the MME predictions during 1979–1999.

the summer rainfall anomalies range from 0.2 to 0.8 in
contrast to the negative correlation coefficients in the
old MME prediction. The MME forecast, even based
on a simple composite of the multi-model ensemble
predictions, may improve the rainfall anomaly fore-
cast skill scores exhibited in the ACC and the RMSE
compared to the individual model forecast. However,
it should be noted that it has limited capability to cor-

rect the model forecast errors and improve the forecast
skill in some common regions, where the models show
weaker forecasting performance.

The improvement of Asia-Pacific summer rainfall
anomaly forecasts in the models and MME prediction
by this downscaling scheme can be evaluated by the
differences between the ACCs and RMSEs of rainfall
anomaly fields before and after downscaling in Fig. 13,
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where the positive values of ACC differences are found
in many cases of year-to-year predictions correspond-
ing to the negative values of RMSE differences in the
models. In contrast to the cases of model predictions,
the improved ACC ranges from 0.02 to 0.27 in the
models, corresponding to the improved RMSE varying
from 4% to 29%. The summer rainfall anomaly bands
in the Asia-Pacific region have been well predicted in
the MME forecast although less improvement of ACC
and RMSE is found in MME prediction as we have dis-
cussed. Therefore, this downscaling scheme generally
exhibits a good performance in improving the summer
rainfall anomaly forecast, particularly for those mod-
els where the monsoon circulation was well predicted
and the MME prediction was as well.

6. Summary and concluding remarks

The dynamic seasonal prediction is mainly based
on the assumption that the climate variation is domi-
nated by the slowly varying boundary conditions, par-
ticularly the interannual variability of large-scale SST
anomalies. Therefore, the accurate seasonal predic-
tions depend upon the correct response of the model
atmosphere to the external SST anomaly forcing. In
this study, we evaluated the 9 model performances in
the seasonal prediction of Asia-Pacific summer mon-
soon rainfall and circulation anomalies, and proposed
a statistical downscaling scheme to improve the pre-
diction skill of the summer monsoon rainfall anomalies
in the Asia-Pacific region.

On the basis of 21-yr ensemble predictions in 9 dif-
ferent GCMs, we found that the models have shown
different skill scores in the seasonal prediction of at-
mospheric variables in the Asia-Pacific summer mon-
soon region. For example, the models can capture the
500 hPa GPH better than the precipitation anomaly.
However, the summer monsoon circulation and pre-
cipitation anomalies in the models’ predictions are not
matching well. The models show the capability in pre-
dicting the interannual variability of the Asia-Pacific
summer monsoon circulation anomaly represented by
the WNPMI, but they failed to forecast the relation-
ship between WNPMI and precipitation anomaly in
the middle-higher latitudes of East Asia and the west-
ern North Pacific region, due to the spatial pattern
shift in the model predictions.

In contrast to the rainfall anomaly field forecasts,
models can well predict the interannual variability of
PCs of the 500 hPa GPH anomaly fields but show
unrealistic EOF patterns. According to this model
forecasting performance and the coupled relationship
between the 500 hPa GPH and precipitation anomaly
fields in the Asia-Pacific region, we proposed a sta-

tistical downscaling scheme for the summer rainfall
anomaly forecast. In this scheme, the three leading
EOF modes of 500 hPa GPH anomaly fields predicted
by the models are first corrected by the linear regres-
sion between the principal components in each model
and observation, respectively. Then, the corrected
GPH anomaly in the models is chosen as the predictor
to downscale the precipitation anomaly field, which
is assembled by the forecasted expansion coefficients
of model 500 hPa GPH and the three leading SVD
modes of observed precipitation anomaly correspond-
ing to the prediction of model 500 hPa GPH during a
19-yr training time period. The cross-validated fore-
casts suggest that this downscaling scheme may have
the potential to improve the forecast skill of the precip-
itation anomaly in the Asia-Pacific region for the mod-
els and the conventional multi-model ensemble predic-
tion, where the summer monsoon rain bands anoma-
lies can be well predicted, and the root mean square
errors have been substantially reduced by this down-
scaling scheme. However, we found that the statistical
downscaling scheme did not show a good performance
in any area. For instance, over the triangle ocean areas
among China, Korea, and Japan, the downscaled pre-
cipitation anomaly forecast skill scores are still lower;
this might be related to the monsoon synoptic and ty-
phoon influences. These rainfall anomalies could not
be produced in either an AGCM or in this downscaling
scheme.

The success of downscaling forecast depends not
only on the skill of the downscaling method, but also
on the quality of the predictions provided by the mod-
els. The current widely applied statistical downscaling
schemes are mainly constructed on the relationship be-
tween the variations of observation and model forecast
explored by CCA, EOF, and SVD. These methods only
document the variability of model forecast rather than
the model dynamics (Zwiers and von Storch, 2004),
therefore, the real dynamic performance of the models
may not be evaluated by these statistical analyses.
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