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ABSTRACT

A new seasonal prediction model for annual tropical storm numbers (ATSNs) over the western North
Pacific was developed using the preceding January-February (JF) and April-May (AM) grid-point data at
a resolution of 2.5◦ × 2.5◦. The JF and AM mean precipitation and the AM mean 500-hPa geopotential
height in the Northern Hemisphere, together with the JF mean 500-hPa geopotential height in the Southern
Hemisphere, were employed to compose the ATSN forecast model via the stepwise multiple linear regression
technique. All JF and AM mean data were confined to the Eastern Hemisphere. We established two empirical
prediction models for ATSN using the ERA40 reanalysis and NCEP reanalysis datasets, respectively, together
with the observed precipitation. The performance of the models was verified by cross-validation. Anomaly
correlation coefficients (ACC) at 0.78 and 0.74 were obtained via comparison of the retrospective predictions
of the two models and the observed ATSNs from 1979 to 2002. The multi-year mean absolute prediction
errors were 3.0 and 3.2 for the two models respectively, or roughly 10% of the average ATSN. In practice, the
final prediction was made by averaging the ATSN predictions of the two models. This resulted in a higher
score, with ACC being further increased to 0.88, and the mean absolute error reduced to 1.92, or 6.13% of
the average ATSN.
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1. Introduction

The tropical cyclone (TC) activity has strong in-
terannual variability (e.g., Landsea et al., 1999), mak-
ing its seasonal prediction very challenging. Natu-
rally, such predictions must rely on an understanding
of the physical processes associated with the variabil-
ity in the TC activity. Many results have been re-
ported with respect to the roles of El Niño–Southern
Oscillation (ENSO) (Chan, 1985, 2000; Dong, 1988;
Wu and Lau, 1992; Lander, 1993, 1994; Wang and
Chan, 2002; Camargo and Sobel, 2004) and the quasi-
biennial oscillation in the stratosphere (Chan, 1995).
Other studies have revealed the link between the TC
activity and large-scale atmospheric variability (Ding,

1983; Briegel and Frank, 1997; Ritchie and Holland,
1998; Vimont and Kossin, 2007) such as the North
Atlantic Oscillation (Elsner and Kocher, 2000), North
Pacific Oscillation and sea ice coverage (Wang et al.,
2007; Fan, 2007), Antarctic Oscillation (Wang and
Fan, 2007), Hadley circulation (Zhou et al., 2008a),
and land-sea thermal contrast (Zhou et al., 2008b; Zou
and Zhao, 2009).

Prediction studies of the TC activity have been
performed for both the Atlantic (e.g., Gray et al.,
1992; Elsner and Schmertmann, 1993; Thorncroft and
Pytharoulis, 2001; Wang and Qian, 2010; Fan and
Wang, 2010) and the western North Pacific (WNP)
(e.g., Chan et al., 1998, 2001; Fan and Wang, 2009).
The models set up by Chan et al. (1998, 2001) and
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Fan and Wang (2009) for the WNP TC frequency are
based on the selected indices representing the ENSO
phase, quasi-biennial oscillation, and the large-scale
atmospheric circulation. These models have all been
demonstrated to have reasonable forecasting skills.

However, the physical processes involved in the
TC activity are complex, and the climate regimes may
change due to long-term variability. As a result, the
dominating factors may not be stable from time to
time. Thus, we need to develop new models, which
differ from most of the previous models in that they
do not adopt fixed predictor sets. In this paper, we
intend to establish a new forecast model for annual
tropical storm numbers (ATSNs) in the WNP by us-
ing the global grid-point data of precipitation and
500-hPa geopotential height.

The main criterion for defining a tropical storm
is that it must have the maximum wind speed ex-
ceeding 17 m s−1. The observation data for ATSNs
were obtained from the Joint Typhoon Warning Cen-
ter (JTWC). The region of the WNP was confined
to the area of 5◦–45◦N, 105◦–180◦E, including the
South China Sea. The US Climate Prediction Cen-
ter (CPC) Merged Analysis of Precipitation (CMAP)
data (Xie and Arkin, 1997) and the 500-hPa geopo-
tential height (GH5) in the ERA40 and NCEP/NCAR
reanalysis were employed in this study. Reliable global
precipitation data are available only after 1979 and
the ERA40 dataset stops in 2002. Thus, the present
study utilized GH5 and precipitation data from 1979–
2002. Anomaly correlation coefficient (ACC) between
the prediction and observation, mean absolute error
(MAE), and root mean square error (RMSE) were
used to evaluate the prediction skill. We also used the
data of outgoing long-wave radiation (OLR) at the
top of the atmosphere from NOAA. In this paper, all
anomaly fields refer to the deviations relative to the
1979–2002 average.

The Antarctic Oscillation (AAO) is de-
fined as the leading principal component of 850-
hPa geopotential height anomalies south of 20◦S
(Thompson and Wallace, 2000; data source:
http://jisao.washington.edu/data/aao/�data). The
monthly Arctic Oscillation (AO) index was con-

structed by projecting the daily 1000-hPa height
anomalies poleward of 20◦N onto the AO loading
pattern (Higgins et al., 2002; data source: http:
//www.cpc.ncep.noaa.gov/products/precip/CW link/
daily−ao−index/ao.shtml).

2. Predictors

The January-February (JF) and April-May (AM)
precipitation and 500-hPa geopotential height can be
used to compose the forecast model of ATSN. This
arises from their relationship to ATSN via changes
in the convective activity and atmospheric circulation
over the WNP. First, the correlation coefficient (CC)
between JF and AM precipitation versus ATSN was
computed and plotted (Fig. 1). The ATSN was signif-
icantly associated with JF and AM precipitation over
the WNP. JF precipitation in central eastern China
was also linked to the ATSN. In addition, AM pre-
cipitation in North Africa was associated with the
ATSN. In this paper, we provide an explanation for
this precipitation-ATSN relationship based on OLR
analysis, as shown in Figs. 3–7.

JF mean GH5 over the large area of the Southern
Hemisphere was connected with the ATSN (Fig. 2a).
The geographical pattern highly resembles the AAO
(or Southern Annular Mode). Wang and Fan (2007)
have documented the relationship between the annual
WNP typhoon frequency and the AAO during the bo-
real summer. They found that variations in AAO are
associated with atmospheric circulation changes in the
tropical Pacific. Fan (2009) further indicated a simi-
lar relationship between the Western Hemisphere por-
tion of AAO and the annual hurricane frequency in
the tropical Atlantic. Therefore, the AAO, as a major
mode in the Southern Hemisphere, is quite influential
on TC activities. In fact, the JF AAO and ATSN were
significantly correlated with CC = 0.39 between 1979
and 2002 (CC = 0.30 between 1950 and 2002). The
AM AAO was also correlated with ATSN, but with a
smaller CC value (0.29 and 0.30, respectively, for the
periods of 1979–2002 and 1950–2002). The coherence
of JF AAO and ATSN can be seen clearly in Fig. 3.

Figure 2b relates the preceding AM GH5 signals
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Fig. 1. Spatial distributions of the CC between the ATSN and JF precipitation (a) and AM precipitation (b). Areas

with CC larger than 0.4 at the significance level over 95% are shaded.

Fig. 2. Spatial distributions of the CC between the ATSN and JF GH5 in the Southern Hemisphere (a) and AM GH5

in the Northern Hemisphere (b). GH5 is from ERA40. Areas with CC larger than 0.4 at the significance level over 95%

are shaded.

over the Northern Hemisphere with pronounced infor-

mation of ATSN at low latitudes and in the central

North Pacific. The spatial pattern over the central

North Pacific was characterized by a north-south dis-

tribution, as indicated by a thick beeline, shaping the

North Pacific Oscillation (NPO) pattern. As re-

vealed by Wang et al. (2007), the NPO during the

boreal summer is positively correlated with the WNP
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Fig. 3. Normalized time series of JF AAO, ATSN,

and OLRI for 1979–2002. The OLRI is defined as the

mean June-October OLR averaged over the region of 10◦–

22.5◦N, 130◦–160◦E.

typhoon frequency. This occurs because of the zonal
wind variability and the change in the magnitude of
vertical zonal wind shear between high and low lev-
els in the troposphere. Our discussion here, based on
Fig. 2b, is consistent with their finding. Furthermore,
the computed CC between the AM NPO index, as de-
fined by the normalized sea level pressure (data from
the Hadley Center) difference between (65◦N, 170◦E)
and (25◦N, 165◦E) (Wallace and Gutzler, 1981), and
the ATSN was also significant (0.31) for the period
1945–1998. This period was selected for CC compu-
tation here because of the temporal coverage of the
Hadley Center sea level pressure data. The CC be-
tween the AM NPO and the WNP tropical storm num-
ber from June to October (JJASO) was 0.36. This fur-
ther demonstrates the AM NPO signal in influencing
the WNP tropical storm activity on the interannual
scale.

The aforementioned relationships can now be
discussed in the context of convective activity that
is closely associated with tropical storm formations.
Positive ATSN anomalies are definitely associated
with stronger than normal convective activities in the
WNP, and vice versa. Thus, we obtained negative CCs
between the ATSN and OLR averaged for JJASO in
the major tropical storm genesis region of the WNP
(Fig. 4). An index was defined as the averaged OLR
over the region of 10◦–22.5◦N, 130◦–160◦E, hereafter
referred to as OLRI, which also adequately represented
convective activities and the ATSN over the WNP (see
Figs. 4 and 5). The ATSN and annual mean OLRI
were correlated with CC = –0.58 in the period 1979–
2002. The JJASO mean OLRI was correlated with

ATSN at CC = –0.44. The ATSN and JJASO OLRI
series (see Table 1) demonstrate their coherence, par-
ticularly for years with large anomalies.

Subsequently, we analyzed the preceding JF and
AM precipitation signals in JJASO OLRI. We found
that strong signals of precipitation in JF and AM
were located in large areas of the western Pacific (Fig.
6). Signals in the tropical western Pacific were even
stronger (with larger CCs, as shown in Fig. 6) in AM
than in JF. Therefore, the signals appeared in JF, de-
veloped in AM, and persisted until the JJASO season.
This is the physical background for the relationship
between the preceding precipitation and ATSN.

The preceding signals for the OLRI of JJASO ex-
isted in the GH5 as well. Figure 7a nicely illustrates
this consequence. The spatial pattern for the JF case
resembles that of the AAO in the middle and high lat-
itudes of the Southern Hemisphere. The association
between the AAO and OLR over the tropical western
Pacific has been addressed in our recent paper (Sun et
al., 2009). In this context, the convective activity over
the Maritime Continent serves as a bridge to link the
variability of mid and high latitude circulations in the
Southern Hemisphere and the convective activity over

Fig. 4. Spatial distribution of the CC between the ATSN

and the JJASO mean OLR. Areas with CC larger than 0.4

at the significance level over 95% are shaded.

Fig. 5. As in Fig. 4, but for the CC between the OLRI

and the JJASO mean OLR.
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Table 1. The observed and predicted ATSN anomalies with PRD1 (obsa and prda, respectively), their differences

(obs–prd), relative errors, OLR index, and number of predictors for the years of 1979–2002. All values for the

prediction were obtained from the model established for every year using data from the remaining 23 years

Year prda obsa obs–prd Relative error OLR index Number of predictors

1979 –8.14 –3.04 4.72 20.29% 0.62 16

1980 –1.06 –3.04 –2.36 –7.78% 0.86 17

1981 –0.23 –2.04 –2.19 –7.03% –0.32 16

1982 –2.50 –3.04 –0.92 –3.19% 0.60 16

1983 –13.52 –13.04 0.10 0.53% 2.35 17

1984 1.88 –1.04 –3.31 –9.92% –0.74 16

1985 –5.67 –4.04 1.25 4.85% –0.90 17

1986 –13.52 –13.04 0.10 0.53% 2.35 17

1984 2.84 –3.04 –6.27 –18.28% 0.07 17

1987 –1.65 –6.04 –4.77 –16.03% 1.20 18

1988 –10.30 –5.04 4.88 23.11% –0.35 17

1989 10.28 3.96 –6.70 –16.06% –0.83 16

1990 0.83 –0.04 –1.25 –3.86% –1.13 18

1991 0.73 –0.04 –1.15 –3.59% –1.48 17

1992 –0.18 0.96 0.76 2.43% 0.52 16

1993 7.39 5.96 –1.81 –4.65% 0.56 16

1994 2.08 7.96 5.50 16.41% –0.80 17

1995 –1.99 2.96 4.57 15.51% 0.53 18

1996 10.53 12.96 2.05 4.88% 0.10 17

1997 4.37 2.96 –1.79 –5.01% 1.16 16

1998 1.79 –4.04 –6.21 –18.70% 1.76 16

1999 3.50 3.96 0.08 0.23% –1.03 16

2000 6.06 3.96 –2.48 –6.62% –1.12 17

2001 –2.84 1.96 4.42 15.48% –1.12 17

2002 –4.22 –0.04 3.80 13.98% –0.51 16

Average MAE = 3.06 MAE in percentage = 9.74%

the WNP. Such a linkage is valid in both the lower and
higher troposphere. Therefore, the GH5 in the South-
ern Hemisphere can be adopted as a predictor for the
tropical storm activity over the WNP.

As shown in Fig. 7b, the early signal in AM exists
primarily over the low latitudes and North Pacific sec-
tor. Therefore, we also used AM GH5 in the Northern
Hemisphere as a type of predictor for ATSN. Again,
the thick beeline in the figure indicates the meridional
pattern, similar to that shown in Fig. 2b. Thus, there
are early signals in AM GH5, particularly the merid-
ional pattern over the western Pacific in the OLRI
variability for JJASO.

3. Prediction and cross-validation procedures

Grid-point data for the JF and AM mean pre-
cipitation, the AM GH5 in the region 10◦S–80◦N, 0◦–
180◦E, and the JF GH5 in the region 10◦N–80◦S, 0◦–

180◦E, were employed to establish the forecast model
for the ATSN in the WNP via the stepwise multiple re-
gression technique. The forecast model for ATSN was
set up for every year using data from the remaining
23 years. Thus, we were able to carry out the cross-
validation to assess the model performance. For each
individual year, 16–18 independent predictors were fi-
nally selected to compose the prediction model after
the stepwise regression. On average, there were four
or five predictors from each of the four fields, namely,
JF precipitation, AM precipitation, and their corre-
sponding GH5.

Therefore, we developed two models (PRD1 and
PRD2) for the prediction of ATSN using the ERA40
and NCEP reanalysis, respectively, together with the
CMAP precipitation data. First, we will discuss veri-
fication of the prediction by PRD1 (established using
the ERA40 GH5). The ACC between the prediction
and observation was 0.78. The detailed results of the
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Fig. 6. As in Fig. 1, but with ATSN replaced by OLRI.

Fig. 7. As in Fig. 2, but with ATSN replaced by OLRI.

cross-validation are listed in Table 1. The multi-year
predicted average ATSN was 31.04, which is almost the
same as the observation (31.42). The 24-yr MAE was
3.06, or 9.7% of the observed average ATSN (31.42).
The RMSE of the predictions was 3.62, or 11.55% of
the mean observed ATSN. Predictions were particu-
larly good for the years 1982, 1983, 1985, 1990–1993,
1997, and 1999, with absolute errors less than 2.0. The

signs for all the years with large anomalies (1983, 1987,
1988, 1993, 1994, and 1996) were correctly predicted,
which is particularly important for operational appli-
cations.

It is also worth noting that the observed ATSN ex-
perienced a notable interdecadal variation at the end
of the 1980s. The ATSN was less than or equal to
30 between 1979 and 1988. However, it was larger
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than 30 in the following years, with 1991 an exception
with a much lower ATSN. Thus, the ATSN was sig-
nificantly larger in the later period compared with the
former one. The model can reasonably capture this
interdecadal variation, as shown in Fig. 8 and Table
1, despite some quantitative discrepancies.

Figure 9 shows a plot of all grid points where the
precipitation and ERA40 GH5 data were finally se-
lected as predictors from 1979 to 2002. The four pan-
els indicate the JF precipitation, AM precipitation,
and GH5 for each period, respectively. As discussed
above, only 4–6 grid points from one panel were finally
selected as the predictors for every year in the stepwise
multiple regression process. Each panel of Fig. 9 in-
cludes the predictors of all 24 years. The distribution
of the predictors was spatially diverse from year to
year. Therefore, we conclude that the predictor suite
from any field (GH5 in JF or AM, or precipitation in
JF or AM) is quite different from year to year. This re-
flects the physical complexity of the climate variability
and predictability. As a result, the dominating factors
for the ATSN change from time to time. Therefore,
it is advantageous of our current approach to employ
the stepwise multiple regression technique based on all
the grid points, GH5, and precipitation data.

Besides the tropical predictors, our approach also
considers the high-latitude predictors, as represented
by those in the GH5. High-latitude predictors may
well reflect the co-variability of the climate over high

latitudes and the WNP region, e.g., the association
between the AAO and ATSN activity, as indicated by
Wang and Fan (2007).

4. Approach to obtain an even higher predic-

tive skill

The established model, as described in the previ-
ous section, employs the JF and AM observed precipi-
tation and the ERA40 GH5. Here, we also established
another ATSN prediction model (PRD2) in the same
way, but using NCEP reanalysis GH5 data. A cross-
validation of the models was carried out. The ACC
between the new model predicted ATSN and the ob-
served ATSN was 0.74, which is a little lower than the
previous model (PRD1). The MAE and the RMSE
were 3.16 and 3.84 (i.e., 10.08% and 12.25% of the av-
erage ATSN), respectively. Thus, the skill was a little
lower and the errors were a little larger, as compared
to the results of PRD1.

An interesting question arises because of this.
Namely, can we further improve the ATSN prediction
by averaging the results of the two models? The an-
swer is “ yes”. The ACC between the averaged predic-
tion and the observation was 0.88, which is an exciting
score. The MAE and RMSE were 1.92 and 2.51 (i.e.,
6.13% and 8.01% of the average ATSN), respectively.
The detailed results of the PRD1 and PRD2 models
for the years 1979–2002 are depicted in Fig. 8.

Fig. 8. Time series of observed (OBS) and model predicted ATSN, in which PRD1 stands for the model established
using the JF and AM precipitation and EAR40 GH5. PRD2 stands for the model established using the JF and AM
precipitation and NCEP reanalysis GH5. PRDM denotes the mean of PRD1 and PRD2. The model predicted ATSN
was obtained retrospectively in the cross-validation of the model established for every year using data from the remaining
23 years.
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Fig. 9. Spatial locations of the ultimately selected predictors of ATSN for the years 1979–2002: (a) JF mean precipita-
tion, (b) AM mean precipitation, (c) JF mean ERA40 GH5, and (d) AM mean ERA40 GH5. These were taken via the
stepwise multiple regression performed every year using data from the remaining 23 years.
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Therefore, our ensemble approach (each model
was established using the preceding CMAP precipita-
tion together with reanalyzed GH5 data from ERA40
and NCEP) is quite effective in the prediction of WNP
ATSN. It should be interesting to verify the effective-
ness of this new approach toward climate predictions
for other quantities, such as TC numbers in other
oceanic sectors and the precipitation in monsoon re-
gions.

5. Conclusions

In this study, we proposed a new forecasting ap-
proach for the annual tropical storm number in the
western North Pacific. This was carried out using
the preceding January-February and April-May mean
precipitation in the Northern Hemisphere and the
500-hPa geopotential height for the JF mean in the
Southern Hemisphere and AM mean in the North-
ern Hemisphere. All grid-point data of precipita-
tion and GH5 were from the eastern portion of the
globe. The stepwise multiple linear regression tech-
nique was used. Finally, 16–18 predictors were se-
lected to compose the ATSN forecast model for every
year during the cross-validation period from 1979 to
2002. Two parallel models (PRD1 and PRD2) were
constructed by adopting the ERA40 and NCEP re-
analysis data, respectively. The anomaly correlation
coefficient between the observed and retrospectively
predicted ATSN by PRD1 was 0.78, with a multi-year
MAE of 3.06. Similar skill was obtained when the
PRD2 was applied. The prediction skill scores pre-
sented here are acceptable.

The most important finding of this research, from
the perspective of operational prediction of ATSN, is
that we have found a new approach with a high pre-
dictive skill. When adopting the average prediction
of the two models established in this investigation,
the prediction is quite consistent with the observa-
tion, with the ACC at 0.88 and the MAE at 1.92 (i.e.,
6.13%). In addition to the high accuracy of the pre-
dictions, the procedure of this approach is simple and
easy for operational implementation.

In this paper, we also briefly described and jus-
tified the usage of the preceding precipitation and

GH5. Associated principle processes include the pre-
ceding signals from high latitudes of the Northern and
Southern Hemisphere, particularly the Antarctic Os-
cillation and North Pacific Oscillation, via changes in
the tropical western Pacific (OLR in particular). The
associated correlations have been partly addressed
by some previous work (e.g., Sun et al., 2009). In
addition, the relationship between the boreal winter
and spring high-latitude climate variability and WNP
tropical storm activities was demonstrated in this
paper.
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