
ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 28, NO. 5, 2011, 1049–1055

A GCM-Based Forecasting Model for the Landfall

of Tropical Cyclones in China

SUN Jianqi∗1,2 (孙建奇) and Joong Bae AHN2

1Nansen-Zhu International Research Centre, Institute of Atmospheric Physics,

Chinese Academy of Sciences, Beijing 100029

2Division of Earth Environmental System, Atmospheric Sciences,

Pusan National University, Pusan 609735, Korea

(Received 8 October 2010; revised 7 January 2011)

ABSTRACT

A statistical dynamic model for forecasting Chinese landfall of tropical cyclones (CLTCs) was developed
based on the empirical relationship between the observed CLTC variability and the hindcast atmospheric
circulations from the Pusan National University coupled general circulation model (PNU-CGCM). In the
last 31 years, CLTCs have shown strong year-to-year variability, with a maximum frequency in 1994 and a
minimum frequency in 1987. Such features were well forecasted by the model. A cross-validation test showed
that the correlation between the observed index and the forecasted CLTC index was high, with a coefficient
of 0.71. The relative error percentage (16.3%) and root-mean-square error (1.07) were low. Therefore the
coupled model performs well in terms of forecasting CLTCs; the model has potential for dynamic forecasting
of landfall of tropical cyclones.
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1. Introduction

Tropical cyclones (TCs) are extremely destructive
weather phenomena. The strong winds and heavy
rainfall that accompany these weather events have re-
sulted in numerous disasters in tropical oceans and
their surrounding continents. Thus, TC activities have
become an important focus of meteorological research
over the last several decades.

Since the 1980s, many studies have been performed
to better understand TC occurrences over the tropi-
cal western North Pacific. The TCs over the west-
ern Pacific show strong interannual variability, which
is closely related to several factors such as sea sur-
face temperature (Chen et al., 1998; Duan et al., 1998;
Chan, 2000; Yumoto and Matsuura, 2001; Wang and
Chan, 2002; Camargo and Sobel, 2005), large-scale at-
mospheric circulations (Ding and Reiter, 1983; Ritchie
and Holland, 1999; Matsuura et al., 2003; Ho et al.,

2005; Wang and Fan, 2007; Wang et al., 2007; Zhou
and Cui, 2008), and sea ice (Fan, 2007). Drawing on
these findings, researchers have used statistical meth-
ods and climate models to forecast the seasonal fre-
quency of TCs over the tropical western North Pacific
(Chan et al., 1998; Chan et al., 2001; Cheung and Els-
berry, 2002; Wang et al., 2006; Lang and Wang, 2008;
Fan and Wang, 2009; Wang and Qian, 2010). As a re-
sult, much improvement has been seen in forecasting
the frequency of TCs over the region.

In contrast to TC activity over the open oceans,
landfalls of TCs have the potential to impact the lives
of millions of people and to cause major economic
losses. Studies of the variability of landfalls of TCs
over China have been performed by Zhang and Peng
(2003), Liu and Chan (2003), and Fydeyasu et al.
(2006). The results of these studies have shown the
occurrence of CLTC events to be associated with the
East Asian summer monsoon circulation, western Pa-
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cific subtropical high (WPSH), and El Niño–Southern
Oscillation (ENSO) events. Based on ENSO-related
indices, Liu and Chan (2003) developed a statistical
prediction model for landfall of TCs along the South
China coast. These studies have provided the scien-
tific basis for continuing CLTC research. In addition
to the statistical forecast method, dynamic forecast-
ing has emerged as another promising approach for
the TCs’ seasonal prediction (Vitart and Stockdale,
2001). This study aimed to determine whether the
climate model has the potential to forecast landfall of
TCs, especially CLTCs.

This paper is divided into six sections. The
datasets and the climate model are introduced in sec-
tion 2. In section 3, the investigations of CLTC-
related atmospheric circulations are presented. The
predictability of the CLTC by the Pusan National
University coupled general circulation model (PNU-
CGCM) is explored further in section 4. Sections 5
and 6 contain the discussion and conclusion, respec-
tively.

2. Data and model

This study utilized the dataset of TC activity
archived by the Regional Specialized Meteorological
Center’s Tokyo Typhoon Center. TCs are generally di-
vided into three classes—tropical depressions, tropical
storms, and typhoons—depending on their maximum
sustained wind speeds. In the current study, a CLTC
is defined as a tropical storm or typhoon that makes
landfall over China. Although TC data have been col-
lected since 1951, potential reliability problems may
invalidate records collected prior to the satellite era.
Thus, investigators focused on the period from 1979–
2009. The monthly National Centers for Environmen-
tal Prediction-Department of Energy (NCEP-DOE)
Reanalysis 2 (R-2) was used to investigate atmospheric
circulations associated with CLTCs (Kanamitsu et al.,
2002).

The PNU-CGCM is part of the Asia-Pacific Eco-
nomic Cooperation Climate Center (APCC) multi-
model ensemble long-range prediction system. PNU-
CGCM v1.0 is a fully coupled ocean–atmosphere-land–
sea-ice model. The model consists of the 18-level Na-
tional Center for Atmospheric Research Community
Climate Model (CCM3, T42), the 29-level Geophysi-
cal Fluid Dynamics Laboratory Modular Ocean Model
(MOM3), and the Los Alamos National Laboratory
elastic viscous plastic sea-ice model. The oceanic com-
ponent of the CGCM–MOM3 has a horizontal resolu-
tion of 2.8125◦ longitude. However, it has a variable
grid system in latitude, with finer resolution at equa-
torial regions (0.7◦ at latitudes below 30◦, 1.4◦ at lati-

tudes between 30◦ and 60◦, and 2.8◦ at latitudes above
60◦) to resolve tropically trapped ocean waves, which
appear to play important roles in tropical ocean dy-
namics. No type of flux adjustment was applied to the
experiments. This ensured that the coupled state fo-
cused solely on the initial value problem and that the
model determined this state independently.

The PNU-CGCM hindcasts for the July–August–
September (JAS) season for the period 1979–2009
[with initial conditions from January (6–9-month
lead), April (3–5-month lead), and July (0–2-month
lead)] were used to investigate the dynamic prediction
ability of the CLTC. For each initial month, the model
forecasts were run using five initial conditions: the 1st,
3rd, 5th, 7th, and 9th days of the initial month. Data
on initial atmospheric conditions were obtained from
R-2. To initialize marine conditions, the OGCM was
run for 100 years prior to the years of interest until it
reached a quasi-equilibrium state under the observed
atmospheric boundary conditions. Because our fore-
cast span was confined to < 1 year, we assumed that a
100-year ocean spin-up period was sufficient for the up-
per ocean to reach a quasi-equilibrium state. Follow-
ing this initialization period, the OGCM was further
run under the observed atmospheric boundary con-
ditions for the period 1979–2009. These reproduced
ocean states were finally used as the initial conditions
of the OGCM in the coupled hindcast experiment. The
PNU-CGCM JAS hindcasts were based on an ensem-
ble average of the five members (five initial conditions’
runs). This analysis revealed that the coupled model
exhibited virtually no forecasting ability in predicting
6–9-month and 3–5-month leads for CLTCs. However,
the forecasting ability of the model was better in terms
of predicting 0–2-month leads. The following analysis
therefore analyzes the results from hindcasts with 0–
2-month leads.

3. CLTC-related atmospheric circulations

An analysis of the seasonal cycle of CLTCs indi-
cates that, between January and March, no TCs made
landfall over China. Beginning in April, the number of
CLTCs began to increase and reached a peak during
July before decreasing. Although the CLTCs occurred
from April to December, ∼80% of CLTCs occurred
during the 3 months of JAS (Fig. 1). Thus, we fo-
cused on this period. The total number of CLTCs in
this season is referred to as the CLTC index.

Chan and Gray (1982) reported that the movement
of TCs is largely determined by ambient flow at tropo-
spheric middle levels (700 hPa and 500 hPa). Subse-
quently, Harr and Elsberry (1991, 1995) also demon-
strated the important role of the 700-hPa large-scale
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Fig. 1. Annual cycle of the CLTCs over the period from
1979–2009.
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Fig. 2. Regression patterns of (a) 700 hPa vorticity and
(b) 700 hPa horizontal winds from R-2 against the ob-
served CLTC index over the period of 1979–2009. “A”
(“C”) indicates the anomalous anticyclone (cyclone).
Solid (dashed) white lines in (a) indicate the positively
(negatively) significant areas at the 95% and 98% con-
fidence levels. Shading in (b) indicates the areas at the
95% confidence level.

circulations on the western North Pacific tropical cy-
clone track. Thus, in the following analysis, CLTC-
related circulations over the 700-hPa and 500-hPa lev-
els are emphasized.

Figure 2a presents a regression of the 700-hPa vor-
ticity from R-2 against the CLTC index. The data
indicate that there are two significant dipole patterns
over the North Pacific–East Asian region. Pattern 1
shows a significant anomalous anticyclone over the Yel-
low Sea–Korea–Japan and a cyclone south of Japan

(Fig. 2), which suggests that the WPSH should be
located farther northwest. This point is further con-
firmed by composite analysis. As shown in Fig. 3,
the WPSH shifted farther northwest in years with
more CLTCs compared to years with fewer CLTCs. A
northwestward shift in WPSH can bring the clockwise
airflow on its western flank farther westward, thereby
increasing the probability of TCs reaching China but
reducing the probability of their making landfall on
the Korean Peninsula (Zhang and Peng, 2003; Choi
et al., 2009). Pattern 2 shows a strong anomalous cy-
clone centered over the North India–Indochina Penin-
sula region and anticyclone over southwestern China
(Fig. 2). This meteorological pattern indicates that
the Asian summer monsoon trough is enhanced over
the western North Pacific. Using the dynamic mon-
soon index (Wang and Fan, 1999), the correlation co-
efficient between the monsoon trough and CLTCs was
calculated: These two systems are significantly cor-
related. These analyses indicate that the monsoon
trough plays a significant role in the variability of the
CLTCs, which is consistent with the findings of pre-
vious studies (Harr and Elsberry, 1995; Chu, 2004;
Chu et al., 2007). These earlier researches have found
that, when an enhanced monsoon trough is present,
the equatorial westerly winds and subtropical east-
erly winds can generate low-level cyclonic shear and
cyclonic relative vorticity. In doing so, they create
conditions that favor the formation of TCs. Statisti-
cal results showed that TCs occurring in the monsoon
trough account for 73% of the total number of TCs
over the western North Pacific and 79% of the total
number of CLTCs (Gao et al., 2008). In addition to af-
fecting the formation of TCs, the southeasterly winds
passing over the eastern flank of the monsoon trough
can provide a steering flow that enables TCs to reach
the Chinese coast. Thus, in a strong monsoon trough
year, more TCs occur over the western North Pacific,
and more TCs make landfall over China.

At 500 hPa, CLTC-related circulations exhibit a
pattern similar to that observed at 700 hPa. We con-
clude, therefore, that these two dipole patterns provide
a favorable background for TCs to make landfall over
China.

4. Ability of the PNU-CGCM to predict
CLTCs

To investigate the ability of the PNU-CGCM to
predict CLTCs, we first explored whether the coupled
model could predict the observed relationship between
atmospheric circulations and CLTCs.

Figure 4a shows a regression of the 700-hPa vortic-
ity predicted by the PNU-CGCM against the CLTC
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    Fig. 3. Composite summer WPSH and Asian monsoon
trough at 700 hPa in the years with more (solid line) and
fewer (dashed line) CLTCs.
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Fig. 4. Regression patterns of (a) 700 hPa vorticity from
the PNU-CGCM against the observed CLTC index as
well as (b) 700 hPa vorticity and (c) 700 hPa horizon-
tal winds from R-2 against the PNU-CGCM predicted
CLTC index over the period of 1979–2009. “A” (“C”)
in (a) and (b) indicates the anomalous anticyclone (cy-
clone). Solid (dashed) white lines indicate the positively
(negatively) significant areas at the 95% and 98% con-
fidence levels. Shading in (c) indicates the areas at the
95% confidence level.

index. The data suggest that TC-related circulations
in the coupled model also show two dipole patterns
over the western Pacific–East Asian region that are
similar to the observational findings (Fig. 2a). How-
ever, in Pattern 2 the activity of the anomalous cyclone
in the coupled model is weaker than in the observation,
whereas the anomalous cyclone activity of Pattern 1 is
stronger. Moreover, compared to the observation data,
the positions of the dipole patterns shift eastward in
the model.

To address the question of why a spatial shift is
simulated for these patterns, we investigated the sim-
ulating capability of the PNU-CGCM for East Asian
circulations. As shown in Fig. 5, two major atmo-
spheric activity centers occur over the East Asian
region during the summer: the WPSH and the Asian
summer monsoon trough. These two atmospheric cir-
culations are key factors influencing the CLTCs as
discussed in the previous section. A comparison to
the observational features (Fig. 5a) shows that the
coupled model demonstrates a strong ability to sim-
ulate these two atmospheric circulations. However,
the simulated WPSH in Fig. 5b is stronger and is lo-
cated farther west than is shown by the observational
data. During such changes in the WPSH, the eastward
extension of the Asian summer monsoon trough is con-
fined. In the observation data, the monsoon trough
extends as far as 140◦E, while in the simulation it only
reaches as far as 125◦E. Thus, in the PNU-CGCM, the
locations of the WPSH and the Asian summer mon-
soon trough were predicted to occur somewhat farther
west than the observation data show. Consequently,

 

           (b) 
(a)  

Fig. 5. Climatological distributions of 700 horizontal
wind streamline in (a) observation and (b) simulation.
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these two atmospheric-circulation-related dipole pat-
terns also shift westward in the coupled model.

Because the anomalous cyclone of Pattern 1 and
the anticyclone of Pattern 2 in the coupled model show
more significant correlation with the CLTC index, the
averaged mean of vorticities over the two circulation
centers (Pattern 1: 30◦–32.5◦N, 92.5◦–97.5◦E; Pattern
2: 25◦–30◦N, 127.5◦–132.5◦E) were selected as indices
to represent the two dipole patterns’ variability. A
statistical dynamic forecast model (SDFM) was then
developed based on the multiple linear regression be-
tween the two hindcast dipole patterns’ indices and
the observed CLTC index over the period 1979–2009.
The formula of the SDFM is as follows:

y = 0.95x1 − 0.43x2 + 5.71,

where y is the simulated CLTC index, and x1 and x2

are the normalized Pattern 1 and Pattern 2 indices,
respectively.

Figure 4b and Figure 4c show the regression pat-
tern of the 700-hPa vorticity and horizontal winds
from the R-2 against the CLTC index simulated by
SDFM. The data show two dipole patterns and their
associated circulations to have a quite similar distribu-
tion to the observational patterns in Fig. 2, although
some visual differences in the magnitude of the val-
ues can be seen. The spatial correlation between Fig.
4b and Fig. 2a was 0.88 for 429 samples, which is
significant at the 99% confidence level. These findings
indicate that the coupled model performs well in terms
of simulating the observed spatial–temporal relation-
ship of the CLTC with the two-dipole patterns, even
though a spatial shift in position occurred.

Figure 6 presents the observed and simulated
CLTC indices for every year during the period 1979–
2009. The data suggest that the SDFM was well able
to reproduce CLTC variability for the past 31 years.
The correlation coefficient between the two indices was
0.77, demonstrating that the coupled model can sim-
ulate > 50% of the observed variance in the CLTC
index. In the past 31 years, the relative error was
14.7%, and the root-mean-square error (RMSE) was
0.96. To further evaluate the SDFM, a leave-one-out
cross-validation analysis was performed. The results
suggest that the SDFM has good forecasting capabili-
ties in relation to CLTCs, with a correlation coefficient
of 0.71 between the forecasted and observed CLTC in-
dices, a relative error of 16.3% and a RMSE of 1.07.

5. Discussion

Based on five predictors associated with high-
latitude circulations in both hemispheres, as well as

0246810121416 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009Observed CLTC indexSimulated CLTC index by SDFMForecasted CLTC index by SDFM using cross-valiation  
Fig. 6. Time series of the observed CLTC index, sim-
ulated CLTC index by the SDFM and the forecasted
CLTC index by the SDFM using cross-validation for the
1979–2009 period.
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Fig. 7. Time series of the simulated CLTC numbers from
the SDFM with 15-year (1979–1993), 20-year (1979–
1998), 25-year (1979–2003) and 30-year (1979–2008) cal-
ibration periods and the forecasted CLTC numbers over
the remaining 16-year (1994–2009), 11-year (1999–2009),
6-year (2004–2009) and 1-year (2009) validation periods.

with circulations over the local, tropical western North
Pacific Ocean, Fan (2009) created a statistical pre-
diction scheme for CLTCs. The cross-validation test
results of her work show that during 1977–2007 the
model accurately predicted CLTCs, with an RMSE
value of 1.4 and a correlation coefficient of 0.74. Our
results indicate that the CGCM also has a compara-
ble predictive capability for the CLTCs, with a corre-
lation coefficient of 0.71 and an RMSE value of 1.07.
One problem with purely statistical forecasting mod-
els is that the predictors used in the model are ob-
tained from some preseason climate systems. The in-
direct impact of these preseason conditions on the pre-
dictions could change over time (e.g., Wang, 2002).
In contrast to purely statistical forecasting models,
SDFMs derive predictors from model-predicted fields,
and these predictors directly impact the predicted re-
sults. Thus, the predictive capability of the SDFM
should remain stable over time. This point is well il-
lustrated in Fig. 7. We also developed four additional
forecasting models. The models are based on multiple
linear regressions between the indices of the two hind-
cast dipole patterns and the observed CLTC index,
but they utilize different calibration periods: 15 years,
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1979–1993; 20 years, 1979–1998; 25 years, 1979–2003;
and 30 years, 1979–2008. Using these four models, we
forecast the numbers of CLTCs in the remaining pe-
riods: 16 years (1994–2009), 11 years (1999–2009), 6
years (2004–2009), and 1 year (2009). As shown in
Fig. 7, the CLTC numbers forecast using these four
statistical dynamic models yielded highly consistent
results. Even when only the 15-year dataset was used,
the model was able to forecast the sudden increase
in the CLTC index in 1994 and its downward trend
thereafter. The findings show that, unlike the purely
statistical forecasting model, the predictive ability of
the SDFM is not highly variable over time, thereby
demonstrating the model’s strong potential for CLTC
forecasting.

6. Conclusions

In this study, we explored the ability of the coupled
climate model to predict CLTCs by analyzing PNU-
CGCM 31-year hindcasts. The results suggest that
this coupled model has the ability to predict the re-
lationship between CLTC variability and steering at-
mospheric circulations reported in observational stud-
ies. We also developed a statistical dynamic forecast-
ing model based on multiple linear regressions between
the indices of the two hindcast dipole patterns of the
PNU-CGCM and the observed CLTC index over the
period 1979–2009. An evaluation of the model indi-
cates that the forecasting model has a strong ability
to predict CLTC variability, both at year-to-year and
decadal time scales. The predictive ability of the fore-
cast model is stable in relation to CLTCs, which to
some extent resolves one problem that plagues purely
statistical forecasting models, namely that the pre-
dicted results may change over time. Therefore, the
statistical dynamic model represents a promising ap-
proach for predicting landfall of TCs. Only one cou-
pled model was employed in this analysis. Additional
studies are needed to investigate hindcasts involving
multiple coupled models and to compare the results
with those from other models.
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