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ABSTRACT: This paper investigates the factors affecting the annual number of tropical cyclones (TCs) passing within
100 km of the coast of Korea and Japan (KJ). Using a training set consisting of the coefficients of empirical orthogonal
functions of these factors between 1965 and 2005, equations are derived to predict the annual number of these TCs over
the whole season in April, and to update this prediction for the July-November (JN) season in June. Results show that the
El Niño-Southern Oscillation (ENSO) plays a key role in determining the behaviour of TCs affecting KJ, with more TCs
affecting the region during El Niño and less during La Niña. This difference can be attributed to ENSO modifying the flow
patterns, which in turn affects TC behaviour. The prediction equations suggest that the 500-hPa geopotential height is more
important in determining the number of TCs affecting KJ in the whole season, while both the 850-hPa geopotential height
and 850-hPa vorticity play a role in the JN season. Both prediction schemes are able to produce acceptable results, with
forecast skills of 42.3 and 33.3% over climatology for the whole, and JN seasons, respectively. The predicted TC number
for 2006, 2007, and 2008 are also mostly accurate to within one standard deviation of the observed number. Copyright 
2010 Royal Meteorological Society
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1. Introduction

Tropical cyclones (TCs) are one of the most destructive
natural phenomena around the world. The aftermath of
a TC making landfall can be devastating, especially to
the people living along its path and along the coast. It
is therefore imperative to understand the behaviour of
landfalling TCs.

Various studies have been carried out covering differ-
ent aspects of landfalling TCs, including rainfall distri-
bution (e.g. Kimball, 2008), maximum wind speed and
decay (e.g. Kaplan and DeMaria, 1995), and convective
properties (e.g. Chan et al., 2004). Some research has also
been conducted on predicting the number of TCs making
landfall, especially in the Atlantic basin (e.g. Lehmiller
et al., 1997; Bove et al., 1998), with a few investigating
the topic for the western North Pacific (WNP) (e.g. Wu
et al., 2004), and even fewer dedicated solely to specific
basins, such as the South China Sea (SCS) (e.g. Liu and
Chan, 2003, Goh and Chan, 2010a) or the East China
Sea (e.g. Kim et al., 2009), or a specific country (e.g.
Choi et al., 2009 for Korea). This study will be the first
to develop a real-time forecasting scheme for the Korea
and Japan region.

Gray (1968, 1979) suggested several dynamic and ther-
modynamic factors crucial to the formation of TCs, which
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formed the basis for Goh and Chan’s (2010b) investiga-
tion of the interannual and interdecadal variations of TCs
in the SCS. The authors identified seven factors related
to TC behaviour in the SCS, and the effects of these fac-
tors are in fact extended from the WNP. The seven factors
can be divided into two groups: steering factors (500-hPa
geopotential height and zonal wind) and genesis factors
(850-hPa geopotential height and relative vorticity, 200-
hPa divergence, 200–850 hPa vertical wind shear, and
1000–500-hPa moist static energy).

In addition, the El Niño-Southern Oscillation (ENSO)
phenomenon has long been known to have an impact
on TC behaviour in the WNP (e.g. Chan, 1985, 2000,
2005; Li, 1988; Wang and Chan, 2002). Nakazawa and
Rajendran (2007) identified ENSO as one of the dominant
modes affecting TC tracks in the WNP. Goh and Chan’s
(2010b) study also suggested that TCs tend to recurve
towards Japan during El Niño (EN) and move westwards
towards the SCS during La Niña (LN). These results
suggest that ENSO could also be a factor in determining
the number of TCs affecting Korea and Japan (KJ).
Therefore, the seven factors, along with the ENSO index,
will form the basis of investigation for this study.

Data used in this study are listed in Section 2. Section
3 is an analysis of the TC data, and factors affecting
the behaviour of the TCs are studied in Section 4.
Section 5 introduces the method of developing and
assessing the prediction schemes, and Section 6 shows
the prediction schemes at work. Finally, some discussion
and concluding remarks are given in Section 7.
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2. Data and approach

2.1. Data

Six-hourly TC position data and atmospheric data
in this study are from the Hong Kong Observatory
and the National Centers for Environmental Predic-
tion–National Center for Atmospheric Research (NCEP-
NCAR) Reanalysis Project (Kalnay et al., 1996), respec-
tively. ENSO data are available from the Climate Pre-
diction Center of the US National Weather Service
(http://www.cpc.ncep.noaa.gov/products/analysis moni
toring/ensostuff/ensoyears.shtml). As previous research
has suggested the existence of uncertainties in data before
1965 (e.g. Song et al., 2002; Wu et al., 2005), this study
covers the period between 1965 and 2005.

2.2. Data categorization

The area of interest in this study covers the mainland
of Korea and Japan, as well as the oceans within about
100 km of these two countries, as highlighted in Figure 1.
TCs that pass within about 100 km from the mainland
of Korea and Japan are also included because the most
damaging winds from a TC are found at a distance
from its centre, that is, the radius of maximum wind,
and this radius is found to be about 100 km in most
tropical cyclones (Shea and Gray, 1973). When a straight
line joining two consecutive 6-hourly positions of a TC
crosses the above defined boundary, that TC would be
regarded as having affected these two land masses. TCs
that first crossed this boundary, then moved out, and
subsequently entered the region again would only be
counted once.

To decide whether a certain year is an EN or a LN
year, the ENSO index as defined by Trenbeth (1997)
is used. The index is sea surface temperature based,
and is calculated over the Niño-3.4 region (5 °S–5°N,
120 °W–170 °W). If the index is above +0.4, that year
would be considered an EN year, whereas it would be
a LN year if the index is below −0.4. For this dataset,
there are 12 EN and 13 LN years.

Figure 1. Area enclosed by thick black straight lines indicates the area
of investigation in this study. TCs entering this area are considered to

have made landfall over Korea and Japan.

3. Behaviour of TCs affecting KJ

The TC season for KJ is from May to November, with
the total number in July, August, and September (NP)
accounting for 85% of all TCs in this study (Figure 2).
These three months will be defined as the ‘peak season’ in
this study. On average, the total number of TCs affecting
KJ for the whole season (NW) during the period of
1965–2005 is 4.24, while that of the peak season is 3.56.

As mentioned above, ENSO has also been pointed
out to be a factor affecting NW, and this is in fact the
case. The average NW during EN and LN is 5.08 and
3.38, respectively, a difference statistically significant at
95% confidence level, while the average NP during these
two phases of the ENSO is 4.08 and 2.92, respectively,
significant at the 90% confidence level.

Both the NW and NP time series (Figure 3(a) and (b),
respectively) show an increasing trend of 2.44 and
0.54 TCs per 100 years, respectively, based on Santer
et al.’s (2000) method, but neither time series shows
a statistically significant long-term trend. This result
concurs with recent findings that, although the TC activity
along the east coast of China and near Japan was higher
between 1998 and 2005 (Liu and Chan, 2008), the
number of TCs making landfall in the Korean Peninsula
and Japan show no significant linear trend (Chan and Xu,
2009).

4. Factors affecting TCs affecting KJ

To determine the factors responsible for the behaviour
of TCs affecting KJ, correlation maps are obtained for
the whole season between NW and the seven factors
mentioned in Section 1, namely 500-hPa-zonal wind
(500U), 200-hPa divergence (DIV), 500-hPa geopotential
height (500H), 850-hPa geopotential height (850H), moist
static energy (MSE), 200–850-hPa shear (SHEAR), and
850-hPa vorticity (VOR) (Figure 4). It can be seen
that NW has statistically significant correlation with
most of these factors over the WNP. Specifically, the
correlation between NW and 500H (Figure 4(a)) and
500U (Figure 4(b)) seems to suggest that the steering
flow could be an important factor in determining the
number of TCs making affecting KJ.

Figure 2. Monthly distribution of TCs making landfall over Korea and
Japan.
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Figure 3. Number of TCs making landfall over Korea and Japan during (a) the whole season (NW), and (b) the peak season (NP). The solid
straight line indicates the trend. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

As suggested previously, ENSO was found to be one
of the factors contributing to the behaviour of TCs
affecting KJ. To illustrate this case, a composite analysis
was performed to investigate the differences in the flow
patterns of the seven factors during EN and LN and to
determine the reason for the difference in the number of
TCs affecting KJ during these two phases. This exercise
would only be done for the peak season, as the majority
of TCs affect KJ during these three months, and the flow
patterns over this period should be able to provide a good
insight.

4.1. EN

Figure 5 shows the flow patterns of the seven factors
during EN. Recall that there are more TCs affecting KJ
during this phase of the ENSO. Focusing first on the
genesis factors. It can be seen that 850H shows negative
anomaly over the entire WNP (Figure 5(c)), an indication
of a more favourable environment for TC formation
over the basin. At the same time, the anomaly of MSE
(Figure 5(e)) is positive over the TC genesis region in
the WNP. In addition, south of the 20°N latitude, positive
anomalies of DIV (Figure 5(d)) and VOR (Figure 5(g)),
and negative anomaly of SHEAR (Figure 5(f)) can be
found. These all indicate favourable conditions for TC
genesis. Thus, all the genesis factors suggest that TC
formation is enhanced in the WNP during EN, which
helps explain the reason for more TCs affecting KJ.

The reason for the above-normal NP is even clearer
with a study of the steering factors. The pattern of 500H
(Figure 5(a)) shows a strong anomalous low centred over
Korea, thus anomalous southerlies would be found over
the WNP. These southerlies would steer TCs northwards
towards the area south of Japan. At the same time, the
flow pattern of 500U (Figure 5(b)) shows anomalous
easterlies south of around 25°N, and anomalous west-
erlies north of that latitude. The joint effect of these two
factors would cause TCs to follow a re-curving track and
travel into the KJ region, thus contributing to a larger
NP. Thus, combining the effects of the genesis and steer-
ing factors, the reasons for more TCs affecting KJ include
more TCs forming in the WNP, and flow patterns causing
TCs to re-curve and travel towards KJ.

4.2. LN

Fewer TCs tend to affect KJ during LN. It can be seen
from the flow patterns of the seven factors in Figure 6
that the situation during LN is generally opposite to
that of EN, as all genesis factors seem to suggest
unfavourable conditions for TC formation over the WNP.
For example, the pattern of 850H shows positive anomaly
over much of the WNP (Figure 6(a)), while negative
anomaly of MSE (Figure 6(e)) can be seen south of
25°N. Moreover, positive anomaly of SHEAR is found
south of 20°N (Figure 6(f)), while negative anomaly of
DIV (Figure 6(d)) and VOR (Figure 6(g)) can be seen

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)



A. ZUNG-CHING GOH AND J. C. L. CHAN

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 4. Correlation between NW and the various factors affecting TC behaviour in the whole season. Solid and dotted lines indicate positive
and negative values respectively, while dark and light shaded areas indicate positive and negative correlations of 95% statistical significance

respectively. (a) 500H, (b) 500U, (c) 850H, (d) DIV, (e) MSE, (f) SHEAR, and (g) VOR.

in the same area, which all point to a less favourable
environment for TC genesis, and hence, fewer TCs are
formed over the WNP during LN.

In addition, easterly anomalies are seen in the 500U
pattern south of around 15°N (Figure 6(b)), which helps
to steer TCs westwards instead of towards KJ. At the

same time, the pattern of 500-H reveals a positive height
anomaly centred north of Korea (Figure 6(a)). This would
induce an anomalous anticyclonic flow over the WNP,
which again steers TCs westwards rather than allowing
them to re-curve towards KJ. A smaller number of TCs
formed in the WNP along with a steering flow causing
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 5. Anomaly patterns of the seven factors in the peak season during EN. Solid and dotted lines indicate positive and negative values,
respectively. (a) 500H (Unit: gpm), (b) 500U (Unit: m s−1), (c) 850H (Unit: gpm), (d) DIV (Unit: ×10−6 s−1), (e) MSE (Unit: ×106 W m2),
(f) SHEAR (Unit: m s−1), and (g) VOR (Unit: ×10−6 s−1). Shaded areas indicate values are statistically significant at the 95% confidence level.

TCs to travel westwards can both account for the lower
NW observed during LN.

5. Predicting the number of TCs affecting KJ

5.1. Constructing the scheme
Two prediction schemes are developed for predicting
the number of TCs affecting KJ. An initial forecast

for the number over the whole season (NW) will be
made in April, with an updated number (NJ) for the
July–November (JN) season to be made in June.

The first three empirical orthogonal functions (EOFs)
of monthly anomalies of the seven factors mentioned in
Section 1, namely 500-hPa zonal wind (500U), 200-hPa
divergence (DIV), 500-hPa geopotential height (500H),
850-hPa geopotential height (850H), moist static energy
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 6. Same as Figure 5, except for LN.

(MSE), 200–850-hPa shear (SHEAR), and 850-hPa vor-
ticity (VOR), plus the ENSO index, are used as predic-
tors. The temporal range for the seven factors is from
September of the previous year to March (for April pre-
diction) or May (for June prediction) of the current year,
while that for the ENSO index is extended to January of
the previous year. The domain used in the calculation of

the EOFs is 100 °E to 160 °E, 0°N to 50°N, covering the
area where most TCs in this basin are found, and North
et al.’s, (1982) method is used to estimate the sampling
errors in EOFs.

All these predictors are then subjected to a forward
stepwise regression analysis, in which they are inserted
into a regression equation one by one, retaining each

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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time the one that contributes the most to increasing the
correlation coefficient, R, of the regression equation,
until the increase in R2 of the regression equation
by adding a new predictor is less than 0.05. This
limit is set to avoid the possibility of overfitting the
regression equation (Wilks, 2006). Using this technique,
the predictors having the strongest relationship to the
behaviour of TCs affecting KJ will be chosen, and the
final prediction equation for each scheme will be a
weighted linear combination of the respective predictors
selected for that scheme. In the following sections, the
last number in the abbreviations of the factors indicates
the EOF, 1 for the first EOF, 2 for the second, etc.,
whereas (0) and (−1) after the month indicates the factor
is for that month in the current and previous years,
respectively.

5.2. Assessing the prediction schemes

The cross-validation technique is used to assess the
robustness of the prediction equations derived from a set
of dependent samples. The reader is referred to Barnston
and van den Dool (1993) for a general description of this
technique. Considering the small number of observations
in this study, the leave-one-out cross-validation method
is used (Michaelsen, 1987), giving 40 new prediction
equations for each of the predictions in this study, which
in turn gives 40 new predicted number of TCs for each
year. These new values are matched against the observed
numbers to determine the performance of the prediction
equations.

Other ways to evaluate the performance of the schemes
include the correlation between the observed values and
the hind-casted values, the absolute and root-mean-square
errors, and the forecast skill, S. The forecast skill is a
measurement of the forecasting performance of a scheme
over climatology, and is defined by Wilks (2006) as:

S =
(

1 − RMSEScheme

RMSEClimatology

)
× 100%

where RMSE Scheme and RMSEClimatology refer to the
root-mean-square error of the scheme and climatology,
respectively.

Finally, a hind-casted, or predicted number, would
be considered acceptable if the value falls within one
standard deviation of the observed value during the
respective season.

6. Forecasting the number of TCs affecting KJ
in different seasons

6.1. Whole season

6.1.1. Predictors

Five predictors are involved in the prediction scheme for
NW, namely, 500U1Nov(−1), 500H1Feb(0), 500H2Sep(−1),
500H2Jan(0), and VOR3Feb(0). As suggested by the coeffi-
cients of the factors in the prediction equation (Table I),

Table I. Coefficients of the predictors chosen for the prediction
equations for the whole and JN seasons.

Whole season JN season

Predictors Coefficient Predictors Coefficient

500U1Nov(−1) −0.822 500U2Feb(0) 0.778
500H1Feb(0) −1.695 850H3Feb(0) 1.022
500H2Sep(−1) 0.791 850H3Apr(0) 0.988
500H2Jan(0) 0.483 SHEAR1May(0) −0.651
VOR3Feb(0) 0.7311 VOR3Mar(0) −1.068
Constant 4.225 Constant 3.800

500H1Feb(0) plays the most important role in determining
the number of TCs affecting KJ.

Figure 7(a) is a scatterplot of the hind-casted and cross-
validated numbers as calculated by this scheme versus
observed number of TCs. The correlation coefficient
between the hind-casted and observed numbers of 0.771,
which is statistically significant at 95% confidence level,
and the forecast skill, S is 36.3% above climatological
mean. On the other hand, the correlation coefficient for
the cross-validated values and the observed values is
0.673, also significant at the 95% level, while S is 25.2%.

6.2.2. Predicted and cross-validated values for 2004

The year 2004 saw a record breaking number of 10 TCs
affecting the KJ region during the whole season. The
current prediction scheme is able to capture the above
normal NW, with the predicted value being 7.98, which is
within a standard deviation (2.09) of the observed value.
The cross-validated value is 7.32. It should be noted that
2004 is a part of the training sample.

6.2.3. Predictions for 2006, 2007, and 2008

Using the current scheme, the predicted NW is 5.67, 3.79,
and 4.17 for the independent samples of 2006, 2007, and
2008 respectively, as opposed to the observed values of
4, 5, and 3. All these 3 predicted values fall within the
one standard deviation threshold of 2.00.

6.3. JN season

6.3.1. Predictors

Similar to the NW prediction scheme, the NJ scheme
is comprised of five predictors, namely, 500U2Feb(0),
850H3Feb(0), 850H3Apr(0), SHEAR1May(0), and
VOR3Mar(0). The coefficients of the predictors suggest
that both 850H3Feb(0) and VOR3Mar(0) are important
determinants to the number of TCs affecting KJ during
this season.

This scheme gives a 95% significant correlation coef-
ficient of 0.817 between the hind-casted and observed
numbers, and a forecast skill S of 42.3% above the
climatological mean. On the other hand, the correla-
tion coefficient for the cross-validation values and the
observed values is 0.749, also significant at the 95% level,
and S is 33.3%. Figure 7(b) shows the scatterplot of the
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(a)

(b)

Figure 7. Scatterplots of calculated versus observed number of land-
falling TCs for the (a) whole and (b) JN seasons. Crosses and dashed
line indicate values calculated from the prediction equation and their
regression line, while circles and dotted line are cross-validated values
and their regression line. The thick diagonal straight line is the 45° line

indicating perfect prediction.

hind-casted and cross-validated numbers versus observed
number of TC for this scheme.

6.3.2. Predicted and cross-validated values for 2004

The NJ in 2004 was 8, which is also a record high. The
current scheme again is able to capture the higher than
normal NJ. The predicted value of 6.97 falls within one
standard deviation (1.88) of the observed number. The
cross-validated value is 6.56. Again, it should be noted
that 2004 is a part of the training set.

6.3.3. Predictions for 2006, 2007, and 2008

The predicted NJ is 6.74, 6.00, and 3.40 for the inde-
pendent samples of 2006, 2007, and 2008, respectively,
under this scheme, as opposed to the observed values of
4, 5, and 3. Both the predictions for 2007 and 2008 fall
within the one standard deviation threshold of 1.72.

7. Relating the chosen predictors and the TC
season

In an attempt to show the relationship between the
predictors and the TCs and the related factors, correlation
is first drawn between the flow patterns of the predictors
and those during the TC season. The values for both the
whole and JN seasons are shown in Table II. It can be
seen that apart from the vorticity pattern in both seasons,
all other factors show statistically significant correlation
between the pattern in the month chosen and the one
during the respective TC season.

Figures 8 and 9 show the patterns of the factors
in years with above- and below-normal number of
TCs during the whole and JN seasons, respectively.
Focusing first on the whole season, Figure 8 shows
that when the number of TCs is above normal, both
the patterns of 500H1 (Figure 8(a), left) and 500U1
(Figure 8(c), left) suggest an anomalous easterly flow
over the ocean south of Japan, helping to steer TCs
in the direction of KJ. At the same time, VOR3 is
anomalously positive over the same area (Figure 8(d),
left), suggesting favourable conditions for TC genesis.
These patterns are reversed when the number of TCs
affecting KJ is below normal (Figure 8(a), (c), and (d),
right).

On the other hand, in the JN season, when TC number
is above normal, the patterns of SHEAR1 (Figure 9(c),

Table II. Correlation between the flow patterns of the predictors chosen for the prediction equations for the whole and JN seasons
and the respective patterns during the TC season.

Whole season JN season

Predictors Correlation Significant? Predictors Correlation Significant?

500U1Nov(−1) −0.392 Yes 500U2Feb(0) 0.374 Yes
500H1Feb(0) −0.708 Yes 850H3Feb(0) 0.819 Yes
500H2Sep(−1) 0.472 Yes 850H3Apr(0) 0.770 Yes
500H2Jan(0) −0.391 Yes SHEAR1May(0) −0.383 Yes
VOR3Feb(0) −0.179 No VOR3Mar(0) 0.147 No

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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(a)

(b)

(c)

(d)

Figure 8. Anomaly patterns of the predictors in the whole season. Solid lines indicate positive values, while dotted lines indicate otherwise. Left
panel shows patterns when TC is above normal, whereas right panel is for below normal cases. (a) 500H1 (Unit: gpm), (b) 500H2 (Unit: gpm),

(c) 500U1 (Unit: m s−1) (Unit: gpm), and (d) VOR3 (Unit: ×10−6 s−1).

left) and VOR3 (Figure 9(d), left), being negative and
positive, respectively, both suggest a favourable envi-
ronment for TC formation over the ocean south of
Japan. Although the pattern of 500U2 (Figure 9(a), left)
indicates zonal wind is close to normal in this sce-
nario, it does suggest westerly anomalies when there are
below-normal number of TCs affecting KJ (Figure 9(a),

right). The patterns of SHEAR1 (Figure 9(c), right) and

VOR3 (Figure 9(d), right) are also opposite to the above-

normal situation, suggesting unfavourable conditions for

TC genesis.

Considering that there are statistically significant cor-

relations between the patterns of the factors in the month

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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(a)

(b)

(c)

(d)

Figure 9. Same as Figure 8 but for the JN season. (a) 500U2 (Unit: m s−1), (b) 850H3 (Unit: gpm), (c) SHEAR1 (Unit: m s−1), and (d) VOR3
(Unit: ×10−6 s−1).

they are chosen as predictors and those during the respec-
tive TC seasons, and the ability of the patterns during
the TC seasons to explain the observed TC behaviour,
it is reasonable to consider that these factors are good
to serve as predictors for TC activities in the respective
seasons.

8. Summary and discussion

It has long been known that ENSO plays an important
role in shaping TC behaviour in the WNP. This study has
reconfirmed this assertion, as the number of TCs affecting
KJ is shown to be above normal during EN

Copyright  2010 Royal Meteorological Society Int. J. Climatol. (2010)
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Table III. Statistics for evaluating the performance of the
prediction schemes for the annual number of TCs making
landfall over Korea and Japan for the whole and JN seasons.

Whole season JN season

Correlation 0.771 0.817
Absolute error 1.60 0.869
Root-mean-square error 1.316 1.073
Forecast skill (%) 36.3 42.3

and lower than normal during LN. The effects of
ENSO are seemingly manifested through the modifica-
tion of the flow patterns, as composite analysis shows
the situation during EN to be favourable for TC gen-
esis and tends to cause TCs to re-curve, while the
basin provides a relatively less favourable condition
for TC formation and a westward steering flow dur-
ing LN.

Through a forward stepwise analysis, prediction equa-
tions are formulated for predicting the number of
TCs affecting KJ during the whole and the JN sea-
sons based on the factors found to be related to TC
activity in this basin. Results show that the perfor-
mance of both the schemes is acceptable, reporting
forecast skills of 42.3 and 36.3% over climatology,
and a 95% significant correlation of 0.817 and 0.771
between the predicted and observed numbers for the
whole and JN seasons, respectively (Table III). More-
over, the predicted numbers for 2006, 2007, and 2008
are accurate to within one standard deviation of the
observed number, save for that for the JN season in
2006, again indicating a satisfactory performance of the
schemes.

That said, a physical reasoning for the choice of
these predictors is still absent. Although statistically
significant correlations exist between the flow patterns of
the predictors during the specific months they are chosen
and those when the TCs are actually observed, and the
flow patterns during the TC seasons are able to explain
the observed TC behaviour, it is difficult to establish
causality. It would be worthwhile to investigate further
into this topic.
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