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Abstract
The landfall activity of typhoons (TYs) along the coast of China during July–August–September (JAS) shows significant 
interdecadal variation during 1965–2010. We identify three sub-periods of TY landfall activity in JAS along the China coast 
in this period, with more TY landfall during 1965–1978 (Period I) and 1998–2010 (Period III), and less during 1982–1995 
(Period II). We find that the interdecadal variation might be related to the combined effects of Pacific Decadal Oscillation 
(PDO) phase changes and sea surface temperature (SST) variation in the tropical Indian Ocean and Western Pacific (IO–WP). 
During the negative PDO phase in Periods I and III, a cyclonic anomaly is located in the western North Pacific (WNP), 
inducing easterly flow in its northern part, which favors TY landfall along the eastern China coast. Warm SST anomalies 
over the tropical IO–WP during Period III induce an anomalous anticyclonic circulation in the WNP through both the Gill-
pattern response to the warm SST in the tropical IO and the anomalous meridional circulation induced by the warm SST in 
the tropical WNP. As a result, the northern South China Sea and WNP (10°–20° N) are dominated by southeasterly flow, 
which favors TYs making landfall on both the southern and eastern China coast. With both landfalling-favorable conditions 
satisfied, there are significantly more TYs making landfall along the China coast during Period III than during Period I, 
which shows cool SST anomalies in the tropical IO–WP.

1  Introduction

Tropical cyclones (TCs) that make landfall can cause severe 
economic losses in coastal regions. TC track direction is 
one of the major factors that should be included in TC land-
fall prediction (Wang and Chan 2002; Liu and Chan 2003; 
Yang et al. 2015a, b). Previous studies have shown that the 
interannual and interdecadal variability of TC activity in 
the western North Pacific (WNP) is closely related to the El 
Niño–Southern Oscillation (ENSO), Pacific Decadal Oscil-
lation (PDO) and East Asian monsoon variability (Wang 
et al. 2012; Yuan et al. 2014). As the most important mode in 

the topical air–sea interaction, ENSO has a strong influence 
on the interannual variability of TC activity (Saunders et al. 
2000; Sobel and Maloney 2000; Wang and Chan 2002; Wu 
et al. 2005; Camargo and Sobel 2005; Chan 2006; Zhang 
et al. 2012a, b; Wang and Wang 2013; Wang et al. 2014; 
Kim et al. 2016). A previous study found that the interan-
nual variation of TC tracks and landfall along the South 
China coast is strongly influenced by ENSO events (Liu 
and Chan 2003). The study found fewer (more) TCs mak-
ing landfall along the southern China coast during strong El 
Niño (La Niña) events, especially during the late TC season 
(October–November), which is attributable to an eastward 
(westward) shift of the TC genesis location. During early 
summer (May–June) after La Niña (El Niño) years, there 
are more (fewer) TCs making landfall along the southern 
China coast, due to the existence of a persistent low-level 
cyclone (anticyclone) over the Philippines. Huang and Wang 
(2010) found that the interannual variability of TC landfall 
along the eastern and southern coast of China is positively 
correlated with the summer East Asia–Pacific index dur-
ing 1979–2007. They found that more TCs making landfall 
along the coast north (south) of Xiamen corresponds to a 
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positive (negative) East Asia–Pacific index, indicating a 
northeastward (southwestward) shift of the Western Pacific 
subtropical high (WPSH), which leads to TCs moving north-
ward (southward) and making landfall along the east (south) 
coast of China. They also found that TCs making landfall 
along the east (south) coast of China show an increasing 
(decreasing) trend. Using a regional climate model, Jin et al. 
(2013) confirmed that more instances of typhoon (TY) land-
fall in the East Asian coastal region during July–October are 
mainly related to the northern off-equatorial central Pacific 
sea surface temperature (SST) warming, which induces 
anomalous easterly steering flows that direct more WNP 
TCs towards the East Asian coastline.

The PDO can influence the track pattern of WNP TCs 
by regulating the large-scale atmospheric circulation (Chan 
and Zhou 2005; Zhou et al. 2007; Liu and Chan 2008; Li 
et al. 2017). The interdecadal variability of TC landfall in 
the Philippines has been found to be related to the PDO and 
ENSO (Kubota and Chan 2009). There are several studies 
that have discussed the interdecadal variability of WNP TC 
track patterns and their landfall characteristics during dif-
ferent time periods. From 1951–1979 to 1980–2001, TC 
passage in the South China Sea (SCS) increased slightly, 
while it decreased in the eastern China Sea and the Phil-
ippine Sea (Ho et al. 2004). Wu et al. (2005) found that 
TCs making landfall along the east (south) coast increased 
(decreased) during 1965–2003 due to a westward shift 
of prevailing TC (June–October) tracks in the WNP. By 
investigating the WNP TC activity during the entire year 
instead of only summer, Liu and Chan (2008) identified four 
sub-periods in terms of the TC occurrence pattern in the 
WNP during 1960–2005. The variations in the TC occur-
rence pattern led to more (fewer) TCs making landfall along 
the South China coast during 1964–1976, 1977–1988 and 
1989–1997 (1998–2005), and more (fewer) along the East 
China coast during 1977–1988 and 1998–2005 (1964–1976 
and 1989–1997). This interdecadal variability may be partly 
related to the PDO (Liu and Chan 2008).

In this study, we first identify three periods during 
1965–2010 according to the typhoon landfall activity along 
the China coast: (I) high (1965–1978); (II) low (1982–1995); 
and (III) higher (1998–2010). We then further explore the 
underlying mechanisms. The higher TC landfall activity dur-
ing Period III is found to be closely related to both the PDO 
phase and the SST anomalies over the tropical Indian Ocean 
and Western Pacific (IO–WP).

2 � Datasets and models

To examine TC landfall along the China coast, data on TCs 
that formed in the WNP during 1965–2010 are obtained 
from the International Best Track Archive for Climate 

Stewardship (IBTrACS) dataset (V03r09; Knapp et  al. 
2010). The dataset includes six-hourly TC center locations 
from 12 different agencies and historical databases from 
1884 to 2015. Data before 1965 are not considered in this 
study due to their possible low reliability during that time 
(Wu et al. 2005). As large uncertainty might exist in the 
landfall records of weaker TCs, we only consider TCs with 
a maximum surface wind speed of 32.4 m s− 1 or higher [i.e., 
typhoon (TY)]. In this study, we investigate the TY activity 
that occurs during July–September (JAS), which is the main 
TC season in the WNP.

Monthly geopotential height and horizontal wind data 
at standard pressure levels are obtained from the National 
Centers for Environmental Prediction (NCEP) reanalysis 
(Kalnay et al. 1996). The horizontal resolution of these data 
is 2.5° × 2.5°. The Met Office’s Hadley Centre Sea Ice and 
Sea Surface Temperature (HadISST) dataset (Rayner et al. 
2003; Kennedy et al. 2011) is used to analyze the tropi-
cal IO–WP SST variation and its relationship to large-scale 
atmospheric circulations.

Steering flows, which represent the large-scale circulation 
that directs TC motion (e.g., Holland 1983), are calculated 
by integrating the pressure-weighted layer flows between 
two atmospheric layers (Chan and Gray 1982; Dong and 
Neumann 1986; Chu et al. 2012). Wind data are integrated 
at grid points from 850 to 200 hPa. Anomaly fields are 
obtained by subtracting a long-term monthly climatology 
(average during 1965–2010) from the original monthly data. 
The PDO index was obtained from http://www.esrl.noaa.
gov/psd/data/climateindices/list.

To further confirm the potential influence of tropical 
IO–WP SSTs and the PDO on the interdecadal variability 
of steering flow, several numerical experiments are con-
ducted with version 5.0 of the National Center for Atmos-
pheric Research (NCAR) Community Atmospheric Model 
(CAM5), which has a horizontal resolution of 3.75° × 3.75° 
and 30 vertical levels. CAM is the atmospheric component 
of the NCAR Earth System Model. Considerable improve-
ments in the boundary layer condition and shallow cumulus 
scheme have been made in this version (Bretherton and Park 
2009; Neale et al. 2010). In this study, we use the HadISST 
dataset as the lower boundary conditions to drive all model 
runs.

3 � Interdecadal variation of TY landfall 
along the China coast

The number of WNP TYs making landfall on the China 
coast during 1965–2010 shows strong interannual and 
interdecadal variability (Fig. 1). To exclude the influence of 
genesis number on the landfall variability, we also calculate 
the percentage of generated WNP TYs that made landfall, 

http://www.esrl.noaa.gov/psd/data/climateindices/list
http://www.esrl.noaa.gov/psd/data/climateindices/list
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which shows similar variability to the landfall number 
(Fig. 1). Based on the 7-year running mean of TY landfall 
number and percentage, three phases of TY landfall activity 
are identified (Fig. 2): (I) high (1965–late 1970s); (II) low 
(early 1980–mid-1990s); and (III) higher (late 1990s–2015). 
To further examine the underlying mechanism, we define the 
three periods as: (I) high (1965–1978); (II) low (1982–1995) 
and (III) higher (1998–2010). Period III does not include 
2011–2015 because of a possible phase change of the PDO 
after 2010.

The mean value of TY landfall on the China coast for 
1965–1978, 1982–1995, and 1998–2010 is 1.7, 0.8 and 2, 
respectively (Table 1). The difference in the mean values 
of TY landfall number between the high landfall activity 

periods (I and III) and the low landfall activity period is 
statistically significant at the > 95% confidence level. There-
fore, the first question we aim to answer in this study is: 
What are the physical mechanisms for the higher or lower 
TY landfall activity on the China coast? It is also noted that 
both the TY landfall number and percentage during Period 
III are significantly higher than during Period I. Whether 
there is an additional controlling factor during Period III 
(1998–2010) is the second question this study aims to 
answer. In the following, we explore the main mechanisms 
for the low and high landfall activity along the China coast.

The overall pattern of the average steering flow during 
Periods I and II is similar, showing a westerly steering flow 
from East Asia to the northern WNP (Fig. 3a, b). The dif-
ference between Periods I and II (Period I minus Period II) 
shows an anomalous easterly–northeasterly flow over the 
northern WNP (but does not exceed the 95% significance 
level) and southwesterly flow over South Asia (exceeds the 
95% significance level). The two flows converge and turn 
northeastward along the southern and eastern China coast 
(Fig. 3c), which favors westward TC tracks and landfall on 
the China coast. TY genesis occurrence (grouped into a 1 × 1 
grid) is also added in Fig. 3 to show both the number and 
their distribution of TY generated in the WNP (Fig. 3a–c). 
Relatively more TYs are generated in the WNP east of the 
Philippines during Period I (negative PDO phase) (Fig. 3b), 
while more TYs are generated farther east in the WNP dur-
ing Period II (positive PDO phase) (Fig. 3a). A higher TY 
genesis number east of Philippines during the negative PDO 
phase might be due to the positive vorticity in that area (Goh 
and Chan 2009). There is a higher possibility for these TYs 
to enter the area that is dominated by anomalous easterly 
steering flow, and move westward making landfall on the 
China coast. In fact, Goh and Chan (2009) noticed that more 
WNP TCs enter SCS during negative PDO phases, and more 
recurved TCs during positive PDO phases.

By looking at the 500 hPa geopotential height, it is found 
that a large anticyclonic circulation is located over the WNP 
in both Periods I and II (Fig. 4a, b). The anticyclonic circula-
tion during Period II extends more westward than that during 
Period I, which is in agreement with earlier studies (e.g., 
Zhou et al. 2009). As a result, the difference between Peri-
ods I and II (Period I minus Period II) exhibits a significant 

Fig. 1   Time series of JAS TY landfall number (red) and the TY land-
fall percentage of the total TY numbers in the WNP (blue) on the 
China coast during 1960–2015

Fig. 2   Time series of the anomalies of the 7-year running mean of 
JAS TY landfall number (red) and the TY landfall percentage of total 
TY numbers in the WNP (blue) on the China coast during 1960–2015

Table 1   The impact of PDO phase and tropical IO–WP SST anomalies on the TY landfall numbers (↑ represents positive impact and ↓ repre-
sents negative impact) and mean TY landfall number for the three periods

Period 1965–1978 1982–1995 1998–2010

PDO/IO–WP phase PDO (−) IO–WP (−) PDO (+) IO–WP (+) PDO (−) IO–WP (+)
Impacts on TY landfall at 

China coast
↑ ↓ ↓ ↑ ↑ ↑

Mean TY landfall 1.7 0.8 2
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cyclonic circulation over the WNP (Fig. 4c), which favors 
anomalous easterly flow, as shown in Fig. 3c. The influ-
ence of the WPSH on the WNP TC activity and the East 
Asian summer monsoon varies with its shape, position and 
intensity (Chan and Xu 2009; Wang et al. 2013; Feng and 
Hu 2014). Zhou et al. (2009) related the westward exten-
sion of the WPSH to IO–Maritime Continent (MC) warm-
ing using numerical experiments. They found that warming 
in the IO–MC region influences the Walker circulation and 
results in negative heating in the central and eastern Pacific, 
which then triggers anomalous anticyclones in the Pacific 
through an ENSO–Gill-type response.

Similar to the difference in steering flow between Periods 
I and II, the difference between Periods III and II also shows 
an easterly anomaly north of 20°N, but is much stronger and 
persistent from the northern WNP to East Asia (Fig. 5a–c). 
Compared with Period II (Fig. 5a), more WNP TYs are gen-
erated east of the Philippines (Fig. 5b) during Period III. The 
difference in TY genesis location is similar to that between 

Periods I and II (Fig. 5c), due to the different response to 
the different PDO phases, which is consistent with previous 
studies (e.g., Goh and Chan 2009). When we further com-
pare the TY genesis location between the two negative PDO 
phases, we find that the high number of WNP TYs generated 
east of the Philippines area is more obvious during Period III 
than during Period I. The difference might be related to the 
positive vorticity anomaly resulting from the warm IO–WP 
SST during Period III (Fig. 5d). It is more likely that WNP 
TYs generated east of the Philippines are controlled by the 
strong steering flow anomaly northwest of the TY genesis 
area, which increases the possibility of TYs making landfall 
on the China coast.

By comparing the 500 hPa geopotential height during 
Periods II and III, it is found that the WPSH extends far-
ther westward during Period III (Fig. 6a, b). The difference 
in 500 hPa geopotential height between Periods II and III 
(Period III minus Period II) exhibits cyclonic circulation 
over the WNP (Fig. 6c). Another cyclonic center is present 
over southern Asia, further strengthening the eastward flow 
anomalies (Fig. 6c).

Although the WPSH extends westward from Period I 
to Period III, the pattern varies between years. As shown 
above, the difference in the 500 hPa geopotential height 

Fig. 3   Average steering flow during a Period II and b Period I, and 
c the difference (b minus a). Red shading in a and b represents the 
occurrence (1 × 1 grid) of TY genesis in the WNP. Red and gray 
shading in c represents the differences (b minus a). Blue vectors in c 
exceed the 95% significance level

Fig. 4   Average 500 hPa geopotential height during a Period II and b 
Period I, and c the difference (b minus a). Gray lines in a and b rep-
resent the WNP TY tracks that make landfall on the China coast. Red 
dots in c indicate those exceeding the 95% significance level
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between Periods II and III (Period III minus Period II) exhib-
its a cyclonic circulation, but with positive values over the 
WNP. This is because this cyclonic system is located on the 
southern side of a large anticyclonic circulation over north-
ern Asia and the North Pacific (Fig. 7b). As a result, the 
southern side of the circulation with westward flow domi-
nates southern to eastern China. In contrast, the difference 
between Periods I and II (Period II minus Period I) shows a 
southwest–northeast-oriented cyclonic system located east 

of Japan with two large anticyclonic circulations on either 
side (Fig. 7a). Eastern China is located at the southern side 

Fig. 5   Average steering flow during a Period II and b Period III, 
and c the difference (b minus a). Red shading in a and b represents 
the occurrence (1 × 1 grid) of TY genesis in the WNP. Red and gray 
shading in c represents the difference (b minus a). Blue vectors in c 
exceed the 95% significance level. d Difference in 850  hPa relative 
vorticity (× 10− 6 s− 1) between Periods III and I. Red and gray shad-
ing in c represents the difference in TY genesis number between Peri-
ods III and I (Period III minus Period I)

Fig. 6   Average 500 hPa geopotential height during a Period II and b 
Period III, and c the difference (b minus a). Gray lines in a and b rep-
resent the WNP TY tracks that make landfall on the China coast. Red 
dots in c indicate those exceeding the 95% significance level

Fig. 7   Difference in average geopotential height (contours) and wind 
(vectors) at 500 hPa: a Period II (1982–1995) minus Period I (1965–
1978) and b Period III (1998–2010) minus Period II (1982–1995)
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of the cyclonic circulation and controlled by westerly flow. 
The underlying mechanism for the patterns of steering flow 
during the different Periods is studied in the next section.

4 � Effects of PDO phase and tropical IO–WP 
SST

Tropical SST variability can have a profound impact on the 
large-scale atmospheric circulation through the atmospheric 
bridge mechanism (Bjerknes 1966). Therefore, it is vital to 
explore the relationship between SST variability in the tropi-
cal WNP and its adjacent ocean basins with the steering flow 
over the WNP and the resulting TY landfall on the China 
coast.

Compared with Period II, warm SST anomalies in the 
WNP and cool SST anomalies in the eastern subtropical 
and tropical Pacific can be found during Periods I and III 
(Fig. 8), which resembles the pattern during a negative 
PDO phase. Relative to Period II, significant cooling in 
the tropical IO–WP (10°S–25°N, 50°E–150°E) is found 
during Period I, but the tropical IO–WP is overall warmer 
than during Period III (Fig. 8). The 7-year running mean 
of the IO–WP SST anomalies shows an obvious warming 
trend since 1965, with a cooling pattern during Period I and 
warming during Periods II and III (Fig. 9). During the same 
period, the PDO experienced two phase changes, i.e., a nega-
tive phase during Period I, positive phase during Period II, 
and then another negative phase during Period III (Fig. 9). 

The 7-year running mean is applied to both the PDO index 
and SST anomalies during 1960–2015, which gives us confi-
dence in the observed variation during 1965–2010. Based on 
the time series of the 7-year running average of TY landfall 
number, PDO index, and SST anomaly index (Figs. 2, 9), 
we can see that the variation in TY landfall number corre-
sponds well with the PDO phase change, while the tropical 
IO–WP SST has a positive trend from Period I to Period III. 
We also find a correlation between the 7-year average PDO 
index time series, the tropical IO–WP SST anomaly, and 
TY landfall on the China coast. We find that the correlation 
coefficient between the PDO index and TY landfall number 
is 0.71, exceeding the 99% significance level. However, the 
correlation between the tropical IO–WP SST anomaly and 
TY landfall is 0.33, only exceeding the 95% significance 
level. Therefore, we can conclude that the PDO dominates 
the variation in TY landfall number on the China coast, com-
pared with the tropical IO–WP SST.

The co-influence of the tropical IO–WP SST anomalies 
and the PDO phase makes it difficult to fully understand 
the variability of large-scale atmospheric circulation and its 
resulting TY landfall characteristics. To thoroughly examine 
the effect of the different PDO phases and tropical IO–WP 
SST on the large-scale atmospheric circulation anoma-
lies, we regress the PDO index and the detrended IO–WP 
SST anomalies with the steering flow anomalies during 
1965–2010.

The regression of the PDO index with circulations at 
500 hPa and steering flow during 1965–2010 shows an 
anomalous cyclonic center over the WNP, with signifi-
cantly strong easterly (westerly) flow at the north (south) of 
the cyclone (Fig. 10a; positive for negative PDO phase and 
negative for positive PDO phase). This pattern is similar to 
that in Figs. 3c, 5c, indicting a significant influence of the 
negative PDO phase on TY landfall on the China coast. The 
prevailing easterly steering flow can influence the area north 
of ~ 22°N, possibly leading to TY landfall on the eastern 
China coast. Over southern China and the SCS, the regres-
sion is small and insignificant, indicating a smaller impact of 

Fig. 8   Differences in detrended SST between more and fewer TYs 
making landfall: a Period I (1965–1978) minus Period II (1982–
1995) and b Period III (1998–2010) minus Period II (1982–1995). 
Dotted areas exceed the 95% significance level

Fig. 9   Time series of 7-year running mean IO–WP (red) and PDO 
(black) indices during 1960–2015
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the PDO phase on the TY landfall over the southern China 
coast.

The regression field of the detrended IO–WP SST anoma-
lies with circulation and steering flow anomalies exhibits an 
anomalous anticyclonic center over the WNP and the SCS, 
resulting in strong and prevailing southeasterly flow south 
of ~ 25°N east of 140°E, with stronger flow over the south-
ern SCS (Fig. 10b). The warm SST anomaly in the IO can 
induce a warm Kelvin wave that propagates into the WNP, 
which intensifies the WPSH (Xie et al. 2009). The warm 
SST anomalies in the tropical WNP can induce anomalous 
upward flow, which diverges at the upper layer, flows pole-
ward, and then sinks north of 20°N, which favors more TYs 
making landfall in the SCS. To further reveal the impact 
of the tropical IO–WP SST anomalies on the enhanced 
anomalous anticyclonic circulation, we examine the regres-
sion between detrended tropical IO–WP SST anomalies 
and horizontal divergence at 850 and 200 hPa, respectively. 
It is found that warm tropical IO–WP SST anomalies can 
induce divergence (convergence) in the tropical WP at low 
(high) level, and convergence (divergence) in the subtropi-
cal WNP at high (low) level (Fig. 11a, b). Corresponding 
upward (downward) motion and northerly (southerly) flow 
at 850 hPa over the tropical WP (subtropical WNP) can be 
easily seen from the cross-section of JAS meridional and 
vertical wind anomalies over 110–140°E (Fig. 11c). In addi-
tion, the correlation coefficient between the tropical IO–WP 
SST anomalies and the meridional steering flow anomaly is 
0.43, exceeding the 95% significance level. The anomalous 
southeasterly flow can direct TYs to South and East China, 

as well as South Asia (Fig. 10b). Both Periods I and III fall 
within a negative PDO phase, which favors TY landfall on 
the east China coast; however, the additional tropical IO–WP 
SST warming during Period III may increase the influence 
on the atmospheric circulation anomalies, resulting in more 
TY landfall activity along the South and East China coast 
(Table 1).

5 � Simulated influences of the PDO and IO–
WP on steering flows

To further confirm the relationship between the steering flow 
and the PDO phase and tropical IO–WP SST, we use CAM5 
to simulate the atmospheric circulation, with low bound-
ary conditions representing the different PDO phases and 
IO–WP SST. The model control run is driven by the clima-
tological (1982–2001) monthly SST data from HadISST. 
The JAS-averaged steering flow from the control run shows 
a similar pattern to that from the reanalysis data (Figs. 3, 5), 
exhibiting easterly to southeasterly flow from the WNP to 
southern China, which turns to westerly flow around 30°N 

Fig. 10   Regression of a PDO index* (− 1) and b detrended SST 
anomalies over the tropical IO–WP with steering flow (vector) and 
500 hPa geopotential height (contours) anomalies during 1965–2010. 
Red vectors (green dots) indicate the regression between the PDO 
index or SST anomalies over the IO–WP with steering flow (500 hPa 
geopotential height anomaly) exceeds the 95% significance level

Fig. 11   Regression of detrended SST anomalies over the tropical IO–
WP with horizontal divergence anomaly at a 850 hPa and b 200 hPa 
during 1965–2010. Cross-section of red dots indicates the regression 
exceeds the 95% significance level
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(Fig. 12a). The simulated geopotential height at 500 hPa also 
shows a similar pattern to the reanalysis, with an anticy-
clonic circulation located in the WNP (Fig. 12b). Based on 
the reasonable simulation of the control run, we are confi-
dent to test the sensitivity of several variables on the results. 
To do this, we design two pairs of sensitivity experiments, 
based on which we can examine the impact of PDO phase 
change and IO–WP SST on the steering flow, respectively.

For the first pair of sensitivity experiments, we use a 
composite of the monthly SST field when the correspond-
ing PDO index is above (below) one standard deviation, 
and define them as the PDO + (PDO −) scenarios. In the 

sensitivity run, monthly SST in the original SST dataset 
is replaced with the PDO + (PDO −) scenarios to drive 
the model runs, i.e. PDO + (PDO −) runs (Fig. 13a). Each 
experiment is run for 20 years and the results of monthly 
ensemble means of the last 10-year runs are analyzed. The 
difference between the PDO − and PDO + runs shows an 
easterly steering flow anomaly north of 20°N (Fig. 14a) 
and a large anomalous cyclonic circulation at the 500 hPa 
geopotential height over the WNP (Fig. 15a). The pattern 
closely resembles the regression of the PDO index and steer-
ing flow from the reanalysis data. The only difference is 
that the center of the circulation is located between 20°N, 
and 25°N, while the simulated center is around 20°N. The 
anomalous cyclonic circulation at 500 hPa in the WNP sug-
gests that the WPSH is weaker and farther eastward during 
the negative PDO phase (Liu and Chan 2008).

For the second pair of sensitivity experiments, we use a 
composite of the monthly SST that is warmer (colder) than 
one standard deviation over the IO–WP, and define them 
as the warm (cold) IO–WP scenarios (Fig. 13b). Then, we 
replace the monthly SST in the original global monthly 
SST data with the warm (cold) IO–WP scenarios to drive 
the model runs. Similar to the above PDO runs, these two 
experiments are also run for 20 years, and the JAS-averaged 
ensemble mean of the last 10-year runs is used for the further 
analysis. The difference pattern of steering flow and 500 hPa 
geopotential height induced by IO–WP warming is very 
similar to that based on the reanalysis data (Figs. 14b, 15b). 
Figure 14b shows the difference in steering flow between 
the warm and cold IO–WP runs. It is found that anomalous 
easterly flow prevails from 160°E to South Asia and south of 
25°N, and anomalous westerly flow prevails from East Asia 

Fig. 12   Model simulated a steering flow and b 500 hPa geopotential 
height from the control run

Fig. 13   SST difference a 
between PDO + and PDO − sce-
narios (PDO − minus PDO +) 
and b between warm and cold 
IO–WP scenarios (warm minus 
cold)
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to the North Pacific, north up to 30°N. Correspondingly, 
the 500 hPa geopotential height field exhibits an anomalous 
anticyclonic circulation over the SCS and WNP (Fig. 15b), 
suggesting that warm IO–WP SST anomalies may result in 
the westward extension of the WPSH (enhanced subtropi-
cal High).

Both the PDO +/PDO − runs and warm/cold IO–WP runs 
display similar patterns to the reanalysis data. This further 

confirms our results that warm tropical IO–WP SST and a 
negative PDO phase (as occurs during Period III) can lead to 
overall easterly flow anomalies over East Asia and southeast-
erly flow over southern Asia, resulting in more TYs making 
landfall on the China coast.

6 � Summary and discussion

The number of TYs making landfall in China has experi-
enced significant interdecadal variation: high (1965–late 
1970s); low (early 1980–mid-1990s); and higher (late 
1990s–2010). Three typical periods [(I) high (1965–1978); 
(II) low (1982–1995); and (III) higher (1998–2010)] are 
chosen to investigate the underlying mechanisms for the 
interdecadal variation. During a negative PDO phase, the 
persistent easterly flow anomalies associated with the large-
scale circulation over the WNP favors TY landfall on the 
east China coast. In addition, tropical IO–WP warm SST 
anomalies can induce the western extension of the WPSH 
and result in southeasterly flow anomalies in its south, which 
covers the tropical WNP, the MC, and the SCS. A much 
higher number of TYs making landfall on the China coast 
during 1998–2010 may be attributable to the overall SST 
warming in the tropical IO–WP during a negative PDO 
phase. Sensitivity experiments with CAM5 further confirm 
the combined role of the IO–WP SST and negative PDO 
phase on the steering flow.

Compared with the significant interannual and interdec-
adal variation in TY landfall numbers, the landfall locations 
(latitude and longitude) and maximum surface wind show 
little difference during the three periods. The average land-
fall latitude during 1965–2010 is 24.8°N, with a slightly 
more southward location during periods II and III (Fig. 16). 
The standard deviation of TY landfall latitude shows that 
TY landfall mainly occurs between ~ 22°N and 26°N, for 
all three periods. The average landfall longitude is 116.5°E, 
with a slight westward shift during Period III, most likely 
due to more instances of landfall on the southern coast 
(Fig. 10b). Based on the standard deviation of TY landfall 
longitude, it is found that TYs make landfall mainly between 
~ 113°E and 119°E for all the Periods. The variation in land-
fall location, in terms of both longitude and latitude, is rela-
tively larger during Period III. It is also interesting to note 
that the average maximum surface wind is higher during 
Period III, while it is relatively lower during Period I. Maxi-
mum surface wind during landfall varies from ~ 18–32 m 
s− 1, with smaller variation during Period II.

The TY landfall along each stretch of the China or 
Southeast Asia coast exhibits different patterns on various 
timescales (Huang and Wang 2010; Jin et al. 2013; Liu and 
Chan 2013). Fully understanding the corresponding mecha-
nisms is very important for TY prediction. In future, climate 

Fig. 14   Steering flow anomaly induced by a PDO − and PDO + 
(PDO − minus PDO +) and b warm and cold IO–WP SST (warm 
minus cold) sensitivity runs. Red shading in a and b represents the 
occurrence (over 1 × 1 grid) of TY genesis in the WNP. Red and gray 
shading in c represents the difference (b minus a)

Fig. 15   The 500  hPa geopotential height anomaly induced by a 
PDO − and PDO + (PDO − minus PDO +) and b warm and cold IO–
WP SST (warm minus cold) sensitivity runs
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models along with a downscaling method should be used to 
thoroughly examine the track and landfall characteristics of 
TYs in the WNP.
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