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scientists have been conducting extensive research for dec-
ades. The western North Pacific (WNP), with coastal areas 
being home to over a billion people, has, in general, the 
highest number of TCs of any ocean basin. Numerous stud-
ies have been carried out to understand the variability of 
TCs in this region. They are summarised in the following 
paragraphs.

Chan (1985) first addressed the interannual variability 
of TC activity in the WNP and its relationship with the 
El Niño-Southern Oscillation (ENSO). Variations in TC 
occurrence have been further investigated in later stud-
ies (e.g., Chan 2000; Wang and Chan 2002; Camargo and 
Sobel 2005; Ho et  al. 2009). Many scientists have also 
examined possible effects of anthropogenic global warm-
ing on TC variability by analysing past observations and 
performing numerical simulations. Knutson et  al. (2010) 
reviewed these studies in detail.

While these studies provided important knowledge on 
TC climatology in the WNP, fewer have investigated varia-
tions of TC landfall in East Asia and the possible causes of 
such variations specifically. Chan and Xu (2009) conducted 
an initial study and found interannual to multidecadal 
oscillations of TC landfall occurrence, but little is known 
about the variation in TC intensity. Recently, Liu and Chan 
(2017) examined TC landfall intensities using the annual 
power dissipation index (APDI), which sums the cube of 
the TC maximum sustained wind at landfall for all TCs that 
make landfall in a region of a year, and identified possible 
linkages between the regional APDI and the large-scale 
atmospheric environment. They proposed that active/inac-
tive periods of the APDI in different regions can be linked 
to the cyclonic/anticyclonic phases of three anomalous 
circulation cells, which are located to the east of Japan, 
the east of Taiwan and in the northern South China Sea. 

Abstract A numerical method is developed using a 
regional climate model (RegCM3) and the Weather Fore-
cast and Research (WRF) model to predict seasonal tropi-
cal cyclone (TC) intensities at landfall for the South China 
region. In designing the model system, three sensitivity 
tests have been performed to identify the optimal choice 
of the RegCM3 model domain, WRF horizontal resolu-
tion and WRF physics packages. Driven from the National 
Centers for Environmental Prediction Climate Forecast 
System Reanalysis dataset, the model system can produce 
a reasonable distribution of TC intensities at landfall on a 
seasonal scale. Analyses of the model output suggest that 
the strength and extent of the subtropical ridge in the East 
China Sea are crucial to simulating TC landfalls in the 
Guangdong and Hainan provinces. This study demonstrates 
the potential for predicting TC intensities at landfall on a 
seasonal basis as well as projecting future climate changes 
using numerical models.
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1 Introduction

Tropical cyclones (TCs) are one of the most power-
ful weather systems on Earth. An accurate TC forecast 
is important for protecting life and property, and hence 
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However, the physical mechanism behind such relation-
ships is still unclear.

Recreating TC climatology using numerical models can 
help us understand these mechanisms and make predic-
tions. Statistical approaches (e.g., Watterson et  al. 1995; 
Lander 1996; Chan et  al. 1998) have been used to relate 
large-scale forcing to future TC activity so that seasonal 
predictions can be made. With finer resolution models and 
increasing computational power, TCs have become resolv-
able in global or regional climate models (e.g., Vitart and 
Stockdale 2001; Knutson et al. 2007). It is thus possible to 
predict TC activity dynamically.

In the WNP, regional climate models have been 
employed to investigate dynamical interactions between the 
environment and TC activity. For example, Stowasser et al. 
(2007) analysed the response of TC activity to a warming 
climate using a global circulation model. Using the WRF 
climate model, Jin et  al. (2012) found that off-equatorial 
sea surface temperature warming can lead to more TCs 
entering the northern part of East Asia.

In terms of seasonal variations, Au-Yeung and Chan 
(2012) tested the ability of a regional climate model to 
predict WNP TC activity. A follow-up study by Huang 
and Chan (2014) explored its potential in simulating TCs 
making landfall in three different East Asia regions. They 
further showed that the regional model can provide better 
regional TC landfall forecasts than the global model. Both 
studies demonstrated good potential in predicting regional 
TC landfalls on a seasonal basis. However, their works did 
not examine TC intensities at landfall.

In light of these previous observational and numerical 
studies, it is desirable to examine the ability of numerical 
models to predict TC intensities at landfall on a seasonal 
timescale. The objectives of this study are therefore: (a) to 
develop a numerical procedure capable of simulating the 
climatology of TC landfall intensities, which is first tested 
for TCs within the South China region; (b) to evaluate the 
simulation results and find the optimal model configura-
tions; and (c) to identify the possible factors that are impor-
tant to the model performance.

The numerical procedure of simulating the climatology 
of TC landfalls is presented in Sect. 2, and different model 
configurations are evaluated in Sect. 3. Section 4 examines 
the simulated TC landfall climatology, and the model pre-
dictability is discussed in Sect. 5. A summary is given in 
Sect. 6.

2  Model design

Two numerical models are used to simulate the sea-
sonal variations of TC landfall frequency and inten-
sity. A regional climate model is first run to simulate the 

atmospheric conditions throughout the main WNP TC 
season (from May to October). From the regional model 
outputs, TC-like vortices are identified and tracked until 
landfall. If a TC-like vortex makes landfall within the area 
of interest, a mesoscale model is run from the regional 
model outputs so that the vortex can be properly spun up. 
By nesting a higher resolution model, a better TC structure 
at landfall should be obtained. Details of the model design 
are further elaborated in the following sub-sections, and the 
model setup is evaluated in Sect. 3.

2.1  Regional climate model

The ICTP Regional Climate Model version 3 (hereafter 
RegCM3 Pal et  al. 2007) is used in this study to produce 
seasonal simulations for the entire WNP. It is a compress-
ible, sigma coordinate model, based on the hydrostatic 
dynamical core of the fifth-generation Pennsylvania State 
University-National Center for Atmospheric Research Mes-
oscale Model. Details of the model and the available physi-
cal packages are documented in Pal et al. (2007).

In this study, physical schemes are employed accord-
ing to the investigations of Au-Yeung and Chan (2012) and 
Huang and Chan (2014). The model uses the modified Bio-
sphere-Atmosphere Transfer Scheme for the land surface 
processes (Dickinson et al. 1986), the Holtslag et al. (1990) 
boundary layer scheme and the radiative transfer scheme 
of the NCAR Community Climate Model version 3 (Kiehl 
et al. 1996). A subgrid explicit moisture scheme (Pal et al. 
2000) is used for the model-resolvable, non-convective 
precipitation. For cumulus convection, Huang et al. (2013) 
found that the MIT scheme (Emanuel and Živković Roth-
man 1999) with the modifications suggested by Chow et al. 
(2006) was the best scheme in simulating East Asia sum-
mer rainfall and so this scheme is also used in our WNP 
TC simulations. Chow et al. (2006) found that the original 
MIT scheme overestimated the East Asia summer precipi-
tation, and proposed two large-scale criteria to reduce such 
bias. The same modifications are applied to RegCM3 in 
this study, in which convective precipitation is prohibited if 
the relative humidity is less than 55%, or the low-level flow 
is anticyclonic with the absolute magnitude of the relative 
vorticity exceeding 12 × 10−6 s−1.

The NCEP Climate Forecast System reanalysis data 
(CFSR, Saha et al. 2010) are used as the atmospheric initial 
and lateral boundary conditions and also for the underlying 
sea surface temperature. Huang and Chan (2014) reported 
that the CFSR dataset is more suitable for regional TC sim-
ulation than the ERA 40 reanalysis (Uppala et  al., 2005), 
which was used by Au-Yeung and Chan (2012). It should 
be noted that Huang and Chan (2014) also used the real-
time CFS2 re-forecast outputs (Saha et al. 2014) to simulate 
TC landfalls after 2000, and it would be desirable for us to 
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use the same dataset. However, those 6-hourly 9-month re-
forecast outputs are no longer available, and consequently 
in this study our model is driven entirely by the CFSR.

The CFSR boundary conditions are fed into RegCM3 
every 6 h via a 15-grid buffer relaxation method, and sea 
surface temperature is updated weekly. The model contains 
18 vertical levels from the surface up to 1 hPa. The hori-
zontal domain extends from 90◦E to 170◦W and 15◦S to 45◦

N, with 50 km grid spacing. The RegCM3 domain is shown 
as a solid grey box in Fig. 1. The period between 1990 and 
2010 is investigated. For each year, the RegCM3 simula-
tion starts in early April and runs until the end of October. 
In order to estimate the uncertainty of the RegCM3 model, 
eight ensemble runs are performed by separating the model 
starting time every 6 h. The first ensemble member starts 
at 1 April 00Z and the last one at 2 April 18Z every sea-
son. Au-Yeung and Chan (2012) showed that the use of 
an 8-member ensemble is enough to capture most of the 
model uncertainty. The first month of the simulation (i.e. 
April) is regarded as the model spin-up period, and only the 
outputs between May and October are used.

2.2  Tracking TC landfalls in RegCM3

A TC tracker similar to the one used in Au-Yeung and Chan 
(2012) and Huang and Chan (2014) is used to trace vorti-
ces with TC characteristics from the RegCM3 outputs. The 
tracker first identifies all local 850-hPa vorticity maxima 
within a 10◦ latitude square box, and a TC is declared if: (a) 
the maximum vorticity is greater than 450 × 10−6 s−1 (neg-
ative in Southern Hemisphere); (b) 300-hPa air tempera-
ture at the vortex centre is 1 K warmer than the mean value 
within a 15◦ latitude square box from the vortex centre; (c) 
the vortex has met criteria (a) and (b) for at least 48 h con-
secutively; and (d) the genesis position is over the ocean.

A TC-like vortex is regarded as making landfall at a cer-
tain region if its centre is less than 100 km from the coast-
line, following the practice of Liu and Chan (2017). Due 
to limited computational power, only the vortices making 
landfall in the Guangdong and Hainan provinces (the area 
bounded by the solid black line in Fig. 1, hereafter South 
China) will be further simulated by a mesoscale model in 
this study.

2.3  Mesoscale model

For every RegCM3 vortex identified as making landfall in 
South China, the Weather Research and Forecast model 
version 3.7 (hereafter WRF) is nested on the RegCM3 
outputs in order to obtain the detailed TC structure 
as well as its intensity at landfall. The WRF is a com-
pressible, non-hydrostatic Eulerian model (Skamarock 
et  al. 2008). It is widely used in numerical studies with 

numerous options for different situations, and the model 
configuration used in this study is briefly described in the 
following paragraphs.

The model contains two domains (outer and inner) with 
horizontal resolutions of 27 km (151 × 151 grid points) and 
9 km (181 × 181 grid points). To allow sufficient time for 
the vortex to spin up, the WRF model starts 60 h prior to 
the RegCM vortex landfall. The outer domain is centred at 
the RegCM vortex position 30 h prior to the landfall, and 
the inner domain is initially centred at the vortex position 
60 h before the landfall. The two domains exchange infor-
mation bidirectionally at every timestep (two-way grid 
nesting), and a vortex tracing algorithm based on 500-hPa 
relative vorticity is applied to keep the vortex within the 
inner domain. As such, the inner domain is relocated every 
15 model minutes. The WRF model consists of 28 vertical 
levels from the surface up to 100 hPa. The timestep ratio of 
the outer and inner domain is 1:3, the same as the horizon-
tal grid spacing ratio.

The physical packages of the WRF model chosen in this 
study are: the Ferrier et al. (2002) schemes for microphys-
ics, the Yonsei University scheme (Hong et  al. 2006) for 
the planetary boundary layer, the Kain (2004) scheme for 
cumulus convection, the Rapid Radiative Transfer Model 
(Mlawer et  al. 1997) for radiation and the MM5 similar-
ity scheme based on Monin and Obukhov (1954) for the 
surface layer. Due to the lack of soil temperatures in the 
RegCM3 outputs, the 5-layer thermal diffusion is the only 
available choice for the land surface model.

Based on the WRF simulations of all landfalling vorti-
ces, a comprehensive set of TC landfalls can be obtained. 
The simulations are validated against the Joint Typhoon 
Warning Center (JTWC) best track dataset (Chu et  al. 
2002), which contains all of the actual TC landfalls and 
intensity estimates at landfall.

3  Model sensitivity tests

Since there are many different model configurations to 
choose from, it is important to verify whether the setting 
described in Sect. 2 is indeed the optimal one for simulat-
ing TCs making landfall in the South China region. Three 
sensitivity tests are therefore designed, and each test offers 
an alternative choice of: RegCM3 domain (Experiment 1), 
WRF horizontal resolution (Experiment 2) and WRF phys-
ical packages (Experiment 3). By comparing the simulated 
TC landfalls with the new setting against the result from 
the default setting (hereafter the default), the most suit-
able model setup can be determined. Configurations of the 
three sensitivity experiments and the default are shown in 
Table 1.
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3.1  Experiment 1: RegCM3 domain

This experiment tests whether RegCM3 better simulates 
the number of TC landfalls if the entire Tibetan Plateau is 
part of the domain. As regional climate models often run 
for at least several months, regional processes are important 
in simulating weather events. Prior research has suggested 
that the regional model could be sensitive to the choice 
of domain, but the dependency varies case by case (e.g., 
Bhaskaran et al. 2012; Landman et al. 2005). For simulat-
ing summertime events in East Asia, Huang et  al. (2013) 
reported that RegCM3 produced a more accurate precipita-
tion distribution when the domain covered the entire Pla-
teau. Following Huang et al. (2013)’s finding, the western 
boundary of Experiment 1 is set at 75◦E (the dashed black 
box in Fig.  1), which is different from the default’s west 
end of 90◦E.

The result of this experiment, however, does not suggest 
significant dependence on the model domain. Both simula-
tions have similar predictions throughout the period from 
2001 to 2010, as shown in Fig. 2. While Experiment 1 has a 
smaller root mean square error (1.74 TC landfalls per year) 

than the default’s error of 1.90, it should be noted that the 
difference is mostly contributed by the deficit in 2004. Only 
two TCs entered the northern South China Sea between 
May and October 2004, and only one of them eventu-
ally made landfall. It is only the second time that such a 
lull occurred since the satellite era began in 1979. In fact, 
neither simulation could reproduce the low activity in the 
South China Sea in 2004. If a less outlier-penalising metric, 
such as mean absolute error is used, both Experiment 1 and 
the default have the same error score of 1.55.

A paired t test is also conducted to determine if the sea-
sonal ensemble means of TC landfalls using the two con-
figurations are significantly different. Among the 10 inves-
tigated seasons, the smallest p value is only 0.14, which 
means any difference in the two ensemble means is at most 
significant at 86% confidence level only. In fact, the p val-
ues are smaller than 0.20 in just two seasons, and for the 

Table 1  Model configurations altered in the sensitivity tests as presented in Sect. 3

The default row represents parts of the model setup described in Sect. 2 to be compared against sensitivity experiments. Experiment 1 tests the 
sensitivity of the RegCM3 domain and does not include the WRF simulation. For Experiments 2 and 3, all WRF simulations are nested on the 
same RegCM3 outputs using the default setting to examine the TC intensity dependencies on the WRF configuration

Simulation Model Years Resolution RegCM3 longitude WRF microphysics Cumulus

Default RegCM 1990–2010 50 km 90◦E–170◦W Modified MIT scheme
WRF 27, 9 km Ferrier et al. (2002) Kain (2004)

Experiment 1 RegCM 2001–2010 50 km 74◦E–172◦W Modified MIT scheme
Experiment 2 WRF 1998, 2000, 2003, 2010 18, 6 km 90◦E–170◦W Ferrier et al. (2002) Kain (2004)
Experiment 3 WRF 1998, 2000, 2003, 2010 27, 9 km 90◦E–170◦W WSM-6 Tiedtke (1989)

Fig. 1  Map of the RegCM3 simulation domains and the area of inter-
est. The grey solid box represents the area of coverage in the “default” 
setting whereas the black dashed box is used for Experiment 1. The 
black solid line is the boundary of the area of interest in this study 
(South China). Any TC entering this area is considered as making 
landfall in South China Fig. 2  Annual number of TC landfalls in South China between May 

to October. Grey bars are the observed numbers from the JTWC best 
track, with a minimum TC intensity of 35  knots; squares represent 
the ensemble means from the default simulation, with thick whiskers 
showing the spreads between ensemble members. Solid circles are the 
ensemble means from the Experiment 1 run, with thin whiskers for 
the ensemble spreads
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other five seasons the p values are even higher than 0.25. In 
other words, the difference between the default and Experi-
ment 1 in terms of seasonal TC landfalls is not significant. 
Hence, it can be concluded that RegCM3 is not sensitive to 
the inclusion of the Tibetan Plateau in predicting the num-
ber of TC landfalls in South China.

3.2  Experiment 2: WRF horizontal resolution

The sensitivity of TC intensity and structure to the mes-
oscale model resolution has been well documented (e.g., 
Fierro et  al. 2009; Gentry and Lackmann 2010; Jin et  al. 
2014). They found that with higher resolution, models can 
generate more realistic convection and in return better sim-
ulate TC intensification. Given that the focus of this study 
is on the TC intensity at landfall, it is important to check if 
such sensitivity also exists.

In the second sensitivity experiment, the horizontal reso-
lutions of the WRF’s outer and inner domains are increased 
to 18 and 6 km respectively, whereas the default setting is 
27 and 9  km. Based on the same RegCM3 simulated TC 
landfall with the default RegCM3 configuration, the effect 
of the resolution on TC intensity simulation is examined. It 
should be noted that although it would be desirable to fur-
ther increase the resolution, 6 km is the highest horizontal 
resolution our computers are capable of running. The sensi-
tivity experiment resimulates RegCM3 TC landfalls in four 
seasons (1998, 2000, 2003 and 2010) and compares the 
results with those from the default. The choice of years is 
intended to be representative of the overall RegCM3 per-
formance. For 2003 and 2010, RegCM3 accurately predicts 
the number of TC landfalls while it does not accurately pre-
dict landfalls in 1998 and 2000 (see Fig. 8).

Figure  3 shows the WRF-simulated intensity distribu-
tions from the default and Experiment 2. Despite having 
finer grid spacing, the simulated peak intensity distribu-
tion from Experiment 2 only shifts slightly to a stronger 
regime. In fact, TCs from the higher resolution run are 
only 3.45 knots stronger at their peak, and the difference is 
reduced to 1.65 knots at the time of TCs making landfall. 
While the intensity differences are significant at the 99% 
confidence level, the impact of a finer horizontal resolution 
on TC intensities at landfall is apparently small.

In order to examine the seasonal variations of TC inten-
sities at landfall, Liu and Chan (2017) used the annual 
power dissipation index (APDI) to include both the num-
ber of TCs making landfall and their intensities at landfall. 
The index is the sum of the cube of the maximum sustained 
wind speed at landfall of each TC making landfall in a par-
ticular region, which in this study is the South China coast.

The observed average APDI among the selected years 
is 10.5 × 105 knots

3, while the default and Experiment 
2 predict 14.2 and 15.3 × 105 knots

3 respectively. The 

root mean square error of the APDI for the default run is 
6.7 × 105 knots

3, which is 1.0 × 105 knots
3 smaller than 

the RMSE of Experiment 2 (7.7 × 105 knots
3). In terms 

of individual seasons, the default is also superior in all 
four selected years (not shown). It is clear that the default 
WRF resolution is a better choice in this case. Since the 
WRF model used in this study has no ocean coupling, such 
overestimation might be expected (Gentry and Lackmann 
2010). Furthermore, as will be shown in the next section, 
the WRF model in fact tends to overpredict TC intensity at 
landfall. Adopting a higher resolution in this study will fur-
ther enhance the undesirable bias. As a result, the alterna-
tive of using higher model resolution should not be applied.

3.3  Experiment 3: WRF physical options

Various physical packages in the WRF model have differ-
ent convection characteristics. Such model sensitivity has 
been investigated (e.g., Gallus and Bresch 2006; Hong 
et al. 2009), and TC structure and intensity are no excep-
tion. Parker et  al. (2013) examined a few combinations 
of physical schemes and documented their performances 
for Cyclone Yasi (2011). Although they found an optimal 
selection for their particular case, they noted that their find-
ing is not universal, and further investigation is required 
for other scenarios. The third sensitivity test is therefore to 
determine which of the two combinations has better skill: 
the WSM-6 scheme (Hong and Lim 2006) combined with 
the Tiedtke (1989) scheme, suggested by the model devel-
opers for TC simulation (Skamarock et  al., 2008); or the 

(a) (b)

Fig. 3  Distributions of simulated TC maximum sustained wind at: 
a peak intensity within 60 h prior to landfall and b at landfall. The 
default simulation is shown in thick squared lines and Experiment 2 
in thin solid circle lines. The grey bar is the distribution of the JTWC 
best track
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Ferrier et al. (2002) and the Kain (2004) schemes (default), 
deemed optimal for reproducing the intensity of Cyclone 
Yasi (Parker et al. 2013).

With the new physical combination, simulated TCs 
are slightly weaker than the default (Fig.  4). The shift of 
intensity distribution however is once again small, and this 
time the difference in mean landfall intensity is not signifi-
cant. Two simulated intensity distributions have 83% area 
overlap, and both simulations capture 66% of the observed 
distribution. Also, the root mean square error of the APDI 
simulated by Experiment 3 is the same as the default 
(6.7 × 105 knots

3). Since the runs are similar to each other, 
it can be concluded that the model is not sensitive to the 
choice of physical packages in simulating TC intensities at 
landfall seasonally.

In summary, none of the above three sensitivity tests 
demonstrate better model skill with an alternative configu-
ration. The model either has no dependence on that particu-
lar setting, or the default setting performs better than the 
new one. As such, the default setting is adopted to simulate 
TC landfalls for the rest of this study.

4  Simulated TC landfall climatology between 1990 
and 2010

The TC climatology from 1990 to 2010 is reproduced using 
the model setup described in Sect. 2. In general, the simu-
lated and the observed WNP TC distributions are similar 
to each other, as shown in Fig.  5. The spatial correlation 
coefficient between the projected and observed frequen-
cies has a value of 0.96 which is significant at the 95% 

confidence level. This reaffirms RegCM3’s ability in rec-
reating the current TC climatology, and is in agreement 
with Au-Yeung and Chan (2012). However, a noticeable 
difference is found once the simulated distribution is sub-
tracted from the best track in Fig.  6. The simulation con-
tains a southward bias: overpredicting the number of TCs 
at lower latitudes, in particular to the east of the Philippines 
and underpredicting the number of TCs in the northern part 
of the domain. The bias is likely due to an overestimation 
of the WNP subtropical high in RegCM3. Nevertheless, the 
error of TC passages in coastal South China is only about (a) (b)

Fig. 4  Same as Fig. 3 except the thin solid circle lines represent the 
results from Experiment 3

(a)

(b)

Fig. 5  Distribution of the May–October TC activity in the western 
North Pacific between 1990 and 2010 from a the RegCM3 ensemble 
means and b the JTWC best tracks. Unit is number of TC passages 
per 5◦ × 5◦ square per year

Fig. 6  The difference between the RegCM3 simulated and observed 
May to October TC activity in the western North Pacific between 
1990 and 2010. Contoured every 1 TC passages per 5◦ × 5◦ square 
box per year. Solid (dashed) lines represent overprediction (underpre-
diction)
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1 TC per year. The result reaffirms the model’s potential in 
simulating TC landfalls in the region, as reported in Huang 
and Chan (2014).

The RegCM3-WRF model system also demonstrates 
skill in recreating the climatology of TC intensity at land-
fall. The simulated distribution of TC intensity at landfall 
is similar to the observed distribution over the two decades 
studied here (Fig. 7). The correlation is about 0.78 which 

is significant at the 95% confidence level, implying that a 
realistic TC intensity distribution at landfall can be repro-
duced by dynamical downscaling. It should be noted that 
the TC tracer presented in Sect. 2 is tuned for named TCs, 
i.e. maximum sustained winds of 34  knots or above. As 
such, the tracker will discard weak TC-like vortices, and it 
can be expected that the model system will underestimate 
the number of weak TCs (45 knots or below in Fig. 7).

Huang and Chan (2014) showed that RegCM3 is capa-
ble of predicting the annual number of TC landfalls in 
the “southern group” of East Asia, which includes South 
China, Vietnam and the Philippines. In this study, model 
performance for both the number of TC landfalls and 
their intensities at landfall in South China is examined. 
The root mean square error (RMSE) of the number of TC 
landfalls is 2.07, which is only 3% larger than the RMSE 
of the “southern group” reported in Huang and Chan 
(2014). Also, the RMSE of the simulated APDI is found 
to be 10.6 × 105 knots

3, which is 15% smaller than the 
RMSE from the CFSR, even though it is a reanalysis data-
set instead of a forecast product. Furthermore, Fig. 8 shows 
that both the observed seasonal TC landfalls and their 
intensities in South China are within the model ensemble 
spread for most seasons. The comparison above suggests 
that the model system is capable of recreating a realistic TC 
landfall climatology.

To further assess the ensemble component of the model 
system, the rank histogram (Anderson 1996) is used. 
Hamill (2001) explained the interpretation of the histogram 
in detail. Its application in this study is summarised as fol-
lows. For each individual season, the simulated number of 
TC landfalls and APDI from every ensemble member are 
sorted from lowest to highest, and the corresponding obser-
vations are ranked relative to the sorted data. For example, 
the observed landfall number/APDI is ranked first if it is 
smaller than every ensemble member predicted number/
APDI, and if the observation is larger than all members, 
the last rank (i.e. the number of ensembles plus one) is 
given. The rank histogram is plotted by tallying the ranks 
of all seasons. A flat histogram indicates a perfectly reliable 
simulation, and any departure from such uniformity can be 
seen as a model deficit.

The histograms for the number of TC landfalls and the 
APDI are shown in Fig.  9. Among the 21 simulated sea-
sons, the model system is more likely to overestimate 
the number of TC landfalls, since the JTWC best track is 
ranked the first in 29% of the seasons. Also, for only 38% of 
the seasons the observations are ranked above median (the 
fifth rank). Such result suggests that the ensemble model 
appears to overestimate the number of TC landfalls. On the 
other hand, the histogram for the APDI (Fig. 9b) shows that 
while the observed APDI is ranked last in 24% of the sea-
sons, the number of seasons ranked below the midpoint is 

Fig. 7  Intensity distribution of the TCs making landfall in South 
China from 1990 to 2010. Grey bars are the JTWC data. Squared line 
plots the model result with whiskers showing the ensemble spreads. 
TC intensities are grouped every 10 knots, and the median values are 
shown. TCs with maximum sustained winds less than 30  knots are 
excluded

(a)

(b)

Fig. 8  Time series of a annual numbers of TC landfalls and b the 
APDI in South China between May and October. Grey bars are the 
observed values from the JTWC best track, with minimum TC inten-
sity of 35 knots; squares represent the ensemble means from the sim-
ulation, with whiskers showing the spreads between ensemble mem-
bers
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just 2 more than the seasons ranked above, which suggests 
that the model system is in fact able to recreate the variance 
of the APDI seasonally.

As departure from a uniform histogram (dashed lines in 
the Fig.  9) is regarded as a deficit of the ensemble, such 
departure can be measured by summing the absolute errors 
of each rank. It is found that the departure for the APDI is 
smaller than the number of TC landfalls, indicating that the 
ensemble system captures the variation of the TC intensi-
ties at landfall better than the number of landfalls alone.

The above analyses show that the model system is capa-
ble of recreating the climatology of TC landfalls. They also 
prove the system’s ability to improve seasonal forecasts 
from a global model. Further adjustments are required, 
however, before the forecast of a particular region can be 
operationally produced.

5  Predictability of TC intensities at landfall

As the model system displays some skill in predicting TC 
landfalls and intensities in the South China region, it is also 
important to identify the reasons for such forecasts. This 
may help us understand the model behaviour and thus may 
potentially improve the system.

Correlation analysis is conducted for the May–Octo-
ber averaged 500-hPa geopotential height and the APDI 
in South China (Fig. 10). Significant positive correlations 
between these two variables can be found over Eastern 
China, with the peak correlation of 0.45 exceeding the 
95% significance level. Also, at 850 hPa, a strong linkage 

between TC landfalls and easterly (westerly) wind at 20◦N 
(40◦N) can also be seen from the model (Fig.  11). These 
two relationships together illustrate the influence of the 
subtropical high in the simulation of TC landfalls in South 
China. If the subtropical high extends westward, low-lati-
tude easterlies are enhanced. As a result, more TCs are 
steered towards Guangdong. A similar relationship is also 
found between the actual APDI and reanalysis data (not 
shown). Such findings are consistent with the known cause 
of TC movement in the WNP (Chan and Gray 1982).

To further investigate how the large-scale environ-
ment affects the APDI in the model system, RegCM3 
850–300  hPa layer-mean flow anomalies are composited 
for the highest and lowest 5 APDI years, which are the 
fourth and first quartiles respectively. Consistent with the 
correlation analysis, Fig. 12 shows dominant flow patterns 
centred over the East China Sea and covering most of the 
China coastline. During the quiet TC years simulated by 
the model system, there is abnormal southeastward flow in 
the northern South China Sea due to an enhanced cyclonic 
circulation centred on the East China Sea. The additional 
westerlies inhibit TCs entering the northern South China 
Sea and thus fewer make landfall (Fig. 12a). In the active 
years, on the other hand, the circulation over eastern China 

(a) (b)

Fig. 9  Rank histograms for a the number of TC landfalls; b the 
APDI in South China. Dashed lines represent a idealised perfect 
ensemble model

Fig. 10  Correlation coefficients between RegCM3 seasonal mean 
500 hPa geopotential height and the APDI in South China simulated 
by WRF. Correlations at 95% significance level or above are shaded

Fig. 11  As in Fig. 10 except for 850-hPa zonal winds. Noted that the 
positive (negative) values indicate correlation with west (east) wind
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is anticyclonic, steering more TCs further west near 20◦N 
(Fig. 12b). Additionally, low latitude westerlies can also be 
found in active years, leading to enhanced TC activity over 
the South China Sea. Similar patterns can also be found for 
the bottom and top quartiles of the number of TC landfalls 
in South China as well (not shown). These findings indi-
cate that the characteristics of seasonal TC landfalls can 
be explained by the steering flow pattern over the WNP, as 
proposed in Liu and Chan (2017).

How the WRF model simulates individual TC inten-
sity is also investigated. Composites of RegCM3 vari-
ables are produced according to the WRF-generated TC 
intensities. Since the RegCM3 outputs serve as initial and 
boundary conditions of WRF simulations, and the inten-
sities of the corresponding RegCM3 vortices are not well 
correlated against the WRF simulated TC intensities, 
these composites help elucidate the reasons as to why 
the TC spins up in the WRF model. Figure  13a shows 
the composite RegCM3 500-hPa geopotential height pat-
tern one day prior to TC landfall for the weakest 10% of 
TCs at landfall (i.e. 49 knots or below) and Fig. 13b for 
the strongest 10% (87 knots or above). In agreement with 
the seasonal TC landfalls, the location of the subtropical 
high is significantly different. For intense TC landfalls 
predicted by the WRF, the subtropical ridge during the 
previous 24 h is stronger, centred along the East China 

Sea and has its western edge extending up to 115◦E 
(Fig. 13b). In contrast, during weak TC landfalls, the sub-
tropical high remains in the middle of the WNP, far away 
from the TCs.

Not only does the subtropical ridge play an important 
role, the upper-level easterlies can also provide a favour-
able environment for TCs in the South China Sea. Dur-
ing strong TC landfalls, stronger 200-hPa easterlies are 
found at low latitudes along the South China Sea, where 
the TCs are located (Fig. 14b). This feature leads to the 
enhancement of an upper-level divergence in the northern 
South China Sea (shaded area), which can enhance TC 
outflows and further intensification. In contrast, for weak 
TCs, the large-scale circulation over the South China 
region is relatively weak, and upper level flow in the 
northern South China Sea is minimal. It is worth noting 
that the upper easterlies in the central South China Sea 
are not correlated with the subtropical high in the East 
China Sea. These findings share some similarity to the 
known interaction between upper-level flow, in particular 
tropical easterlies, and TC intensification (e.g., Davidson 
and Kar 2002; Wang and Wu 2016; Qian et al. 2016).

The above analyses suggest that, as long as the large-
scale environment, in particular the subtropical high in 
WNP, can be accurately reproduced, seasonal TC land-
falls and their intensities can also be predicted.

(a)

(b)

Fig. 12  Composites of the RegCM3 850–300  hPa layer-mean flow 
pattern anomalies of a the first quartile, b fourth quartile of annual 
TC landfalls in South China. The width of streamlines is proportional 
to wind speed

(a)

(b)

Fig. 13  Composites of RegCM3 500-hPa geopotential height one 
day prior to the WRF simulated TC landfalls, with TC intensities at 
landfall of a 25 m/s or below b 45 m/s or above. Units in metres
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6  Summary

In this study, a numerical modelling system using both a 
regional climate model (RegCM3) and a mesoscale model 
(WRF) has been set up to simulate the number of TCs 
making landfall in South China, as well as their intensi-
ties at landfall. The model configurations have undergone 
three sensitivity tests on the choices of the RegCM3 model 
domain, the WRF horizontal resolution and the physi-
cal packages. Although none of the experimental runs has 
produced a better TC landfall climatology, such that the 
“default” setting is used, the finding is likely to be limited 
to this specific study, and extensive tests are still required 
for other applications, as have been pointed out in other 
sensitivity tests (e.g, Bhaskaran et  al. 2012; Parker et  al. 
2013).

This study has found that the model system can repro-
duce a realistic TC landfall climatology in South China. 
The model skill in predicting the number of TCs making 
landfall in South China is comparable to Huang and Chan 
(2014), while it has been shown that the model system is 
able to capture the variations in seasonal TC intensity at 
landfall better than the number of landfalls alone. More 
importantly, it has been demonstrated that the model sys-
tem can offer a better forecast of the seasonal intensity than 
a global model. The results indicate that the use of dynamic 
downscaling may provide useful seasonal predictions of TC 
intensities. However, further improvements of the model 

skill and extensive tests with forecast data driving the 
regional model are necessary if the model system is to be 
used operationally.

The large-scale environment has also been shown to play 
a very important role on seasonal TC landfall frequency. If 
the subtropical high is strong over the East China Sea, TCs 
making landfall in South China tend to be stronger as well. 
In order to accurately predict the number of TC landfalls as 
well as their intensities on a seasonal basis, it is essential to 
have the subtropical ridge properly simulated.

Since the model system has demonstrated skill in simu-
lating the climatology of the TC landfalls and intensities, 
and the model predictability is also identified, it is possi-
ble to use the model to simulate future climatology of TC 
intensities at landfall using the Coupled Model Intercom-
parison Project model outputs. The projection of the num-
ber and intensities of TC making landfall for the rest of this 
century in the region will be reported in the near future.
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