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ABSTRACT

The possible changes of tropical cyclone (TC) tracks and their influence on the future basin-wide intensity of TCs over
the western North Pacific (WNP) are examined based on the projected large-scale environments derived from a selection
of CMIP5 (Coupled Model Intercomparison Project Phase 5) models. Specific attention is paid to the performance of the
CMIP5 climate models in simulating the large-scale environment for TC development over the WNP. A downscaling system
including individual models for simulating the TC track and intensity is used to select the CMIP5 models and to simulate the
TC activity in the future.

The assessment of the future track and intensity changes of TCs is based on the projected large-scale environment in the
21st century from a selection of nine CMIP5 climate models under the Representative Concentration Pathway 4.5 (RCP4.5)
scenario. Due to changes in mean steering flows, the influence of TCs over the South China Sea area is projected to decrease,
with an increasing number of TCs taking a northwestward track. Changes in prevailing tracks and their contribution to
basin-wide intensity change show considerable inter-model variability. The influences of changes in prevailing track make
a marked contribution to TC intensity change in some models, tending to counteract the effect of SST warming. This study
suggests that attention should be paid to the simulated large-scale environment when assessing the future changes in regional
TC activity based on climate models. In addition, the change in prevailing tracks should be considered when assessing future
TC intensity change.
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1. Introduction

Tropical cyclones (TCs) account for the majority of loss
of life and property induced by natural disasters, especially
in the western North Pacific (WNP), which is the most ac-
tive basin of TCs on Earth (Zhang et al., 2009). Thus, it is
very important to know how TC activity responds to global
climate change. Emanuel (1987) suggested that the maxi-
mum intensity of TCs would increase under a warmer cli-
mate. On the other hand, Wu and Wang (2008) found that
the changes in TC genesis location and prevailing tracks
are closely associated with increases in the percentage of
intense TCs, suggesting that shifts in TC prevailing tracks
play an important role in changes of basin-wide TC intensity.
Kossin and Camargo (2009) demonstrated the importance
of TC track change in recent increases in Atlantic TC ac-
tivity, and suggested that track changes may offset the effect
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of increasing maximum potential intensity (MPI). Wing et
al. (2007) found that changes in tracks play an importance
role in intensity changes on the interannual time scale. Stud-
ies have shown that climate change will likely alter the TC
tracks over the WNP (e.g., Wu and Wang, 2004; Wu et al.,
2005; Li et al., 2010; Murakami et al., 2011). Considering
the influence of changes in TC tracks on basin-wide inten-
sity (Wing et al., 2007; Wu and Wang, 2008; Kossin and Ca-
margo, 2009), it is necessary to assess its contribution to TC
intensity.

Despite significant improvements in climate models, con-
siderable biases in the simulated large-scale environment ex-
ist in current climate models (IPCC, 2007; Reichler and Kim,
2008; Knutson et al., 2013). It is clear that the reliability
of the large-scale environment for TC activity simulated by
each global climate model should be evaluated when the fu-
ture changes of TC activity are assessed. Thus far, few stud-
ies have paid attention to evaluating the capability of CMIP5
(Coupled Model Intercomparison Project Phase 5) models in
terms of the simulated large-scale environment important to
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TC activity (Knutson et al., 2007, 2008; Emanuel et al., 2008;
Bender et al., 2010; Emanuel, 2013). Given the dominant role
of the large-scale environment on TC activity (Gray, 1968), it
is clear that the selection of climate models is very important
when downscaling TC activity with the climate model output.
Recently, Knutson et al. (2013) demonstrated a large spread
exists among individual models in their future projection ex-
periment results. In a previous paper, Wang and Wu (2012)
explored this issue using a theoretical dynamic downscaling
system and suggested that large differences exist in the simu-
lated large-scale conditions important for TC development.

In the above context, the primary objective of this study is
to address the role of future TC track changes in TC intensity
change using the model outputs from CMIP5 (Taylor et al.,
2012).

2. Data and methods

2.1. Data
Wu and Zhao (2012) indicated that the intensity records in

the Joint Typhoon Warning Center (JTWC) best-track dataset
are more reliable than those from the Shanghai Typhoon In-
stitute (STI) of the China Meteorological Administration, and
the Regional Specialized Meteorological Center (RSMC) of
Tokyo. For this reason, The JTWC best-track dataset for the
period 1975–2005 is used to represent the observed TC ac-
tivity. In this study, TCs refer to those in the JTWC dataset
with at least tropical storm intensity (maximum wind speed
exceeding 17.2 m s−1), and our analysis is focused on the
typhoon peak season (July–September). Monthly sea sur-
face temperature (SST) from the National Oceanic and At-
mospheric Administration (NOAA) (ERSSTV3b; Smith et
al., 2008) is used in this study. Monthly atmospheric data
are from the National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–NCAR)
reanalysis (Kalnay et al., 1996) dataset.

The output of the global climate simulations is from the
CMIP5 multi-model dataset. In this study, the monthly data
of two experiments [the historical experiment and Represen-
tative Concentration Pathway 4.5 (RCP4.5) experiment] are
used for each model. The historical experiment is forced by
observed conditions, which include changes in atmospheric
composition, solar forcing, natural or anthropogenic aerosols,
and so on. The radiative forcing in RCP4.5 experiment sta-
bilizes at 4.5 W m−2 in 2100 (Taylor et al., 2012). To evalu-
ate the performance of GCMs in their historical experiments
against the reanalysis, all of the datasets are interpolated into
2.5◦ ×2.5◦ grids.

2.2. Downscaling technique
A downscaling technique has developed over the past 15

years or so that involves embedding a high-resolution re-
gional model in the atmosphere–ocean conditions derived
from low-resolution global climate model output to study fu-
ture intensity change (e.g., Knutson et al., 1998; Knutson and
Tuleya, 2004; Knutson et al., 2007, 2008; Bender et al., 2010;

Knutson et al., 2013). Currently, two specific approaches
are used within this downscaling technique. One is to run
a high-resolution regional model or hurricane model driven
by large-scale conditions from climate models, and the TC
climatology is determined by the activity of TC-like vortices
simulated in the regional climate or hurricane model (Knut-
son et al., 2007, 2008; Bender et al., 2010, Knutson et al.,
2013). The other is the theoretical dynamic system proposed
by Emanuel et al. (2008). This system simulates TC activity
by integrating the genesis, track and intensity models, forced
by the large-scale conditions from reanalysis data or outputs
from climate model simulations. Emanuel et al. (2008) ap-
plied this approach to simulate the global TC activities in the
period 1980–2005 and assess the impact of climate change on
TC climatology. The approach provides us with an efficient
tool for assessing the impact of climate change on TC activ-
ity, enabling evaluations of the reliability of climate models in
terms of the large-scale conditions for TC activity, and exam-
inations of the contributions of each change in the large-scale
conditions (Wang and Wu, 2012). Thus, the second approach
is adopted in this study to investigate the roles of TC track
changes in future TC intensity.

A similar downscaling approach to that described by
Emanuel (2006) and Emanuel et al. (2008) is used in this
study, and the TC characteristics are determined by the out-
puts of genesis, track and intensity models. Nevertheless, we
use the TC genesis distribution derived from the JTWC best-
track dataset in this study owing to the poor understanding
of how such a distribution would change in a warmer climate
(Emanuel, 2006; Knutson et al., 2010), especially in individ-
ual basins. The track model in the downscaling approach is
adopted from Wu and Wang (2004). In this model, a TC is
treated as a rigid body, and moves with the translation vec-
tor determined by the sum of mean beta drift and large-scale
steering flow (pressure-weighted average wind from 850 to
300 hPa). Furthermore, random synoptic-scale disturbances
are put into the translation vectors to take into account the
possible effect of synoptic-scale weather systems on TC mo-
tion. The integration of the track model stops while the sim-
ulated TC location is out of the simulation domain (0◦–40◦N,
100◦–180◦E). The TC intensity model is an axisymmetric at-
mospheric model adopted from Emanuel et al. (2008). In
this downscaling system, TC tracks are simulated by the track
model with the genesis location and translation vectors, while
the intensity evolution of TCs is calculated by the intensity
model along the simulated tracks with the surrounding large-
scale conditions (SST and vertical wind shear). The vertical
wind shear is defined as the magnitude of the vector differ-
ence between monthly mean wind speeds at 850 hPa and 200
hPa. Further information about this technique can be found
in Wang and Wu (2012).

3. Verification of the downscaling technique

The downscaling technique shows appreciable skill in
reproducing the observed distributions of TC intensity and
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tracks (Wang and Wu, 2012). To verify the downscaling tech-
nique, we first compare the observed and simulated TC track
and intensity climatology. With the observed TC formation
locations from JTWC, vertical wind shear, large-scale steer-
ing flows from NCEP–NCAR, and SST from NOAA, the
track and intensity models are integrated to simulate the cli-
matology of TC activity during the period 1975–2005. Note
that the simulated TC track and intensity are independent of
the observations from JTWC.

The observed and simulated TC tracks in the peak season
are first compared (Fig. 1). In order to quantify the model bias
in the track simulation, as defined in Wu and Wang (2004),
the frequency of TC occurrence is calculated by counting the
frequency of TCs entering each 2.5◦ latitude by 2.5◦ longi-
tude grid box at 6-h intervals. This indicates the spatial pat-
tern of TC tracks and estimates how frequently a region is
influenced by TCs. It can be seen that the simulation reason-
ably reproduces the observed track climatology. The model
slightly overestimates the frequency of occurrence over the
ocean to the southeast of Japan and in the South China Sea
(Fig. 2c), while the frequency of TCs affecting the East China
Sea is underestimated. The discrepancies may result from the
simplification of the TC steering flow by using monthly wind
fields in the track model and/or the highly simplified track
model.

The comparison between the observed and simulated spa-
tial distribution of TC intensity is shown in Fig. 3. The TC
intensity is defined as the mean surface wind speeds of those

Fig. 1. TC tracks from July to September derived from (a) the
JTWC best-track data and (b) the simulation during the period
1975–2005.

Fig. 2. Annual frequency of TC occurrence from July to
September derived from (a) the JTWC best-track data, (b) the
simulation, and (c) the difference between (b) and (a) during the
period 1975–2005.

TCs that enter a grid box of 2.5◦ latitude by 2.5◦ longitude.
As shown in Fig. 3, the overall spatial pattern of observed
TC intensity, including the strong intensity band to the east
of Taiwan, is reasonably well reproduced by the downscal-
ing technique, although an overestimation of TC intensity ex-
ists in the midlatitude area (Fig. 3c). There are two possible
sources of this discrepancy: one is owing to the absence of
the extratropical transition and terrain effect in the downscal-
ing system, and the other comes from the possible uncertainty
in the TC intensity of the JTWC dataset (Kossin et al., 2007,
2013).



616 FUTURE TROPICAL CYCLONE TRACK CHANGE VOLUME 32

Fig. 3. Spatial distribution of TC intensity (units: m s−1) de-
rived from (a) the JTWC dataset, (b) the simulation, and (c) the
difference between the simulation and the observation (contour
interval: 5 m s−1) in July–September during the period 1975–
2005.

Following Wang and Wu (2012), the annual frequency of
intense TCs (categories 4 and 5) and the lifetime maximum
intensity are used to examine the possible influences of cli-
mate change on the basin-wide TC intensity. This is based
on the indication by Wu and Zhao (2012) that these two met-
rics are more sensitive to the large-scale environment changes
than the basin-wide average intensity (Wu et al., 2008). The
annual lifetime maximum intensity is calculated by averag-
ing the lifetime maximum intensity of individual TCs in each
year (Wu, 2007). Figure 4 displays the differences between

the observed and simulated time series of the annual basin-
wide lifetime maximum intensity and the frequency of in-
tense TCs. As can be seen, the evolution of the basin-wide
TC intensity from 1975 to 2005 is also fairly well reproduced.
The temporal correlation coefficients between the simulation
and observation are 0.77 for the basin-wide lifetime maxi-
mum intensity, and 0.69 for the annual frequency of intense
TCs, significant at the 95% level. In summary, the down-
scaling technique driven by the large-scale environment from
NCEP–NCAR reanalysis data can reasonably reproduce TC
track and intensity features over the WNP.

4. Selection of CMIP5 models

To evaluate the performance of CMIP5 climate models,
we integrate the downscaling system driven by the large-
scale environments (steering flows, vertical wind shear and
SST) in their historical runs for the peak season during 1975–
2005. The reliability of the CMIP5 climate models in simu-
lating large-scale conditions for TC development is assessed
by comparing the derived spatial distribution of the frequency
of TC occurrence and TC intensity against the observation.
Following Lee and Wang (2012), we calculate the normal-
ized root-mean-square error (NRMSE) and pattern correla-
tion coefficient (PCC) between the observation and simula-
tion for each climate model over the WNP. The NRMSE is
the root-mean-square error divided by the observed standard
deviation. A higher PCC and smaller NRMSE imply that the
simulation is closer to the observation.

Fig. 4. Time series of (a) lifetime maximum intensity (units:
m s−1) and (b) the number of intense TCs from the JTWC
dataset and the simulation during July–September during the
period 1975–2005.



MAY 2015 WANG AND WU 617

Figure 5 shows the calculated PCCs and NRMSEs of the
individual CMIP5 models for the frequency of TC occur-
rence (Fig. 5a) and TC intensity (Fig. 5b). The average PCC
(NRMSE) for frequency of occurrence is 0.75 (0.76), and the
average PCC (NRMSE) for TC intensity is 0.64 (1.17). As
shown in the figure, there is considerable inter-model spread
in PCC and NRMSE. Considering both the skill of individ-
ual climate models and the sample size, the outputs from 11
CMIP5 models are selected (Table 1). Their RMSEs for fre-
quency of TC occurrence (TC intensity) are less than 0.79
(1.21), while their PCCs for frequency of TC occurrence
(TC intensity) are greater than 0.73 (0.66). Since the pro-
jected large-scale fields are not available for GFDL-CM2.1

and CMCC-CM, our projections are based on a final selec-
tion of nine CMIP5 models.

5. Projected changes in TC track and intensity

Compared to 1975–2005, the mean SST increase pro-
jected in the nine selected models is 0.6 K during 2010–29,
1.1 K during 2030–69 and 1.4 K during 2070–99 in the WNP
basin. A control run is first performed with the large-scale
conditions during 1975–2005 from the historical experiments
of the selected climate models, followed by three projection
runs with the mean large-scale conditions during 2010–39,

Fig. 5. Scatter plots of NRSME and PCC derived from individual GCMs: (a) frequency of TC occurrence; (b) spatial
distribution of TC intensity. Red (blue) lines indicate the selection thresholds for NRSME (PCC).

Table 1. Description of the selected CMIP5 models.

Averaged atmospheric resolution
Model Number Institution (lon × lat, vertical levels)

ACCESS1.3 M1 Commonwealth Scientific and Industrial Research Organization
and Bureau of Meteorology

1.875◦ ×1.25◦, L17

BCC-CSM1.1-1-M M2 Beijing Climate Center, China Meteorological Administration 1.125◦ ×1.25◦, L17
CCSM4 M3 National Center for Atmospheric Research 1.25◦ ×0.94◦, L17
CESM-BGC M4 National Center for Atmospheric Research 1.25◦ ×0.94◦, L17
CESM-CAM5 M5 National Center for Atmospheric Research 1.25◦ ×0.94◦, L17
GFDL-ESM2M M6 Geophysical Fluid Dynamics Laboratory 2.5◦ ×2.0◦, L17
FIO-ESM M7 The First Institute of Oceanography 2.8125◦ ×2.8125◦, L17
FGOALS-g2 M8 Institute of Atmospheric Physics 2.8◦ ×3◦, L17
MPI-ESM-LR M9 Max Planck Institute for Meteorology 1.875◦ ×1.875◦, L25
CMCC M10 Centro Euro-Mediterraneo sui Cambiamenti Climatici 0.75◦ ×0.75◦, L17
GFDL-CM2.1 M11 Geophysical Fluid Dynamics Laboratory 2.5◦ ×2.0◦, L17
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2040–69 and 2070–99. In each month, all of the formation
locations that occurred in the corresponding month during
1975–2005 are used in the simulation.

5.1. Track changes
Figures 6a–c show the projected changes in the large-

scale steering flow and the corresponding frequency of TC
occurrence. Three climatological TC prevailing tracks are
also plotted in this figure (Wu et al., 2005). A salient fea-
ture in the steering flow changes is an anomalous cyclonic
circulation centered over the Taiwan Strait during the periods
2010–39 and 2040–69, and over Hainan Island during the pe-
riod 2070–99. In response to the steering flow change, the
common features for the three periods include decreasing TC
activity in the South China Sea due to the enhanced west-
erly steering, and increasing TC activity in the East China
Sea and northern part of Japan due to changes of the two
prevailing tracks over the WNP. Since the annual TC counts
are held fixed, the decreasing TC influence over the South

China Sea suggests an increase in TCs that take a northwest-
ward track. Note that the projected track changes are similar
to the ensemble projection of five selected CMIP3 climate
models under the A1B scenario (Wang et al., 2011). This is
also consistent with previous observational analysis. Using
the JTWC best-track dataset, Wu et al. (2005) found that the
number of TCs affecting subtropical East Asia increased sig-
nificantly during 1965–2003, while the South China Sea ex-
perienced decreasing typhoon influence. Recently, Tu et al.
(2009) found that the influence of typhoons in the vicinity of
Taiwan shows an abrupt increase after 2000. It is suggested
that the observed track change will generally continue to the
end of this century.

5.2. Intensity changes
Figures 7a and b show the percentage change in the life-

time maximum intensity and the frequency of intense TCs
projected by each selected model for the three periods. The
lifetime maximum intensity increases by 2.5%, 6.2% and

0 m/s

Fig. 6. Change in steering flow (black vectors) and the associated change in frequency of TC occurrence (shading) com-
pared to the historical run for (a) 2010–39, (b) 2040–69, and (c) 2070–99 derived from the selected model ensemble.
(d–f) As in (a–c), respectively, but derived from the selected model ensemble in Emanuel (2013). Green arrows show
the climatological typhoon prevailing tracks from Wu et al. (2005).
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Fig. 7. Percentage changes in (a) the lifetime maximum intensity and (b) the number of intense TCs derived from each
selected climate model. (c, d) As in (a, b), respectively, but derived from each selected model in Emanuel (2013).

8.2% as the mean SST increases by 0.6 K, 1.1 K and 1.4
K in the periods 2010–39, 2040–69 and 2070–99, respec-
tively (Fig. 7a). In agreement with the increased lifetime
maximum intensity, the number of intense TCs tends to in-
crease under global warming (Fig. 7b). On average, the
projected increases are 7.5%, 18.4% and 24.8% during the
periods 2010–39, 2040–69 and 2070–99, respectively. The
increases in the lifetime maximum intensity and the number
of intense TCs are qualitatively in accordance with results de-
rived from relatively high-resolution modeling and MPI the-
ory (Emanuel, 1987; Knutson and Tuleya, 2004; Knutson et
al., 2008; Emanuel et al., 2008, Knutson et al., 2010; Bender
et al., 2010; Knutson et al., 2013; Emanuel, 2013).

5.3. Contributions of track change
As described in Wang and Wu (2012), the individual con-

tributions of changes in TC prevailing track, SST and vertical
shear to the intensity increase can be quantitatively examined
by using a downscaling system. To examine the contribution
of individual parameters, we can fix the other two parameters

at their levels in the historical experiments, and only allow
the target parameter to change in the 21st century. Although
the combined effect of the individual parameters is not lin-
ear, it enables us to understand to what extent changes in TC
prevailing tracks, SST and vertical wind shear can affect TC
intensity changes (Fig. 8).

As shown in Fig. 8a, although its relative contributions
are different in each model, the warming SST tends to in-
tensify TCs in all of the selected GCMs during all three pe-
riods, which agrees with MPI theory (Emanuel, 1987; Hol-
land, 1983). On average, increases of lifetime maximum in-
tensity forced by SST are 3.5%, 6.3% and 8.5% during the
periods 2010–39, 2040–69 and 2070–99, respectively. These
changes are close to the changes with all parameters con-
sidered, suggesting that SST increase is the dominant factor
causing increases in lifetime maximum intensity. On aver-
age, the changes in lifetime maximum intensity induced by
the change of vertical shear (TC track) are −0.4% (−1.1%),
−0.7% (−0.7%) and −0.5% (−0.9%) during the three peri-
ods, respectively.
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Fig. 8. Individual contributions from SST, vertical wind shear and prevailing tracks to the percentage change in (a) life-
time maximum intensity and (b) the number of intense TCs in each selected model. Each bar represents an individual
model (M1–M9) of those presented in Table 1. (c, d) As in (a, b), respectively, but derived from each selected model in
Emanuel (2013).

The joint influence of changes in prevailing track and ver-
tical shear on intensity change is negative, accounting on av-
erage for 43%, 22% and 16.5% of the influence of SST warm-
ing in the three periods, respectively. Obviously, the percent-
age contribution of change in prevailing track and vertical
shear to TC intensity decreases as SST gets warmer. The
changes in vertical wind shear and prevailing track could sig-
nificantly influence TC intensity in some models. For exam-
ple, the composite effect of prevailing track and vertical shear
change accounts for half of the increase in lifetime maximum
intensity in the MPI-ESM-LR model during 2010–39, which
is comparable to that of SST change.

The SST warming also acts as a predominant factor in
the change of the number of intense TCs (Fig. 8b). The
SST-forced increases in the number of intense TCs are 12%,
18.8% and 25.8% during the periods 2010–39, 2040–69 and
2070–99, respectively. In agreement with the lifetime maxi-
mum intensity, changes in prevailing track and vertical shear

generally tend to reduce the number of intense TCs. The
changes in the number of intense TCs induced by vertical
wind shear (prevailing track) are −2.1% (−3.3%), −2.6%
(−1.6%) and −1.4% (−3.4%) during the three periods. The
combined negative contribution of change in prevailing track
and vertical wind shear is on average about 45%, 23% and
17.4% of the contribution from SST warming in the three pe-
riods, respectively. The large contribution from changes in
vertical wind shear and prevailing track suggests that those
changes should be taken into account when assessing the im-
pact of climate change on TC intensity. For instance, the
majority of the positive contribution of SST warming to the
change in frequency of intense TCs is offset by the combined
negative contribution from the change in track and vertical
shear in the CCSM4 model during 2079–99. In particular,
the individual contribution from the prevailing track change
in the GFDL-ESM2M model can reduce the number of in-
tense TCs by 16.3%, which is slightly greater than the in-
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crease (15.6%) due to SST warming during the first period.
On average, the mean vertical wind shear over the area (5◦–
20◦N, 115◦–150◦E) increases by 0.34, 0.37 and 0.03 m s−1

during 2010–39, 2040–69 and 2070–99, respectively, under
the RCP4.5 scenario. Such increases in vertical wind shear
are unfavorable to TC intensification, leading to the decreas-
ing TC intensity. As shown in Fig. 6, TC influence in the
South China Sea tends to decrease, and an increasing num-
ber of TCs take a northwestward track under a warmer cli-
mate. Considering the meridional SST gradient, the changes
in prevailing tracks suggest that an increasing number of TCs
would remain for less time over the tropical ocean with higher
SST.

6. Sensitivity to model selection

In this study, we emphasize the evaluation and choice of
the CMIP5 climate models appropriate for assessing the fu-
ture change in TC activity. To demonstrate the importance,
we examine the projected TC activity from the six climate
models used in Emanuel (2013) (Table 2). Except for the
CCSM4 model, the other five models in this table are not
selected based on our criteria. It is shown that there are con-
siderable differences in the projected change in TC track and
intensity.

Figures 6d–f show the projected changes in the large-
scale steering flow and frequency of TC occurrence during
the periods 2010–39, 2040–69 and 2070–99. It is of interest
to note that an anomalous cyclonic steering flow is also pro-
jected in these models, but the circulation center is slightly
different from that in Figs. 6a–c. The center is around Hainan
Island during the three periods. Instead of decreasing TC ac-
tivity, the projection downscaled from the climate models in
Emanuel (2013) shows increasing TC activity over the South
China Sea, while the TC activity in the East China Sea is
more enhanced than that from our selected climate models.

Figures 7c–d show the projected change in TC lifetime
maximum intensity. The mean SST increases from the cli-
mate models selected in Emanuel (2013) are 0.7 K, 1.4 K
and 1.8 K during 2010–39, 2040–69 and 2070–99, respec-
tively, which are larger than the projections in our selection
of models. As shown in Figs. 8c and d, the increases in
lifetime maximum intensity (the number of intense TCs) are
6.2% (21.5%), 11.2% (38%) and 13.9% (46.5%) during the

periods 2010–39, 2040–69 and 2070–99, respectively, which
are nearly twice as much as in our selection of models, de-
spite the fact that the SST increase is not doubled.

Similar sensitivity experiments to those carried out with
the selected CMIP5 models are conducted, and the results are
shown in Figs. 8c and d. On average, the changes in lifetime
maximum intensity (the number of intense TCs) induced by
SST are 4.4 % (13.2%), 9.9% (32.6%) and 12.9% (45.6%)
during the periods 2010–39, 2040–69 and 2070–99. How-
ever, contrary to the projection based on our selected nine
models, the changes in prevailing track and vertical wind
shear in these six models generally tend to increase the TC
intensity (Figs. 8c and d). The effect of changes in prevailing
track can increase the lifetime maximum intensity (the num-
ber of intense TCs) by 2.3% (11.2%), 2% (8.0%) and 1.6%
(2.3%), which are greater than the contribution from vertical
shear [0.9% (2.3%), 0.6% (0.2%) and 0.7% (2.9%)] during
the three periods, respectively. Note that the combined contri-
bution from the change in prevailing track and vertical shear
is comparable to the effect of SST warming during 2010–
39. Moreover, the individual contributions of track changes
even have a dominant influence on TC intensity change in
some models. For example, the track change in the MIROC5
model increases the number of intense TCs by 32.9%, which
is much greater than the 23.5% increase due to SST warming
in the period 2010–39. In addition, the combined contribu-
tion of the change in track and vertical shear in the MIROC5
model is even larger than that of SST warming, which makes
the MIROC5 model project the greatest increase in TC life-
time maximum intensity and intense TC numbers during the
three periods among all the GCMs. In fact, this model is clas-
sified as one of the worst models for its poor performance in
simulating both the spatial pattern of track density and in-
tensity. The different results from these two sets of climate
models suggest that a large spread exists in projections of fu-
ture TC tracks and their contribution to intensity change in
CMIP5 models.

7. Summary

The possible responses of TC tracks and their contribu-
tion to TC intensity change over the WNP in the future are
quantitatively assessed using a downscaling technique based
on the projected large-scale environments from CMIP5 cli-

Table 2. Description of the CMIP5 models selected in Emanuel (2013).

Averaged atmospheric resolution
Model Institution (lon × lat, vertical levels)

CCSM4 National Center for Atmospheric Research 1.25◦ ×0.94◦, L17
GFDL-CM3 Geophysical Fluid Dynamics Laboratory 2.5◦ ×2.0◦, L23
HadGEM-ES Met Office Hadley Center 1.875◦ ×1.25◦, L17
MPI-ESM-MR Max Planck Institute for Meteorology 1.875◦ ×1.875◦, L25
MIROC5 Atmosphere and Ocean Research Institute, National Institute for Environmental

Studies, and Japan Agency for Marine-Earth Science and Technology
1.4◦ ×1.4◦, L17

MRI-CGCM3 Meteorological Research Institute 1.125◦ ×1.125◦, L23
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mate models under the RCP4.5 scenario. Specific attention
is paid to evaluating and selecting the CMIP5 climate models
based on the simulated large-scale environment for TC activ-
ity in their historical runs.

Due to changes in large-scale steering flows, the TC in-
fluence is projected to decrease in the South China Sea, with
an increase in the number of TCs taking a northwestward
track. With these changes in prevailing track, the projected
TC lifetime maximum intensity (number of intense TCs) is
increased by 2.5% (7.5%), 6.1% (18.4%) and 8.2% (24.8%)
during the periods 2010–39, 2040–69 and 2070–2099, re-
spectively. Meanwhile, the SST warming tends to increase
the basin-wide TC intensity change as a dominant factor for
most of the selected models; the simulated changes in pre-
vailing tracks generally tend to counteract the effect of SST
warming, which has a significant negative influence on TC in-
tensity change in some models. The opposite effect of change
in prevailing track and SST warming indicates that TC inten-
sity cannot increase as estimated by MPI theory due to the
contribution of TC track change.

To address the importance of model selection, we also ex-
amine the projected TC activity from the six CMIP5 climate
models used in Emanuel (2013). Contrary to our results, in-
creasing TC activity is projected over the South China Sea,
with more TCs influencing the East China Sea. Despite the
small difference in the projected SST increase, there are sig-
nificant differences in the projected increases of the lifetime
maximum intensity (number of intense TCs) between the six
CMIP5 climate models used in Emanuel (2013) and our se-
lected climate models due to the large positive contribution of
the change in track and vertical shear. Since there is consid-
erable inter-model variability in TC track and its contribution
to intensity change, we suggest that model selection is impor-
tant when assessing future TC activity.

Finally, it should be noted that this study assumes little
change in TC formation location and frequency in future.
However, several modeling studies have suggested that the
global frequency of TCs may decrease under a warmer cli-
mate (e.g., Knutson et al., 2010), and thus caution should be
applied when interpreting the results of our study.
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