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Abstract:

Typhoon Mireille (1991) caused devastation over Japan. 
Assessing the impacts of such an extreme typhoon under 
global warming is an important task to prevent and mitigate 
future natural disasters. This study investigated the influ-
ences of global warming on the strong winds of Typhoon 
Mireille by conducting pseudo-global warming (PGW) 
experiments with a regional model. Since significant dam-
ages to forest areas occurred in Kyushu and Tohoku, we 
compared the typhoon impacts in these two regions. It was 
demonstrated that on average the mean wind speeds induced 
by Typhoon Mireille become stronger in Kyushu and weaker 
in Tohoku under the PGW conditions than under the 
September 1991 conditions. The difference between the two 
regions in the future is due to the simulated typhoons under 
PGW being stronger at lower latitudes and weakening more 
rapidly at higher latitudes. Thus, the impacts of Typhoon 
Mireille under a warmed climate are considered to be more 
severe at a lower latitude and weaker at a higher latitude.

KEYWORDS typhoon; global warming; impact assessment; 
pseudo-global warming experiment

INTRODUCTION

Projecting changes in the intensity of tropical cyclones 
(TCs) under future global warming is an important issue, not 
only from a scientific point of view but also from the view-
point of disaster impact assessment. Reflecting the signifi-
cance of assessing typhoon disasters, a large number of 
studies have been conducted to investigate future changes in 
the structure, intensity, and impact of TCs, results of which 
can be found in the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC) (IPCC, 
2013, 2014).

For assessing TC impacts under global warming, there are 
several approaches. One is to simulate and project explicitly 
the global genesis of TCs in a general circulation model 
(GCM) at a high resolution that can resolve the overall struc-
ture of TCs (e.g., Murakami et al., 2012). Regional climate 
models nested in GCMs can improve quantitative represen-
tations of TCs (Nakano et al., 2010, 2012). The second 
approach is to estimate statistical characteristics by generat-
ing a large number of simulated typhoons with the assump-
tion of a stochastic typhoon model, like the ones used in 
Fujii and Mitsuta (1986), Fujii (1998), and Nakajo et al. 

(2014). Another approach is to use a pseudo-global warming 
(PGW) experiment in which climate change components are 
added to past analysis fields in regional climate modeling 
(Sato et al., 2007) to assess the impacts of climate change on 
the intensity of past extreme TCs. This study uses the PGW 
approach to investigate the influences of global warming on 
the change in regional-scale impacts of typhoons by examin-
ing the case of Typhoon Mireille (1991).

Typhoon Mireille (1991) developed on 16 September 
1991 and intensified with its minimum central pressure 
being 925 hPa. The typhoon made landfall on the northern 
part of Kyushu, proceeded over the Sea of Japan, and landed 
again on Hokkaido. Owing to its track, Typhoon Mireille 
spawned widespread damages over urban and residential 
areas, agricultural areas, and forested areas in Japan (Mitsuta, 
1992). This typhoon is locally known as “Apple Typhoon” 
because it caused significant damage to apple trees in the 
farmlands of northern Japan. Typhoon Mireille caused the 
most costly insurance loss among the tropical cyclones in 
the Pacific region during the period from 1970 to 2015 and 
is ranked 11th among all meteorological disasters during the 
same period (Swiss Reinsurance Company, 2016). In this 
respect, Typhoon Mireille is regarded as the worst typhoon 
during the past 45 years. A PGW experiment is useful to 
assess how the impacts of worst-case typhoons in the past 
change under a warmed climate (Mori and Takemi, 2016).

Although the intensity of tropical cyclones in the western 
North Pacific is projected to increase at their mature stage in 
a warmed climate (Murakami et al., 2012), future changes in 
the impact of typhoons on Japan may depend on the geo-
graphical locations in question. Ito et al. (2016) indicated, by 
conducting PGW experiments, that the severity of Typhoon 
Songda (2004) in the northern part of Japan, i.e., Hokkaido, 
was reduced under warmed climate conditions, although the 
maximum intensity of the typhoon was strengthened. Thus, 
it is possible that an extreme typhoon, similar to Typhoon 
Songda, may have contrasting impacts in the southern and 
the northern part of Japan under global warming.

In this study, we investigate the influences of global 
warming on the strong winds of Typhoon Mireille (1991) in 
the Kyushu and Tohoku regions where significant damage to 
forests occurred. The impact assessment for forested areas is 
important because forests play a critical role in hydrological 
processes and the water cycle. For this purpose, PGW exper-
iments and a simulation for reproducing the past event, sim-
ilar to those in Ito et al. (2016), are conducted for Typhoon 
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Mireille. Because the tracks of Mireille and Songda are sim-
ilar, the robustness of the finding in Ito et al. (2016) is 
expected to be increased.

NUMERICAL MODEL AND EXPERIMENTAL 
SETTINGS

The numerical model used here is the Weather Research 
and Forecasting (WRF) model/the Advanced Research WRF 
(ARW) version 3.6.1 (Skamarock et al., 2008). Two-way 
nesting capability was used to cover the western North 
Pacific region including the Japanese islands in the outer-
most domain at a coarser resolution and to resolve complex 
terrain features in the finest-resolution nested domains, 
because the representation of topography is important in 
reproducing strong winds in complex terrain (Takemi, 2009; 
Oku et al., 2010). Figure 1 shows the computational domains. 
Domain 1, the outermost domain, had a 9-km grid spacing, 
while the nested domain, Domain 2, had a 3-km grid. 
Domain 2 had two nested domains, Domain 3 at a 1-km grid, 
covering the Kyushu and Tohoku regions, separately. All the 
domains had 57 vertical levels, and the model top was set to 
be 20 hPa. The parameterizations for physical processes 
were chosen in the same way as used in Ito et al. (2016).

For the initial and boundary conditions of the WRF model, 
we used a 6-hourly, 1.25o-resolution long-term reanalysis 
dataset from the Japanese 55-year Reanalysis (JRA-55) 
(Kobayashi et al., 2015). The spectral nudging technique of 
the WRF model was employed to incorporate the synoptic- 
scale influences on the simulated typhoons. In addition, 
the TC bogus scheme was used to initialize the TC vortex, 
based on the best-track data of the Regional Specialized 
Meteorological Center (RSMC) in Tokyo. The options for 
spectral nudging and the TC bogus scheme are the same as 
those used in Ito et al. (2016). The initial time for time inte-
gration was 1200 UTC 25 September 1991. This historical 
run is referred to as CNTL.

In order to perform PGW experiments, we used simulated 

data from MRI-AGCM version 3.2 at a 20-km resolution 
(Mizuta et al., 2012) for the present climate (corresponding 
to the period of 1979–2003) and future climates under the 
Representative Concentration Pathway (RCP)-8.5 scenario 
(corresponding to the period of 2075–2099). The projection 
data for future climates consisted of those driven by four 
different sea surface temperature (SST) patterns: the ensem-
ble mean SST pattern from the CMIP5 atmosphere-ocean 
coupled models and the three SST patterns obtained by clus-
ter analysis for the CMIP5 model outputs (Clusters 1, 2, and 
3) (Mizuta et al., 2014). For each meteorological variable, 
warming increments were defined as the difference in the 
monthly means of the future climate from the present cli-
mate. As we were examining Typhoon Mireille, we used the 
monthly incremental data for September.

In the PGW experiments, we did not add relative humidity 
and wind as warming increments, based on the consideration 
that relative humidity has no significant change from the 
present to the future climate (Takemi et al., 2012) and wind 
has significant effect on the typhoon track. With these 
common settings, 6 cases were examined as PGW experi-
ments. One case was to add surface variables including SST, 
surface air temperature, and surface pressure, and three- 
dimensional geopotential and temperature as the warming 
increments (referred to as PGW1). The second was to add 
SST, surface air temperature, and three-dimensional tem-
perature as the warming increments (PGW2). As an extreme 
case, the third was to add only the SST increment (PGW3). 
We also conducted three other experiments with fully added 
increments (except relative humidity and wind) from the 
AGCM runs with three SST clusters (referred to as PGWC1 
for SST Cluster 1, PGWC2 for SST Cluster 2, and PGWC3 
for SST Cluster 3). The incremental data used here are 
exactly the same as in Ito et al. (2016). The spatial distribu-
tions of the increments can be found in Ito et al. (2016).

RESULTS

In the following analyses, the simulated outputs from the 
1-km domains are used.

First, the overall performance of the model simulations is 
compared with the best-track data in terms of the typhoon 
track and the surface pressure at the typhoon center. Figure 
2a shows the tracks of the typhoons in the best-track data 
and in the simulations. It is seen that the CNTL simulation 
for reproducing Typhoon Mireille (1991) successfully cap-
tures the observed track from the south to the north. The 
simulated typhoons in the PGW experiments also take tracks 
similar to the observation and to CNTL. Considering that the 
typhoon tracks significantly affect local-scale strong winds 
and rainfall (Oku et al., 2014; Mori et al., 2014; Takayabu et 
al., 2015; Mori and Takemi, 2016), the agreement of the 
simulated TC tracks with the observation is a first priority in 
assessing the impacts of typhoons. In this sense, the favor-
able agreement of the simulated tracks between the CNTL 
and the PGW experiments should give credence to the fol-
lowing analyses.

Figure 2b compares the temporal change of the typhoon 
intensity in CNTL with the best-track. Intensification on 
26 September, rapid weakening on 27 September, and 
re-intensification on 28 September seen in the best-track are 

Figure 1. The computational domains: Domain 1 (D01) at 
9-km grid, Domain 2 (D02) at 3-km grid, and Domain 3 
(D03) (covering separate areas of Kyushu and Tohoku) at 
1-km grid
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well reproduced in CNTL. In the PGW experiments, a simi-
lar tendency is seen, but quantitatively the intensity and the 
intensity change are quite different. Compared with the 

CNTL result, the typhoons in the PGW experiments are 
more intensified on 26 September, weaken more rapidly on 
27 September, and re-intensify slightly stronger on 28 
September. Note that the re-intensification phase on 28 
September corresponds to the period when the typhoons 
make landfall on Hokkaido. This result is in contrast to that 
seen in the PGW experiments for Typhoon Songda (2004) 
examined by Ito et al. (2016) who showed that the typhoons 
under PGW conditions are weaker than that under the 
September 2004 condition at the re-intensification stage. 
This point will be discussed later in this section.

With the use of the 20-km-resolution AGCM ensemble 
runs with SST Clusters 1, 2, and 3, we conducted another 
PGW experiments to examine whether the intensification 
and rapid weakening seen in PGW1 and PGW2 is robust. In 
Figure 2c, the time series of the central pressure in PGWC1, 
PGWC2, and PGWC3 are compared with those in PGW1 as 
well as the best-track and CNTL. Although the maximum 
intensities in PGWC1, PGWC2, and PGWC3 are weaker 
than that in PGW1, the simulated typhoons in all the PGW 
experiments are more intensified at their maturity and weak-
ened more rapidly than that in CNTL. Thus, the feature of 
the intensity change seems to be robust irrespective of the 
AGCM runs with different SST patterns prescribed.

Table I summarizes the minimum central surface pressure 
during the lifetime of the typhoons in the best track and in 
the simulations. The simulated typhoons all intensify under 
the PGW climate compared to the actual condition in 
September 1991. The extreme condition with only warmed 
SST prescribed (PGW3) produced an extreme typhoon with 
a minimum pressure of 887 hPa. The present result of 
stronger TCs under global warming is consistent with the 
cases of Typhoon Vera (1959) (Mori and Takemi, 2016), 
Typhoon Haiyan (2013) (Takayabu et al., 2015), and 
Typhoon Songda (2004) (Ito et al., 2016), and previous 
studies with GCMs (e.g., Murakami et al., 2012). Based on 
these results, we examine the differences between the CNTL 
and PGW experiments in the followings.

Figure 3 demonstrates the spatial distribution of mean sur-
face wind speeds in CNTL, PGW1, and PGW2 and their dif-
ferences from the CNTL to the PGW conditions in the 
Kyushu region of D03 (Figure 1). The mean surface wind 
speed is computed at the 10-m height above the ground level 
and is averaged over time during the period between 0000 
UTC 27 and 0000 UTC 29 September. In CNTL (Figure 3a), 
stronger winds widely spread in the domain, specifically in 
the coastal areas, the mountainous areas in the middle of 
Kyushu, and the westernmost areas and the mountainous 
areas in the Honshu Island. Comparison of the results in 
CNTL with the surface observations indicates that the simu-
lations mostly overestimate the mean wind speed. In general, 
quantitative representation of surface winds in numerical 
simulations is not easy owing to some issues: the observed 
wind speed is a 10-minute mean value and is hence weaker 
than the wind over shorter timescales; the observation points 
are affected by surrounding topography and buildings; and 

Figure 2. The comparison between the RSMC (Regional 
Specialized Meteorological Center) best-track of Typhoon 
Mireille (1991) (blue solid line) and the simulated typhoons 
(CNTL: black solid, PGW1: red solid, PGW2: orange solid; 
PGWC1: red dash-dotted, PGWC2: orange dashed, PGWC3: 
orange dotted). (a) The observed track and the simulated 
track, and the time series of central surface pressure for (b) 
the best-track, CNTL, PGW1, and PGW2, and for (c) the 
best-track, CNTL, PGW1, PGWC1, PGWC2, and PGWC3

Table I. Minimum surface central pressure during the typhoon lifetime of the best-track (OBS) and the simulated cases
Case OBS CNTL PGW1 PGW2 PGW3 PGWC1 PGWC2 PGWC3

Pressure (hPa) 930 931 917 920 887 923 928 922
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the model does not incorporate surface roughness character-
istics precisely. It is considered that similar issues also 
appear in the present simulation. More discussion on Figure 
3a is given in Supplement Text S1.

The spatial distributions of the mean wind speeds in 
PGW1 and PGW2 are shown in Figures 3b and 3c, and the 
differences of the mean wind speeds in the PGW cases minus 
CNTL are indicated in Figures 3d and 3e. The spatial pat-
terns of stronger wind in the PGW cases appear to be similar 
to those in CNTL. Taking the differences between the CNTL 
and the PGW experiments demonstrates that there are areas 
with increased or decreased wind speeds in PGW1 and 
PGW2 from CNTL. Common features can be found for 
increased wind speed under the PGW conditions in coastal 
areas in the northwestern to western part and in the Pacific 
side of Kyushu. In contrast, there are fine-scale patterns with 
increased/decreased winds in the mountainous areas in the 
middle of Kyushu. Such patterns suggest that the changes in 
wind speeds in in-land areas are more complex than those in 
coastal areas, probably owing to topographical influences. 
The mean differences averaged over the land grids in the 
domain are +0.03 m s–1 for PGW1 minus CNTL and 
+0.07 m s–1 for PGW2 minus CNTL, indicating that the 
wind speed averaged over the period, including the approach 
and landfall of the typhoon, is enhanced in the PGW experi-

ments.
The spatial distributions of the mean wind speeds in 

CNTL, PGW1, and PGW2 as well as their differences 
between CNTL and PGW1 (or PGW2) for the Tohoku region 
is shown in Figure 4. Similar to the feature found in Figure 
3a, comparison of the simulated wind speed in CNTL with 
the surface observations (Figure 4a) indicates that the simu-
lation in general overestimates the wind speed. Stronger 
wind speeds are seen on the coastal areas of the Sea of Japan 
side and in the mountainous areas in the center and the east-
ern part of the Tohoku region, while winds are weaker in the 
in-land areas surrounded by mountains. See further discus-
sion in Supplement Text S1. Similar spatial patterns in wind 
speed can be seen in the PGW1 and PGW2 results (Figures 
4b and 4c).

Similar to the analysis for Kyushu, the differences in the 
mean wind speeds between CNTL and the PGW experi-
ments for the Tohoku region are examined. Figures 4d and 
4e demonstrate the spatial distributions of the differences in 
Tohoku. In this case negative values seem to be more wide-
spread across the region than in the Kyushu case. A decrease 
on the coastal areas facing westward appears to be pro-
nounced, and enhanced decrease can also be found in some 
in-land areas and in the eastern part of Tohoku. There are 
some areas of increased wind speeds in the middle of 

Figure 3. The spatial distribution of temporal-mean surface wind speed averaged during the simulated period from 0000 UTC 
27 to 0000 UTC 29 September for (a) CNTL, (b) PGW1, and (c) PGW2 in the Kyushu region. The observed mean wind speeds 
at the AMeDAS stations during the same period are denoted by colored circles. The difference of the mean wind speed of (d) 
PGW1 minus CNTL and (e) PGW2 minus CNTL
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Tohoku. As a whole, the domain-mean difference of the 
mean wind speed over the land grids between CNTL and 
PGW1 (PGW2) is –0.4 (–0.3) m s–1. The negative differ-
ences mean that averaged winds during the typhoon passage 
over the Tohoku region become weaker under the PGW con-
ditions than under the actual September 1991 conditions.

Comparing the results demonstrated in Figures 3d/3e and 
4d/4e suggests that the impacts of an extreme typhoon like 
Typhoon Mireille (1991) depend on the geographical loca-
tion over the Japanese islands. To explain this, we revisit the 
case study of Typhoon Songda (2004) in Ito et al. (2016): it 
was found that typhoon winds over the Hokkaido region 
became weaker under the PGW conditions than under the 
actual conditions. Owing to enhanced warming at higher lat-
itudes under the PGW conditions, baroclinicity decreased, 
which negatively affected re-intensification of the typhoon 
during extra-tropical transition and therefore made the 
typhoon weaker during the re-intensification phase. Here we 
also examined the meridional gradient of potential tempera-
ture for the Mireille case and found that baroclinicity was 
slightly decreased over the Sea of Japan off the Tohoku coast 
and over the Hokkaido region in the PGW experiments, 
although the magnitude of the decreased baroclinicity was 
smaller in the Mireille case than in the Songda case (not 

shown). This decreased baroclinicity is considered to influ-
ence more rapidly weakening typhoons in PGW1 and PGW2 
and slightly weaker typhoons in PGW1 and PGW2 just after 
0000 UTC 28 September than the simulated typhoon in 
CNTL. On 28 September, the typhoon made landfall on 
Hokkaido. Among the three regions (Kyushu, Tohoku, and 
Hokkaido), Kyushu, located at the southernmost latitude, 
experienced stronger winds due to Typhoon Mireille under a 
warmed climate than in the actual case, and Tohoku, located 
in northern Japan and just to the south of Hokkaido, experi-
enced weaker winds under a warmed climate. Therefore, the 
impacts of Typhoon Mireille under warmed climate condi-
tions are considered to be more severe at lower latitudes and 
weaker at higher latitudes.

One point to note here is that in assessing disaster impacts 
from a typhoon maximum wind speeds during typhoon pas-
sage should also be taken into consideration. Figure 5 com-
pares the mean and the maximum wind speeds during the 
simulated period in CNTL and PGW2 at the land grids in the 
Kyushu and Tohoku regions. Corresponding to the results 
shown in Figures 3 and 4, it is seen that the mean wind speed 
is stronger (weaker) in Kyushu (Tohoku) in PGW2 than in 
CNTL. However, the maximum wind speed is stronger in 
both regions in PGW2. See Supplement Figures S2 and S3 

Figure 4. The same as Figure 3, except for the Tohoku region
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for the spatial distribution of the maximum wind speed in 
Kyushu and Tohoku. The stronger maximum wind in Tohoku 
in PGW2 may partly be due to the simulated track in PGW2 
being slightly shifted eastward from that in CNTL (see 
Figure 2a), generating stronger winds in Tohoku. In the pres-
ent simulation technique, it is quite difficult to completely 
regulate the typhoon track, and slight changes cannot be 
avoided depending on the simulations. More precise tech-
niques should be employed in future analyses. Furthermore, 
there may be other physical mechanisms to explain the 
stronger maximum winds under PGW conditions. More 
detailed analyses on the structural changes of extreme 
typhoons at higher latitudes are required in future studies.

CONCLUSIONS

By conducting PGW experiments, we have investigated 
the influences of global warming on the strong winds of 
Typhoon Mireille (1991) and showed that typhoon impacts 
under global warming differ depending on the latitude of the 

region of interest. Since significant damage to forested areas 
occurred in the Kyushu and Tohoku regions, we have com-
pared the typhoon impacts in these two regions.

On average the mean wind speeds induced by Typhoon 
Mireille become stronger in Kyushu and weaker in Tohoku 
under the PGW future climates than under the September 
1991 conditions. Future differences between the two regions 
are due to the simulated typhoons being stronger at lower 
latitudes in PGW than in CNTL and weakening more rapidly 
at higher latitudes in PGW. The impacts of Typhoon Mireille 
under warmed climate conditions is considered to be more 
severe at a lower latitude and weaker at a higher latitude.

Forested area covers about two-thirds of the total Japanese 
land area. Preserving forests in the future may depend on the 
assessment of changes in typhoon impacts under global 
warming. Continuous efforts should be made to investigate 
various types of typhoons.

Figure 5. Scatter diagram of the mean wind speed between CNTL and PGW2 averaged during the simulated period at the land 
grids in (a) the Kyushu region and (b) the Tohoku region. Scatter diagram of the maximum wind speed between CNTL and 
PGW2 during the simulated period in (c) Kyushu and (d) Tohoku. The black dots indicate all the land grids in each region, 
while the green dots indicate grids thinned at the 0.1 degree interval in each region
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Text S1. Additional explanation on the distributions of wind 
speed shown in Figures 3a and 4a

Figure S1. Land-use categories used for the WRF model in 
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Figure S2. The same as Figure 3, except for the maximum 
wind speed during the simulated period

Figure S3. The same as Figure 4, except for the maximum 
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