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Abstract:

This study numerically investigates the influences of
global warming on Typhoon Vera (1959) by conducting
pseudo-global warming experiments. It was found that the
intensity of Typhoon Vera will be stronger in warmed cli-
mate conditions than in the actual September 1959 condition
not only at the time of the typhoon’s maturity but also at the
time of the landfall. Sensitivity experiments indicate that
this projected increase in the typhoon intensity is robust, by
taking into consideration the effects of the increase in sea
surface temperature and temperature lapse rate under global
warming. The examination of rainfall characteristics over
the Kiso River and the Yodo River basin demonstrated that
the maximum accumulated rainfall and the maximum hourly
rainfall at a certain location within the region are more inten-
sified in the PGW conditions than in the 1959 condition at
their worst levels. Robustness and uncertainty of the pro-
jected changes in the typhoon impacts are discussed.
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INTRODUCTION

Typhoon Vera (1959), known as Isewan Typhoon, is the
worst case among the disaster-spawning extreme weather in
terms of human losses at least over the past 100 years
(National Astronomical Observatory of Japan, 2015). There
were more than 5000 fatalities and missing, and about 39000
injured. The typhoon caused strong wind, storm surge, and
heavy rainfall, inducing devastating damages in Japan.
According to the best-track data of Japan Meteorological
Agency (JMA), the minimum central surface pressures
during the lifetime and the central surface pressure at the
time of landfall were 895 hPa and 929 hPa, respectively.
Isewan Typhoon, Muroto Typhoon (1934), and Makurazaki
Typhoon (1945) are commonly known as the three major
typhoons in Showa Period (i.e., 1926—1989) in Japan. Global
warming is considered to strengthen the intensity of such
extreme tropical cyclones (TCs) (e.g., Murakami et al.,
2012), and therefore, assessing the influences of global
warming on extreme TCs is an important issue in order to
respond to and mitigate disaster risks in a future climate.

Assessing the impacts of extreme weather requires
high-resolution numerical simulations, because a precise
representation of topography is important (Oku ef al., 2010).
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Thus, conducting dynamical-downscaling numerical experi-
ments is a prerequisite for impact assessment applications.
To conduct downscaling experiments for past events, a long-
term reanalysis dataset is useful. The Japanese 55-year
Reanalysis (JRA-55), available after 1958 (Ebita et al.,
2011; Kobayashi et al., 2015; Harada ef al., 2016), is useful
in reproducing historical events in numerical simulations.
We take advantage of this reanalysis dataset.

The influences of future global warming on a specific
event are examined with the use of a pseudo-global warming
(PGW) experiment approach (Sato et al., 2007). The PGW
experiment approach is a powerful tool to quantify the cli-
mate change influences on a specific event by separating the
increments of climate change from the past meteorological
fields (Takemi et al., 2016b), and has been applied for inves-
tigating the influences of global warming on Typhoon
Songda (2004) (Ito et al., 2016) and on Typhoon Mireille
(1991) (Takemi et al., 2016a). A similar idea to the PGW
approach was employed to investigate the climate change
effects on the worst storm surge generated by Typhoon
Haiyan (2013) (Takayabu et al., 2015).

In this study, we investigate the influences of global
warming on the severity of Typhoon Vera (1959) by con-
ducting downscaling experiments with a regional meteoro-
logical model. We focus on the projected changes in the
intensity of Typhoon Vera simulated in the PGW experi-
ments and changes in regional-scale rainfall characteristics
by this typhoon. In Mori and Takemi (2016), preliminary
analysis on the influences of global warming on Typhoon
Vera was performed; this study extends their preliminary
analysis to investigate global warming influences on
Typhoon Vera by conducting a number of sensitivity experi-
ments. Robustness and uncertainty of the projected changes
in the intensity and rainfall characteristics of Typhoon Vera
under warmed climate conditions are discussed.

NUMERICAL MODEL AND EXPERIMENTAL
DESIGN

The numerical model used was the Weather Research and
Forecasting (WRF) model/the Advanced Research WRF
(ARW) version 3.3.1 (Skamarock et al., 2008). Two-way
nesting capability was employed to cover a wide region in
the western North Pacific and to better represent the rainfall
amount at a high-resolution. Figure 1 shows the computa-

Received 13 September, 2016
Accepted 28 October, 2016
Published online 22 November, 2016

©2016, Japan Society of Hydrology and Water Resources.



ISEWAN TYPHOON UNDER GLOBAL WARMING

(a) TC Tracks: CNTL

50 T T T T ]

40 4 - ] %K‘/ I

35% sl )| g

30 ; ES );Q?E?E:j L

R.4An | |

20 ; '"”*wn\\h ;

15 4 \\ {Eik > \\\ // F
O |

10 I —

SEA%Q/ 1

115 120 125 130 135 140 145 150 155 160 165
980— ©950-960 ©920-930 ©890-900

©970-980 ©940-950 910-920 ©880-890

€960-970 ©930-940 ©900-910 -880

(b) TC Tracks: PGW
07\\\\\\\1\\1\1|\||\|\1|\

ol
40 ] =

35 -~

30 é ji

25 5{ 0 \

20 4 » -
ERY> "f

10 4 %Ejl L \‘\t‘ _
5 10 WD( I

115 120 125 130 135 140 145 150 155 160 165
980— ©950-960 ©920-930 ©890-900

©970-980 ©940-950 ©910-920 880890

©960-970 #930-940 ©900-910 -880

Figure 1. The computational domains (shown by solid lines): the outer area indicates Domain 1 and the inner area indicates
Domain 2. The best track and the simulated tracks of the tropical cyclones (TCs) are indicated by black solid line and colored
points, respectively, for (a) the September 1959 condition (CNTL) and (b) the PGW conditions. Each colored point denotes
the central pressure (in hPa) of the TCs, and the color legend is given below each panel. See details in the main text for the

CNTL and PGW conditions

tional domains. The outer domain (Domain 1) was defined in
the Lambert conformal projection on the plane crossing the
latitudes of 30°N and 60°N and centered at the point of
140°E and 27°N, with the grid numbers of 976 in the longi-
tudinal direction and 831 in the latitudinal direction at the
5-km grid spacing. The nested domain (Domain 2) covered
the Nobi Plain and its surrounding mountains and the Kinki
district with the grid numbers of 401 by 401 at the 1-km grid
spacing. Both domains had 56 vertical levels, with the inter-
val being stretched with height and the top being the 20-hPa
level.

Physics parameterizations were chosen in the same way
as in Mori and Takemi (2016). For example, we chose the
Yonsei University single-moment 6-class scheme for cloud
microphysics (Hong and Lim, 2006), the Kain-Fritsch
scheme for cumulus convection (applied only for Domain 1)
(Kain, 2004), and the Yonsei University scheme for bound-
ary-layer turbulent mixing (Hong ef al., 2006).

The initial and boundary conditions were given from the
6-hourly, 1.25°-resolution JRA-55 dataset for September
1959. The spectral nudging technique for low wave number
components of middle- and upper-level winds was applied
to keep the synoptic-scale influences on the simulated
typhoons. To facilitate the intensification of typhoons, we
inserted a TC-like vortex with the TC bogus scheme (Wang
et al., 2010) of the WRF model at positions according to the
best-track data. See Supplement Text S1 for the discussion
on the use of the TC bogus scheme in the present simula-
tions. Kanada et al. (2016) also discuss the use of the TC
bogus scheme in simulating typhoons.

In simulating Typhoon Vera under the September 1959
condition, sensitivity to the initial time for time integration
was examined by changing the initial time from 1200 UTC
20 September to 1200 UTC 22 September 1959 with 12
hours interval. The group of 5 historical runs initialized at
the different times are referred to as CNTL.

To conduct PGW experiments, incremental meteorologi-

cal variables from the present to the future climate are
required. For this purpose, we used the climate simulation
data from a 20-km-mesh atmospheric general circulation
model (AGCM), i.e., MRI-AGCM Version 3.2 (Mizuta et
al., 2012) for the present climate and for the future cli-
mates under the Representative Concentration Pathway
(RCP)-8.5 scenario (Kitoh and Endo, 2016; Kusunoki,
2016). The future climate states were driven with the ensem-
ble mean sea surface temperature (SST) averaged for the
Coupled Model Intercomparison Project Phase 5 (CMIPS5)
atmosphere-ocean coupled models and the three SST pat-
terns derived from the cluster analysis on the CMIP5 models
(Mizuta et al., 2014). The PGW experiments with the incre-
ments from the AGCM run with the ensemble-mean SST are
referred to as PGWO, while those with clustered SST pat-
terns, i.e., Cluster 1, 2, and 3 in Mizuta et al. (2014), are
referred to as PGW1, PGW2, and PGW3, respectively. The
warming increment was defined as the difference in the
monthly mean of September between the present and the
future climate conditions. The warming increments of SST
and surface air temperature are found in Supplement Figures
S1 and S2, respectively. It is seen that the SST increments
are 2-4 K, depending on the latitude. The warming incre-
ments were added to the JRA-55 field.

As in Ito et al. (2016), we did not add relative humidity
and winds as warming increment, because of no significant
difference in relative humidity from the present to the future
(Takemi et al., 2012) and of unwanted influences of wind
fields on dispersing typhoon tracks. By excluding these vari-
ables from adding to JRA-55 as the warming increments, we
examined in the PGWO runs some combinations of meteoro-
logical variables that were added as the warming increments.
The first case was to add SST, surface air temperature, sur-
face pressure, and three-dimensional temperature and geo-
potential height as the increments (referred to as
PGWO(SST/T/GHT)), the second was to add SST, surface
air temperature, and three-dimensional temperature as the
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increments (PGWO(SST/T)), and the third was to add only
the SST increment (PGWO(SST)). The difference between
the cases of PGWO(SST/T/GHT) and (PGWO(SST/T) is
intended to examine the effects of temperature lapse rate on
the intensity of the typhoons through separating the influ-
ences of geopotential height. The case of PGWO(SST) is an
extreme case to examine how SST warming without the
changes in the atmospheric stability affects the typhoon
intensity. Note that in PGW1, PGW2, and PGW3 the list of
added variables as the increments was the same as in
PGWO(SST/T/GHT).

All the PGWO cases are initialized at the 5 different times
similar to the CNTL runs, while the runs of PGW1, PGW2,
and PGW3 are initialized at 0000 UTC and 1200 UTC on 22
September. Each run name refers to the group of runs with
different initial times.

RESULTS

Figure 1 compares the track and intensity of the simulated
typhoons in the CNTL and the PGW conditions. The best
track of Typhoon Vera (1959) is also indicated. In the CNTL
cases, the simulated typhoons closely move along the best
track after they pass the 20°N latitude (Figure 1a). The min-
imum central surface pressure during the simulated period
ranges between 899.5 and 909.0 hPa, which agree well with
the observed value of 895 hPa. In addition, the central pres-
sure at the time of landfall (which was defined as the time
when the simulated typhoon crosses the 33°N latitude),
varying between 926.2 and 932.7 hPa, also agrees well with
the observed value of 929 hPa. Because typhoon-induced
rainfall and winds in a specific area sharply depend on the
track and intensity of typhoons, the favorable agreement of
the simulated typhoons in CNTL with the observation is
important for assessing the meteorological hazards of
typhoons.

In Figure 1b, the tracks in all the PGW experiments are
plotted. It is seen that the simulated typhoons over the ocean
become stronger in the PGW conditions than in CNTL. The
tracks of the typhoons in the PGW conditions are slightly

(a) Minimum Central Pressure

dispersed from the best-track. Although slight changes in the
typhoon tracks may not be of primary importance in investi-
gating future changes in the intensity and structure of
typhoons themselves, such track changes will significantly
affect the assessment of the typhoon impacts on local-scale
hazards (Mori ef al., 2014). We will examine later how the
characteristics of rainfall appear in the PGW experiment in
comparison to those in CNTL.

The maximum intensity of the typhoons during their life-
times in the CNTL and the PGW conditions is exhibited in
Figure 2 in terms of the minimum central surface pressure
and the maximum surface wind speed around the TC center.
Overall, the minimum central pressure is lower and the max-
imum wind speed is higher in PGW than in CNTL, irrespec-
tive of the initial times of the simulations, the added variables
as the warming increments, and the AGCM future runs with
different SST conditions. With SST and three-dimensional
atmospheric fields considered as warming increments, the
minimum central pressure and the maximum wind speed
range between 879.4 and 898.1 hPa and 64.6 and 66.5 m s™',
respectively. Under the extreme conditions in which only
SST is added as warming increment, i.e., the PGWO(SST)
cases, the minimum central pressure and the maximum wind
speed are 859.7-876.8 hPa and 71.1-73.3 m s7'. It is known
that under future global warming the magnitude of tempera-
ture increase is larger in the upper troposphere than in the
lower troposphere (Santer et al., 2008; Thorne et al., 2010;
Takemi et al., 2012), which indicates that the troposphere is
stabilized from the viewpoint of temperature lapse rate.
Therefore, in the PGWO(SST) cases, stabilizing effects on
convective circulation in typhoons diminish and only the
positive effects of the SST increase make the simulated
typhoons extremely strong.

Figure 3 further compares the intensity of the simulated
typhoons in the CNTL and the PGW conditions at the times
of landfall (defined similarly as described previously). It is
seen that in general the simulated typhoons are still stronger
in PGW than in CNTL, except in some cases. The ranges of
the central pressure and the maximum wind speed in the
PGW conditions except for PGWO(SST) are 912.7-
929.5 hPa and 49.8-55.1 m s, respectively, while those for

(b) Maximum Wind Speed
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Figure 2. The intensity of the simulated typhoons at their maximum intensity in the CNTL and the PGW experiments: (a)
minimum central surface pressure and (b) maximum surface wind speed. See the main text for the code names of the experi-

ments
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Figure 3. The same as Figure 2, except for the intensity of the simulated typhoons at the times of the landfall (when the

typhoons cross the 33°N line)

the PGWO(SST) case are 887.8-892.4 hPa and 58.1-
61.1 ms™'. Therefore, the intensified strength of the simu-
lated typhoons in warmed climate conditions is still main-
tained until they make landfall on the Pacific side of the
Kinki and Chubu districts.

This projected change in the typhoon intensity has a clear
contrast to the change in the intensity of Typhoon Songda
(2004) at higher latitudes in PGW conditions. Note that
because both Typhoon Vera (1959) and Typhoon Songda
occurred in September the warming increments added to the
JRA-55 fields for the two typhoons are exactly the same for
both. Although the intensity of Typhoon Songda at its maxi-
mum is stronger in PGW conditions than in the actual
September 2004 condition, the simulated typhoons in PGW
conditions rapidly weaken as they move northward; the
intensity of the typhoons when they are located around
Hokkaido is weaker in PGW than in the actual condition (Ito
et al., 2016). Different from the rapid weakening of Typhoon
Songda in the northern part of Japan in PGW conditions, the
intensified strength of Typhoon Vera in the PGW conditions
is maintained until it makes landfall. We then examine how
the intensified typhoons in the PGW conditions affect
regional-scale rainfall characteristics.

Because Typhoon Vera (1959) caused heavy rainfall over
the Kiso River and the Yodo River basin (JMA, 1961) and
significant amounts of river discharge occurred over these
basins, the analysis on the rainfall characteristics is focused
on those regions. Figure 4 displays the areas in the Chubu
and Kinki districts for analyzing the rainfall within the Kiso
River and the Yodo River basin, respectively. The positions
of the simulated typhoons as well as the best-track of
Typhoon Vera (1959) are also plotted in Figure 4. We exam-
ined the area-mean total rainfall averaged over each analysis
area, the area-maximum total rainfall at any grid within each
analysis area, and the area-maximum hourly rainfall at any
grid within each area. The hourly outputs from Domain 2
during the period from 0000 UTC 23 September to 1200
UTC 27 September were used for this analysis. The total
rainfall refers to the accumulated amount during this period.

Figure 5 indicates these rainfall characteristics in the area
of the Chubu district against the longitudinal positions at the
landfall times. Except for the PGWO(SST) cases, the CNTL
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Figure 4. The Chubu and Kinki areas (indicated by boxes) to
assess the rainfall amount in the CNTL and the PGW exper-
iments. The positions of the typhoon centers are also indi-
cated by colored marks (the color legend is the same as in
Figure 1)

cases reproduces larger amounts of area-mean total rainfall
than the other PGW cases (Figure 5a). The area-mean total
rainfall seems to depend on the location of the typhoon land-
fall. Only a case among the PGWO(SST) experiments shows
a larger amount of the mean total rainfall than the CNTL
cases. Although the intensity of the simulated typhoons in
the PGW conditions is mostly stronger than that in the CNTL
cases at the times of landfall as well as the typhoons’ matu-
rity, the mean total rainfall seems to be more controlled by
the landfall location.

As far as the area-maximum total rainfall in the Chubu
area is concerned, the features appear differently. Figure 5b
shows that there are a number of the PGW cases in which
more maximum total rainfall occurred at a certain grid in the
Chubu area compared with the CNTL cases. One case in
PGWO(SST) indicates an extreme rainfall exceeding
500 mm, which is remarkably larger than the values in
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Figure 5. (a) Area-mean total rainfall averaged over the
Chubu area, (b) area-maximum total rainfall within the
Chubu area, and (c¢) area-maximum rainfall intensity within
the Chubu area

CNTL. There is a PGW case which indicates the maximum
total rainfall close to 500 mm, still demonstrating a larger
amount than the CNTL cases. The area-maximum rainfall
intensity (i.e., hourly rainfall) in the Chubu area also indi-
cates that stronger rain is reproduced in some PGW cases
than in the CNTL cases especially when the landfall position
in PGW is around 134.5-135.0°E (Figure 5c¢). In this way,
both area-maximum total rainfall and area-maximum hourly
rainfall at the worst levels demonstrate larger values in the
PGW conditions than in CNTL, despite that there is inevita-
bly dependence to the landfall location.

The rainfall characteristics are examined for the Kinki

(mm) (a) Area-mean total rainfall: Kinki
400 T T T T T
; CNTL m
350 . . PGWO(SST/T/GHT) m |
; PGWO(SST/T) =
; PGWO(SST) =
300 H PGW1 I 7
H PGW2 =
250 | PGW3 m 4
: n
200 | - j B
LT
150 o -~ . g
L] i =
100 LA - -
| : u
50 SR N— - E— . . . -
i

0 1
1335 134 1345 135 1355 136 1365 137
Longitude (E) at Typhoon Landfall

(mm) (b) Area-max total rainfall: Kinki
600 T T
: . u
400 - iy Ew b
|
W am ; ™ =
[} | | H ™1
300 ] ] i B
; CNTL =
200 " PGWO(SST/T/GHT) ®m |
PGWO(SST/T) =
PGWO(SST) =
100 |- PGWI m
PGW2 m
: PGW3 u
0 1 1 1 1
1335 134 1345 135 1355 136 1365 137
Longitude (E) at Typhoon Landfall
(mm h'1) (c) Area-max rainfall intensity: Kinki
200 T T
180 N
160 :
140 u : w
nE bl o u
120 " : = -
[ ] u LHE | ]
100 | R 4
8 ™ ] CNTL =
60 ... PGWO(SST/T/GHT) m |
; PGWO(SST/T) =
40 i PGWO(SST) = -
: PGW{ =
20 o S S PGW2 m 4
; PGW3 =
0 1 1 1

1
1335 134 1345 135 1355 136 1365 137
Longitude (E) at Typhoon Landfall

Figure 6. The same as Figure 5, except for the Kinki area

area and are shown in Figure 6. A feature different from the
Chubu case is seen for the area-mean total rainfall (Figure
6a). Some cases of the PGW experiments, if the typhoons
landed around the 134.5-135.0°E locations, indicate larger
amounts of the mean total rainfall than those in CNTL. The
area-maximum total rainfall (Figure 6b) and the area-
maximum hourly rainfall (Figure 6¢) at the worst levels also
show larger amounts in cases of the PGW experiments,
especially for the cases with the landfall position being in the
134.5-135.0°E range, than in the CNTL cases. Although the
effects of the difference in the typhoon tracks between CNTL
and PGW are also included in the rainfall characteristics
shown in Figures 5 and 6, larger amounts of mean total rain-
fall, maximum total rainfall, and maximum hourly rainfall in
the PGW conditions than in CNTL are more clearly found in
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the Kinki area than in the Chubu area.

The effects of the typhoon track on regional-scale rainfall
characteristics can be estimated by generating a large ensem-
ble of simulated typhoons having a variety of tracks with the
use of the potential vorticity (PV) inversion and typhoon-
vortex relocation technique (Ishikawa et al., 2013; Oku et
al., 2014). By artificially generating a number of typhoons
with their tracks varied, the dependence of heavy rain and
strong wind to the track of typhoons can be examined, and
the worst typhoon that produces the largest rainfall amount
or the strongest wind can be searched. The previous analysis
on the effects of the track changes on the rainfall and river
discharge over the Yodo River basin demonstrated that the
worst typhoon that produced the largest amount of rainfall
and river discharge moves along the track very similar to the
actual track of Typhoon Vera (Miyawaki et al, 2016).
Therefore, larger amounts of rainfall produced by Typhoon
Vera in the PGW conditions than in CNTL in spite of the
difference in typhoon tracks (Figures 5 and 6) suggests that
the amount of rainfall in the PGW conditions would be much
larger if the simulated typhoons take the same track as those
in CNTL and the actual Typhoon Vera (1959).

CONCLUSIONS

This study investigates the influences of global warming
on the intensity and rainfall characteristics of Typhoon Vera
(1959) by conducting PGW experiments with the use of the
20-km-mesh AGCM outputs. It was found that the intensity
of Typhoon Vera will be stronger in warmed climate condi-
tions than in the actual September 1959 condition not only at
the time of the typhoon’s maximum intensity during its life-
time but also at the time of the landfall. This projected
increase in the typhoon intensity is robust, irrespective of the
initial times of the simulations, the added variables as the
warming increments, and the AGCM future runs with differ-
ent SST conditions. From sensitivity experiments with the
added warming increments being varied, it was found that an
extreme case in which only the SST increment is added pro-
duces extremely strong typhoons. Although the stability
change under global warming affects negatively the typhoon
intensity, the intensity of Typhoon Vera in the PGW condi-
tions will increase.

From the examination of rainfall characteristics over the
Kiso River and the Yodo River basin, it was found that the
maximum accumulated rainfall and the maximum hourly
rainfall at any location within the region are more intensified
in the PGW conditions than in the CNTL condition, even by
taking into account the difference in the typhoon track
between CNTL and PGW. This projected change is consid-
ered to be a robust signal as an impact of Typhoon Vera
under global warming. On the other hand, there is inevitably
dependence to the track of typhoons in considering regional-
scale rainfall characteristics over specific basins. It is not
easy to completely control the typhoon track irrespective of
any atmospheric conditions. However, this uncertainty may
be overcome by employing the PV inversion and relocation
technique of Ishikawa et al. (2013) and generating an ensem-
ble of typhoons with various tracks. Combining this tech-
nique with the PGW experiments will offer more precise
assessments on the impacts of extreme typhoons.

Although we have demonstrated robust signals of the pro-
jected changes in the typhoon impacts in warmed climate by
conducting the PGW experiments, there are limitations
resulting from the use of the climatological-mean warming
increments. For example, we have not taken into account the
interannual variability of SST. If SST in a specific future year
is much higher than the climatological mean, such a higher
SST condition would enhance the development of typhoons;
in this case worst-class typhoons considered in this study
would be much worse. More elaborate methods for the PGW
experiments should be explored in future studies.
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Text S1. Discussion on the use of TC bogus scheme

Figure S1. The spatial distribution of the warming incre-
ments for sea and land surface temperature in (a) PGWO,
(b) PGW1, (¢) PGW2, and (d) PGW3

Figure S2. The same as Figure S1, except for surface air
temperature
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