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northern part of Japan. Ito et al. (2016) and Kanada et al. (2017a) examined the impacts of

global warming on extreme typhoons, i.e., Typhoon Songda (2004) and Typhoon Chanthu

(2016), respectively, that spawned severe disasters in the northern part of Japan. It is very

important to investigate various types of typhoons in order to reveal robust features of

typhoon hazards under global warming. In this sense, Typhoon Lionrock (2016) should add

new insights to the impact assessment of typhoon hazards, because the typhoon with a

rare track and landfall location spawned extreme precipitation in the northern part of Japan.

Thus we attempt to perform dynamical downscaling simulations of Typhoon Lionrock

(2016) at 1 km grid resolution for a target region in the northern part of Japan by using the

Weather Research and Forecasting (WRF) model. We will discuss: (1) the typhoon track

and intensity of Typhoon Lionrock and the associated wind speed and precipitation amount

in the target region after landfall; (2) the typhoon’s response to the climate change under

PGW conditions.

The next section describes the model setup and its configuration. The subsequent sections

present the results and related discussions.

2. Model Configuration

2.1.Model Setup
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The Advanced Research Weather Research and Forecasting (WRF) (WRF-ARW) version

3.8.1 (Skamarock et al. 2008) is configured with three nested domains (See Fig. 1b). The

parent domain, having the horizontal resolution of 9 km, covers the Japanese islands and

the most part of the western North Pacific Ocean; the inner middle domain with the

resolution of 3 km covers whole Japan; and the innermost domain with the resolution of 1

km covers the target region of our study, i.e. the northern part of Japan. Two-way nesting

was used for the interaction between the parent and the inner domain. To incorporate the

synoptic-scale influences in the outer domain, we used spectral nudging technigue with 5

wave number in the x and y directions. The physics parameterizations used in the model

include the Kain-Fritsch cumulus scheme (Kain and Fritsch 1993), the WRF single moment

6-class (WSM6) microphysics scheme (Hong and Lim 2006), and the Yonsei University

(YSU) planetary boundary scheme (Hong et al. 2006). All the domains are comprised with

28 vertical levels with model top at 10 hPa. An overview of the model configuration is given

Table 1

in Table 1.

2.2.Data

Either the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis

(ERA-Interim) with resolution of 0.75 degree (Dee et al., 2011) or the 55-year Japanese

Reanalysis (JRA-55) with resolution of 1.25 degree (Kobayashi et al. 2015) are imposed to

the model as the initial and boundary conditions at 6-hour interval. The National Centers for

6
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Environmental Prediction (NCEP) Real Time Global (RTG) sea surface temperature (SST)

with resolution of 0.5 degree (http://polar.ncep.noaa.qgov/sst/) was used to provide the SST

to the model when driven by ERA-Interim data. The brightness temperature in

two-dimensional instantaneous diagnostic fields (1.25 degree) is used as SST for JRA-55

(Kobayashi et al. 2015). Results of the typhoon track, intensity and wind speed are

compared with the RSMC best track datasets and the precipitation amounts in the target

region validated against Automated Meteorological Data Acquisition System (AMeDAS)

station observations and Radar-AMeDAS analyzed precipitation datasets. The warming

increment data for SST, three dimensional geopotential, surface and three dimensional air

temperature are obtained from the monthly averages of 25-year mean difference between

the present-day simulation (1979-2003) and the future projection (2075-2099). The climate

data are obtained from the 20-km-resolution MRI-AGCM3.2 climate simulations with the

RCP-8.5 scenario (Mizuta et al., 2012, 2014).

2.3.Numerical Experiments

We first conducted two numerical experiments, one experiment with JRA-55 and another

experiment with ERA-Interim, to check that the suitability of the reanalysis data in

representing the typhoon features. It is worth mentioning that maintaining typhoon tracks

both in the actual and a future climate condition is necessary for assessing future impacts

of a typhoon over a specific region (Takemi et al. 2016a, 2016b; Mori and Takemi 2016).
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Thus, we have conducted a number of sensitivity experiments on domain, physics, and

nudging to capture the actual track of the typhoon (not shown here). Finally, we conducted

another numerical simulation with WRF under PGW conditions, called PGW experiment.

The PGW experiment method was first introduced by Sato et al. (2007) who demonstrated

a simulation approach by adding global warming increments to the reanalysis. In our study,

we added the warming increment data of SST, geopotential and temperature to the JRA-55

which is found to be better compared to ERA-Interim (discussed in the results section) to

perform the PGW experiment. The selection of warming increment fields is based on the

previous studies of Ito et al. (2016); Takemi et al. (2016a, 2016b); Kanada et al. (2017a). In

all the three simulations, the model was initialized at 00 UTC of 26 August, 2016 and

integrated till 00 UTC of 31 August, 2016.

3. The typhoon features in the present climate

We first compared the track and intensity of the typhoons represented in the reanalysis data

with the RSMC best track datasets. The typhoon tracks are obtained through the minimum

sea level pressure at 6-hours interval. The typhoon tracks in both the reanalysis dataset

(JRA-55 and ERA-Interim) overall agree well with the best track, but the landfall locations

differ by 1-2° in latitude (Fig. 2a). The central pressure of the typhoon in the reanalysis data

is found to be weaker by ~40 hPa at the time of the maximum intensity and continues to be

weaker until the typhoon made landfall (Fig. 3a). The maximum wind speed is also found to

8
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be weaker by about ~40 knots (Fig. 3c). However, the downscaled simulations with the

WRF model reproduced a significant improvement in the track and intensity of the typhoon

with respect to the original reanalysis datasets.

3.1. Track and Intensity

The typhoon track in the WRF simulation with either JRA-55 or ERA-Interim being given is

consistent with the RSMC best track data, especially at the landfall region (Fig. 2b). The

landfall timing in the model simulation with JRA-55 closely matches with the RMSC best

track, while that of with ERA-Interim is delayed by 3 hours. The wind speed and central

pressure are well captured by the WRF model with JRA-55 with some variations (Figs. 3b

and 3d). In both the simulations, the typhoon made landfall over Okirai Bay area in Iwate

Prefecture of Japan with the central pressure in between 950-970 hPa and the wind speed

of 60-75 knots. These agree well with the RSMC Tokyo best track (which shows 965 hPa

central pressure and 65 knots wind speed around the same bay area). The maximum wind

speed and minimum central pressure of this typhoon was found as 90 knots and 940 hPa,

respectively, in the model simulation with JRA-55, which indicates favorable results

compared with RSMC. However, the simulation with JRA-55 shows stronger winds and

lower central pressures even after the landfall of the typhoon. On the other hand, the

simulation with ERA-Interim shows the maximum wind of 70 knots and the minimum central

pressure of 960 hPa. After making landfall, the tracks in the both simulations diverted

9
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the present climate and the future climate. We identified that the CAPE under PGW

conditions corresponds to higher values (>2000 J/Kg) on the day before of the landfall,

while the same in present climate corresponds to ~800 J/Kg (Fig. 14). This implies that the

CAPE under PGW condition is expected to be significantly higher compared to that of in

present climate, indicating more amount of energy will be available for convection under

PGW. This may also lead to more precipitation in future climate. We speculate the CAPE

may be increased due to the increase of specific humidity. Because the comparison

between specific humidity and CAPE (Fig. 13 and Fig. 14) shows a good correlation in

increasing the water vapor and that of CAPE. Closer investigation indicates that the CAPE

under PGW conditions is higher over the Aomori, lwate and Hokkaido prefectures. This

could be a reason of increased precipitation over the northern part of the Japan in future

climate (Figs. 14 and 6). It is worth to mention the time difference between the CAPE in

present and future climate should be the same as with the difference in landfall timings of

the typhoon in present and future climate. However, we find that the time difference

between the CAPE in present and future climate as 2 hours, whereas the time difference

between the landfall timing of the typhoon in present and future climate is noticed as 6

hours. This four hours variation between the time differences of CAPE and landfall of

typhoon in two climate periods could be due to the faster movement of the typhoon in future

climate. Fig. 14
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The present study overall demonstrated that the downscaled simulations with WRF model

reproduced a significant improvement in the track and intensity of the typhoon with respect

to the original reanalysis datasets and the downscaled precipitations over the landfall

region in the present climate condition agree well with the observations. The typhoon is

projected to be stronger and more powerful under future warm climate. It is expected to

produce more precipitation over Hokkaido and entire Tohoku region in warming climate.

The study suggests that the typhoons under PGW condition may increase the risk of

flooding, damages to infrastructures, and lives staying along the typhoon track. However, to

reveal the robust features of typhoon hazards under global warming, we would like to

further analyze other type of devastating typhoons that made landfall over northern Japan.
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Fig. 12 Wind steering at 500 hPa on 06 UTC of 29" Aug 2016 (1t column); 06 UTC of 30t
Aug 2016 (2" Column); and their differences (3@ Column). 15t row corresponds the results
from the simulation with ERA-Interim, 2" and 3" rows correspond the results from the
simulations with JRA-55 and JRA-55 under PGW respectively. The arrows indicate the
direction and location of the typhoon travelled during 06 UTC of 29" Aug to 06 UTC of 30t
Aug.
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(c) Vertical profile of domain-3 mean specific humidity during 29-30Aug2016
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Fig. 13 (a) Two days mean SST, (b) Two days mean specific humidity at 2 m; and (c)
Vertical profile of two days domain (domain-3) mean. The two days correspond to 29 Aug
2016 and 30 Aug 2016. Domain-3 corresponds to the innermost domain of our study (i.e.

138-146E,37-45N)
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Table 1: Overview of the model setup and configuration used in this study

Dynamics

Non-hydrostatics

Domain size

130-170E, 20-50N, 130-150E, 21-45N, 138-146E,37-45N

Simulation period

00 UTC 26 AUG 2016 — 00 UTC 31 AUG 2016

Grid resolution

9 km, 3 km, 1 km

Map projection Lambert
Time step 30 seconds
Vertical level 28

Microphysics

WSM 6-class scheme (Hong and Lim 2006)

Cumulus scheme

Kain-Fritsch new Eta scheme (Kain and Fritsch 1993)

PBL scheme

YSU scheme (Hong et al. 2006)

Radiation scheme

Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al.,

1997)
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