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Abstract

This study presents the projected urban climate for the 2070s’ August in the three largest urban areas, Tokyo,
Osaka, and Nagoya in Japan. To accurately evaluate the urban climate, the simulations use the Weather Re-
search and Forecast (WRF) model with 3-km grid increment coupled to an urban canopy model (UCM). To
project future urban climate, the simulations apply dynamical downscaling to three GCMs (MIROC3.2-medres,
MRI-CGCM2.3.2a, CSIRO-Mk3.0) and use the ensemble average for results. The results provide estimates of the
heat stress to future residents of Tokyo, Osaka, and Nagoya.

The WRF-UCM model reproduces the observed spatial distribution of the surface air temperature in the
2000s’ August, giving an all-domain mean bias of —1.2°C and RSME of 2.7°C. For Tokyo, Nagoya, and Osaka,
these biases are —0.6, —0.1, and —0.4°C. Moreover, the diurnal temperature variations at these urban stations are
well reproduced. The projected monthly average August temperatures in the 2070s are about 2.3°C higher than
those in the 2000s at the three urban areas and comparable to those in the record-breaking hot summer of 2010.
(Predictions by individual ensemble members differ by 0.8—1.2°C.) As a result, urban areas will experience un-
comfortable sleeping nights nearly every day in August, with roughly as many heat-induced sleeping-discomfort
nights as those in 2010. Moreover, application of the wet-bulb globe temperature (WBGT) shows that people in
Tokyo will be warned not to strenuously exercise outdoors for 62% of the daytime hours in the 2070s, a sharp
increase from the 30% of the 2000s. (Predictions by individual ensemble members range from 54-67%). Osaka
and Nagoya will have even more restrictions on outdoor exercise. Finally, the urban heat island intensity is
1.5°C in Tokyo of the 2070s, comparable to the background climate warming of 2.3°C.

1. Introduction
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Table 1. Monthly climatology at urban and rural stations in August for 2000-2009. Nerima and Sakai had no RH
measurements. Hereafter, Otemachi is called Tokyo in this study.
Daily mean Daily Maximum Daily Minimum Relative Discomfort
Temperature [°C] Temperature [°C]| Temperature [°C] humidity [%] Index

Otemachi (Tokyo) 27.4 31.2 24.5 69 77
Nerima 27.2 31.8 23.8 — —
Nagoya 28.0 332 24.5 68 78
Osaka 28.9 33.6 25.6 64 79
Sakai 28.4 33.6 24.4 — —
Chosi 25.2 28.2 23.0 87 76
17 rural stations 253 29.2 21.7 77 75

Average

Meteorological Agency, 2009). And because Tokyo
is warming faster than rural areas, urbanization
may be a primary factor for this trend (e.g., Fujibe
2009). However, over the past 30 years, the warm-
ing rate of the rural areas has approached that of
Tokyo, which instead suggests that the primary fac-
tor behind the recent warming in Tokyo has been a
background climate change.

Tokyo is already notable for its exceedingly un-
comfortable summers, with an average August tem-
perature of 27.4°C, a humidity of 69%, and a dis-
comfort index of 77 (Table 1). As a result, heat
stroke routinely hospitalizes people in Tokyo. Am-
bulances transported 4,245 people with heat stroke
to the hospitals in Tokyo in 2010 summer (Fire and
Disaster Management Agency of Japan 2011). The
number of deaths caused by heat stroke has been
exceeding the deaths from other weather disasters,
including typhoons and tornados in recent years in
Japan (Fujibe 2009), and was 272 people in Tokyo
in 2010 (Ministry of Health, Labor and Welfare
2011). More common is sleep disruption from the
urban warming, which adversely affects health and
leads to associated economic losses. For instance,
Thara and Genchi (2009) have reported that the
increase in disturbed sleep resulting from the UHI
effect at night in the past 30 years caused health
damage, and the environmental impact reaches
to 13,500 million yen per year in Tokyo with
endpoint-type impact assessment methodology. It
is larger than damage due to heat stroke which is
estimated to be 1,870 million yen. Moreover, an in-
crease in the daytime high by 1°C in summer in-
creases daily maximum energy demand by about
1,900,000 kW in the Tokyo metropolitan area and
its surroundings, as a result of increased air-
conditioning demand (e.g., Goto et al. 2004). With

such adverse effects from present summertime heat,
how worse will the urban environment be in the
future?

According to the IPCC Fourth Assessment Re-
port, global mean temperature is projected to in-
crease (e.g., Fig. 1), and Japanese summer is not
an exception (Table 2). Unless it is mitigated by
other changes, the progression of urban warming
should increase the economic losses and energy
consumption as well as the incidences of sleep
disruption and heat stroke. These effects greatly
concern urban residents, especially in the three
major metropolitan areas of Tokyo, Nagoya, and
Osaka. To ensure an effective response to these
concerns, projection of future urban climate is
needed.
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Fig. 1. Projected global mean temperature in-

crease at 1000 hPa over that from the 1990s.
All lines show decadal running average.
MIROC_3.2_medres, MRI_CGCM_2.3.2a,
CSIRO_MKk3.0 are three CMIP3 GCMs un-
der the SRES A1b Scenario.
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Table 2. Ten-year averaged increase in August air tem-
peratures at 925 hPa from three GCMs (MIROC,
MRI, CSIRO). The baseline temperature is the 2000
2009 average. Region is 130-150 E, 30—50 N.

MIROC MRI CSIRO
2030s 1.4 1.1 0.9
2050s 23 1.2 0.9
2070s 3.3 2.6 1.7
2090s 3.8 23 22

Recently, Oleson et al. (2010) and McCarthy
et al. (2010) started work on these issues using
GCMs with an urban canopy model (UCM) that
can represent the influences of urban geometry and
anthropogenic heat emission. Although these cli-
mate models have improved the representation of
urban surfaces, their spatial resolution is too coarse
to describe Japanese metropolitan areas. To in-
crease the resolution, an effective approach is dy-
namical downscaling (DDS) with a regional climate
model (RCM). The DDS approach has been im-
proved by many scientists since Dickinson et al.
(1989), Giorgi and Bates (1989), and Kida et al.
(1991), such that today the horizontal grid spacing
is 5 km or less (e.g., Sasaki et al. 2008, Kitoh et al.
2009, Kusaka et al. 2010, Rasmussen et al. 2011,
Liu et al. 2011, Kanada et al. 2011).

RCMs with less than 5-km grid spacing have
been recently used to project future urban climate,
but they are relatively few in number. Hara et al.
(2010) used the Weather Research Forecasting
(WRF, Skamarock et al. 2008) model with 3-km
horizontal grid spacing coupled to a single-layer
UCM to project the urban climate of the 2070s in
Japan, although the time integration was limited to
December of a specific year. Similar research has
been done by lizuka et al. (2010), but for August
of a specific year. To study the Houston, USA re-
gion, Shepherd et al. (2010) used MMS5 (the fifth-
generation Mesoscale Model; Dudhia et al. 1993,
Grell et al. 1994) with an urban scenario for 2025,
but it was a case study for a specific day, and the
initial and boundary conditions were created from
present analysis data. The impact of future climate
change over the Houston area has also been exam-
ined by the WRF/UCM/Chemistry modeling sys-
tem with 4-km horizontal grid spacing (e.g., Jiang
et al. 2008). Finally, a unique study on future cli-
mate in Frankfurt, Germany has been done using
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a RCM and UCM with a relatively coarse resolu-
tion (Fruh et al. 2011).

The present study thus has two purposes. One,
we use the coupled WRF-LSM-UCM model with
3-km horizontal grid spacing to project the urban
climate in the 2070s” August for Tokyo, Osaka,
and Nagoya. Two, we apply these projections to
assess the impact of urban warming on the heat
stress to the residents. Results from the present
study should also contribute to advanced impact
assessment research (e.g., Honda et al. 1998, Taka-
hashi et al. 2007, Miller et al. 2008, Ihara et al.
2008, 2011, Thara and Genchi 2009).

2. Dynamical downscaling for current-urban
climate and its verification

2.1 Design of the numerical experiment

Although the WRF model has been used for nu-
merical weather predictions, few studies (i.e., Miao
et al. 2009, Chen et al. 2010, Kusaka et al. 2012)
have applied it to a multi-year urban climate simu-
lation with a coupled UCM. Therefore, we first
evaluate the modeling system against current obser-
vations before applying it to future climate predic-
tion. Then, when we apply it to future climate, we
use an ensemble of three, carefully selected GCMs
because previous studies have established that the
boundary conditions, which will come from the
GCMs, strongly affect projected results from
RCMs.

The model evaluation on current climate also
serves as a control case, hereafter case CTRL. For
CTRL, we apply dynamical downscaling with the
WRF model. Using the terminology of Castro et al.
(2005), the downscaling is a type-2 dynamical
downscaling in which the results are independent
of the initial atmospheric conditions, yet still de-
pendent on the lateral boundary conditions (from
global analysis data) and on the bottom boundary
conditions. CTRL is a simple hindcast run using
6-hourly NCEP-Final analysis (FNL) data for the
boundary conditions, including sea surface temper-
ature (SST).

The model uses the nesting approach for the do-
mains (Fig. 2a). The smallest domain, D03, covers
central Japan, which includes the three major met-
ropolitan areas that we focus on (Figs. 2b and 2c).
In this domain, we set the horizontal grid spacing
at 3 km, the model top at 50 hPa, and use 31 verti-
cal sigma levels. For the land-use and terrain-height
data, we use the set created by the Geospatial In-
formation Authority of Japan.
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Fig. 2. Location, topography, and land-use
of the model domains. (a) Location of the
outer parent domain D01 within east Asia
and the nested child (D02) and grandchild
(D03) sub-domains. (b) Topography of
central Japan. Open square = Chosi, solid
square = Tokyo, open circle = Osaka, and
solid circle = Nagoya cities. (c) Land-use
of central Japan. Black, dark gray, medium
gray, light gray, and white indicate urban,
forest, rice paddy, grassland, and water
surfaces, respectively.

The following physics schemes are used in the ex-
periments: the Dudhia shortwave radiation model
(Dudhia 1989), the RRTM longwave radiation
model (Mlawer et al. 1997), the WSM3 cloud mi-
crophysics model (Hong et al. 2004), the YSU plan-
etary boundary layer model (Hong and Pan 1996,
Hong et al. 2006), and the Noah land surface
model (Chen and Dudhia 2001) with a single-layer
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Fig. 3. Temperatures and heat fluxes in the

single-layer UCM. T, is the temperature
of the air at reference height z,, T is that
for the road, T is that at height zy + d,
and T and T) are those of the building
roof and wall. H is the sensible heat ex-
change at z,. H, is the sensible heat flux
from the canyon space to the atmosphere,
whereas Hy, is that from wall to the can-
yon space, Hg is that from the road to the
canyon space, and Hp is that from the roof
to the atmosphere.

Table 3. Parameters for the single-layer UCM. Value in
parenthesis is the gross building coverage ratio.

Parameter Value

Green fraction [—] 0.3

Building height [m)] 9

Building coverage ratio [—| 0.35 (0.245)

Sky view factor [—] 0.59

Daily mean anthropogenic heat 18

emission [W m~2]

UCM (Kusaka et al. 2001, Kusaka and Kimura
2004a, b). In addition, for DO1 and D02, we use
the Kain-Fritch cumulus parameterization scheme
(Kain and Fritch 1990, Kain 2004). The UCM
(Fig. 3) considers the urban geometry, green frac-
tion, and anthropogenic heat emission with diurnal
variation at the urban grid. For parameter values,
we use the average values for the Tokyo Metropol-
itan Area, as listed in Table 3.

2.2 Reproducibility of the WRF model with UCM

For the CTRL case, we first compare the result-
ing surface air temperatures from the WRF model
simulation to observations from the Automated
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Fig. 4. Spatial distribution of August monthly mean surface air temperature, averaged for years 2000-2009.
(a) AMeDAS observations. (b) CTRL case. (c) Same as (a), but for 2010. (d) Same as (b), but for 2010.

Meteorological Data Acquisition System (AMe-
DAS) network operated by the Japan Meteorologi-
cal Agency (JMA). To account for differences in
the terrain height between the model grid and the
observation site, we assume a temperature lapse
rate of 0.0065°C m~".

The WRF model successfully reproduces essen-
tial features of the temperature distribution, aver-
aged for August, 2000-2009 (Figs. 4a,b). In partic-
ular, the three major metropolitan areas are warmer
than their surroundings, and the Osaka and Na-
goya metropolitan areas are warmer than Tokyo.
However, the model underestimates the tempera-
ture in the coastal area of the Sea of Japan and
over the mountains. The error distribution of the
entire domain is roughly normally distributed (Fig.
5). The bias, RMSE, and correlation over the entire
domain are —1.2°C, 2.7°C, and 0.82, respectively
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Fig. 5. Error distribution of the simulated

surface air temperature for the CTRL case
(2000s’ August) within domain D03. WRF
minus AMeDAS.
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Table 4. Comparison of surface air temperatures be-
tween observations and the WRF-UCM simulations
for the entire D03 domain and five urban stations.

Bias [°C] RMSE [°C] Correlation
Entire Domain -1.2 2.7 0.82
Tokyo -0.6 2.3 0.74
Nerima -0.3 2.4 0.76
Nagoya —0.1 1.9 0.81
Osaka —-0.4 2.0 0.77
Sakai +0.1 22 0.76

(Table 4). Similarly, the temperature distribution in
the record-breaking hot summer of 2010 is also re-
produced well, although the bias is more negative
(Figs. 4c,d).

The high resolution of the present model allows
us to compare results to specific urban stations. In
particular, at the Otemachi AMeDAS station (here-
after, Tokyo station), located in the office area of
Tokyo, the bias is —0.6°C (26.8 vs 27.4°C) and the
RSME is 2.3°C (Table 4). But at Nerima station,
located in a residential area of Tokyo, the bias is
—0.3°C and RSME is 2.4°C. The model was more
accurate in Nagoya, an urban area further south,
where the bias and RMSE at Nagoya station (also
in a residential area) are —0.1°C and 1.9°C, respec-
tively. Similarly, in a residential area of Osaka (Sa-
kai station), the bias and RSME are +0.1°C and
2.2°C. But in an office area of Osaka city (Osaka
station), the bias is —0.4°C and RSME is 2.0°C,
Thus, the model bias is larger and more negative
in more urbanized areas. Moreover, we found the
error distributions for Tokyo, Nerima, Nagoya,
Osaka, and Sakai stations to be normally distrib-
uted, similar to that of the entire domain.

Concerning the diurnal variations of the aver-
aged monthly mean surface air temperature (2000s’
August), the WRF model reproduces the observa-
tions well. For Tokyo station (Fig. 6a), the monthly
mean daily maximum temperature from the simula-
tion is 30.1°C, which nearly equals observations,
but the model underestimates the monthly mean
daily minimum temperature, predicting 24.5°C in-
stead of the observed 25.3°C. As a result, a simu-
lated diurnal variation of 5.6°C, which exceeds the
observed value by 0.8°C. This overestimate occurs
because the present experiment uses the urban pa-
rameters averaged over the entire Tokyo metro-
politan area, which then overestimates nocturnal
cooling in the more urbanized regions, such as the

Temperature (°C) Temperature (°C)

Temperature (°C)
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Fig. 6. Diurnal variation in surface air tem-

peratures from observations and CTRL
simulations. Temperatures are 10-year-
averaged values from 2000 to 2009. (a)
Closed and open circles indicate the ob-
served temperature at Tokyo and Nerima
stations. Solid line is the simulated temper-
ature at the nearest grid point to Tokyo
station. (b) Open circles indicate the ob-
served temperature at Nagoya station.
Solid line is the simulated temperature at
the nearest grid point to Nagoya station.
(c) Closed and open circles indicate the ob-
served temperatures in Osaka and Sakai
stations, respectively. Solid line is the simu-
lated temperature at the nearest grid point
to Osaka station.
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office areas. Indeed, the model reproduces noctur-
nal cooling at Nerima station well, although the
daily maximum temperature is overestimated. And
as expected from the use of the average parame-
ters, the simulated diurnal range with 5.6°C lies be-
tween the measured values at Tokyo and Nerima
stations.

The diurnal variations also reproduce observa-
tions in Nagoya and Osaka. At Nagoya station,
where the model bias is only —0.2°C for the month-
ly mean temperature, differences in the monthly-
mean maximum, minimum, and diurnal range be-
tween the observations and simulations are only
0.3, 0.3, and 0.6°C, respectively (Fig. 6b). The
agreement is better than that in Tokyo because Na-
goya station lies in a residential area. Residential
station conditions are closer to the metropolitan-
area average parameters for the urban geometry,
urban fraction, and anthropogenic heat emission
that the model assumes. Finally, the difference in
the diurnal variation between Osaka and Sakai sta-
tions (Fig. 6¢) is similar to that between Tokyo and
Nerima stations—just as their urban parameters
have a similar difference. However, the diurnal
range at Sakai station is relatively large. This might
to because the distance from downtown Osaka
to Sakai station is greater than that from down-
town Tokyo to Nerima station. Overall, Osaka is
more similar to Tokyo, and Nagoya has better re-
sults.

3. Dynamical downscaling for urban climate
projection in the 2070s

3.1 Experimental design

For these experiments, we apply the pseudo
global warming (PGW) method, developed by Ki-
mura and Kitoh (2007), to urban climate projection
in the 2070s. An advantage of this method is the
ability to reduce GCM climate bias by using modi-
fied objective analysis/re-analysis data instead of
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GCM outputs. The boundary conditions are given
by the summation of the present weather conditions
and global warming components (Fig. A). And like
the CTRL cases, the PGW method also uses type-2
dynamical downscaling. This approach has been
applied to the WRF model with 5-km horizontal
grid spacing for snow depth projection in winter
(Hara et al. 2008) and to the WRF model with 3-
km horizontal grid spacing for urban climate pro-
jection in winter (Hara et al. 2010).

The current weather conditions come from the
NCEP Final Analysis (NCEP-FNL) six-hourly
data, whereas the global warming components are
created from the difference in monthly climatology
between the 10-year average of the 21st Century
projection and the 20th Century simulation by
the GCM. We assume the SRES-Alb (IPCC
2007) emission scenario. Because dynamical down-
scaling suffers from large uncertainties resulting
from forcing GCMs (Mearns et al. 2003), we took
an ensemble approach by averaging results from
multiple GCMs to create boundary forcing. Spe-
cifically, we construct three distinctive future cli-
mate boundary conditions using outputs from
three CMIP3 GCM models: CSIRO (CSIRO-
Mk3.0), MRI (MRI-CGCM 2.3.2), and MIROC
(MIROC-medres). These GCMs were selected be-
cause they could relatively accurately simulate
current climate condition in Japan (not shown)
and because they produced small, medium, and
large warming rates, respectively. The global warm-
ing component derived from each GCM is indi-
vidually added to the current weather conditions
to yield three distinctive boundary conditions for
future climate projections, thus resulting in three
ensemble members, labeled with the prefix
“PGW”. A comparison of CTRL and PGW ex-
periments will allow the projection of the change
in urban climate due to global climate changes.
We summarize all experimental cases in Table 5.

Table 5. Types of downscale experiments run in the present study. CTRL and NO_URBAN are baseline runs for the
current climate, PGW is pseudo global warming method (Fig. A). Emission scenario means IPCC SRES Alb (IPCC,
2007).

Case Emission Scenario Boundary Conditions Period Description

CTRL NCEP Final Analysis (FNL) 2000s

PGW_MRI Alb PWG data of MRI-CGCM2.3.2a 2070s PGW experiment

PGW_MIROC Alb PGW data of MIROC3.2-medres 2070s PGW experiment

PGW_CSIRO Alb PGW data of CSIRO-Mk3.0 2070s PGW experiment

NO_URBAN NCEP Final Analysis (FNL) 2000s No urban areas
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For many results, we show the ensemble average of
the three PGW cases.

For urban climate projections, we should also
specify how the urban areas will change. But we as-
sume constant urban parameters for all simulations
because the three urban areas have already grown
to a considerable extent and are unlikely to grow
much over the next 70 years due to a) the stagnant
Japanese economic situation (which has persisted
over the last two decades) and b) the projected de-
clines in demographic numbers.

3.2 Results of urban climate projection
in the 2070s

The surface air temperatures over the domain
increased by 2.0-2.5°C during the next 70 years
(Fig. 7a,b). Indeed, the simulated future mean air
surface temperature is comparable to that of the
2010 record-hot summer case shown in Figs. 4c,d,
which suggests that the current abnormal weather
condition could become the norm in the future
climate. Moreover, the monthly mean daily maxi-
mum temperatures in the 2000s (Fig. 7c) and 2070s
(Fig. 7d) show a clear daytime heat island effect
in the inland areas of Tokyo, Osaka, and Nagoya.
In the 2070s, the maximum temperatures in the
inland areas often exceed 35°C, which is consid-
ered extremely hot in Japan; indeed, the monthly
averaged maximum temperatures are 32.6, 34.3,
and 34.6°C in Tokyo, Nagoya, and Osaka stations,
respectively. A nocturnal urban heat island also
clearly occurs in Tokyo, Osaka, and Nagoya in
both the 2000s and 2070s (Figs. 7e and 7f). The
minimum temperature exceeds 26°C in these areas,
which can make sleeping difficult.

Here, we explore the uncertainty associated with
forcing GCMs. Figure 8 shows the range of warm-
ing from the three ensemble members for Tokyo,
Osaka, and Nagoya between the 2070s and 2000s.
We equate the range in predictions to the uncer-
tainty. In all three cities, there is an uncertainty of
nearly 2.2°C. In particular, downscale simulation
from MIROC resulted in the greatest warming, fol-
lowed by MRI and then CSIRO, a pattern com-
mon to all three cities. In fact, this pattern exists
throughout Japan (Fig. B), at other future dates
(Fig. 1), as well as in the global average (IPCC
2007) due to the GCM models’ differential sensitiv-
ity to anthropogenic forcing.

3.3 Application to sleeping disorders and heat stress
Now we apply these climate projection results to
impact assessment study. According to the recent
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impact assessment research regarding human health
(Ihara and Genchi 2009), sleep disorders begin to
occur when temperatures remain above 26°C by
midnight. For simplicity, we instead consider the
nighttime minimum temperature and label those
that exceed 26°C as heat-induced sleeping discom-
fort nights, or just HSD nights. In this section, we
run a simple impact assessment on the frequency
of HSD nights.

The simulated nighttime temperature is nega-
tively biased in Tokyo, Osaka, and Nagoya (see
§2.2) and thus the uncorrected model underesti-
mates the frequency of HSD nights. For this rea-
son, we bias-correct the midnight temperature by
raising it by 1°C to match the observed cumulative
probability distribution of midnight temperature.
This bias-corrected temperature will be used in the
following discussion on HSD nights.

All three ensemble members and all three cities
show dramatic increases in the HSD nights (Fig.
9). In Tokyo, August of the 2070s has 30 HSD
nights—one and a half times that in the 2000s and
the same as that in 2010. Similarly, Osaka and Na-
goya have 31 HSD nights. There was little model
uncertainty in all three cities, being at most one
day. Therefore, in Tokyo, Osaka, and Nagoya
under the IPCC SRES Alb scenario, urban warm-
ing in the next 70 years will hinder sleep nearly
every night. Such conditions are reminiscent of the
record-hot summer of 2010.

Heat stress, including heat stroke (heat disorder),
is also a serious social problem in Japan, especially
in large urban areas. In a normal summer (August
2007) and a hot one (August 2010), 23,071 and
53,843 people, respectively, were taken to hospitals
by ambulance due to heat stroke. In this section, we
examine the change in the heat index to conduct an
impact assessment for heat stroke.

This study uses the wet-bulb globe temperature
(WBGT) to estimate heat stress in future climates.
As an empirical heat index, the WBGT, considers
not only the dry-bulb temperature, but also the
wet-bulb and globe temperatures. The WBGT was
developed to help control heat casualties during
military training, but is now widely used in Japan
because it correlates better than air temperature
to the number of heat stroke patients. Moreover,
many organizations (e.g., the Ministry of the En-
vironment, the Japanese Society of Biometeorol-
ogy, and Japan amateur sports associations) rec-
ommend or use this index (specifically, standard
ISO 7243) as a standard for heat stress risk, in-
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cluding heat stroke. The heat stress risk table
has five categories: danger (WBGT > 31°C), alert
(28 < WBGT < 31°C), advisory (25°C < WBGT
< 28°C), caution (21°C < WBGT < 25°C), and
mostly safe (WBGT < 21°C), as summarized in
Table 6.

The WBGT used in outdoor daylight conditions
is given by the following formula:

WBGT = 0.7T,, + 02T, + 0.17Ty,

where, T, (°C), T, (°C), and Ty (°C) are the wet-
bulb, globe, and dry-bulb temperatures, respec-
tively. The globe temperature is often measured
with a globe thermometer (but was not typically

Table 6. Heat stress risk levels based on the wet-bulb
globe temperature (WBGT). Risk levels are from the
Japan Sports Association (1996).

WBGT Level Description

31- Danger Consider stopping all exercise
28-31 Alert Stop strenuous exercise
25-28 Advisory Take rests frequently

21-25 Caution Frequent hydration needed
=21 Mostly safe  Risk is relatively lower

Fig. 9. Simulated number of days causing sleep disorders (i.e., minimum nighttime temperature exceeding
26°C) in August for 2000s (white bars), 2010 (gray bars), and 2070s (dark bars) from the ensemble mean.
ADays is the difference among the ensemble members.
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measured at meteorological stations in Japan until
2006). Since T, is not directly calculated in the
WRF model, we use Tonouchi et al.’s (2006) empir-
ical formula:

Ty=T4+0.0175 — 0.208U,

where S is the solar radiation (W m~2) and U is
the wind speed (m s~!). However, to match the
observed cumulative frequency of daytime WBGT
(Fig. C), we applied a bias-correction by raising
the value by 0.5°C.

Although the daytime cumulative frequency of
the WBGT for the 2070s seems to shift only slightly
from that of the 2000s, the number of heat-stress
alerts increases dramatically for all three cities
(Fig. 10). In Tokyo, the number of hours over the
alert-level amounted to 112 in the 2000s’ August
(Table 7, based on Fig. 10a). This indicates that, in
a normal summer under the current climate, the
residents should stop strenuous exercise outdoors
for 30% of the daytime hours. However, in the
2070s, the hours over the alert-level more than
doubles, reaching 232, meaning that the residents
will be warned to stop strenuous exercise outdoors
for 62% of the daytime hours. In Nagoya and
Osaka, the daytime thermal environment in the fu-
ture is even less comfortable than in Tokyo, as is
the case in the 2000s (Figs. 10b and 10c).

This increase of WBGT results from increases of
each parameter within WBGT by approximately
equal amounts (Table 8). Focusing on individual
ensemble members, case MIROC projects an in-
crease to 67% for the hours over the alert-level,
whereas case CSIRO projects an increase of 54%.
Despite this range of values (uncertainty) from the
GCMs, the results imply that incidences of heat
stroke will dramatically rise in conjunction with
global climate change under the IPCC SRES Alb
scenario. As a result, the situation in which many
heat stroke patients are taken to the hospital, as in
a presently abnormally hot summer (August 2010),
would occur even in a normal summer in the 2070s
(Table 7).

4. Discussion

Our analyses show that, under the IPCC SRES
Alb scenario, urban residents would experience
more sleep disorders and heat stroke unless mitiga-
tions efforts are made. The mitigation of urban heat
islands should reduce the heat stress enhanced by
climate change. But how much of the temperature
rise in these cities is due to global climate change
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Fig. 10. Number of hours exceeding a given
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(2000s) and the PGW cases (2070s) in three
urban areas. The three gray lines are from
the three GCM cases, and the thick black
curve is the ensemble average. (a) Tokyo,
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Table 7. Simulated total number of hours that exceed the WBGT levels of 25, 28, and 31°C in Tokyo. In parenthesis
are their percentage of the total daytime hours in August (372 hours).
2000s 2010 2070s

Ensemble MIROC MRI CSIRO
31°C 2 (1%) 21 (6%) 43 (12%) 84 (23%) 56 (15%) 34 (9%)
28°C 112 (30%) 230 (62%) 232 (62%) 249 (67%) 232 (62%) 200 (54%)
25°C 264 (71%) 350 (94%) 337 (91%) 338 (91%) 336 (90%) 322 (87%)
Table 8. Simulated August mean WBGT and its components (globe, wet-bulb, and dry-bulb temperatures) for three

urban areas. ENSEMBLE is the ensemble average of MRI, MIROC, and CSIRO, whereas Diff. is the difference

between ENSEMBLE and CTRL.

Tokyo 02Ty 0.7Tw 0.17d WBGT
CTRL 7.2 15.7 2.8 25.7
MRI 7.8 17.2 3.0 28.0
MIROC 7.8 17.5 3.1 28.4
CSIRO 7.6 16.8 3.0 27.4
ENSEMBLE 7.6 16.8 3.0 27.4
Diff. 0.4 1.1 0.2 1.7
Nagoya 0.2Tyg 0.7Tw 0.17d WBGT
CTRL 7.6 15.8 2.9 26.3
MRI 8.1 17.2 3.2 28.5
MIROC 8.1 17.5 3.2 28.8
CSIRO 7.9 16.8 3.1 27.8
ENSEMBLE 7.9 16.8 3.1 27.8
Diff. 0.4 1.0 0.2 1.6
Osaka 02Ty 0.7Tw 0.17d WBGT
CTRL 7.8 16.0 3.0 26.8
MRI 8.3 17.3 3.2 28.8
MIROC 8.3 17.6 3.2 29.1
CSIRO 8.2 17.0 32 28.4
ENSEMBLE 8.1 17.0 3.1 28.2
Diff. 0.3 1.0 0.2 1.5

and how much is due to the urban heat island ef-
fect?

Over the next 70 years, the urban warming due
to the urban heat island intensity (UHII) is com-
parable to that from global climate change. To
evaluate the present UHII, we compare the urban
temperature in case CTRL with that in which the
urban areas are replaced by grassland, hereafter
case NO_URBAN. The difference between the two
cases equals the UHII. At Nerima station, the re-
sulting UHII is greater at around sunset and sunrise

than in the daytime (Fig. 11), which agrees with
previous urban climate studies, and the monthly
mean UHII is 1.5°C. In support of this estimate,
the monthly mean temperature difference between
Tokyo station and the nearby rural station at
Choshi for the 2000s equals 2.1°C (Table 1). We
also find (but do not show) that the daily mean
and diurnal variation of UHII in the future is al-
most identical to those of the present. Thus, since
the UHII of 1.5°C nearly equals the overall warm-
ing of 2.3°C for Tokyo (Fig. 8), mitigation of UHI
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kyo (August average). CTRL curve shows
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as grassland. The UHII is the difference of
the curves.

should reduce future urban residents’ heat stress.
An example of mitigation approaches would be
constructing compact cities as suggested by, for in-
stance, Stone et al. (2010).

Urban climate projection is affected by uncer-
tainties due to the urban scenario itself. Dynamical
downscaling with various urban scenarios will help
us plan to mitigate urban heat islands and thus to
adapt to the consequences of global climate change.

McCarthy et al. (2010) and Oleson et al. (2010)
report that future change of UHII varies by region

140°E
T T -\ !>
18 20 22 24 26 28 30 32

136°E  138°E

(°C)
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in future climate due to an increase in CO,. How-
ever, the dynamical downscaling in the present
study showed little change in the strength of the
UHII, at least in central Japan. There are several
potential reasons for the little change in future
UHII projected in this study. First, McCarthy et
al. (2010) and Olsen et al. (2010) doubled the future
CO2 concentrations, while the current climate CO2
concentration is kept unchanged throughout the
simulation in this study. Second, McCarthy et al.
(2010) and Olsen et al. (2010) assessed the annual
mean changes, whereas the current study focused
on summer months. Last, the PGW method used
in this study conserves the majority of current syn-
optic-scale variations in future climate, including
frequency of clear days and daily wind speed varia-
tions. The monthly mean UHII is sensitive to such
synoptic scale conditions. Hence the PGW method
may be one of the reasons for the little change in
UHII projected in this study. To overcome this lim-
itation, we plan to use a direct dynamical down-
scaling method in a future study.

Although the PGW approach precludes a de-
tailed analysis of interannual variations in future
climate, we can nevertheless consider what may
happen if the large-scale patterns that have oc-
curred during abnormally hot or cold summer years
also appear in the 2070s. The results show that
the urban temperatures during a cold summer year
may become comparable to the current normal
temperatures (Fig. 12a and Figs. 4a,b), but may
rise above 32°C in a hot summer year (Fig. 12b).

140°E
m : ‘-‘ >
18 20 22 24 26 28 30 32 (°C)

138°E

136°E

Fig. 12. Projected monthly mean surface air temperature for relatively cold and hot summer cases. Projec-

tions are for the 2070s August.
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However, further discussion requires a reduction of
uncertainties of GCMs at interannual timescales.

5. Summary

In this study, we evaluated the performance of
the WRF model (3-km horizontal grid spacing)
coupled with a single-layer UCM, and then applied
the model to urban climate projections for August
in the 2070s. We applied the model to central Ja-
pan, focusing on the three major urban areas, and
assumed the IPCC SRES Alb scenario. After that,
we estimated GCM uncertainties and made simple
impact assessments to heat stress. Finally, the UHII
was estimated and compared to urban warming due
to the global climate change in the next 70 years.
The results are summarized below.

(1) The model reproduced essential features of
the observed monthly mean surface air tempera-
ture distribution: the three major urban areas were
warmer than their surroundings, and the tempera-
tures in Osaka and Nagoya were higher than those
in Tokyo. The average bias over the entire domain
was —1.2°C, mainly due to differences over the
mountainous areas. But for Tokyo, Nerima, Na-
goya, Osaka, and Sakai stations, the biases were
—-0.6, —0.3, —0.1, —0.4, and +0.1°C. Moreover,
the diurnal variation of the urban temperature was
well reproduced, indicating that the WRF model is
a useful tool to simulate and project urban climate.

(2) The urban climate projection found the urban
warming in the next 70 years to be 2.5, 2.3, and
2.3°C near Tokyo, Nagoya, and Osaka stations, re-
spectively. At Tokyo, the monthly mean tempera-
ture was 29°C, which roughly equals that in the
record-hot summer of 2010. The monthly maxi-
mum temperature in inland areas exceeded 35°C,
which is extremely hot for Japan, and was 32.9,
33.4, and 34.7°C in Tokyo, Nagoya, and Osaka, re-
spectively.

(3) The three ensemble members gave predictions
of average temperature in the 2070s that ranged by
about 1.2°C.

(4) The total number of days with conditions that
trigger sleep disorders (HSD nights) reached 30 for
the 2070s” August in Tokyo—one and a half times
as many days as in the 2000s and roughly equal to
that from the record-hot summer of 2010. All three
ensemble members agreed within one day.

(5) Concerning heat-stroke conditions, the results
suggested that heat stroke will rise in frequency in
the future. For Tokyo, the hours exceeding the
WBGT alert-level rose from 112 in the 2000s’ Au-

Vol. 90B

gust to 232 in the 2070s. The corresponding warn-
ing to the residents to avoid strenuous outdoor ex-
ercise rose from 30% of the daytime hours in the
2000s to 62% in the 2070s. (The ensemble members
varied in this prediction by 13%.) As a result, the
number of heat stroke patients taken to the hospital
in the record-hot summer of August 2010 would
likely recur in the 2070s. In Nagoya and Osaka,
the daytime thermal environment in the future was
found to be even less comfortable than that in
Tokyo.

(6) The monthly mean strength of the UHII in
the present-climate was 1.5°C, which nearly equals
the warming from the PGW experiment. Consider-
ing that this UHII value nearly equals the urban
warming from global climate change in the next 70
years, mitigation of UHII will reduce residents’
heat stress in the future, although the impacts will
be limited to the urban areas and their immediate
surroundings.
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Appendix A
CTRL and PGW procedure used in the present
study
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Appendix B

August monthly mean surface air temperatures.
Climate in the 2070s, August (PGW three
ensemble members).
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Appendix C

Number of hours exceeding a given WBGT value
in August for the CTRL case (2000s). Before and
after bias-correction
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