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Abstract

The present study applies the WRF model involving the single-layer urban canopy model (hereafter,
WRF_UCM) to urban climate simulation of the Tokyo metropolitan area for August (2004–2007) and compare
results to (a) observations, and (b) the WRF model involving the slab urban model (hereafter, WRF_SLAB). In
this urban area, WRF_UCM accurately captures the observed monthly mean daytime and nocturnal UHI,
whereas WRF_SLAB does not show a nocturnal UHI. Moreover, the observed diurnal variations of the surface
air temperature for central Tokyo and Kumagaya, a nearby inland city, are reproduced well by WRF_UCM.
However, WRF_SLAB exhibits both a 1-hr phase shift and a 6.2�C excess oscillation magnitude over observa-
tions. In addition, WRF_UCM accurately reproduces the frequency distribution of surface air temperatures,
showing a maximum at 27�C, whereas WRF_SLAB produce a bimodal distribution, with double peaks at 23
and 33�C. Finally, WRF_UCM does a much better job than WRF_SLAB at modeling the relative humidity.

1. Introduction

The surface layer in cities is generally warmer
than that of the surrounding areas, a phenomenon
known as the urban heat island (UHI) e¤ect. UHI
e¤ects are stronger under clear skies and light winds
during nighttime, with the largest impact occurring
in winter. Thus, most of the early studies focused
on the nocturnal UHI in winter (Yoshino 1975,
Landsberg 1981, Oke 1987). Recently, the summer-

time UHI has become a serious health and eco-
nomic concern in Japan due to the associated
higher average temperatures. For example, the
number of deaths caused by heat stroke has more
than doubled in recent years, now exceeding the
deaths from other weather disasters, including ty-
phoons and tornados (Fujibe 2009). Ambulances
transport more than 10,000 people with heat stroke
to the hospitals in the Tokyo metropolitan area in
summer (Fire and Disaster Management Agency
of Japan 2011). Moreover, gaining a better under-
standing of the UHI in Japan is important because
an increase in the daytime high by 1�C in summer
increases daily maximum energy demand by about
1,900,000 kW in the Tokyo metropolitan area and
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its surroundings, as a result of increased air-
conditioning demand (e.g., Goto et al. 2004). Also,
sleep disruption is common in summer, which leads
to an associated economic loss during business
hours (Ihara et al. 2011). Thus, many Japanese
cities require the mitigation of the UHI e¤ect.

Projection of social implications of the future
UHI is a concern for both impact assessment re-
searchers and urban residents. These concerns can
be addressed using an urban canopy model (UCM)
coupled to a larger-scale atmospheric and climate
model. In the urban climate study fields, a number
of UCM schemes have been developed (e.g., Brown
and Williams 1998, Masson 2000, Kusaka et al.
2001, Martilli et al. 2002, Harman et al. 2004, Otte
et al. 2004, Kondo et al. 2005, Best 2005, Kanda
et al. 2005, Lee and Park 2008, Oleson et al. 2008,
Ikeda and Kusaka 2009, Porson et al. 2009, 2010,
Aoyagi and Seino 2011). Some researchers have
coupled a UCM to a global climate model (GCM)
(McCarthy et al. 2010, Oleson et al. 2011), and
others couple the UCM to a regional climate model
(RCM) (e.g., Lemonsu and Masson 2002, Rozo¤
et al. 2003, Dupont et al. 2004, Otte et al. 2004,
Dandou et al. 2005, Holt and Pullen 2007, Zhang
et al. 2007, Chen et al. 2010, Aoyagi and Seino
2011).

The Weather Research and Forecasting (WRF)
model (Skamarock et al. 2008), a regional atmo-
spheric model, has been recently used in the urban
climate field world-wide since the single-layer UCM
(Kusaka et al. 2001) was installed (e.g., IAUC
2009, Chen et al. 2010). Performance of the WRF
model with the single-layer UCM has been already
evaluated in many case studies with regards to the
UHI and urban boundary layer structure. Miao
et al. (2009) used the WRF with the single-layer
UCM to simulate the UHI and boundary layer
structures in Beijing, and showed that the model
could reproduce the observed diurnal variation of
UHI intensity, the spatial distribution of UHI, the
diurnal variation of wind speed and direction, and
small-scale boundary layer convective rolls and
cells over the urban area. Later, Chen et al. (2011)
applied this modeling system to the Houston-
Galveston area, and found that it did a remarkable
job of capturing the observed nocturnal UHI inten-
sity, diurnal rotation of surface winds, as well as the
timing and vertical extent of the sea breeze and its
reversal in the boundary layer. Lin et al. (2008),
Shou and Zhang (2010), and Chen et al. (2011) in-
vestigated the interaction between UHI and sea

breeze. Miao et al. (2010, 2011) and Lin et al.
(2011) evaluated the impact of urbanization on
heavy rainfalls. Grossman-Clarke (2010) examined
the contribution of land-use changes to surface air
temperatures during an extreme heat events in the
Phoenix metropolitan area. Takane and Kusaka
(2011) examined the record-breaking extreme high
surface air temperature observed in the Tokyo met-
ropolitan area and showed the utility of this model-
ing system for studying foehn and UHI phenom-
ena. Jiang et al. (2008) predicted impacts of land
use change on surface ozone in the Houston. Te-
wari et al. (2010) used the WRF model and CFD
model for urban scale contaminant transport and
dispersion simulation. Miao et al. (2010) and
Zhang et al. (2010) showed that the WRF model
coupled to the single-layer UCM could reproduce
the monthly-average UHI over the Beijing and the
Yangtze River Delta Economic Belt areas. In this
study, we use the WRF model with a single-layer
UCM to simulate August surface temperatures and
humidities in the Tokyo metropolitan area. Our
primary purpose is to evaluate the reproducibility
of UHI and relative humidity (RH) observations.
Moreover, to provide useful information for nu-
merical model developers, we compare results on
the UHI and RH from coupling the WRF model
to two urban models: the UCM model and the
often-used, traditional slab urban model (SLAB).
The comparison also provides useful information
to agencies tasked with safety or power services.

2. Description of the numerical simulation and

urban models

We used the WRF-ARW model, version 3.0.1.1,
to simulate the summertime urban climate over the
Tokyo metropolitan area. The present simulations
are a type 2 dynamic downscaling summarized by
Castro et al. (2005) in which the initial atmospheric
conditions have been forgotten, but results still
depend on the lateral boundary conditions from
global data analysis and on the bottom boundary
conditions. The model domain covers central Ja-
pan, including the Tokyo metropolitan area. As
shown in Fig. 1, the Tokyo metropolitan area is
surrounded by the Pacific Ocean and the Chubu
mountains. For these experiments, the nominal
horizontal grid spacing in the WRF model is 4 km.
The model top is set to be 50 hPa, with 35 vertical
s-levels. The time integration covers from July 27th

to September 1st for four consecutive years (2004–
2007), referred to here as four consecutive Augusts.
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Each month is a single simulation. The first four
days of each simulation are discarded and consid-
ered as the model spin-up.

The atmospheric initial and boundary conditions
are created from 6-hourly Japan Meteorological
Agency-Regional Analysis data (JMA-RANAL)
with 20-km horizontal grid spacing. The land state
input is provided by the 6-hourly National Center
for Environmental Prediction-Final Analysis data
(NCEP-FNL) with 1.0� horizontal grid spacing.
The sea surface temperature field comes from the
daily NCEP-Real Time Global Sea Surface Tem-
perature analysis data (NCEP-RTG_SST) with 0.5�

horizontal grid spacing. Our land-use categories
and terrain-height datasets came from the Geospa-
tial Information Authority of Japan.

The simulation uses the following physics
schemes: the Dudhia short-wave radiation scheme,
a simple integration scheme that e‰ciently treats
clouds and clear-sky absorption and scattering
(Dudhia 1989); the Rapid Radiative Transfer
Model (RRTM) for long-wave radiation, which ac-
counts for multiple bands, trace gases, and micro-
physics species (Mlawer et al. 1997); the WRF
Single-Moment 6-class (WSM6) microphysics

scheme, a cold-rain model with water vapor, cloud,
rain, ice, snow, and grauple processes (Hong et al.
2004); the Yon-Sei University (YSU) planetary
boundary layer scheme, a non-local turbulent di¤u-
sion scheme with an explicit entrainment layer and
parabolic di¤usion coe‰cient profile in an unstable
mixed layer (Hong and Pan 1996, Hong et al.
2006); the Kain-Fritsch cumulus parameterization
scheme for the parent domain (Kain and Fritsch
1990). Because of the 4-km horizontal grid spacing,
we use no Kain-Fritsch cumulus parameterization
scheme in the inner domain. For a land-surface
model, the UCM case uses the Noah land surface
model (Noah-LSM) (Chen and Dudhia 2001)
coupled with a single-layer UCM (Kusaka et al.
2001, Kusaka and Kimura 2004a, b), whereas the
SLAB case uses the 5-layer thermal di¤usion model
(historically called the SLAB model in WRF). Ex-
cept for the land-surface model, all configurations
for SLAB case are the same as those for UCM
case. Model configurations are summarized in
Table 1.

The single-layer UCM used in the WRF model
was developed by Kusaka et al. (2001), and later
modified by Kusaka and Kimura (2004a, b) and

Fig. 1. Topography and land-use of the
model domain. (a) Central location within
Asia. The inset box shows the domain for
the numerical experiments. (b) Topography
of the model domain. T, K, TS, and M in-
dicate Tokyo, Kumagaya, Tsukuba, and
Maebashi. (c) Land-use of the model do-
main. Black, dark gray, medium gray, light
gray, and white mark the classification of
urban, forest, paddy, grass, and water sur-
faces. The large black area including To-
kyo is the Tokyo Metropolitan Area.
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Miao et al. (2009). The model includes street
canyons that are parameterized to represent the
urban geometry and a multi-layer heat equation
for the roof, wall, and road interior temperatures.
The UCM case estimates both the surface tempera-
tures of, and the heat fluxes from, the roof, wall,
and road (Fig. 2). (For more details on the single-
layer UCM, see Kusaka et al. (2001) and Kusaka
and Kimura (2004a, b).) In the WRF model, the
single-layer UCM couples with the Noah-LSM.

Surface fluxes from artificial and natural surfaces
in the WRF model grid are calculated from the
UCM and the Noah-LSM, respectively. Then, total
fluxes from the model grid are calculated using a
sub-grid parameterization for heterogeneous sur-
faces, as proposed by Kimura (1989). (For more
details on the coupled Noah-LSM and UCM sys-
tem, see Chen et al. (2011).) The UCM uses
the anthropogenic heat-emission data shown in
Fig. 3. For the Tokyo metropolitan area, the area-
averaged, daily-mean anthropogenic heat is as-
sumed to be 18 W m�2. Other parameters for the
UCM are listed in Table 2.

The SLAB model consists of the standard sur-
face layer scheme based on the Monin-Obukhov
similarity theory for estimating bulk transfer coe‰-
cients, a surface heat budget equation for simulat-
ing surface skin temperature, and a vertical di¤u-
sion equation for simulating soil temperature.
Urban geometry is represented by tuning surface
parameters such as roughness length, albedo, ther-
mal inertia, and moisture availability. However,
anthropogenic heat emission is not considered in

Table 1. Model configuration.

Model ARW-WRF Version 3.0.1.1

Shortwave Radiation Dudhia
Longwave Radiation RRTM
Cloud Microphysics WSM6
Cumulus Parameterization -----
Planetary Boundary Layer YSU
Land surface Slab 5-layer (case SLAB)

Noah coupled with UCM (case UCM)
Initial and Boundary Conditions Japan Meteorological Agency-Regional Analysis (Atmosphere),

NCEP-Final Analysis (Soil), NOAA-RTG SST (SST)
Simulation Period 00 UTC 27 July to 00 UTC 1 September, 2004, 2005, 2006, 2007
Horizontal Grid Spacing 4 km
Total Number of Vertical Layers 35

Fig. 2. Temperatures and heat fluxes in the
single-layer UCM. Ta is the air tempera-
ture at reference height za, TR the building
roof temperature, TW the building wall
temperature, TG the road temperature,
and TS the temperature at height zT þ d.
H is the sensible heat exchange at the refer-
ence height. Ha is the sensible heat flux
from the canyon space to the atmosphere,
whereas HW is that from wall to the can-
yon space, HG is that from the road to the
canyon space, and HR is that from the roof
to the atmosphere.

Fig. 3. Diurnal cycle of the anthropogenic
heat emission in the UCM.
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this model. This type of model has been widely
used because of its simplicity. For this study,
we used the default parameters settings listed in
Table 3.

Hereafter, the experiments with the WRF model
involving the single-layer UCM and SLAB are
called UCM and SLAB, respectively.

3. Results

3.1 Surface air temperature

a. Spatial distribution in the analysis domain

We compare surface air temperatures from the
WRF model simulations against data from the Ja-
pan Meteorological Agency’s (JMA) Automated
Meteorological Data Acquisition System (AMe-
DAS) network. To account for the di¤erence in
the terrain height between the model grid and the
observation site, we assume a temperature lapse
rate of �0.0065�C m�1.

Figure 4 compares the error distribution from
UCM and SLAB cases. The error distribution of
the entire domain is roughly normally distributed
for the both models. The bias and RMSE over the
entire domain for SLAB are �0.6�C and 2.5�C, re-
spectively (Table 4). On the other hand, the bias
and RMSE for UCM are �0.4�C and 2.1�C, re-
spectively.

Figure 5 shows the spatial distribution of the
monthly mean surface air temperature at 0500 Ja-
pan Standard Time (JST). SLAB does not repro-
duce the observed UHI, largely underestimating
the temperature in the Tokyo metropolitan area
(Figs. 5a,b). In contrast, UCM simulates UHI, al-
though the model overestimates the temperature
over this region (Figs. 5a,c). UCM has a smaller
bias and RMSE than SLAB (Table 4). At 1500
JST, SLAB and UCM give the observed tempera-

Fig. 4. Error distribution of the surface air temperature over the entire analysis domain from (a) SLAB and
(b) UCM.

Table 2. Parameters used in the UCM model. The
value in parentheses is gross building coverage ratio.

Parameter Value

Green fraction [�]** 0.3
Building height [m] 9.0
Building coverage ratio [�]** 0.35 (0.245*)
Sky view factor [�]** 0.59
Thermal Inertia [J s�1 K�2 m�4] 3:52� 106

*Gross building ratio.
**Dimensionless.

Table 3. Parameters used in the SLAB model.

Parameter Value

Roughness Length [m] 0.80
Moisture Availability [�]* 0.10
Albedo [�]* 0.15
Emissivity [�]* 0.88
Thermal Inertia [J s�1 K�2 m�4] 3:0� 106

*Dimensionless.

Table 4. Surface temperature bias [�C] and RMSE [�C] over the entire analysis domain at indicated times. Values for
just the urban areas are in parentheses.

Bias RMSE Bias at 05 JST RMSE at 05 JST Bias at 15 JST RMSE at 15 JST

SLAB �0.6 (�0.3) 2.5 (2.8) �2.0 (�2.6) 3.1 (3.3) þ0.6 (þ1.8) 2.4 (2.8)
UCM �0.4 (þ0.7) 2.1 (1.8) �0.1 (þ1.0) 2.0 (1.8) �0.8 (þ0.4) 2.4 (2.0)

February 2012 H. KUSAKA et al. 37



ture distribution but they overestimate the tempera-
ture in the northwestern inland areas (Fig. 6). For
SLAB, the overestimate is about 2�C, but less than
1�C from UCM. As a result, the bias from SLAB
exceeds that from UCM over the urban areas at
1500 JST, as shown in Table 4. The table also
shows that the RMSE from SLAB is comparable
to that from UCM, over both the analysis domain
and the urban areas.

b. Coastal mega-city Tokyo and inland medium-

city kumagaya

In this sub-section, we focus on the coastal mega-
city of Tokyo and the inland medium-sized-city
Kumagaya that is located in the northwest portion
of the Tokyo metropolitan area, 62-km northwest
of the Tokyo station. Due partly to its urbaniza-
tion, climate change, and the feohn phenomena,

the latter city had the high-temperature record of
40.9�C for Japan (Takane and Kusaka 2011).

The AMeDAS network consists of two types of
observatories; one is AMeDAS, which was estab-
lished for predicting and monitoring weather asso-
ciated with disasters, whereas the other platform
is the original, more established, JMA observa-
tories. The JMA sites have relatively large, open-
space, covered with short grasses, and adhere to
stricter installation standards. Consequently, JMA
stations are desirable from a standpoint of model-
evaluation.

Figure 7a shows the AMeDAS network data at
Otemachi observatory in downtown Tokyo, (here-
after Tokyo), and the two model cases. SLAB has
an excess diurnal range of nearly 6.2�C over the ob-
servations as well as a 1-hr temporal shift. The di-
urnal variation from UCM more closely matches

Fig. 6. Same as Fig. 5, but for 1500 JST.

Fig. 5. August mean surface air temperature [�C] at 0500 Japan Standard Time (JST) for 2004–2007 from
(a) AMeDAS observations, (b) SLAB, and (c) UCM.
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observations and shows no discernable phase lag.
These same features also occur at Kumagaya (Fig.
7b).

The frequency distribution of observed and simu-
lated hourly surface air temperatures are shown in
Fig. 8. In Tokyo, the observations show only one
peak around 27�C, whereas SLAB has two max-
ima, located at approximately 23 and 33�C (Figs.
8a,b). The RMSE is 3.1�C for SLAB (Table 5).
The weighted mean value of the temperature in the
histogram is 27.9�C in the observations, but 27.0�C
in SLAB, implying a temperature bias of �0.9�C.
Nevertheless, because of its bimodal distribution,
SLAB greatly overestimates the number of abnor-
mally hot days in Japan (i.e., maximum exceeding
35�C). At Kumagaya, similar to Tokyo, SLAB
shows a bimodal shape, which contrasts to the
single-peaks in the AMeDAS data (Figs. 8d,e).

In contrast, the frequency distribution of hourly
surface air temperatures in UCM closely matches
observations at Tokyo (Figs. 8a,c). RMSE from
the UCM is 1.3�C and the temperature bias is
þ0.1�C, which are much smaller than those in
SLAB (Table 5), although UCM has more temper-
ature of 25�C than the observations. Similar to that
for Tokyo, at Kumagaya the shape of the histo-
gram and RMSE from UCM match the observa-
tions much better than those from SLAB (Figs.
8d,f, Table 5). Of course, there are some discrepan-
cies with the observations; the UCM model hardly
produces low temperature below 18�C or high tem-

perature exceeding 36�C. Although SLAB produces
smaller overall surface air-temperature bias than
UCM due to the compensating errors described
above, the temperature RMSE in UCM is lower
than that in SLAB.

In the UCM, the interannual variability of the
monthly averaged surface air temperatures is also
better captured than SLAB (Fig. 9). In Tokyo,
UCM fits the oscillations of the monthly mean,
maximum, and minimum temperatures (Fig. 9a).
Not only does SLAB have maxima that are too
warm and minima that are too cold, SLAB also
does not follow the general trend of the interannual
oscillations, especially the minimum temperature.
The large minimum temperature errors, even in the
urbanized site, imply that the nocturnal cooling is
too strong in the SLAB model. At Kumagaya, the
overall results for the interannual surface air tem-
perature are similar to those from Tokyo (Fig. 9b),
except UCM fails to follow the temperature oscilla-
tion in 2004 due to the model’s behavior with a
positive temperature bias. Nevertheless, for Kuma-
gaya, UCM has a smaller amplitude bias and gen-
erally fits observations better than SLAB.

3.2 Relative humidity

As with the temperature distributions, UCM
more accurately reproduces the frequency distribu-
tions for the hourly RH than SLAB (Fig. 10). For
Tokyo, the shape of the histogram from SLAB
clearly di¤ers from that of the AMeDAS observa-

Fig. 7. Diurnal variations of surface air temperature [�C] at (a) Tokyo and (b) Kumagaya. Monthly mean
temperature for each hour in August for 2004–2007. Solid circles are observations. Thin and thick solid
lines are results from SLAB and UCM.

Table 5. Model bias of surface temperature [�C] at the JMA observatories. RMSE values are in parentheses. TO, KU,
MA, TS, UT, CHO, CHI, TA, and YO are city locations described in Table A1.

TO KU MA TS UT CHO CHI TA YO

SLAB �0.9 (3.1) �0.2 (3.1) �0.1 (3.1) þ0.4 (2.5) �0.1 (3.0) þ0.6 (2.2) �0.7 (2.5) �0.5 (1.7) �0.6 (2.0)
UCM þ0.1 (1.3) þ0.7 (1.8) þ0.8 (1.9) þ0.7 (1.7) �0.5 (1.6) þ0.9 (1.7) þ0.3 (1.9) �0.2 (1.4) �0.2 (2.0)

February 2012 H. KUSAKA et al. 39



tions (Figs. 10a,b), whereas that from UCM agrees
fairly well with the observations (Figs. 10a,c). In-
deed, the bimodal shape of the SLAB distribution

arises from that of the surface-temperature distri-
bution. Similarly, for the frequency distribution
at Kumagaya, UCM produces better results than

Fig. 8. Frequency of surface air temperatures [�C] at Tokyo and Kumagaya in August for 2004–2007. (a)
AMeDAS observations at Tokyo, (b) SLAB at Tokyo, (c) UCM at Tokyo, (d) AMeDAS observations at
Kumagaya, (e) SLAB at Kumagaya, and (f ) UCM at Kumagaya.

Fig. 9. Interannual variation of the monthly temperatures and monthly cumulative hours of sunshine dura-
tion at (a) Tokyo and (b) Kumagaya. Closed circles, squares, and triangles are the observed mean, maxi-
mum, and minimum temperatures, respectively. Thick solid, dashed, and dotted lines are the mean, maxi-
mum, and minimum temperatures from UCM, respectively. The corresponding thin lines are from SLAB.
White bars show the observed monthly accumulated sunshine duration.
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SLAB (Figs. 10d–f ). As a result, SLAB exhibits
both a larger bias and larger RMSE when com-
pared to UCM results (Table 6). Whereas SLAB
has a bias of þ14.7% and RMSE of 19.2%, UCM
produces better results with a bias of þ2.2% and a
RMSE of 7.8%. Moreover, UCM produces a lower
RMSE at the other sites (Table 6), although the
bias depends on the location, just as it does for the
temperature data.

4. Discussion

A key finding of this study is that the UCM pro-
duced a nocturnal UHI, but SLAB did not. The
reason for this di¤erence can be seen by looking

Fig. 10. Frequency of relative humidity. (a) AMeDAS observations, (b) SLAB, and (c) UCM at Tokyo. (d)
AMeDAS observations, (e) SLAB, and (f ) UCM at Kumagaya.

Table 6. Model bias of relative humidity [%] at the JMA observatories. RMSE values are in parentheses. TO, KU,
MA, TS, UT, CHO, CHI, TA, and YO are city locations described in Table A1.

TO KU MA TS UT CHO CHI TA YO

SLAB þ14.7
(19.2)

þ7.7
(15.0)

þ7.3
(15.4)

þ1.4
(10.2)

þ5.2
(13.4)

�2.8
(9.2)

þ0.9
(11.2)

þ7.5
(10.0)

þ13.1
(15.2)

UCM þ2.2
(7.8)

�4.7
(10.1)

�5.6
(10.9)

�2.4
(8.1)

�4.8
(10.2)

�10.7
(13.2)

�4.6
(10.9)

þ3.7
(7.3)

þ11.6
(14.2)

Table A1. Full name of city and location for abbrevia-
tion codes used in Tables 5 and 6.

Code Name Latitude [�] Longitude [�]

TO Tokyo 35.690 139.760
KU Kumagaya 36.150 139.380
MA Maebashi 36.405 139.060
TS Tsukuba 36.057 140.125
UT Utsunomiya 36.548 139.868
CHO Chosi 35.738 140.857
CHI Chichibu 35.990 139.073
TA Tateyama 34.987 139.865
YO Yokohama 35.438 139.652
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at the heat budgets. For example, Figs. 11a,b show
the surface energy budgets in UCM for an urban
grid cell (Tokyo) and a rural grid cell (Tsukuba).
A major di¤erence between these two model grid
cells is that the latent heat flux is much smaller dur-
ing the daytime at Tokyo, indicating that the urban
surface has less moisture than the rural surface due
to the smaller amount of grassland. Another di¤er-
ence is that the heat storage is much larger during
the daytime at Tokyo, and thus the sensible heat
flux remains positive until midnight at the warmer
urban surface. The duration of the heating depends
on a number of factors, including the urban geome-
try, location, weather, and human activity. How-
ever, a positive sensible heat flux around sunset is
an essential feature of an urban surface heat budget
(e.g., Grimmond and Oke 1995; Sugawara et al.
2001). But SLAB does not show a positive sensible
heat flux around sunset (Fig. 11c). Unlike the UCM
case, the heat budget around sunset for SLAB is
similar for Tokyo and Tsukuba (Figs. 11c,d). An-
other important di¤erence between the two models
is the larger ground-heat flux in the UCM model.
According to numerical experiments with the
single-layer UCM, the larger ground heat flux of
the UCM arises from the walls of the urban area,
which increase the e¤ective thermal inertia, mini-

mize the phase shift, decrease the diurnal tempera-
ture range, and increase the nocturnal temperature,
especially around sunrise (Kusaka et al. 2001; Ku-
saka and Kimura 2004b). These e¤ects occur even
if the UCM and SLAB models have the same mate-
rial thermal inertia. Moreover, a smaller sky view
factor, due to existence of these walls, causes trap-
ping of the reflected short- and long-wave radia-
tion, and also reduces the temperature cooling espe-
cially around sunset. Thus, these previous findings
indicate that the di¤erences in the diurnal variation
of temperature between UCM and SLAB in the
present study arise from not only the di¤erences in
surface parameter values and anthropogenic heat-
ing, but also from the above urban canopy e¤ects.

Finally, heat indices such as the discomfort index
(temperature-humidity index), wet-bulb globe tem-
perature (e.g., Tonouchi et al. 2006, Ohashi et al.
2008), and moist enthalpy (e.g., Pielke et al. 2006)
are useful for predicting and analyzing heat stress
and/or heat wave phenomenon. We plan to evalu-
ate these indices in a future study.

5. Conclusions

In this study, we numerically simulated the urban
heat island (UHI) e¤ect and relative humidity
(RH) in the WRF model coupled with the single-

Fig. 11. Surface heat budget on a typical clear-sky day. (a) Tokyo and (b) Tsukuba from UCM. (c) Tokyo
and (d) Tsukuba from SLAB.
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layer urban canopy model (UCM) for four consec-
utive Augusts (2004–2007) in the Tokyo metropoli-
tan area. We compared observations and results
using the simpler SLAB land surface model with a
di¤erent treatment of urban geometry and anthro-
pogenic heat emission. We found the following.

(1) The WRF model with UCM well captures the
observed monthly mean daytime and nocturnal
UHI, but the WRF with SLAB did not show
a nocturnal UHI. The surface air temperature
bias, compared to observations, averaged over
the entire analysis domain was �0.4�C for
UCM and �0.6�C for SLAB, whereas their
RMSE were 2.1 and 2.5�C, respectively.

(2) The observed diurnal variations of the surface
air temperature at Tokyo and Kumagaya were
also reproduced very well by UCM, but not by
SLAB. Case SLAB had both a 1-hr phase shift
and a 6.2�C larger diurnal range when com-
pared to observations.

(3) Regarding the frequency distribution of the sur-
face air temperature at Tokyo, UCM repro-
duced observations much better than SLAB.
Both UCM and observations had a maximum
frequency at approximately 27�C, whereas
SLAB was bimodal, with peaks around 23 and
33�C. The bias for UCM and SLAB were þ0.1
and �0.9�C, respectively. The RMSE for UCM
and SLAB were 1.3 and 3.1�C, respectively.

(4) The improved bias, RMSE, correlation coe‰-
cients, phase error, and frequency distribution
for the surface temperatures from UCM over
SLAB lead to an advantage for derived temper-
ature index quantities.

(5) UCM also reproduced the observed relative hu-
midity better than SLAB.

The results from this report indicate that in the
WRF model, the UCM model is more useful as
an urban surface model than SLAB, not only for a
case study of UHI but also for a dynamic down-
scaling study regarding the past/present urban cli-
mate simulation and future projections of urbaniza-
tion.
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