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Using a high-resolution regional climate model coupled with urban canopy model, the present study provides the first attempt
in quantifying the impact of metropolitan-scale urban planning scenarios on moist thermal environment under global warming.
Tokyo metropolitan area is selected as a test case. Three urban planning scenarios are considered: status quo, dispersed city, and
compact city. Their impact on the moist thermal environment is assessed using wet-bulb globe temperature (WBGT). Future
projections for the 2070s show a 2–4∘C increase in daytime mean WBGT relative to the current climate. The urban scenario
impacts are shown to be small, with a −0.4 to +0.4∘C range. Relative changes in temperature and humidity as the result of a given
urban scenario are shown to be critical in determining the sign of the WBGT changes; however, such changes are not necessarily
determined by local changes in urban land surface parameters.These findings indicate that urban land surface changesmay improve
or worsen the local moist thermal environment and that metropolitan-scale urban planning is inefficient in mitigating heat-related
health risks for mature cities like Tokyo.

1. Introduction

The climate in urbanized areas around the world has under-
gone substantial change over recent years, with a general
trend toward degradation of the thermal environment due
to the combined effect of global warming and urbanization.
Observational studies indicate that urbanized areas have
experienced larger temperature increasing rates than their
surrounding rural areas. This trend is reported in multiple
urbanized areas around theworld, including theUnited States
[1], southeastern China [2], and Japan [3, 4]. Todaymore than
half of the world’s population is residing in urbanized areas
and this proportion is expected to grow in the future [5]. In
addition to the expected further warming of the planet due
to anthropogenic greenhouse gas emission [6], urbanization

is therefore considered a significant factor for the increased
climate-related health risk due to excess heat exposure [7].

These observed and expected changes in urbanized areas
have motivated climate scientists to examine the combined
impact of urbanization and climate change to urban ther-
mal environment. High-resolution regional climate models
(RCMs) are excellent tools in this endeavor, especially when
coupled with urban canopy scheme (UCM) [8, 9]. Using
a UCM coupled RCM, Georgescu et al. and Adachi et al.
examined the impact of urban expansion under the future
climate for Arizona and Tokyo, respectively [10, 11]. A resent
work by Argüeso et al. also examined the impact of urban
expansion of Sydney using a UCM coupled RCM [12]. While
these studies assumed simple urban expansion, impacts of
alternative urban scenarios have been developed and tested
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Figure 1: (a) Model domain setting with three nested domains. (b) Topography of analysis domain and locations and names of the
meteorological observation stations used for WBGT.

using RCMs. For example, Shin and Baigorria examined
the impact of future alternative urban planning for Central
Florida [13], and Ke et al. examined three urban planning
scenarios forWuhan, China [14]. For the Tokyometropolitan
area, Adachi et al. used a UCM coupled RCM to analyze the
impact of urban scenarios developed by Yamagata et al. under
the current climate and showed that compact city scenario
(population is assumed to converge to central Tokyo) can
mitigate the metropolitan area mean nighttime temperature
by 0.1∘C [15, 16]. Kusaka et al. also analyzed the Yamagata
scenarios under the future climate condition and reported
that similar results to those of Adachi et al. were obtained [17].

All of the above noted studies focused on the impact
of urban form on air surface temperature. For more com-
prehensive assessment of heat-related health risks, however,
inclusion of humidity and solar radiation is critical. WBGT
is a widely used thermal index incorporating temperature,
humidity, solar radiation, and wind speed [18]. A handful
of studies have evaluated future changes of WBGT using
UCM coupled RCMs [9, 19, 20], but none of these studies
considered future urban changes.

The present study aims to provide a quantitative assess-
ment of the impact of metropolitan-scale urban planning on
the summer-time moist thermal environment under global
warming. The study area is the Greater Tokyo Area, the
world’s largest metropolitan area with population of 38 mil-
lion [5]. Dynamical downscaling simulations are conducted
for current and future climate. For the latter, we consider
future urban planning scenarios: the status quo scenario
and two alternative scenarios (compact and dispersed city
scenarios). A special attentionwill be given to the comparison
of the global warming impact against the alternative urban
planning impacts on the summer-time moist thermal envi-
ronment. To this end, we use WBGT as a comprehensive
thermal index, to incorporate temperature and humidity. To
the best knowledge of the authors, the present study is the
first assessment of the impact of future metropolitan-scale

urban planning scenarios on moist thermal environment
using dynamical downscaling approach.

2. Data and Methods

2.1. RCM Simulations. The Weather and Research Forecast-
ing (WRF) model version 3.1.1 was used for regional climate
simulations [21].Themodel domain is setup as one-way nest-
ing of three domains.The outermost domain (D01) covers the
whole Japan with 27 km horizontal grid spacing. The middle
domain (D02) is nested within D01 with 9 km horizontal grid
spacing, and the innermost domain (D03) covering theTokyo
metropolitan area is nested within D02 with 3 km horizontal
grid spacing (Figure 1(a)). The subsequent analysis will be
based on the results from D03.The physics schemes, selected
mainly based on Kusaka et al. [9], are as follows: the RRTMg
radiation scheme [22], theWSM6cloudmicrophysics scheme
[23], and the YSU planetary boundary layer scheme [24].
The Kain-Fritch cumulus parameterization scheme [25] is
activated for D01 and D02. For the surface, we use the
Noah land surface model [26] coupled with the single-layer
urban canopy model (UCM) developed by Kusaka et al.
[27]. The UCM used in this study is a modified version of
the one by Adachi et al. to incorporate the gridded urban
fraction map, as well as gridded maps for sensible, latent, and
anthropogenic heat fluxes [15]. Anthropogenic heat release is
allowed to vary diurnally, roughly following the observations
by Kikegawa et al. [28].

Due to the extensive computational cost required for
DDS, simulations are targeted to August, as the heat-related
health risk is maximized during this month. Simulations are
conducted for July 27 00Z to August 31 18Z of each year
of current and future climate simulation target years. The
current and future climate simulations are conducted using
the pseudo-global-warming (PGW) approach [9, 29]. Initial
and boundary forcing for current climate (August of 2000–
2009) simulation is provided by the NCEP-FNL (National
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Table 1: Summary of dynamical downscaling experiments.

Period Initial/boundary conditions Urban scenario
Current 2000–2009 NCEP-FNL reanalysis Status quo

Future 2070–2079 (SRES A1B) Pseudo-global-warming data based on
MRI-CGCM2.3.2
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Figure 2: Spatial distributions of urban parameters: (a) urban fraction (UF) and (d) anthropogenic heat release (AH) for the status quo
scenario. Differences of UF and AH relative to the status quo scenario are shown in (b) and (e), respectively, for the compact city scenario
and in (c) and (f), respectively, for the dispersed city scenario (adapted and modified from [15]).

Center for Environmental Prediction Final Analysis) data.
For future simulations, targeted for the 2070s under the A1B
scenario in the IPCC 3rd Assessment Report, initial and
boundary forcing is constructed by combining the NCEP-
FNL data and the mean future changes projected by MRI-
CGCM2.3.2 (Table 1). Greenhouse gas concentration in the
radiation scheme is modified to the values specified in the
A1B scenario.

2.2. Urban Planning Scenarios. For the future climate simu-
lations, we consider three types of metropolitan-scale urban
scenarios as developed by Yamagata et al. [16]: (1) the
status quo scenario, in which the future urban structure
is assumed to be unchanged from today; (2) the compact
city scenario, in which the population converges on central
Tokyo to live in high-rise buildings; and (3) the dispersed
city scenario, in which the population spreads out to the rural
area surrounding Tokyo and depends on cars for commuting.
These scenarios are reflected in the UCM by modifying the
urban fraction and anthropogenic heat release as shown
in Figure 2. Here, increases/decreases in the urban fraction
are counterbalanced by decreases/increases in the green

fraction. The focus here is to assess the impact of land
surface modifications. Therefore, the total population in the
greater Tokyo metropolitan area (and thus the total amount
of anthropogenic heat release) is kept the same for the current
and future scenarios, but its spatial variations are changed
according to the urban scenarios. As briefly mentioned in
Section 1, the impacts of the Yamagata urban scenarios on
surface air temperature were previously analyzed in Adachi
et al. [15]. Kusaka et al. also examined the impacts of the
Yamagata scenarios in the future climate and compared them
to the differences between two regional climate models [17].

2.3. Observational Data. The WBGT calculation requires
air temperature, humidity, wind speed, and solar radiation;
and the measurements for this full group of meteorological
elements are only available at five sites in our analysis domain,
as shown in Figure 1(b). Thus, hourly data were collected
from these five stations and used as validation data for
WBGT. In the case of air temperature observations, the auto-
mated meteorological data acquisition system (AMeDAS)
provides measurements with much finer spatial distribution;
hence AMeDAS data was used for air temperature validation.



4 Advances in Meteorology

Observational data are collected for the current climate
simulation period, August 2000–2009.

2.4. WBGT. WBGT is a widely used thermal index, espe-
cially in the regulation of the labor environment [30]. WBGT
is based on the heat exchange between the human body
surface and the surrounding air, via moist, radiative, and
dry thermodynamics, with wet-bulb, globe, and dry-bulb
temperatures representing each of these components, respec-
tively. WBGT [∘C] for an outdoor environment is formulated
as follows:

WBGT = 0.7𝑇
𝑤
+ 0.2𝑇

𝑔
+ 0.1𝑇

𝑎
, (1)

where𝑇
𝑤
[∘C],𝑇

𝑔
[∘C], and𝑇

𝑎
[∘C] are wet-bulb temperature,

globe temperature (measured by a black globe thermometer),
and air temperature, respectively. Here, 𝑇

𝑤
is a function of

air temperature, humidity, and air pressure. In this study, 𝑇
𝑤

is obtained using a bilinear search algorithm incorporating
Teten’s formula (see (2)) and Sprung’s formula (see (3)):

𝑒sat (𝑇) = 6.1078× 10
7.5𝑇/(237.3+𝑇)

,
(2)

𝑒 (𝑇) = 𝑒sat (𝑇𝑤) − 0.000622𝑃 (𝑇𝑎 −𝑇) . (3)

Here 𝑒sat(𝑇) is saturation vapor pressure [hPa] at air temper-
ature 𝑇 [∘C], 𝑒 is vapor pressure [hPa], and 𝑃 is atmospheric
pressure [hPa]. 𝑇

𝑔
depends on air temperature, solar radi-

ation, and wind speed. In this study, 𝑇
𝑔
is calculated using

the empirical formula developed by Tonouchi andMurayama
[31]:

𝑇

𝑔
= 𝑇

𝑎
+ 12.1+ 0.0067𝑆 − 2.4√𝑢 (𝑆 > 400) ,

𝑇

𝑔
= 𝑇

𝑎
− 0.3+ 0.0256𝑆 − 0.18√𝑢 (𝑆 ≤ 400) ,

(4)

where 𝑆 is solar radiation [W/m2] and 𝑢 is wind speed [m/s].

3. Results

The subsequent analysis focuses on daytime (6:00–18:00 local
time) given that heat stress is maximized during this time
period. Climatological averages of daytime temperature and
WBGT are calculated by taking hourly values during daytime
hours and averaging over 10 months (i.e., August of 2000–
2009).

3.1. Current Climate Reproducibility. As noted above, obser-
vational data for the full group of meteorological elements
required forWBGT calculation are only available at five loca-
tions in our analysis domain. A previous study showed that
spatial variations of climatological WBGT tend to be closely
associated with air temperature variations [20].Therefore, we
first validate the simulated spatial variation of air temperature
against the observed values from AMeDAS data; Figure 3
shows a comparison of the simulated and observed spatial
variations of daytime mean air temperature for the current
climate. The WRF model successfully captures the observed
spatial variation of temperature. The highest temperature is

found in central Tokyo, and this shows a clear representation
of the urban heat island effect. In addition, the spatial
correlation between the simulated and observed temperature
is high, at 0.97. However, WRF has a low-temperature bias,
with −0.5 as the analysis domain average.

Next, we examine the reproducibility of WBGT, using
the meteorological observation station data (Figure 4). The
simulated daytime mean WBGT generally agrees with the
observed value, and the biases are relatively small, with −0.54
for Choshi, +0.22 forMaebachi,−0.07 for Tsukuba, and−0.22
forUtsunomiya.Thebias for Tokyo is relatively high, at +0.68;
however, on the whole these biases are well within the range
of standard deviation.

3.2. Future Change in the Status Quo Urban Scenario. Dif-
ferences between the future status quo simulation and the
current climate simulation give the impact of global warm-
ing for the 2070s. Figure 5(a) shows the simulated future
changes in August daytime average WBGT in the status
quo urban scenario. A minimum of 2∘C increase in WBGT
is projected for the entire analysis domain, with a greater
increase found in mountain areas and in the plain area
northwest of central Tokyo. The projected future changes at
the five meteorological observation stations are also shown
in Figure 4, with projected increases ranging from +2.05 to
+2.09. All these increases are statistically significant, at the
99% level according to the two-sided Student’s 𝑡-test.

The simulated future changes in each of the WBGT’s
components are shown in Figures 5(b)–5(d). In general, 𝑇

𝑔

shows the highest increase for the whole analysis domain,
followed by 𝑇

𝑎
and 𝑇

𝑤
. The largest contribution for the

increase in WBGT comes from 𝑇
𝑤
, however, because of

its coefficient of 0.7 in the WBGT formula (see (1)). The
profound increases of WBGT in the mountain region appear
to be associated with the 𝑇

𝑤
increase (Figures 5(a) and

5(b)), whereas the greater WBGT increases in the plain area
northwest of central Tokyo appear to be associated with the
increases in 𝑇

𝑔
and 𝑇

𝑎
(Figures 5(a), 5(c), and 5(d)).

3.3. Impacts of the Future Alternative Urban Scenarios on
WBGT. The impacts of the future alternative urban scenarios
(dispersed and compact city scenarios) are evaluated. Figures
6(a) and 6(b) show the differences of August daytime mean
WBGT in each of the alternative urban scenarios from the
status quo scenario in future climate simulations.The impacts
of the alternative urban scenarios range from −0.4 to +0.4∘C.
In comparison with the 2∘Cwarming ofWBGT due to global
warming, the impact of the alternative urban scenarios is
fairly limited. However, some specific impacts are statistically
significant (Figures 6(c) and 6(d)).

In the compact city scenario, the WBGT difference from
the status quo scenario shows a very sporadic nature. There
is a general reduction in the vicinity of central Tokyo and
increases on the outskirts of the metropolitan area. Areas
of statistically significant anomalies are found in southern
Chiba (hereafter SC, denoted by a black circle in Figures
6(c) and 6(d)) and along the mountains west of Tokyo.These
sporadic natures of the WBGT differences and the statistical
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significance imply that the response of the climatological
meanWBGT to changes in the metropolitan urban structure
may be nonlinear.

In the dispersed city scenario, the WBGT anomaly
roughly follows that of temperature impact, with a general

increase in the rural area and a weak reduction in central
Tokyo. However, these changes are not statistically signifi-
cant. Instead, statistically significant reductions are found in
SC and in the mountainous area west of Tokyo, and these
reductions are contrary to what would be expected from
temperature impact. Section 4 offers a detailed discussion of
possible reasons for the foregoing alternative urban scenario
impacts on WBGT.

3.4. Decomposition of WBGT Responses to Future Alterna-
tive Urban Scenarios. The impacts of the alternative urban
scenarios on each of the WBGT components are shown in
Figure 7. Differences in 𝑇

𝑎
for the compact scenario show an

increase in the central Tokyo surrounded by a reduction area,
whereas for the dispersed scenario a concentrated reduction
is found in the central Tokyo surrounded by a wide area
of increased 𝑇

𝑎
(Figures 7(e) and 7(f)). These responses of

air temperature to the alternative urban scenarios are in
accordance with the previous studies [15, 17].We further note
that the areas of apparent 𝑇

𝑎
responses are confined to the

area of land surface modifications for the alternative urban
scenarios (Figure 2). In this area, 𝑇

𝑔
shows similar responses
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Figure 5: Spatial distributions of the simulated future change for the 2070s with the status quo urban scenario: (a) WBGT, (b) wet-bulb, (c)
globe, and (d) air temperature. All variables are August daytime averages.

to those of 𝑇
𝑎
. However, 𝑇

𝑔
responses also appear outside of

the land surface modification with sporadic nature (Figures
7(c) and 7(d)). This is considered to be associated with the
remote influence via nonlinear processes of cloud formation.
The𝑇
𝑤
responses show a binary-like nature, in that responses

are either within a range of −0.05 to +0.05∘C, or greater than
±0.4∘C (Figures 7(a) and 7(b)). Areas of responses greater
than±0.4∘C roughly correspond to the statistically significant
WBGT changes (Figures 6(c) and 6(d)). As discussed in
Section 3.2, 𝑇

𝑤
has the largest coefficient in the WBGT

formulation. Given that alternative urban scenario responses
of all WBGT components range from −0.5 to +0.5∘C, 𝑇

𝑤

has the greatest control in determining the sign of change in
WBGT.

4. Discussions

4.1. Impacts of Urban Land Surface Modifications on 𝑇
𝑤
.

The above results indicate that changes in August daytime
mean WBGT are largely controlled by 𝑇

𝑤
changes, both for

global warming and for the alternative future urban scenario
impacts. The following discussion considers the behavior of
𝑇

𝑤
in the context of the urban land surface modification.

Here we use the model grid points in SC area denoted by
black circles in Figures 6(c) and 6(d), as they exhibit opposite

Table 2: Impacts of the future alternative urban scenarios (dispersed
and compact city scenarios) on wet-bulb temperature (𝑇

𝑤

), air
temperature (𝑇

𝑎

), and vapor pressure (Vp), each averaged over the
model grid points with statistically significant responses in southern
Chiba (area denoted by black circles in Figures 6(c) and 6(d)).

Δ𝑇

𝑤

[∘C] Δ𝑇

𝑎

[∘C] ΔVp [hPa]
Dispersed −0.52 0.16 −1.44
Compact 0.39 −0.01 1.02

WBGT changes by urban scenarios and show relatively
more coherent nature in space (i.e., model grid points with
statistically significant changes are clustered in this area).The
SC area-averaged responses of 𝑇

𝑤
, 𝑇
𝑎
and humidity (here

vapor pressure, denoted as Vp, is used in order to eliminate
any influence of 𝑇

𝑎
) are shown in Table 2. 𝑇

𝑤
increases if 𝑇

𝑎

and Vp increase ((2) and (3)). In SC, for the compact city
scenario, 𝑇

𝑎
has little response (−0.01∘C) but Vp is increased

(+1.02 hPa). The resulting response of 𝑇
𝑤
is thus an increase

(+0.39∘C). On the other hand, for the dispersed scenario,
𝑇

𝑎
is increased (+0.16∘C) but Vp is decreased (−1.44 hPa);

the resulting 𝑇
𝑤
response is negative (−0.52∘C). Here, the

decrease in 𝑇
𝑤
in the dispersed city scenario appears to be

the result of the reduction in Vp outweighing the increase
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Figure 6: Spatial distributions of the alternative urban scenario responses (relative to the status quo urban scenario) in August daytimemean
WBGT to (a) the compact city scenario and (b) the dispersed city scenario. Model grids with statistical significant (𝑃 < 0.1) differences
(according to the two-sided Student’s 𝑡-test) for the compact and the dispersed city scenarios are shown in (c) and (d), respectively. Black
circles in panels (c-d) indicate Southern Chiba (SC) area. Model grid points in this area are used for analysis described in Section 4.1.

in 𝑇
𝑎
. Figure 8 shows the changes in 𝑇

𝑤
with respect to the

climatological mean, in the status quo scenario in SC, as a
function of changes in 𝑇

𝑎
and Vp. The black triangle denotes

the area where the decrease in Vp outweighs the 𝑇
𝑎
, and 𝑇

𝑤

decreases as a result. The dispersed city scenario changes are
located in this area. In this way, relative changes in 𝑇

𝑎
and Vp

determine the sign of the change in 𝑇
𝑤
. Notably, the impacts

of alternative urban scenarios in Vp are relatively greater in
SC (Figure 9), compared to other areas, while temperature
change shows no peculiarity (Figures 7(e) and 7(f)). In
general, 𝑇

𝑎
and Vp increase with increases of the urban and

green fractions, respectively. As the increases/decreases of the
urban fractions are counterbalanced by decreases/increases
of the green fractions, 𝑇

𝑎
and Vp are typically negatively

correlated, as shown in Figure 10. However, there are some
exceptions in the negative correlations, and most of them are
in SC (denoted by blue dots in Figure 10); Vp responses are
unproportionally large compared to 𝑇

𝑎
responses.

What, then, has led to the peculiar responses in Vp
in this area? Changes in the urban fractions (and thus
changes in the green fractions) are not as prominent in this
area, in comparison with northeastern Chiba, for example,
where no statistically significant WBGT anomalies are found

(Figure 2).This indicates that themagnitude of the respective
change in the urban and green fractions does not necessarily
determine the amount of Vp responses. Other potential
causes for the Vp responses reduction include changes
in circulation patterns throughout the metropolitan area.
Previous studies have shown that drastic changes in urban
land surfaces modulate sea-breeze circulations [32, 33] and
precipitation [34, 35]. However, our simulations did not show
notable changes in the wind patterns within the planetary
boundary layer, which would lead to substantial changes in
moisture availability in SC (not shown). Investigations for the
mechanism of Vpmodulation within the planetary boundary
layer by urban land surface modifications are left for future
studies.

4.2. On the Effectiveness ofMetropolitan-Scale Urban Planning
to Heat Mitigation. As described in Section 3.3, the impacts
of the alternative urban scenarios (ranging from −0.4 to
+0.4∘C) are fairly small compared to the global warming
signal (2∘Cwarming ofWBGT).These findings indicate that,
at least for Tokyo, metropolitan-scale urban planning is not
particularly an effective approach to mitigate heat-related
health risks. The limited effectiveness is in part attributed
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Figure 7: Responses of WBGT’s components (top: wet-bulb temperature, middle: globe temperature, and bottom: air temperature) to the
compact (left) and the dispersed (right) city urban scenarios. All responses are August daytime averages and are relative to the status quo
scenario in the future climate.

to the current mature state of Tokyo, where there is little
room left for substantial changes in urban land surface. In
addition, Tokyo metropolitan area is surrounded by ocean
and mountains thus further expansion of urbanized area is
unlikely. Some of the studies that reported significant thermal
environment changes by urbanization assumed horizontal
expansion of urbanized areas whereby replacing existing
natural land surface to urbanized one [10, 12]. Such expansion
is not considered in this study.

4.3. Future Tasks. In the present study, we have focused on
the impacts of urban land surface modifications to the moist
thermal environment. However, there are many factors that
may substantially alter the moist thermal environment in
urbanized areas. For example, aerosols are known to mod-
ulate moist processes (such as fog, cloud, and precipitation
formations) within and outside of urbanized areas [36];
therefore they can potentially impactWBGTvia changing the
amount of insolation reaching the ground surface. We also
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Figure 9: Responses of vapor pressure to the (a) compact and (b) dispersed scenarios. Responses are August daytime averages and are relative
to the status quo scenario in the future climate.

note that, at street level, solar insolation is largely affected
by the complex surface structure of urbanized area, as has
been demonstrated by previous studies [37, 38]. Explicit
treatments of individual buildings and roadside trees are
required for detailed assessment of radiation at street level
but are not considered in the present study due to the limited
computational capacity. Other key factors not considered
here include the day-to-day variation of anthropogenic heat
release associated with variable weather condition and the
anticipated reduction of the Japanese population. Assess-
ments of these factors are left for future studies.

5. Conclusions

Taking the Tokyo metropolitan area as an example, the
present study assessed the impact of metropolitan-scale
urban planning scenarios on a moist thermal environment

in the context of climate change. Special attention was given
to the relative influence of temperature and humidity. In
this regard, WBGT was used as an index for evaluating
comprehensive heat stress, taking both temperature and
humidity into consideration. Dynamical downscaling sim-
ulations were conducted based on three metropolitan-scale
urban scenarios for Tokyo, developed by Yamagata et al.
[15]: status quo (future urban structure remains unchanged),
dispersed city (population spreads out to rural area), and
compact city (population converges on central Tokyo).

The future projection for the status quo scenario shows a
2–2.4∘C increase in daytimemeanWBGT.The overall impact
of the two alternative urban scenarios was estimated to be
from −0.4 to +0.4∘C, which is relatively small compared
to the global warming signal. These findings indicate that
metropolitan-scale urban planning may not be effective for
heatmitigation, at least for Tokyo.The limited effectiveness of
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Figure 10: Scatter diagrams of August mean daytime average vapor pressure (Vp) and air temperature (𝑇
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urban planning scenarios is considered in part to the mature
state of Tokyo’s urban structure, where there is little room left
for substantial modifications of urban land surface.

While small in magnitude, some the specific urban
scenario impacts were statistically significant. Statistically
significant changes were sporadic in nature, indicating that
the response of the climatological mean WBGT to changes
in urban structure may be highly nonlinear. Some of the
alternative urban scenario impacts on WBGT were revealed
to be opposite to temperature response, despite the fact that
WBGT is strongly dependent on temperature. In particular,
southern Chiba showed a statistically significant reduction
in WBGT in the dispersed city scenario, in spite of the
temperature increase; and the respective area analysis showed
that this reduction was induced by the greater impact
of the humidity reduction outweighing the temperature
increase. No necessary correlation was observed between the
reduction in humidity and changes in the urban and green
fractions, suggesting that nonlocal changes may have a causal
role in this reduction.
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