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Abstract:

In this study, the relationship between urban size and heat island intensity is analyzed using
the meso-scale Weather Research & Forecasting (WRF) model, and is applied to three
different sized cities (Tokyo, Osaka, and Nagoya). Given that the urban areas of the study
region spread inland, there were a number of high temperature points, with air temperature
tending to be relatively higher in Tokyo. The spatial average air temperature in urban areas
rise with the expansion of the urban size, since higher air temperature areas increase inland.
In the case of calculating the heat island intensity using spatial average temperatures in

urban areas, the heat island intensity is related to urban size.
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Highlights

The relationship between urban size and heat island intensity is analyzed using WRF model,
and is applied to three different sized cities (Tokyo, Osaka, and Nagoya).

The heat island intensities of Osaka and Tokyo were almost the same at the same distance
points from the coast regardless of different urban areas.

In the case of calculating the heat island intensity using spatial average temperatures in
urban areas, the heat island intensity is related to urban size.



1. Introduction

Urban heat island intensity is defined by the air temperature difference between an urban
area and its surrounding suburbs. Oke (1973) revealed that urban heat island intensity is
proportional to the logarithm of the population, based on observations in a number of cities
in North America and Europe. Fukuoka (1983) and Park (1986) both showed the same
relationship in Japanese and Korean cities and revealed that the slope of the relationship is
steep for cities with more than 300,000 people. Sakakibara and Kitahara (2003) also
showed a similar relationship for cities in Nagano Prefecture, Japan; however, the change
in slope, such as that found by Fukuoka and Park, was not obtained.

In these studies, population was used to indicate the degree of urbanization. An increase in
population, for example, was associated with high-rise buildings and land use change, as
well as with an expansion of the urban area. More specific indicators, such as urban area,
artificial land coverage, and average building height, should be used to implement more
effective heat island countermeasures. The mesoscale Weather Research & Forecasting
(WRF) model (Skamarock et al., 2008), which is used generically worldwide, is effective
for these studies (lizuka et al., 2010, Kusaka et al., 2013, Moriyama et al, 2014). Therefore,
this study used the WRF model to analyze the relationship between urban size and heat
island intensity in three cities representing different sizes (Tokyo, Osaka, and Nagoya). The
original definition of urban heat island intensity by Oke (1973) is the annual maximum air
temperature difference. However, since the higher air temperature in the summer is noticed

socially, which causes the deterioration of the thermal environment in outdoor space and



the increase of energy consumption, the higher air temperature period of summer was
selected as the objective period in this study.

Outline of calculations and calculation results are described in chapters 2 and 3. Conclusion
is described in chapter 4. The objective of the study is to analyze the relationship between
urban size and heat island intensity, by using WRF model. Present land use and potential

natural vegetation are set for land use boundary condition.

2. Outline of calculations

The objective study areas are shown in Figure 1. The outer square is domain 1 (3 km grid,
360 km square) and the inner filled square is domain 2 (1 km grid, 103 km square). The
nesting technique was used in each region. The calculation results of air temperature at 2 m
high and wind velocity at 10 m high in domain 2 were used for the analysis. Calculation
conditions are shown in Table 1. The period for which calculations were done was from
August 1 — 31, 2010. Based on digital national land information (spatial resolution of 100
m) and a normalized vegetation index created from Landsat7 ETM+ data, urban areas were
classified into three categories according to the previous study (Kitao et al., 2010): high-
rise and high-density, middle-rise and moderate-density, and low-rise and low-density.
Present land use and potential natural vegetation in Tokyo, Osaka, and Nagoya are shown
in Figure 2. Potential natural vegetation is an ecological concept referring to the vegetation
that would be expected given environmental constraints (climate, geomorphology, geology)

without human intervention or a hazard event. The concept has been developed in the mid



1950s by phytosociologist Reinhold Ttixen, partly expanding on the concept of climax.
Image data was scanned and mapped. Frequency of urban land use at each distance point
from the coast is shown in Figure 3. The total number of these land use grids was 3,698 in
Tokyo, 1,271 in Osaka, and 1,416 in Nagoya. Frequency of urban land use in the three
cities was larger in the coastal area and decreased gradually in the inland area. Urban land
use is large in Tokyo as compared to Osaka and Nagoya. In addition, the number of urban
land use grids along the coastal area in Nagoya was slightly smaller compared to those for

Tokyo and Osaka.

3. Calculation results

3.1. Calculation accuracy

“Fine” days and sea breeze conditions were selected according to the conditions listed in
Table 2. Only three days, August 25, 26, and 29, contained these weather requirements and
were therefore selected. For these days, the calculated values and observed values, which
are instantaneous values every hour, are compared using observation station data in domain
2 of Tokyo, Osaka, and Nagoya. The calculation accuracies of air temperature and wind
velocity at the Tokyo, Osaka, and Nagoya observatories on August 25, 26, and 29, 2010 are
shown in Table 3. Position of measurement sites is shown in Figure 4. A comparison of

observed and calculated air temperatures at the Tokyo, Osaka, and Nagoya observatories on



August 26, 2010 is shown in Figure 5. For the three cities, calculation accuracy is

comparable to previous studies (Kitao et al., 2010 and Moriyama et al., 2014).

3.2. Relationship between distance from the coast and air temperature

The relationship between the distance from the coast and air temperature at 15:00 on
August 26, 2010 is shown in Figure 6. Many small plots and some large plots indicate
calculated values and observed values, respectively. Line is approximated by the quadratic
curve for each plot. Air temperature increased as distance from the coast increased, reached
its maximum, and then decreased slightly. We analyzed similar relationships from 9:00 to
20:00. Similar trends were confirmed for other times. While air temperature increased as
distance from the coast increased in the coastal areas (less than 20 km), air temperature in

Tokyo only continued to increase toward its more inland area.

3.3. Air temperature distribution under present land use conditions

The calculation results for air temperature at 2m high under present land use conditions in
Tokyo, Osaka, and Nagoya at 15:00 on August 26, 2010 are shown in the upper part of
Figure 7, and frequency of air temperature for present land use for that time is shown in
Figure 8. In the three cities, air temperature was lower in the coastal areas and higher in the
inland areas. Number of higher air temperature points in Tokyo was larger than those in the

other cities, which are located mainly in the inland areas.



The relationship between wind velocity, altitude and air temperature at 15:00 on August 26,
2010 are shown in Figures 9 and 10. Whereas air temperature was slightly higher when
wind speed was slower, it decreased when wind velocity was more than 3.0 m/s, in all three
cities. The points where wind velocity is more than 3.0 m/s are located mainly along the
coastal areas. Air temperature was slightly lower at higher altitudes in all three cities.

Overall, altitude was not a dominant factor for air temperature in these urban areas.

3.4. Air temperature distribution under natural vegetation land use conditions

The calculation results for air temperature at 2m high under natural vegetation land use
conditions in Tokyo, Osaka, and Nagoya at 15:00 on August 26, 2010 are shown in the
lower part of Figure 7. Frequency of air temperature for present land use and natural
vegetation at 15:00 on August 26, 2010 are shown in Figure 11. The air temperature
differences between current urban land uses and natural vegetation means urban heat island
phenomena are caused by urbanization. Characteristics of air temperature distribution in
natural vegetation land use are the same as those in urban land use, and frequency of air
temperature for natural vegetation land use is 1 - 2 °C lower than it is in present land use.
Characteristics of air temperature distribution are recognized regardless of the presence of
an urban area. A number of high temperature points exist because urban areas spread inland

where air temperatures tend to be relatively higher in Tokyo.

3.5. Relationship between distance from the coast and heat island intensity



The relationship between distance from the coast and heat island intensity is shown in
Figure 12. In Figure 123, the approximate curve was extracted from Figure 6. Air
temperature near the coast, where the distance from the coast is 0 km, was used as a
reference (Tr). The approximate curve for Tokyo overlaps the curve for Osaka but does not
overlap the curve for Nagoya. The reason for this difference is that less urban land use
occurs along the coastal area in Nagoya compared to the coastal areas of Tokyo and Osaka.
According to the general urban boundary layer theory, heat island intensity is proportional
to the square root of the distance from the urban boundary (the coast), as shown in Figure
12 b. The urban boundary layer is not very developed due to less urban land use along the
coastal area of Nagoya, in comparison to Tokyo and Osaka. A schematic diagram of Osaka
and Tokyo is shown in Figure 12c. The heat island intensities (Tu — Tr) of Osaka and
Tokyo were almost the same (Osaka: +2.8 degrees and Tokyo: +3.0 degrees at 20 km from
the coast) at the same distance points from the coast regardless of different urban areas.
Spatial average heat island intensity in the whole city (Tu_mean - Tr) and maximum heat
island intensity (Tu_max - Tr) are larger as the urban area, which is related to urban surface
size and population size (number of inhabitants), increases (Osaka: +2.1, +2.8 degrees,

Tokyo: +2.8, +3.7 degrees, respectively).

4. Conclusion



In this study, the relationship between urban size and the heat island intensity is analyzed
using the meso-scale Weather Research & Forecasting (WRF) model, and is applied to
three different sized cities (Tokyo, Osaka, and Nagoya). Air temperature increased as
distance from the coast increased, reached its maximum, and then decreased slightly.
Number of higher air temperature points in Tokyo was larger than those in Osaka and
Nagoya, which are located mainly in the inland areas. Given that the urban areas of the
study region spread inland, there were a number of high temperature points, with air
temperature tending to be relatively higher in Tokyo. The heat island intensities of Osaka
and Tokyo were almost the same at the same distance points from the coast regardless of
different urban areas. The spatial average air temperature in urban areas rise with the
expansion of the urban size, since higher air temperature areas increase inland. In the case
of calculating the heat island intensity using spatial average temperatures in urban areas, the
heat island intensity is related to urban size, which is also related to population size
(number of inhabitants). This was proven by lower temperatures correlating with less
developed urban land and boundary layer in the coastal area of Nagoya, in comparison with

Tokyo and Osaka.
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Period August 1l - 31, 2010

Vertical grid 28 layers (ground surface to 100 hPaj

Domain 1: 3 km (120 x 120 grid)

Horizontal grid - 3x 103 gr
orizontal gn Domain 2: 1 km (103 x 103 grid)

Objective analysis data IMA - MANAL, NECP - FNL

Elevation Digital map (50m x 50m grid)

Land use Digital national land information (100m x 100m grid),
Landsat7 ETM+ data

Microphysics Purdue Lin et al.

Radiation scheme RRTM (long wave), Dudhia (short wave)

PBL scheme Mellor-Yamada-Janjic

Urban: UCM (Urban Canopy Model)

Surf: .ch
HHace seheme Mon Urban: Noah LSM

Cumulus parameterization|None
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Sea breeze

Fine day Criteria . Criteria
condition
Muaostly Sunny and , , More than 2.0 m/s at
Weather . Wind velocity
Sunny Observatory

Sunlight | | [okyo: S, S5W

hours More than 7.0 hours  \wind direction Osaka: W, WSW

Magoya: 55k, 5k

E“.jla.r More than 19 MJ/m? . . More than 6 hours under the

radiation Duration time

Precipitation

Less than 0.5 mm

above conditions




Air ternperature at 2m high in Tokyo

Air fermnpersture 8t 2m high inCssk s

Air ternperature at 2m high in Nagoya

Observation station | Biss ['C] | RMSE ['C] | Correlation [-] Observation station | Biss ['C] | RMSE['C] | Corelation L] Observation station | Biss [C] | RMSE['C] | Comelation [-]
Tokyo 027 0.50 082 Ossxs 022 0.45 0.85 Magoya 0.52 085 0.93
MNerima 0.40 0.96 0.91 Fobe 007 0.47 0.92 Tokai 0.13 102 0.93
Fucyu 1.91 222 088 Sakai 0.08 0.83 0.93 Az i -0.31 075 0.94

Seitama 074 1.02 085 Toyonaka 012 0.7 0.94 Toyota 0.52 1.14 0.96

Tsukuba 0.82 1.07 085 ao 0.97 1.32 0.92 Gifu 0.42 0.95 0.93

Chiba -0.47 0.58 087 Hirsxata 0.04 0.87 0.593 Tajimi 0.28 1.70 0.24
Wind velocity at 10m high in Tokyo Wind velocity at 10m high in Osak Wind velocity at 10m high in Nagoya

Crbservation station | Bias [mis] | RMSE [més] | Correlation [-] Cbservation station | Bias [més] | RMSE [més] | Comelation -] Crbservation station | Biss [mis] | RMSE [mys] | Comelation [-]
Tokyo -0.73 0.96 077 Dssea 019 0.89 0.80 Magoys -0.80 1.01 0.85
MNe ima 1.07 1.28 0328 Kobe -122 1.42 0.78 Tok ai 0.44 088 0.54
Fucyu 037 0.93 0.50 Sakai 012 0.74 0.4 Az i 1.22 1.80 0.52

Seitama 0.34 0.68 0.53 Toyonaka -0.21 0.78 0.72 Toyota 0.08 0.57 0.18
Tsukuba -0.07 0.87 054 ao -1.18 1.45 0.59 Gifu -0.58 083 0.72
Chiba -1.28 1.48 0.51 Hirsxata 0.84 1.01 0.14 Tajimi 0.18 074 0.23






