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Abstract 26 

    This study investigates the impact of urbanization on surface air temperature and the 27 

urban heat island (UHI) for Sendai City. We estimate the impacts of the urbanization 28 

during the 150-year period by comparing the 1850s to the 2000s case. We use the Weather 29 

Research and Forecasting (WRF) model with 1-km horizontal resolution and three land-30 

use datasets, one for potential natural vegetation (PNV) data, the other two for realistic 31 

land-use data (the 1850s and 2000s). Results from the control simulation (2000s land-use 32 

case) are firstly verified against observations. The results show that the WRF model rea-33 

sonably well reproduces the diurnal variation of the observed surface air temperatures in 34 

the 2000s land-use case at six stations in Miyagi prefecture. The model mean biases range 35 

from −0.29 to −1.18 °C in August (10-year average) and from −0.44 to −1.50 °C in Feb-36 

ruary (10-year average). Secondly, the impacts of urbanization on the surface air temper-37 

ature distribution in and around Sendai City are evaluated. In the 1850s land-use case, the 38 

very small urban area of Sendai City results in a negligible UHI. This case gives nearly 39 

the same surface air temperatures as experiments using the PNV. Comparing the simu-40 

lated monthly mean surface air temperatures in the central part of Sendai City between 41 

the 1850s and 2000s land-use cases, we find that the monthly mean temperature for Feb-42 

ruary in the 2000s is 1.40 °C higher than that in the 1850s, whereas that for August is 43 
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1.30 °C. Similarly, we find considerable nocturnal (1800–0500 JST) average surface air 44 

temperature increases of 2.20 °C in February and 2.00 °C in August.   45 

 46 

Keywords: urban heat island; urbanization; potential natural vegetation; land-use 47 

change; Weather Research and Forecasting model 48 
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1. Introduction 62 

    Urbanization has evoked a growing interest in recent years and plays an important role 63 

in people's lives. In the last few decades, many cities have had a rapid rise in atmospheric 64 

temperature due to fast urbanization and industrialization. Considerable attention has 65 

been paid to urban heat islands (UHIs) as representative of climate modification in urban 66 

areas. UHIs are generally defined as the difference in surface air temperature between a 67 

city and its surrounding rural area. This difference strongly depends on its geographical 68 

location, population, anthropogenic heat (AH) release, city size, weather, and seasonal 69 

variations (Oke 1973, 1982). The increase in temperature of urban areas leads to human 70 

discomfort, health problems, higher energy consumption, and pollution (Gartland 2012). 71 

    Recently, many numerical experiments have been used to explore the impact of past 72 

urbanization on the UHI for various cities (e.g., Kusaka et al. 2000, 2014; Ichinose 2003; 73 

Lin et al. 2008; Miao et al. 2009; Shem and Shepherd 2009; Zhang D. et al. 2009; Kitao 74 

et al. 2009; Georgescu et al. 2009a, b, 2011; Grossman-Clarke et al. 2010; Zhang N. et 75 

al. 2010; Zhou and Shepherd 2010; Aoyagi et al. 2012; Cui and De Foy 2012; Feng et al. 76 

2012; Salamanca et al. 2012; Yang et al. 2012; Giannaros et al. 2013; Li XX. et al. 2013; 77 

Doan and Kusaka 2015; Heaviside et al. 2015; Sugimoto et al. 2015a; Bhati and Mohan 78 

2016; Chen et al. 2016; Li et al. 2017; Vitanova and Kusaka 2018). For the northern part 79 
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of the Tokyo metropolitan area, Kusaka et al. (2000) estimated the effect of land-use al-80 

teration over 85 years (1900–1985) on the sea breeze and UHI using historical land-use 81 

data in the 1900s, 1950s, and 1985. They concluded that the intensity of daytime UHI in 82 

this area on a clear sky summer day was 3.0 to 4.0 °C due to heat advection, land-use 83 

changes, and delays of the sea-breeze front over the urban area. For Atlanta between 84 

1984–2007, Zhou and Shepherd (2010) numerically examined the UHI and summertime 85 

heat waves, finding that the largest UHI magnitude occurred in spring. For Phoenix at 86 

night between 1973–2005, Grossman-Clarke et al. (2010) confirmed the UHI effect, find-87 

ing the effect increased when the irrigated agricultural land was converted to a suburban 88 

development area. For Ho Chi Minh City over 1989–2009, Doan and Kusaka (2015) 89 

found the simulated urbanization impact to be 0.31 °C in April, with an overall 0.64 °C 90 

increase in surface air temperature during this period. They argued that urbanization con-91 

tributed about half of the temperature increase. For Hokkaido, Japan, Sugimoto et al. 92 

(2015a) investigated the impact of historical land-use change on the surface air tempera-93 

ture. They used long‐term observations and a regional climate model based on past and 94 

current land-cover maps. They found a greater rate of warming in winter than in summer 95 

and a greater increase in daily minimum than daily maximum temperatures. Their results 96 

suggested that urbanization had a strong influence on the historical temperature increase. 97 
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    The impact of future urbanization on UHI has been studied (e.g., Shepherd et al. 2010; 98 

Salathe et al. 2010; Adachi et al. 2012; Argueso et al. 2012, 2014; Kusaka et al. 2012, 99 

2016; Hamdi et al. 2014; Iizuka et al. 2015; Doan et al. 2016; Chen and Frauenfeld 2016; 100 

Lee et al. 2017; Kaplan et al. 2017). For example, Argueso et al. (2014) used present data 101 

from 1990–2009 and future data for 2040–2059 to examine the impact of future urban 102 

expansion in Sydney. For Brussels and the greater Paris region, Hamdi et al. (2014) in-103 

vestigated the present climate for 2001–2010 and the future climate for 2046–2055. Most 104 

of these studies find large temperature increases under future urbanization. On the other 105 

hand, Kusaka et al. (2016) investigated urban climate projections for Tokyo for August 106 

in the 2050s. For this already matured metropolis, they found that urbanization would 107 

increase the temperature much less than that from global climate change. 108 

    Although previous studies have investigated the impact of urbanization on the local 109 

climate of a city, few studies have tracked this impact from the establishment of the city. 110 

Fewer still are numerical studies focusing on the climate effect between the potential nat-111 

ural vegetation (PNV) data and realistic land-use changes. The PNV is ‘untouched’ veg-112 

etation that would exist in the absence of humans. The realistic land-use is represented by 113 

the 1850s and 2000s land-use cases, which include the human influence over the cities 114 

and vegetation. Kitao et al. (2009) investigated the impact of urbanization in the Osaka 115 
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metropolitan area using PNV and current land-use data (2006). They concluded that the 116 

inland air temperature on a clear sky day under the current land use was about 4 °C higher 117 

than that under the PNV land-use near the Osaka Plain and Southern Kyoto. Ichinose 118 

(2003) numerically investigated the urban warming related to land-use changes for 135 119 

years (1850–1985) in five Japanese cities including Sendai City. However, each of these 120 

studies separately focuses on the impact of land-use change between PNV and present, 121 

and between 1850 and 1985, and the simulations are limited to several typical summer 122 

days. 123 

    Here we examine the impact of urbanization on the UHI in Sendai City during the 124 

1850s and then compare to the simulated results using PNV. Additionally, we estimate 125 

the impacts of the urbanization during this 150-year period by comparing the 1850s to the 126 

2000s case. Moreover, we investigate the individual contributions between AH release 127 

and land-use changes. There are two main reasons for studying Sendai City. First, Sendai 128 

City, known as the ‘city of trees’, is one of the greenest Japanese cities, having numerous 129 

tree-lined streets and green areas. Most other studies were on cities with less vegetation; 130 

however, studies in cities with plenty of vegetation should not be ignored. Second, esti-131 

mating the impact of past urbanization could contribute to better urban planning of Sendai 132 

City, particularly because it was damaged by the Great East Japan Earthquake of 2011. 133 
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Improved urban planning should include mitigation strategies for the thermal environ-134 

ment as the temperature is expected to increase in the next several decades on account of 135 

global warming. Moreover, the possibility of a large earthquake and subsequent disasters 136 

in the future requires wide examination of Sendai and its surroundings including the past, 137 

present, and future urbanization impact on the UHI. For example, Iizuka et al. (2015) 138 

showed a better urban future planning solution for the Nagoya metropolitan area by con-139 

sidering UHI mitigation and tsunami protection using regional climate simulations.  140 

    Thus, our examination here of the natural and anthropogenic influences on the local 141 

climate in Sendai City may be useful in the field of physical geography.  142 

    In the next section, we describe the data and method. Results are given in section 3. 143 

Discussion follows, in section 4, and we summarize in Section 5. 144 

 145 

2. Data and methodology 146 

2.1 Study area  147 

    In 1889, Sendai became an incorporated city with a population of 86,000, an expanse 148 

of 17.5 km2 and a population density of 4,928 people/km2 (Urban Planning Bureau, Sen-149 

dai City, 2015). Since then, the city has grown quickly. Sendai City subsequently merged 150 

with many surrounding towns, increasing its population to 1,009,078 in 2000. The city 151 
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area expanded to 788.0 km2, and the population density became 1,280 people/km 2 in 2000 152 

(City of Yokohama, 2000: Population News of Major Cities). 153 

    Sendai City has diverse geography surrounded by mountains and the ocean (Fig. 1). 154 

The city’s borders are defined by the Ou Mountain range in the west and the Pacific Ocean 155 

to the east. The elevation changes gradually from a plain in the east to a hilly center till 156 

reaching the western mountains. The city’s location is 38.16° N, 140.9° E with an average 157 

elevation of 44 m.  158 

    Sendai City is located in a humid subtropical climate zone (Cfa) under the Köppen–159 

Geiger system (Kottek et al. 2006; Peel et al. 2007), exhibiting a hot summer and cold 160 

winter. August is the warmest month, with a mean surface air temperature of 24.20 °C, 161 

whereas January and February are the coldest months with mean temperatures of 1.60 162 

and 2.00 °C, respectively (Japan Meteorology Agency, 2016).  163 

 164 

2.2 Model configurations 165 

    To evaluate the impact of past and present urbanization, numerical simulations were 166 

run for August and February using the Weather Research and Forecasting (WRF) model 167 

3.5.1 (Skamarock et al., 2008) with 1-km resolution. Such high-resolution is beneficial to 168 

detect the grid cells of a very small urban area and to provide a wealth of high-resolution 169 
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output data.  170 

    Most of the classical UHI studies have focused on the nocturnal heat island observed 171 

on clear calm days in summer and winter (Kusaka, 2008). Moreover, the increased energy 172 

consumption used for cooling or heating could be an important factor for the temperature 173 

behavior during summer and winter. Hence, to investigate this behavior, we selected the 174 

warmest (August) and coldest (February) months as our study periods. 175 

    The overall model configurations are summarised in Table 1. For the numerical exper-176 

iments, four nested domains with spatial resolutions of 27, 9, 3, and 1 km are used. Thirty 177 

vertical layers are used for all domains. Figure 1a shows the simulation domains where 178 

the domain d04 corresponds to the researched area in this study (Fig. 1b). 179 

    The initial and boundary conditions are based on the final operational and global anal-180 

ysis data obtained from the National Center for Environmental Prediction (NCEP-FNL). 181 

These data include the sea-surface temperature (SST) and are converted from the Univer-182 

sal Time Coordinated (UTC) to the Japanese Standard Time (JST; UTC+9 hours). The 183 

simulation period is from 25 July (2100 JST) to 01 September (0300 JST) and from 20 184 

January (2100 JST) to 01 March (0300 JST) between 2000 and 2009 (10 years). The 185 

research period used for analysis is from 1 August (0100 JST) to 31 August (2400 JST) 186 

and from 1 February (0100 JST) to 28 February (2400 JST) between 2000 and 2009.  187 
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    То justify the physical lower boundary of the WRF model, we use the Noah land-sur-188 

face model (Chen and Dudhia, 2001) coupled with the single-layer urban canopy model 189 

(UCM) (Kusaka et al., 2001; Kusaka and Kimura, 2004; Chen et al., 2011). The single-190 

layer UCM calculates the urban surface fluxes and temperature, considering a two-di-191 

mensional urban canyon of roofs, buildings, and roads. All experimental cases use the 192 

same physics scheme. 193 

 194 

2.3 Experimental cases and land-use data 195 

    To estimate the impact of urbanization on surface air temperature and UHI in Sendai 196 

City, we consider the following experimental cases. Table 2 lists their parameters.  197 

 198 

    a. Case PNV  199 

    The PNV is vegetation without any human intervention. Miyawaki et al. (1987) created 200 

the PNV map of Japan, investigating numerous sites throughout Japan that are affected 201 

by human activities. Here, we digitize this map, and then we interpolate it in the WRF 202 

model. То estimate the impact of urbanization on the surface air temperature, we compare 203 

the PNV to the 1850s, and the 1850s to the 2000s. Comparing the natural experiment to 204 

the urban one is commonly used in modeling studies (Ma et al., 2017). For example, 205 
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Georgescu et al. (2011) used this approach, replacing all anthropogenic land cover with 206 

native vegetation. 207 

 208 

    b. Case LU1850s  209 

    Case LU1850s is a realistic land-use of the 1850s. We use the 1850s map created by 210 

Himiyama et al. (1995). We convert the map-image for 1850 map to digital data and then, 211 

as in the previous case, the data are interpolated in the model.  Here, the AH is set to 0 W 212 

m-2.   213 

 214 

    c. Case 1850s  215 

    In this case, the converted digital data are the same as in the LU1850s case. A compar-216 

ison between the LU1850s and 1850s cases is needed to clarify the uncertainty of AH 217 

impact in the 1850s. We assume that the AH values in the 1850s probably range between 218 

0 and 5 W m-2. We further assume that the accumulated heat is small for this period be-219 

cause there is no electricity and no cars. However, the AH may be nonzero because in 220 

this period, Japan became opened for commerce and influence with other countries, with 221 

industrialization just begun. Hence, we assume that the AH in the 1850s is comparable to 222 

that in the rural area in Japan during the present (5 W m-2).  223 
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    In this case, wooden houses and buildings with approximately 5-m height are consid-224 

ered.  225 

 226 

    d. Case LU2000s 227 

This realistic case uses land-use data from 2006. The land-use data is provided by the 228 

Japanese National Land Numerical service. The AH data used for this case is set to 0 W 229 

m-2. We will use the results from this case to evaluate the impact of land-use changes and 230 

anthropogenic heat release due to the recent human activities in Sendai City. 231 

 232 

e. Case 2000s  233 

    In this case, the land-use data are the same as in the LU2000s case. But the AH data 234 

used for the 2000s case is explained in detail in section 2.4.  235 

    The d04 area is divided into 147 x 147 horizontal grid points. The LU1850s and 1850s 236 

cases have only one urban category, and the average urban fraction is estimated by using 237 

an old detailed Sendai City map, created by Aizawa (1892). To quantify the urban fraction 238 

for the 2000s case, we define three main categories: low residential (LR), medium resi-239 

dential (MR) and high residential/commercial (HR) area. 240 

    Figure 2 shows diagrams of the land-use data associated with the PNV, LU1850s, 241 
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1850s, LU2000s, and 2000s cases. The central city site (CCS) indicates the closest grid 242 

point to an observation station at Sendai City. The CCS in every land-use case falls under 243 

a different land-use category. The CCS is forest for the PNV (Fig. 2a), but is urban for 244 

LU1850 and 1850s (Fig. 2b), and for LU2000s and 2000s (Fig. 2c). Traditionally, the 245 

detection of UHI is done by comparing two fixed points in the urban and rural areas. 246 

However, the urban area is strongly affected by the influence of the surrounding areas. 247 

Hence, only one point is not enough to identify the UHI in the whole city, especially large 248 

cities that consist of different land-use categories. To overcome this problem, we have 249 

considered estimating the UHI not only at CCS, but also in the total city area (TCA). The 250 

TCA in this study represents the current total city area of the Sendai metropolis. The TCA 251 

of the PNV is a forest. The TCA of the LU1850s and 1850s cases includes urban and non-252 

urban areas (mostly irrigated cropland), and the TCA of the LU2000s and 2000s cases 253 

consists of LR, MR, and HR areas. The number of grids used for CCS and TCA is shown 254 

in Table 2. In addition, Table 2 shows the urban fraction and urban parameters in the 255 

LU1850s, 1850s, LU2000s, and 2000s cases. We used these parameters as input variables 256 

into the UCM. 257 

    There are small differences in areas located along inland lakes and rivers due to the 258 

different expansion of the water surface data between the PNV and 1850s original maps. 259 
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However, these differences do not affect the results of the study.    260 

 261 

2.4 Anthropogenic heat flux data 262 

    The AH is an important input to urban climate simulations. In the 2000s case, the total 263 

AH flux released QF (W m-2) is estimated from heat from vehicles QV, heat from build-264 

ings QB, and human metabolic QM heat. QB equals the heat released from electricity 265 

QBE plus that from heating fuels QBH. The QBE value is calculated from the total elec-266 

tricity consumption data obtained by the Tohoku Electric Power. The QBH is calculated 267 

from the total gas, kerosene, LPG, naphtha, gas oil, and coal-consumption data obtained 268 

by Sendai City Gas and the Ministry of Economy, Trade and Industry of Japan. The av-269 

erage released QM is assumed to be 100.00 W per person (Sailor and Lu 2004; Sailor et 270 

al. 2015). QV is calculated from gasoline data provided by the Ministry of Economy, 271 

Trade and Industry. The present study uses the simple equation to define the QF (Sailor 272 

and Lu, 2004): 273 

QF = QV + QB + QM , 274 

QB = QBE + QBH . 275 

    To calculate the total AH, we multiply the monthly (August and February) average 276 

electricity, gas, kerosene, LPG, naphtha, gas oil, coal and gasoline consumption data by 277 
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the population of Sendai City, and then we divide by the city area (total number of model 278 

grid cells in Sendai City). As a result, we obtain the degree of AH released in each model 279 

grid cell, and then we convert it to the heat flux amount.  280 

    In addition, we estimated the diurnal profile of the AH in August and February. For the 281 

estimate, we calculated the diurnal profiles of the QV, QB, and QM separately, and then 282 

the diurnal profile of AH is calculated as a weighted average of these three diurnal pro-283 

files. The weights of QV, QB, and QM are 0.64, 0.24 and 0.12 in August and 0.58, 0.32 284 

and 0.10 in February, respectively. Figure 3 shows that the maximum values in August 285 

and February occur at 2000 JST. The diurnal variation of QV and QB was determined 286 

based on hourly data. For QM, the diurnal variation of metabolic heat emission was 287 

assumed to be 100.00 W per person: 75.00 W per person at night (2300-0500 h) and 288 

175.00 W per person in daytime (0700-2100 h) (Sailor and Lu 2004).  289 

 290 

2.5 Observational meteorological data 291 

    The observational data used in the present study is the automated meteorological data 292 

acquisition system (AMeDAS) network data provided by the Japan Meteorological 293 

Agency (JMA). The observational data is measured in Sendai City and in weather stations 294 
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near the city in Miyagi prefecture. The meteorological data is sampled hourly and in-295 

cludes the surface air temperature, wind speed and wind direction for August and Febru-296 

ary from 2000 to 2009. 297 

 298 

3. Results  299 

3.1 Land-use change in Sendai City  300 

    The PNV case is characterized by three main vegetation types: evergreen broadleaf 301 

forest, deciduous broadleaf forest, and evergreen needleleaf forest (Fig. 4a). The ever-302 

green broadleaf forest covers the coastal area up to 700 meters above sea level, whereas 303 

the deciduous broadleaf forest covers the area between 700 and 1500 meters above sea 304 

level and decreases with elevation (Miyawaki 1984). The mountain area is characterized 305 

by evergreen needleleaf forest elevated at 1600 meters above sea level and covers a very 306 

small region due to the limited extent of high mountains in the Sendai area.  307 

    The land-use of the 1850s is shown in Fig. 4b, where the region in red indicates the 308 

urban area. Here, the evergreen broadleaf forest drastically decreases, and the irrigated 309 

cropland increases due to human intervention. Moreover, numerous mixed forest and bar-310 

ren areas appear near the cropland, and the deciduous broadleaf forest area is reduced. 311 

    In the 2000s case, the urban area of Sendai City shows a considerable increase over 312 
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that in the 1850s, and is surrounded by irrigated cropland. Also, the evergreen broadleaf 313 

forest area is very limited (Fig. 4c).  314 

 315 

3.2 Model evaluation 316 

    We evaluate the model by comparing the observed (OBS) and simulated (WRF) data. 317 

The simulated results are obtained by extracting data from the grid point closest to the 318 

observation weather station. The surface air temperature and wind measurements are used 319 

for the validation as follows. 320 

 321 

    a. Surface air temperature 322 

To check the accuracy of the diurnal variation of the simulated surface air temperature, 323 

we use meteorological observation data from six stations. The location of each station 324 

belongs to an urban category as described in Table 3 and Fig. 1b. The locations for Sendai 325 

City and Ishinomaki correspond to the HR area. Shiogama and Kesennuma belong to the 326 

MR area, whereas Shizugawa and Watari are located in the LR area. Moreover, in Fig. 327 

1b, we use the location named ‘green point’. As all these locations belong to the urban 328 

area, this green point is located in an evergreen broadleaf forest area, and the land-use 329 

category of this area remains the same throughout the PNV, LU1850, 1850s, LU2000s 330 
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and 2000s cases. We will use this point to compare the surface air temperature between 331 

all land-use cases in the non-urban area. 332 

    The WRF results show sufficient correlation with the OBS data, with correlation coef-333 

ficients for all the observed data exceeding 0.97 (Table 3). The biases range from −0.29 334 

to −1.18 °C in August and from −0.44 to −1.50 °C in February. There is, however, in 335 

February a tendency to have a strong cold bias except at Ishinomaki. We consider the 336 

possibility of AH being underestimated in the LR area (Figs. 5f, 6e, and 6f). A reason is 337 

that the range of urban fraction (0.05–0.55) used in the LR area should be larger, which 338 

will increase the average urban fraction (Table 2).  339 

    In Sendai City, the lowest surface air temperatures (21.80 and 0.05 °C) are observed at 340 

0500 and 0600 JST in August and February respectively, while the highest temperatures 341 

(26.19 and 5.11 °C) are observed at 1300 and 1400 JST in August and February respec-342 

tively (Figs. 5 and 6). In addition, Fig. 5 shows that the observed surface air temperatures 343 

in August at 0500 JST are less in Ishinomaki, Shiogama, Kesennuma, Shizugawa and 344 

Watari by 0.46, 0.76, 1.49, 1.55, and 0.26 ℃ than those in Sendai City, respectively. At 345 

1300 JST, the temperature difference between Sendai City and these five stations are be-346 

tween 0.15 and 1.04 ℃. In February, at 0600 JST, the observed surface air temperatures 347 

at these same five stations decrease by 0.73, 0.75 ℃, 1.67, 1.65, and 0.23 ℃ compared 348 
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to that in Sendai City, whereas at 1400 JST, those differences are between 0.31 and 1.10 349 

℃ (Fig. 6). These results indicate that when the urban fractions decrease from a high 350 

value at Sendai City to a low residential area in one of the five other stations, the observed 351 

surface air temperatures at the five stations tend to decrease. An exception is Watari, 352 

showing that the result also depends on the geographical condition. 353 

    Moreover, Figs. 7 and 8 show the August and February horizontal surface air temper-354 

ature distribution between the OBS and the WRF data at 0500 and 1400 JST in the 2000s 355 

case. The WRF model can reproduce the horizontal temperature distribution in Sendai 356 

City and its surrounding area. The results between OBS and WRF data from both urban 357 

and non-urban stations show similar negative biases for the wide domain. When we eval-358 

uate the UHI effect, the biases must cancel because this study focuses on UHI and the 359 

impact of urbanization on the surface air temperature due to the land-use changes and AH 360 

releases between the PNV, LU1850s, 1850s, LU2000s, and 2000s cases. 361 

    In the 2000s case, the results from the OBS and WRF data for August show that the 362 

surface air temperatures are higher at 0500 JST and lower at 1400 JST near the coastline 363 

(Fig. 7). But in February, both at 0500 and 1400 JST (Fig. 8), a higher surface air tem-364 

perature is observed near the coastline compared to the other area. Important influences 365 

on the surface air temperature distribution in and around Sendai City are the radiation, 366 
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the land surface heating, and the surface wind. The impact of radiation and land surface 367 

heating will be discussed in Section 4, and the effect of surface wind will be discussed 368 

next. 369 

 370 

    b. Surface wind 371 

    Because Sendai City is located near the Pacific Ocean, the sea breeze has an impact on 372 

the variation of the surface air temperature in summer. In winter, a northwesterly wind is 373 

typical. The development of the sea breeze increases the wind speed, especially near the 374 

coastline. We find that the WRF model tends to overestimate the wind speed, especially 375 

in August at 1400 JST (Fig. 9d). However, the model can reproduce the horizontal wind 376 

distribution and the influence of the sea breeze.  377 

    During August, at 0500 JST (Figs. 9a, b), the wind in Sendai City is weak and the 378 

surface air temperature increases gradually towards the coastline (Figs. 7a, b). The wind 379 

speeds in the 2000s, 1850s, and PNV cases are 0.10, 0.54, and 0.56 m/s respectively at 380 

the central part of Sendai City (not shown). The southeasterly wind from ocean to land 381 

occurs at 1400 JST (Figs. 9c, d), implying that the sea breeze might cool the surface air 382 

temperature over the target regions along the coastline. The results show that at the central 383 

part of Sendai City, the sea breeze in 2000s case (2.26 m/s) slows by 0.56 and 1.03 m/s 384 
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compared to the 1850s and PNV cases, respectively (not shown). In February, the strong 385 

northwesterly wind approaches Sendai City (Fig. 10). At 0500 and 1400 JST, the wind 386 

speeds at the central part of Sendai City in the 2000s case are 1.38 and 2.25 m/s respec-387 

tively. The wind in the 2000s case at 0500 and 1400 JST slows down by 0.59 and 0.47 388 

m/s, respectively, compared to the 1850s case, but when compared to the PNV case, it 389 

instead slows down by 0.84 and 0.78 m/s, respectively (not shown). The results above 390 

indicate that the wind in the 2000s case in August and February at 0500 and 1400 JST 391 

slows down compared to that in the 1850s and PNV cases. In the 2000s case, the surface 392 

roughness increases associated with urbanization in Sendai City would cause the wind 393 

speed decreases in the urban area. 394 

 395 

3.3 The impact of historical land-use changes and AH release  396 

First, we estimate the overall impact of urbanization in Sendai City, meaning land-use 397 

changes and AH release. This is done by comparing the surface air temperature distribu-398 

tions between the PNV and 1850s, and between the 1850s and 2000s. The experiments 399 

using the PNV and 1850s land-use data show slight temperature differences between the 400 

two cases at 0500 and 1400 JST in August and February (Figs. 11a, c, 12a, c). On the 401 

other hand, significant increases of the surface air temperatures occur in the 2000s (Figs. 402 
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11b, d, 12b, d). The current monthly mean temperature in central Sendai City is over 1.00 403 

°C higher than that in the 1850s. Moreover, the diurnal variation of the surface air tem-404 

perature at CCS in Sendai City, the TCA of Sendai City, and the green point near Sendai 405 

City are considered (Fig. 13). In August, the surface air temperatures in the PNV case 406 

slightly increase (0.10 –0.30 °C) during the day and at night compared to that in 1850s 407 

case at CCS and TCA (Figs. 13a, c and Table 4). In particular, in February at CCS, the 408 

temperature in the PNV at night is higher (0.80 °C) than that in the 1850s case (Fig. 13b). 409 

The reasons for this temperature increase in the 1850s case will be discussed in detail in 410 

Section 4. Meanwhile, the results obtained from the 2000s at CCS show considerable 411 

nocturnal temperature increases of 2.00 °C in August and 2.20 °C in February, compared 412 

to the 1850s (Figs. 13a, b, and Table 4). This difference decreases during the day to 0.60 413 

°C in August and 0.80 °C in February. However, in TCA (Figs. 13c, d), which includes 414 

central and suburban areas, the temperature differences between the 2000s and the 1850s 415 

cases are less than at CCS due to the reduced urban fraction and AH releases. At night, 416 

in TCA, the temperature between the 2000s and 1850s cases are 0.80 and 0.30 °C, but 417 

during the day are 0.40 °C in August and 0.30 °C in February (Table 4). In the green point 418 

(Figs. 13e, f), all land-use cases have nearly the same temperatures. These results indicate 419 

that the impact of the urban-type change from 1850 to 2000 on the surface air temperature 420 
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exceeds that of the land-use change from cropland (forest) to urban at both CCS and TCA. 421 

Indeed, when we compare the mean surface air temperature differences amongst all cases, 422 

at 0500 and 1400 JST, the most significant increases in the temperature occurs between 423 

the 2000s and 1850s cases (Fig. 14).  424 

The results show that the 2000s’ monthly mean surface air temperatures at the CCS of 425 

Sendai City are higher than those in the 1850s by 1.30 °C for August and 1.40 °C for 426 

February (Figs. 14a, b). At 0500 JST (Figs. 14c, d) the temperatures between the 2000s 427 

and 1850s cases are 1.71 °C in August and 1.39 °C in February, but at 1400 JST (Figs. 428 

14e, f), these values are only about 0.40 °C for both months. Furthermore, almost all 429 

results show that the temperatures between the 2000s and 1850s cases at CCS are higher 430 

than those in the TCA. The reason for the temperature increases in the 2000s between 431 

CCS and TCA will be discussed in Section 4.  432 

Second, a comparison between the 1850s and LU2000s cases indicates the impact of 433 

land-use changes during the past 150 years in Sendai City. Due to the similarity of the 434 

1850s and PNV cases, we do not consider the latter here. For August at CCS, Fig. 13a 435 

and Table 4 show that the mean surface air temperatures between the 1850s and LU2000s 436 

cases increase by 0.10 °C during the day and 1.10 °C at night. In February, these differ-437 

ences are respectively 0.80 and 0.10 °C (Fig. 13b and Table 4). For August at TCA, these 438 
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surface air temperature differences are 0.40 °C at night and 0.20 °C during the day, 439 

whereas in February the difference is only 0.30 °C during the day (Figs. 13c, d and Table 440 

4). When we compare the daily mean surface air temperatures at 0500 and 1400 JST 441 

between the 1850s and LU2000s cases, a significant temperature difference of 1.04 °C 442 

occurs at CCS in August at 0500 JST (Fig. 14c). In February, this difference is 0.50 °C 443 

(Fig. 14d). At 1400 JST, the results in August and February at CCS show that the surface 444 

air temperatures increase by 0.20 and 0.02 ℃, respectively, whereas at TCA the temper-445 

ature differences are around 0.30 ℃ for both cases (Figs. 14e, f). 446 

Third, to estimate the impact of AH release in Sendai City, we compare the mean di-447 

urnal surface air temperatures between the LU1850s and 1850s, and between the 448 

LU2000s and 2000s (Fig. 13 and Table 4). The results between the LU1850s and 1850s 449 

cases show a small temperature difference for both months (0.10 °C), indicating a negli-450 

gible effect of AH in the 1850s. The simulated monthly mean surface air temperatures 451 

between the LU2000s and 2000s cases were examined in Sendai City. The results in Au-452 

gust at CCS show that surface air temperatures increase by 0.90 °C at night and 0.50 °C 453 

during the day (Fig. 13a). In February, the surface air temperatures increase due to the 454 

AH release by 1.40 °C at night and 0.70 °C during the day (Fig. 13b). These results show 455 

that the impact of the AH release in August is smaller than those of the land-use changes 456 
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in Sendai City at night but larger during the day. However, in February, the impact of AH 457 

release dominates over that of the land-use changes. The warming effect in February is 458 

due to relatively large energy consumption, which contributes to large sensible heat. Aoy-459 

agi et al. (2012) and Ma et al. (2017) found a similar contribution between AH release 460 

and land-use changes. In TCA (Fig. 13c), the surface air temperatures between the 461 

LU2000s and 2000s cases in August are 0.40 °C at night and 0.30 °C during the day. 462 

However, in February (Fig. 13d), the differences between the LU2000s and 2000s cases 463 

are 0.60 °C at night and 0.30 °C during the day (Table 4). These results show that in 464 

August, the impacts of the AH release in TCA equals that of land-use changes, whereas 465 

in February, the surface air temperatures rise mainly due to the impact of AH release. 466 

According to Figs. 14a and 14b, the daily mean surface air temperatures in the 2000s case 467 

in August and February increase by 0.70 and 1.00 °C at CCS, and by 0.30 and 0.50 °C in 468 

TCA compared to those at the LU2000s case. At 0500 JST in August and February, these 469 

raises are by 0.67 and 0.89 °C at CCS, and by 0.38 and 0.29 °C in TCA (Figs. 14c, d). At 470 

1400 JST, the surface air temperatures in the 2000s case increase over those in the 471 

LU2000s case by 0.27 and 0.36 °C at CCS, and by 0.13 and 0.15 °C in TCA, in August 472 

and February, respectively (Figs. 14e, f).  473 

We also estimate the impact of land-use changes and AH releases between the PNV 474 
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and 1850s, and between the 1850s and 2000s, for Ishinomaki, Shiogama, Kesennuma, 475 

Shizugawa and Watari (Fig. 15). The results show that the surface air temperature differ-476 

ences between the PNV and 1850s are between 0.10 and 0.30 ℃ for both August and 477 

February for all stations. However, in August in the 2000s, we find a significant temper-478 

ature increase over that in the 1850s in Ishinomaki. At night, the increase is 1.30 °C, but 479 

0.40 °C during the day. In February, these increases are 1.00 and 0.50 °C.  480 

An interesting point here is that the surface air temperatures in the 2000s in February 481 

in Shiogama and Kesennuma (Shizugawa and Watari) are lower than those in the PNV 482 

and 1850s from midnight to early morning (evening to early morning). The reason for the 483 

lower surface air temperatures is that the forest canopy in the PNV case produces smaller 484 

radiative cooling than the grasslands in the 2000s case. At the urban grid in the 2000s 485 

case, the grid cell except urban fraction is covered by grassland in the Noah-LSM model 486 

coupled by UCM. Moreover, due to the drier surface in the 2000s (Figs. 16k, n), the ther-487 

mal inertia is smaller than those in the PNV and 1850s cases. Another reason for the lower 488 

surface air temperature in the 2000s is that the AH release is insufficient to offset the 489 

increase in radiative cooling and smaller thermal inertia over the area with a small urban 490 

fraction. These results indicate that the impact of the land-use changes and AH release 491 
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significantly raise the surface air temperatures in Sendai City and Ishinomaki, which be-492 

long to the HR area, whereas the impact is small for less-urbanized cities such as Shi-493 

ogama, Kesennuma, Shizugawa, and Watari, which are in the MR and LR areas.  494 

 495 

4. Discussion 496 

    First, we examine the causes of the nocturnal temperature difference between the PNV 497 

and 1850s cases as described in subsection 3.3. Figure 17 shows the monthly mean verti-498 

cal profiles of potential temperatures at CCS in August and February at 0500 JST for all 499 

cases. Consider the potential temperature for PNV and 1850 near the surface. In August, 500 

the nocturnal boundary layers of the PNV and 1850s cases are stable, with nearly equal 501 

potential temperatures near the surface (Fig. 17a). However, in February, the potential 502 

nocturnal temperature near the surface in the PNV case is higher than that in the 1850s 503 

(Fig. 17b). This difference is also seen in Fig. 13b. To understand the causes of this dif-504 

ference, we look at the diurnal variations of the surface heat budget terms (Figs. 18, 19 505 

and Tables 5, 6). These terms show that the sensible heat (SH) and ground heat (GH) at 506 

night in the PNV and 1850s cases are nearly the same. On the other hand, the net radiation 507 

(Rn) in the PNV case at night is 8.70 W m-2 higher than that in the 1850s case due to the 508 

larger upward longwave radiation for the PNV (296.83 W m-2) than that in the 1850s 509 
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(288.57 W m-2). These results indicate that the radiative cooling in the PNV case is 510 

smaller than that in the 1850s case. One reason for the small radiative cooling in the PNV 511 

case is probably the forest canopy effect. Another reason is that in the 1850s case, the dry, 512 

sparse wooden buildings and small urban fraction produce stronger radiation cooling. The 513 

difference in downward longwave radiation between the PNV (244.78 W m-2) and 1850s 514 

cases (244.32 W m-2) at night is insignificant, suggesting negligible cloud-cover change 515 

in both cases in February. 516 

    Second, we investigate the difference in the surface heat budget terms between CCS 517 

and TCA in Sendai City for February in the 2000s. We select the 2000 case because it 518 

showed the largest difference in heat budget between CCS and TCA. At CCS, the LH 519 

flux is small during the day because of the high urban fraction in the HR area (Fig. 18e). 520 

Moreover, due to the high thermal inertia of the urban structures, the GH is high at night, 521 

and there is more outgoing radiation, which contributes to CCS having a higher nocturnal 522 

surface air temperature than TCA (Figs. 18f and 13b). However, the small urban fraction 523 

in TCA is the reason for the increase in surface evaporation and LH flux during the day 524 

(Fig. 19e). Moreover, due to the small thermal inertia of the urban structures in TCA 525 

(HR+MR+LR), the GH at night is 50% less than that at CCS (Figs. 18f, 19f, and Tables 526 

5, 6). Additionally, the relatively low AH release in TCA contributes to the relatively low 527 
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SH flux at night over that at CCS (Figs. 18d, 19d and Tables 5, 6). As a result, the noc-528 

turnal surface air temperature in TCA is 1.50 °C lower than that at CCS (Table 4). In 529 

August, a comparison of surface heat budget terms between CCS and TCA in the 2000s 530 

indicates a similar result to that in February.  531 

    We have not evaluated the influence of snow cover on surface air temperature because 532 

the WRF/UCM cannot evaluate snow effects on temperature in urban areas. Moreover, 533 

this study focuses on the effect of land-use changes and AH releases on the air tempera-534 

ture in Sendai City. Mori and Sato (2015) and Sugimoto et al. (2015b) investigated the 535 

effect of snow cover on the air temperature and the impact of land-use change on winter 536 

precipitation in Hokkaido, Japan. They found that snow cover in the urban canopy layer 537 

reduced both the surface air temperature and effect of UHI, and also that precipitation 538 

decreased over deforested areas between 1850 and 1985. Estimating the influence of snow 539 

cover on the UHI and impact of urbanization in Sendai City will be the scope for a future 540 

study.  541 

 542 

5. Conclusions 543 

    This study examined the impact of urbanization on surface air temperature and UHI in 544 

Sendai City over the past 150 years using a WRF model with a 1-km horizontal grid 545 
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spacing. We examined three experimental cases: one for potential natural vegetation 546 

(PNV), and the other two for realistic land-use (the 1850s and 2000s). The results are 547 

summarized as follows. 548 

    (1) The WRF model reasonably well reproduced the observed surface air temperatures 549 

in the 2000s land-use case for Sendai City and five stations in the surroundings. The 550 

model mean biases of the surface air temperature ranged from −0.29 to −1.18 °C in Au-551 

gust and from −0.44 to −1.50 °C in February. 552 

    (2) The sensitivity experiment between the PNV and 1850s land-use cases showed that 553 

the monthly mean surface air temperatures in the PNV case wеre higher than those in the 554 

1850s by 0.10 °C in August and 0.40 °C in February at CCS, and by 0.20 °C in both 555 

months in TCA.   556 

    (3) Between the 1850s and 2000s land-use cases in Sendai City, the simulated monthly 557 

mean surface air temperatures in the 2000s at CCS were higher than those in the 1850s 558 

by 1.30 °C in August and 1.40 °C in February, whereas in TCA the corresponding in-559 

creases were 0.60 and 0.30 °C. 560 

    (4) The simulated monthly mean surface air temperatures during the day (0600–1700 561 

JST) and at night (1800–0500 JST) were examined in Sendai City. The results showed a 562 

significant nocturnal temperature increase of 2.00 °C in August and 2.20 °C in February 563 
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at CCS of Sendai City due to the urbanization over the past 150 years (1850–2000). This 564 

difference decreased during the day to 0.60 °C in August and 0.80 °C in February.  565 

However, at TCA, which includes suburban areas, the surface air temperature differ-566 

ences between the 2000s and 1850s land-use cases were less than those at CCS. At night, 567 

in TCA, the temperature between the 2000s and 1850s land-use cases were 0.80 °C in 568 

August and 0.30 °C in February. During the day, the corresponding values were 0.40 and 569 

0.30 °C. 570 

    (5) A comparison between the 1850s and LU2000s land-use cases showed the impact 571 

of land-use changes during the past 150 years in Sendai City. At CCS, in August, the 572 

mean surface air temperatures increased by 1.10 °C at night and 0.10 °C during the day, 573 

whereas in February, these differences were 0.80 and 0.10 °C.  574 

At TCA, the surface air temperature increased between the 1850s and LU2000s land-575 

use cases by 0.40 °C both at night and during the day in August, whereas in February this 576 

difference was 0.30 °C, but only occurred during the day.  577 

    (6) To estimate the impact of AH releases in Sendai City, we examined the mean diur-578 

nal surface air temperatures between the LU1850s and 1850s, and between the LU2000s 579 

and 2000s. The results between the LU1850s and 1850s land-use cases showed only a 580 

small temperature difference for both August and February (0.10 °C). Furthermore, the 581 
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effect of AH in the 1850s land-use case was negligible. The simulated monthly mean 582 

surface air temperatures between the LU2000s and 2000s land-use cases increased in Au-583 

gust at CCS by 0.90 °C at night and 0.50 °C during the day. Comparing the 1850s and 584 

2000s land-use cases, the results showed that the impact of AH release was smaller at 585 

night than that in the land-use changes in Sendai City, but larger during the day. In Feb-586 

ruary, the temperatures rose due to the AH releases by 1.40 °C at night and 0.70 °C during 587 

the day. These results showed that in February the impact of AH releases were larger than 588 

those from land-use changes.  589 

At TCA, the surface air temperatures between the LU2000s and 2000s land-use cases 590 

in August were 0.40 °C at night and 0.30 °C during the day. The results indicated that the 591 

impact of the AH releases were the same as that from land-use changes. However, in 592 

February, a difference was found only between the LU2000s and 2000s land-use cases at 593 

night (0.60 °C) and during the day (0.30 °C), which means that at TCA in February, the 594 

temperatures rose mainly due to the impact of AH releases. 595 

    (7) The differences between the SH, LH, and GH heat fluxes in August and February 596 

for the PNV, 1850s, LU2000s, and 2000s land-use cases were evaluated. The results in-597 

dicated that in the 2000s at CCS, a reduction of LH during the day and a storage of GH 598 

at night helped to increase the nocturnal surface air temperature in Sendai City. In the 599 
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2000s land-use case, these temperatures increased over those in the 1850s by 2.00 °C in 600 

August and 2.20 °C in February. However, at TCA, the change of heat flux was less 601 

significant than that at CCS, making the corresponding nocturnal mean surface air tem-602 

peratures changes just 0.80 and 0.30 °C. 603 
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Fig. 1 Study area. (a) The first (d01), second (d02), third (d03), and fourth (d04) domains 810 

used in the WRF model. (b) The terrain height (m) in the fourth domain (d04) and 811 

locations of the AMeDAS weather stations. The closed black circle represents the 812 

Sendai observatory, the triangle means a rural site, and the open circle represents 813 

surrounding observatories in the other urban areas.  814 

Fig. 2 Land-use types in Sendai City for the various cases. (a) PNV. (b) LU1850s and 815 

1850s. (c) LU2000s and 2000s. LR, MR and HR are low, medium and high resi-816 

dential area. CCS is central city site, and TCA is total city area. 817 

Fig. 3 Diurnal variation of total anthropogenic sensible heat flux (AH). The horizontal 818 

axis indicates the time (hour) and the vertical axis indicates the ratio of AH at each 819 

hour to the maximum AH. The black line with closed circles and grey line with 820 

open squares indicate the AH in February and August, respectively. The max AHs 821 

are 50.4 and 35.5 W m-2 in February and August, respectively. 822 

Fig. 4 Land-use around Sendai city for (a) PNV, (b) 1850s, and (c) 2000s cases. 823 

Fig. 5 August mean (2000–2009) surface air temperature variation for (a) Sendai City, 824 

(b) Ishinomaki, (c) Shiogama, (d) Kesennuma, (e) Shizugawa, and (f) Watari. The 825 

solid line is simulation (WRF) and the open circles are observations (OBS). 826 

Fig. 6 Same as Fig. 5, but for February. 827 

Fig. 7 August mean (2000-2009) distributions of surface air temperature from observa-828 

tions (OBS) and simulations (WRF) for the 2000s land-use case. (a) OBS data at 829 
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0500 JST, (b) WRF data at 0500 JST, (c) OBS data at 1400 JST, and (d) WRF data 830 

at 1400 JST. The big open circle marks Sendai City and its surrounding suburbs. 831 

The mean temperatures over the ocean area are masked out. 832 

Fig. 8 Same as Fig. 7, but for February. 833 

Fig. 9 August mean (2000–2009) wind distribution from observations (OBS) and simu-834 

lations (WRF) for the 2000s land-use case. (a) OBS data at 0500 JST, (b) WRF data 835 

at 0500 JST, (c) OBS data at 1400 JST, and (d) WRF data at 1400 JST. The big 836 

open circle marks Sendai City and its surrounding suburbs. 837 

Fig. 10 Same as Fig. 9, but for February. 838 

Fig. 11 August mean (2000–2009) change in surface air temperatures between (a) the 839 

PNV and 1850s cases at 0500 JST, (b) the 1850s and 2000s cases at 0500 JST, (c) 840 

the PNV and 1850s cases at 1400 JST, and (d) the 1850s and 2000s cases at 1400 841 

JST. The big open circle is the same as in previous figures. The mean temperatures 842 

over the ocean area are masked out.  843 

Fig. 12 Same as Fig. 11, but for February. 844 

Fig. 13 Simulated monthly mean (2000-2009) diurnal surface air temperature variations 845 

in Sendai City. (a) At CCS in August. (b) At CCS in February. (c) For the total city 846 

area (TCA) in August. (d) TCA in February. (e) At the green point in August. (f) 847 

At green point in February. The location of the green point is shown in Fig. 1b. 848 

Legend shown at bottom. 849 

Fig. 14 Differences in monthly mean surface air temperatures between simulation cases. 850 
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for surrounding sites.  855 

Fig. 16 Monthly mean (2000-2009) diurnal variations of surface heat fluxes at the sur-856 

rounding sites from the WRF model in February.  857 

Fig. 17 Vertical profiles of potential temperature at 0500 JST at Sendai City from the 858 

WRF model for four land-use cases. (a) August. (b) February.  859 

Fig. 18 Monthly mean (2000-2009) diurnal variations of surface heat fluxes in Sendai 860 

City at CCS from the WRF model.  861 

Fig. 19 Same as Fig. 18, but for the TCA. 862 
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 872 

Fig. 1 Study area. (a) The first (d01), second (d02), third (d03), and fourth (d04) domains 873 

used in the WRF model. (b) The terrain height (m) in the fourth domain (d04) and loca-874 

tions of the AMeDAS weather stations. The closed black circle represents the Sendai 875 

observatory, the triangle means a rural site, and the open circle represents surrounding 876 

observatories in the other urban areas. 877 
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 891 

 892 

Fig. 2 Land-use types in Sendai City for the various cases. (a) PNV. (b) LU1850s and 893 

1850s. (c) LU2000s and 2000s. LR, MR and HR are low, medium and high residential 894 

area. CCS is central city site, and TCA is total city area. 895 
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 907 

Fig. 3 Diurnal variation of total anthropogenic sensible heat flux (AH). The horizontal 908 

axis indicates the time (hour) and the vertical axis indicates the ratio of AH at each hour 909 

to the maximum AH. The black line with closed circles and grey line with open squares 910 

indicate the AH in February and August, respectively. The max AHs are 50.4 and 35.5 911 

W m-2 in February and August, respectively. 912 
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 927 

Fig. 4 Land-use around Sendai city for (a) PNV, (b) 1850s, and (c) 2000s cases. 928 
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 934 
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 936 

Fig. 5 August mean (2000–2009) surface air temperature variation for (a) Sendai City, 937 

(b) Ishinomaki, (c) Shiogama, (d) Kesennuma, (e) Shizugawa, and (f) Watari. The solid 938 

line is simulation (WRF) and the open circles are observations (OBS). 939 
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 941 
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 943 
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945 

Fig. 6 Same as Fig. 5 but for February. 946 
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 954 

Fig. 7 August mean (2000-2009) distributions of surface air temperature from observa-955 

tions (OBS) and simulations (WRF) for the 2000s land-use case. (a) OBS data at 0500 956 

JST, (b) WRF data at 0500 JST, (c) OBS data at 1400 JST, and (d) WRF data at 1400 957 

JST. The big open circle marks Sendai City and its surrounding suburbs. The mean tem-958 

peratures over the ocean area are masked out. 959 
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 961 

 962 
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 964 

Fig. 8 Same as Fig. 7 but for February. 965 
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 968 

 969 

 970 
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 973 

Fig. 9 August mean (2000–2009) wind distribution from observations (OBS) and simu-974 

lations (WRF) for the 2000s land-use case. (a) OBS data at 0500 JST, (b) WRF data at 975 

0500 JST, (c) OBS data at 1400 JST, and (d) WRF data at 1400 JST. The big open cir-976 

cle marks Sendai City and its surrounding suburbs. 977 
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 984 

Fig. 10 Same as Fig. 9 but for February. 985 
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 994 

 995 

Fig. 11 August mean (2000–2009) change in surface air temperatures between (a) the 996 

PNV and 1850s cases at 0500 JST, (b) the 1850s and 2000s cases at 0500 JST, (c) the 997 

PNV and 1850s cases at 1400 JST, and (d) the 1850s and 2000s cases at 1400 JST. The 998 

big open circle is the same as in previous figures. The mean temperatures over the ocean 999 

area are masked out.  1000 
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 1004 

 1005 

 1006 
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 1008 

Fig. 12 Same as Fig. 11 but for February. 1009 
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Fig. 13 Simulated monthly mean (2000-2009) diurnal surface air temperature variations 1010 

in Sendai City. (a) At CCS in August. (b) At CCS in February. (c) For the total city area 1011 

(TCA) in August. (d) TCA in February. (e) At the green point in August. (f) At green 1012 

point in February. The location of the green point is shown in Fig. 1b. Legend shown at 1013 

bottom. 1014 

 1015 
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 1016 

 1017 

Fig. 14 Differences in monthly mean surface air temperatures between simulation cases. 1018 

(a) Daily mean in August. (b) Daily mean in February. (c) At 0500 JST in August. (d) At 1019 

0500 JST in February. (e) At 1400 JST in August. (f) At 1400 JST in February. 1020 

 1021 

 1022 

 1023 
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 1024 

Fig. 15 Simulated monthly mean (2000-2009) diurnal surface air temperature variations 1025 

for surrounding sites.  1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 
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 1034 

Fig. 16 Monthly mean (2000-2009) diurnal variations of surface heat fluxes at the sur-1035 

rounding sites from the WRF model in February. Legend shown at bottom. 1036 

 1037 
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 1038 

 1039 

Fig. 17 Vertical profiles of potential temperature at 0500 JST at Sendai City from the 1040 

WRF model for four land-use cases. (a) August. (b) February. 1041 
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 1056 

Fig. 18 Monthly mean (2000-2009) diurnal variations of surface heat fluxes in Sendai 1057 

City at CCS from the WRF model. Legend shown at bottom. 1058 
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Fig. 19 Same as Fig. 18 but for the TCA. 1077 
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Table 1 Model configurations. 1112 

 1113 

  Domain 01 Domain 02 Domain 03 Domain 04 

Model version WRF3.5.1-ARW 

Runtime in August 25 July 2100 to 01 September 0300 (JST) 2000–2009 

Research period in August 1 August 0100 to 31 August 2400 (JST) 2000–2009 

Runtime in February 20 January 2100 to 01 March 0300 (JST) 2000–2009 

Research period in February 1 February 0100 to 28 February 2400 (JST) 2000–2009 

Parent data NCEP Final Analysis dataset every 6 hours 

Grid spacing (km) 27 9 3 1 

Grid cell numbers 80x80 184x184 304x304 147x147 

The number of vertical layers 30 layers 

Land surface model Noah-LSM (Chen et al. 2011) 

Urban canopy model Single-layer/UCM (Kusaka et al. 2001; Kusaka & Kimura, 2004) 

Microphysics WSM 6-class graupel scheme (Hong et al. 2006) 

Turbulence Mellor-Yamada-Janjic TKE scheme (Janjic, 1994) 

Shortwave radiation  Dudhia Shortwave scheme (Dudhia et al. 1989) 

Longwave radiation RRTM scheme (Mlawer et al. 1997) 

Cumulus Kain-Fritsch scheme (for d01 only) (Kain, 2003) 

 1114 

 1115 

 1116 

  1117 

 1118 

 1119 

 1120 

 1121 

 1122 

 1123 

 1124 

 1125 

 1126 

 1127 
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Table 2 Summary of the simulation cases.  1128 

 1129 

 
Name of simulation case PNV LU1850s 1850s 

LU2000s 2000s 

 Land-use (LU) category Vegetation Urban Urban 

Low 

Residential 

(LR) 

Medium 

Residential 

(MR) 

High 

Residential 

(HR) 

Low 

Residential 

(LR) 

Medium 

Residential 

(MR) 

High 

Residential 

(HR) 

Land-use  Land-use data PNV 1850  2006  

Anthropogenic 

Heat (AH) 

AH in August (W m-2) - 0.00 5.00 0.00 0.00 0.00 21.72 36.03 49.27 

AH in February (W m-2) - 0.00 5.00 0.00 0.00 0.00 30.85 51.17 69.98 

Number  

of Grids in  

Sendai City 

Number of urban grids for each LU category - 14 350 254 91 350 254 91 

Number of grids used for CCS  1  

Number of grids used for TCA  695 

Urban 

Fraction 

Range of urban fraction (%) - 0.01–1.00 0.05–0.55 0.55–0.85 0.85–1.00 0.05–0.55 0.55–0.85 0.85–1.00 

Average urban fraction for each LU category (%) - 0.67 0.41 0.68 0.93 0.41 0.68 0.93 

Building coverage ratio of one grid (%) - 0.29 0.15 0.25 0.34 0.15 0.25 0.34 

Other Urban 

Parameters 

Building height (m) - 5.00 6.80 8.60 19.80 6.80 8.60 19.80 

Roof width (m) - 7.00 11.56 14.62 33.66 11.56 14.62 33.66 

Road width (m) - 9.00 19.65 24.85 57.22 19.65 24.85 57.22 

Heat capacity of roof (J m-3 K-1) - 1.65 x 106 1.14 x 106 1.94 x 106 2.11 x 106 1.14 x 106 1.94 x 106 2.11 x 106 

Heat capacity of building wall (J m-3 K-1) - 1.52 x 106 1.46 x 106 1.66 x 106 1.89 x 106 1.46 x 106 1.66 x 106 1.89 x 106 

Heat capacity of ground (J m-3 K-1) - 1.09 x 106 1.94 x 106 1.94 x 106 1.94 x 106 1.94 x 106 1.94 x 106 1.94 x 106 

Thermal conductivity of roof (J m-1 s-1 K-1) - 0.50 0.50 1.18 1.51 0.50 1.18 1.51 

Thermal conductivity of building wall (J m-1 s-1 K-1) - 0.19 0.43 0.87 1.13 0.43 0.87 1.13 

Thermal conductivity of ground (J m-1 s-1 K-1) - 0.20 0.75 0.75 0.75 0.75 0.75 0.75 

Surface albedo of roof (fraction) - 0.20 0.20 0.20 0.20 0.20 0.20 0.20 

Surface albedo of building wall (fraction) - 0.20 0.20 0.20 0.20 0.20 0.20 0.20 

Surface albedo of ground (fraction) - 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
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Table 3 Mean bias (BIAS) and correlation coefficient (R) between simulated and ob-1143 

served daily surface air temperatures in August and February for 2000–2009. 1144 

 1145 

Index 

 

Station  

name 

Land use Index  

(LU Index)  
Long Lat 

BIAS 

August 

R 

 August 

BIAS  

February 

R 

 February 

1 Sendai High residential/Commercial (HR) 140.89 38.26 -0.31 0.98 -0.93 0.98 

2 Ishinomaki High residential/Commercial (HR) 141.29 38.42 -0.45 0.99 -0.44 0.99 

3 Shiogama Medium residential (MR) 141.02 38.32 -0.29 0.99 -0.77 0.99 

4 Kesennuma Medium residential (MR) 141.55 38.90 -0.72 0.99 -1.17 0.98 

5 Shizugawa Low residential (LR) 141.44 38.68 -0.47 0.99 -1.50 0.97 

6 Watari Low residential (LR) 140.85 38.02 -1.18 0.99 -1.12 0.99 

 1146 
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Table 4 Simulated monthly mean (2000-2009) surface air temperatures in August and 1160 

February at CCS and TCA in Sendai City during the day (0600–1700 JST) and at night 1161 

(1800–0500 JST). 1162 

 1163 

Period 
August (CCS) February (CCS) August (TCA) February (TCA) 

Day Night Day Night Day Night Day Night 

PNV 23.9 20.8 1.5 -0.8 23.8 20.8 1.3 -0.9 

1850s 23.8 20.8 1.4 -1.6 23.5 20.7 1.1 -1.2 

2000s 24.4 22.8 2.2 0.6 23.9 21.5 1.4 -0.9 

LU2000s 23.9 21.9 1.5 -0.8 23.7 21.1 1.1 -1.5 
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Table 5 Simulated monthly mean (2000-2009) sensible heat (SH), latent heat (LH), 1178 

ground heat (GH) fluxes, and net radiation (Rn) in August and February at CCS in Sendai 1179 

City during the day (0600–1700 JST) and at night (1800–0500 JST). 1180 

 1181 

CCS 

August February 

Rn SH LH GH Rn SH LH GH 

Period Day Night Day Night Day Night Day Night Day Night Day Night Day Night Day Night 

PNV 324.0 4.3 92.7 -3.9 181.2 2.9 -50.1 -5.3 149.8 -41.9 41.2 -20.8 63.2 9.4 -45.4 30.5 

1850s 284.5 -15.9 126.9 7.3 69.4 0.6 -88.2 23.8 144.5 -50.6 74.9 -20.1 24.6 1.6 -45.0 32.0 

2000s 274.7 -35.3 153.9 61.8 15.4 0.8 -105.5 94.4 144.0 -68.3 104.8 36.7 5.5 0.9 -33.8 106.0 

LU2000s 286.9 -27.5 123.7 27.6 15.2 0.6 -147.9 55.6 153.9 -58.9 65.0 -0.7 4.9 0.3 -83.9 58.4 

 1182 

 1183 

 1184 

 1185 

 1186 

 1187 

 1188 

 1189 

 1190 

 1191 

 1192 

 1193 

 1194 

 1195 
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Table 6 Simulated monthly mean (2000–2009) sensible heat (SH), latent heat (LH), 1196 

ground heat (GH) fluxes, and net radiation (Rn) in August and February in TCA in Sendai 1197 

City during the day (0600–1700 JST) and at night (1800–0500 JST). 1198 

 1199 

TCA 

August February 

Rn SH LH GH Rn SH LH GH 

Period Day Night Day Night Day Night Day Night Day Night Day Night Day Night Day Night 

PNV 319.9 5.2 90.8 -4.6 178.2 2.9 -50.9 -6.9 144.5 -40.5 36.4 -21.9 63.7 9.9 -44.4 28.5 

1850s 286.5 -3.1 79.6 -4.4 161.5 1.9 -45.4 0.5 129.5 -37.7 28.1 -21.9 54.2 9.4 -47.1 25.2 

2000s 283.7 -19.8 107.5 18.5 103.5 2.0 -72.8 40.2 134.4 -51.2 62.5 -1.7 36.0 5.7 -35.9 55.2 

LU2000s 287.5 -17.2 97.3 7.8 103.4 1.9 -86.7 26.9 142.1 -48.2 51.3 -13.4 33.2 4.1 -57.5 38.8 

 1200 


