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Key Points:  15 

 A new parameterisation for dynamic anthropogenic heat and electricity consumption 16 

is described. 17 

 The model reproduced the temporal variation and spatial distributions of electricity 18 

consumption and temperature well in summer and winter. 19 

 The partial air conditioning was the most critical factor, significantly affecting the 20 

value of anthropogenic heat emission. 21 

 22 

Abstract 23 

We propose a simple dynamic anthropogenic heat (QF) parameterisation for the Weather 24 

Research and Forecasting (WRF)-single-layer urban canopy model (SLUCM). The SLUCM 25 

is a remarkable physically based urban canopy model that is widely used worldwide. 26 

However, a limitation of SLUCM is that it considers a statistically based diurnal pattern of QF. 27 

Consequently, QF is not affected by outdoor temperature changes and the diurnal pattern of 28 

QF is constant throughout the simulation period. To address these limitations, based on the 29 

concept of a building energy model (BEM), which has been officially introduced in WRF, we 30 

propose a parameterisation to dynamically and simply simulate QF from buildings (QFB) 31 

through physically based calculation of the indoor heat load and input parameters for BEM 32 

and SLUCM. This method allows model users to simulate dynamic QF and electricity 33 

consumption (EC) according to factors such as outdoor temperature changes, building 34 

insulation, and heating and air conditioning (HAC) performance simply by setting the 35 

AHOPTION option in URBPRAM.TBL to 2. SLUCM+BEM was shown to simulate 36 



 

 

temporal variations of QFB and EC for HAC (ECHAC) and broadly reproduce the ECHAC 37 

estimates of more sophisticated BEM and ECHAC observations in the world’s largest 38 

metropolis, Tokyo. Our results demonstrate that SLUCM-BEM can be applied to urban 39 

climates worldwide. 40 

Plain Language Summary 41 

In this study, we present a novel approach to improve the representation of 42 

anthropogenic heat in urban areas within the widely used Weather Research and Forecasting 43 

(WRF)-single-layer urban canopy model (SLUCM). The SLUCM is a well-established urban 44 

canopy model, but has limitations such as assuming a statistically based diurnal pattern of 45 

anthropogenic heat. To overcome these limitations, we incorporate a dynamic anthropogenic 46 

heat parameterisation into SLUCM using the concept of a building energy model (BEM). 47 

This new parameterisation allows for dynamic simulation of anthropogenic heat while 48 

considering factors such as indoor heat load, building insulation, and heating and air 49 

conditioning performance. By adjusting a specific setting (AHOPTION in URBPRAM.TBL), 50 

users can easily simulate dynamic anthropogenic heat and electricity consumption in response 51 

to external factors such as outdoor temperature changes. This improved model, 52 

SLUCM+BEM, was able to reproduce anthropogenic heat estimates and observed electricity 53 

consumption in Tokyo, the world’s largest metropolis. SLUCM+BEM has the potential for 54 

global application, providing a valuable tool for studying and understanding urban climates in 55 

various regions worldwide. 56 

1. Introduction 57 

In the current era of climate change, cities are among the most critical sites for climate 58 

change mitigation and adaptation. With urban development, population concentration and 59 

urban warming, cities consume more energy and emit more greenhouse gases (GHGs) and 60 

anthropogenic waste heat (QF) than ever. As a result, global and local urban warming will 61 

continue to increase (IPCC 2021; Takane et al. 2019; 2020; Kikegawa et al. 2022). Against 62 

this backdrop, climate change mitigation efforts toward the goal of carbon neutrality by 2050 63 

are gaining momentum in countries across development stages, and urban climate change 64 

adaptation efforts are also progressing. However, in countries and regions where urban areas 65 

are expanding due to population and economic growth, GHG and QF emissions associated 66 

with urbanisation are expected to continue to increase. In addition, energy consumption, 67 

particularly for air conditioning (AC), is predicted to increase under continued global 68 

warming in developed and other countries (IEA 2018). Therefore, clarifying the current state 69 

of energy consumption, climate, and GHG emissions in urban areas and projecting these 70 

factors into the future are essential strategies toward climate change mitigation and adaptation, 71 

particularly for the development of a global climate change mitigation plan to achieve carbon 72 

neutrality by 2050. 73 

Urban canopy models (UCMs) represent a valuable method for physically estimating 74 

and projecting urban warming, urban heat islands (UHI), and energy consumption (e.g., 75 

Kusaka et al. 2001; Chen et al. 2011). The UCM is an essential physical parameterisation for 76 

the calculation of urban weather and climate, including the UHI effect. Several UCMs have 77 

been developed by researchers worldwide and intercomparison experiments have been 78 

conducted (Grimmond et al. 2010; 2011; Lipson et al. 2023). Among these models, some 79 

UCMs have been officially implemented in the Weather Research and Forecasting (WRF) 80 

model (Skamarock et al. 2021) and have many users worldwide (Chen et al. 2011). WRF 81 

employs two main UCM options: the UCM alone, and a combined building energy model 82 



 

 

(BEM). The UCM alone corresponds to the single-layer UCM (SLUCM, Kusaka et al. 2001; 83 

Kusaka and Kimura 2004), and a building effect parameterisation (BEP) (Martilli et al. 2002), 84 

whereas in the combined building energy model, the BEM is coupled to the BEP to construct 85 

BEP+BEM (Salamanca et al. 2010). Both UCM options have advantages and disadvantages. 86 

The advantages of the SLUCM are that it requires fewer input parameters and has 87 

lower computational cost than the combined building energy model. However, in SLUCM, 88 

QF adopts a user-set diurnal pattern (Table 1). Thus, QF does not follow outdoor temperature 89 

changes, and the diurnal pattern of QF is constant throughout the simulation period. 90 

By contrast, the advantages of the BEP+BEM model are that the heat emitted by 91 

buildings (QF from buildings [QFB]) varies with the outdoor temperature and human activity, 92 

allowing for dynamic calculation; and that electricity consumption (EC) associated with 93 

heating and AC (HAC) (i.e., ECHAC) can be calculated (Table 1). However, the limitations of 94 

BEP+BEM are that QF from traffic is not considered, the BEM has numerous input 95 

parameters, and obtaining realistic parameter settings is difficult. Although calculations can 96 

be performed with default parameter inputs, the results of such calculations significantly 97 

overestimate measured EC when default parameters are entered (e.g., Takane et al. 2017; Xu 98 

et al. 2018). One suggested cause of this overestimation is that the setting (assuming an 99 

unrealistic situation) is based on the constant use of AC on all floors and in all buildings 100 

(Takane et al. 2017; Xu et al. 2018). 101 

The aim of this study was to propose a new parameterisation, SLUCM+BEM, which 102 

exploits the advantages of both SLUCM and BEP+BEM, while compensating for the 103 

shortcomings of both models.  104 

 105 

Table 1 Description of urban canopy parameterisations.  106 

AC, air conditioning; BEM, building energy model, BEP, building effect parameterisation; CLMU, community land model–107 
urban; CM, canopy model; COP, coefficient of performance; EC, electricity consumption QF, anthropogenic heat, SLUCM, 108 
single-layer urban canopy model; TEB, town energy balance. 109 
1 Kusaka et al. (2001), 2 Salamanca et al. (2010), 3 Kikegawa et al. (2003), 4 Oleson and Feddema (2020), 5 Bueno et al. 110 
(2012)  111 

 112 

The SLUCM+BEM proposed in this study has two main characteristics (Table 1). 113 

First, it resolves a limitation of SLUCM, the user-defined diurnal pattern of QF during the 114 

simulation/prediction period. Specifically, by introducing the BEM concept (Kikegawa et al. 115 

 SLUCM1 SLUCM+BEM BEP+BEM2 CM-BEM3 CLMU4 BEM-TEB5 

QF from buildings Prescribed Dynamic Dynamic Dynamic Dynamic Dynamic 

QF from traffic Prescribed Prescribed – Prescribed Prescribed Prescribed 

Internal heat gains – Input Input Input – Input 

ECHAC – Dynamic Dynamic Dynamic Dynamic Dynamic 

Partial AC – Implemented – Implemented – – 

COP – Dynamic Constant Dynamic Constant Dynamic 

Cooling tower – Implemented – Implemented – – 

Windows – – Implemented Implemented – Implemented 

Ventilations – – Implemented Implemented Implemented Implemented 

Weekday–weekend 

difference 

– – – Implemented – – 



 

 

2003; 2006; Salamance et al., 2010; Bueno et al. 2012; Oleson and Feddema 2020), heat 116 

conduction through the wall and roof is calculated from the difference between the outdoor 117 

air temperature and the building boundary temperature in the urban canopy space, and this 118 

value and the indoor heat load are processed by HAC to calculate ECHAC, thereby enabling 119 

dynamic calculation of EC and QFB. As a result, improved accuracy can be expected on days 120 

that deviate from the average conditions during the simulation period, such as hot or cold 121 

days. 122 

Second, SLUCM+BEM considers partial AC (in which AC is not used at all times, on 123 

all floors, or in all buildings), coefficient of performance (COP) changes and cooling towers, 124 

similar to CM-BEM (Kikegawa et al. 2003; Takane et al. 2022; Nakajima et al. 2023), which 125 

is among the most detailed urban models incorporating a canopy model (CM) and BEM in 126 

use today. Nevertheless, the parameterisation has been kept as simple as possible, e.g., by not 127 

considering windows, which require uncertain parameter inputs. In this manner, the 128 

advantages of BEP+BEM described above were exploited, and the corresponding 129 

disadvantages were overcome. 130 

As shown in Table 1, the SLUCM+BEM proposed in this study has similar 131 

characteristics to CM-BEM. However, SLUCM+BEM is simpler than CM-BEM. A typical 132 

simplification is the absence of windows in the buildings (such that the amount of solar 133 

radiation entering the building is not considered in the calculation of the indoor heat load). 134 

Although a previous study improved the SLUCM and introduced a detailed window sub-135 

model in their BEM-SLUCM, which is used only for offline simulations (Chen et al. 2021), it 136 

should be noted that many offices and homes use window coverings during summer, and that 137 

incoming solar radiation becomes small during winter. Moreover, this assumption has been 138 

used in many similar models such as the community land model–urban (CLMU; Oleson et al. 139 

2008, Oleson and Feddema 2020 and urban climate and energy model (UCLEM; Lipson et al. 140 

2018). Furthermore, SLUCM+BEM is intended to be used in cities worldwide and a database 141 

of global window areas does not yet exist. Therefore, these parameters cannot be set properly, 142 

which may lead to results with large uncertainties. This shortcoming is unavoidable and 143 

reasonable at present, as SLUCM+BEM is intended for use in cities worldwide. 144 

During the development of SLUCM+BEM, emphasis was placed on minimising the 145 

number of new parameters to be entered and simplifying its use compared to the original 146 

SLUCM and BEP+BEM models, as well as on careful comparison of SLUCM+BEM with the 147 

CM-BEM and observed data. Specifically, we designed SLUCM+BEM to be usable by WRF 148 

users and original SLUCM users simply through changing the AHOPTION option in the 149 

URBPRAM.TBL setting from 1 to 2. 150 

There is significant importance in updating SLUCM, which has users worldwide, e.g., 151 

in Europe (Loridan et al., 2010; Tsiringakis et al., 2019), Asia (Miao et al. 2009; Takane and 152 

Kusaka, 2011; Kusaka et al., 2012; 2014; Adachi et al. 2014; Doan et al., 2019), North 153 

America (Georgescu et al., 2014; Krayenhoff et al., 2018), Oceania (Hirsch et al. 2021), and 154 

South America (Umezaki et al., 2020) and is preferred by more than 90% of its users (NCAR 155 

2015). A recent systematic review reported that WRF coupled with SLUCM is the most 156 

commonly applied numerical tool for urban environmental studies at the city and regional 157 

scales (Krayenhoff et al., 2021). In particular, the development of SLUCM+BEM will 158 

improve the applicability of the WRF model by supporting the prediction and estimation of 159 

EC and QFB emissions and will also drive shifts in the consumer sector toward carbon 160 

neutrality. Furthermore, this improvement will be applicable not only to the Tokyo 161 

metropolitan area, which is the target of this study, but to cities worldwide. 162 



 

 

Notably, QFB and EC calculated in SLUCM+BEM are based on HAC use, which 163 

seems appropriate given the rapid spread of HAC driven by climate change and economic 164 

growth, and the background that heat pumps are positioned as renewable energy in the 165 

European Union and are widely used for heating. The same assumption is used in BEP+BEM. 166 
 167 

2. Methods 168 

2.1 Model development 169 

An overview of SLUCM+BEM is provided in Fig. 1. In conventional SLUCM, users 170 

turn the consideration of sensible QF on or off by selecting 0 or 1 as the AHOPTION option 171 

in the URBPRAM.TBL setting, respectively. For AHOPTION = 1, hourly values of sensible 172 

QF, given as the product of its daily maximum (AH) and hourly variation factor 173 

(AHDIUPRF), which are both prescribed in URBPRAM.TBL, are added to the sensible heat 174 

flux QH calculated by SLUCM, thereby returning QF to the atmospheric first layer of the 175 

WRF (Fig. 1a). Users also set the building indoor boundary conditions BOUNDR for roofs 176 

and BOUNDNB for walls (hereafter referred to collectively as BOUND*) to 1 or 2, referred 177 

to in Fig. 1 as “zero-flux” and “constant”, respectively. The default setting is BOUND* = 1 178 

(i.e., zero-flux). 179 

With BOUND* = 1 (i.e., zero-flux; Fig. 1a), the conductive heat fluxes through walls 180 

and roofs at indoor boundaries are zero due to equilibrium between the indoor boundary 181 

temperature (K) (TBLEND for walls and TRLEND for roofs) and the temperature (K) at the 182 

fourth layer of walls and roofs (TBL(4) and TRL(4), respectively). Therefore, the simulation 183 

assumes perfect insulation performance under this setting. With BOUND* = 2 (constant; Fig. 184 

1b), the values of TBLEND are constant, allowing for imbalance with TBL(4) and thus 185 

generating conductive heat fluxes at indoor boundaries. If the outdoor temperature in the 186 

urban canopy space is higher than the value of TBLEND set in URBPRAM.TBL (often in 187 

daytime during summer), conductive heat flux can penetrate indoors and then disappear from 188 

the model, making buildings behave as heat sinks (i.e., the user-set QF assumes that such heat 189 

can contribute to QF from air conditioners). By contrast, when the outdoor temperature is 190 

lower than the value of TBLEND (often in winter), the opposite is true: the building becomes 191 

a heat source (i.e., the building represents a heat-producing object in the urban canopy space).  192 

At the core of the proposed SLUCM+BEM is a concept that solves the issue of energy 193 

imbalance described above and obtains a more realistic energy budget for buildings under the 194 

conditions of HAC by estimating the amount of heat sink or source that the buildings provide 195 

under the conventional SLUCM setting of BOUND* = 2 (constant) and returning a part of 196 

this heat to the urban canopy space. To achieve this aim, the model calculates conductive heat 197 

fluxes through walls and roofs, estimates the indoor heat load and calculates QF and EC 198 

associated with HAC (Fig. 1c). The addition of these newly calculated variables and newly 199 

introduced parameters in SLUCM+BEM allows the model to conduct dynamic calculation of 200 

QF and EC for each time and day. 201 

 202 



 

 

 

 

  

Figure 1 Schematic of energy budgets within the urban canopy layer including buildings, showing the 

single-layer urban canopy model (SLUCM) with the (a) “Zero-Flux” (BOUND* = 1) and (b) “Constant” 

(BOUND* = 2) settings, and (c) the updated SLUCM based on a building energy model (BEM), i.e., 

SLUCM+BEM, with the “Constant” setting. Blue and yellow highlighting indicate variables simulated 

by SLUCM and SLCUM+BEM, respectively. Text in callouts indicates original or newly introduced 

input parameters for URBNPRAM.TBL in WRF. 

 203 

Conductive heat transfer (HTRANS) is estimated as follows: 204 



 

 

𝐻𝑇𝑅𝐴𝑁𝑆 = 2ℎ 𝐴𝐾𝑆𝐵 (
𝑇𝐵𝐿(4) − 𝑇𝐵𝐿𝐸𝑁𝐷

(
𝐷𝑍𝐵(4)

2
)

) +  𝑟 𝐴𝐾𝑆𝑅 (
𝑇𝑅𝐿(4) − 𝑇𝑅𝐿𝐸𝑁𝐷

(
𝐷𝑍𝑅(4)

2
)

) 

 (1) 

where the first and second terms on the right-hand side are conductive heat fluxes through 205 

walls and roofs, respectively; h and r are the normalised building height and roof width, 206 

respectively, as defined by Kusaka et al. (2001); AKSB and AKSR are the thermal 207 

conductivity of walls and roofs (W m
−1

 K
−1

), corresponding to λW and λR in Kusaka et al. 208 

(2001), respectively; and DZB and DZR are the thickness of each layer of walls and roofs, 209 

respectively. 210 

Following the estimation of HTRANS, indoor sensible heat load (Hin; positive in 211 

summer and negative in winter) is calculated as follows: 212 
𝐻𝑖𝑛 = 𝐻𝑇𝑅𝐴𝑁𝑆 + 𝐴𝑓𝑞𝐸 + 𝐴𝑓𝑃𝜑𝑃𝑞ℎ𝑠 

 (2) 

where the right-hand side shows each component of indoor sensible heat load. The first, 213 

second, and third terms indicate HTRANS estimated with Eq. (1) (positive in summer and 214 

negative in winter), and internal sensible heat generation from the equipment and occupants, 215 

respectively (always positive). In addition, Af is the floor area (m
2
); qE is the sensible heat 216 

gain from appliances per floor area (W m
2

); P is the peak number of occupants per floor area 217 

(person m
2

); φP is the ratio of hourly occupants to P (dimensionless); and qhs is the sensible 218 

heat generation from building occupants (W person
1

). For simplification, the model does not 219 

consider the transmission of solar insolation through windows or sensible heat exchange 220 

through ventilation. 221 

Previous studies have reported that because BEP+BEM assumes central, rather than 222 

decentralised, HAC systems, BEP+BEM cannot distinguish between rooms with and without 223 

individual HAC units, leading to overestimations of ECHAC (Takane et al. 2017; Xu et al. 224 

2018). Accordingly, HAC systems are assumed to operate in all buildings, floors, and rooms 225 

in BEP+BEM. This situation is not common in Asian cities, where mainly individual HAC 226 

units are used (e.g., Ihara et al., 2008; Kikegawa et al., 2014). Thus, to prevent overestimation 227 

of HAC use and improve the reproducibility of ECHAC, we introduced the following three 228 

parameters, as described by Takane et al. (2017), considering the use of decentralised HAC 229 

systems: the ratio of abandoned houses/buildings to all houses/buildings (parameter a, 230 

AB_BUILD_RATIO), the ratio of air-conditioned floor area to total floor area (parameter b, 231 

AC_FLOOR_RATIO), and the ratio of electric HAC usage for cooling or heating to all 232 

cooling or heating equipment (parameter c, AC_USAGE_RATIO_CL and 233 

AC_USAGE_RATIO_HT for cooling and heating, respectively). Settings for these 234 

parameters are provided in Table 2. Regarding parameter a, many abandoned houses are 235 

present in Japan, which represents a social problem for the country. According to Osaka City 236 

(2015), the proportion of abandoned houses among the city’s housing stock is 0.172, and it is 237 

reasonable to assume that these houses do not use HAC. For parameter b, the ratio of air-238 

conditioned floor area to total floor area was reported by Kikegawa et al. (2014), with values 239 

of 0.71 and 0.05 in office and residential areas, respectively. Salamanca et al. (2013) also 240 

considered this ratio and demonstrated that BEP+BEM could reproduce the diurnal profile of 241 

electricity demand for AC when the value was set to 0.65 for the city of Phoenix, Arizona, 242 

USA. Regarding parameter c, most people use electric AC as cooling equipment during 243 

summer, whereas few people use electric AC systems as heat pumps during winter, as many 244 

other types of heating equipment are available. We used parameters a, b, and c to calculate 245 

the sensible heat load processed by HAC systems (Hout; positive in summer, negative in 246 

winter) as follows: 247 



 

 

𝐻𝑜𝑢𝑡 = 𝐻𝑖𝑛 × (1 − 𝑎) × 𝑏 × 𝑐.  (3) 

We calculated EC for HAC (ECHAC) as follows: 248 

𝐸𝐶𝐻𝐴𝐶 =
|𝐻𝑜𝑢𝑡|

𝐶𝑂𝑃
.  (4) 

The coefficient of performance (COP) of the HAC system in Eq. (4) is realistically 249 

reproduced by the following equation, after Kikegawa et al. (2005): 250 

𝐶𝑂𝑃 =
𝑟𝐶𝑂𝑃×𝑓𝑞×𝑍

𝑓𝑝×𝑓𝑥
,  (5) 

where rCOP is the nominal COP of the considered HAC system; fq and fp respectively 251 

represent the dependency of the heating or cooling capacity and EC of the system on its 252 

operational conditions as functions of the dry-bulb outdoor air temperature and the wet-bulb 253 

indoor air temperature; z is the part-load ratio of the system; and fx represents the dependency 254 

of fp on z. The functions fq, fp, and fx were taken from Kikegawa et al. (2005) for typical 255 

Japanese HAC systems, as was rCOP.   256 

Using Hout (Eq. 3), ECHAC (Eq. 4), and COP (Eq. 5), the anthropogenic heat (QF) from 257 

buildings (QFB; positive in summer, negative in winter) was calculated at each time step as 258 

follows: 259 

𝑄𝐹𝐵 = 𝐻𝑜𝑢𝑡 + 𝐸𝐶𝐻𝐴𝐶 =
𝐶𝑂𝑃+1

𝐶𝑂𝑃
𝐻𝑜𝑢𝑡  ；during cooling operation (summer)  (6) 

𝑄𝐹𝐵 = 𝐻𝑜𝑢𝑡 − 𝐸𝐶𝐻𝐴𝐶 =
𝐶𝑂𝑃−1

𝐶𝑂𝑃
𝐻𝑜𝑢𝑡  ；during heating operation (winter)  (7) 

In the Northern Hemisphere, this study assumes the use of cooling during June–September 260 

and the use of heating during November–March. In the Southern Hemisphere, the use of 261 

cooling is assumed for November–March and the use of heating is assumed for June–262 

September. It is also possible to set the use of cooling and heating according to the outdoor 263 

temperature calculated using SLUCM and WRF, rather than according to the month. 264 

In business and commercial building (BC) grids, as described by Takane et al. (2017), 265 

we divided QFB for cooling into sensible heat, QFB, S, and latent heat, QFB, L, referring to the 266 

results of Shimoda et al. (2002) as follows, whereas all of QFB for heating was treated as 267 

sensible heat:  268 

𝑄𝐹𝐵,𝑆 = 0.722𝑄𝐹𝐵  (8) 

𝑄𝐹𝐵,𝐿 = 0.278𝑄𝐹𝐵.  (9) 

Shimoda et al. (2002) investigated the actual use of AC including electric and gas systems in 269 

Osaka, and reported the ratio between QFB, S and QFB, L based on an inventory approach. QFB, L 270 

was added to the latent heat flux, which is returned to the atmospheric first layer of the 271 

meteorological and climate models. 272 

2.2 Model settings 273 

The present study used the Advanced Research WRF (ARW) ver. 4.3.2 (Skamarock et 274 

al. 2021) and online coupling of WRF with SLUCM+BEM. Figure 2 shows the finest model 275 

domain (d03), containing 251 grid points in the x and y directions, covering the Tokyo 276 

Metropolitan Area (TMA), which was the focus of our study. Domains 1 (d01) and 2 (d02) 277 

cover all of Japan and the central area of Japan, respectively. We set the horizontal grid 278 

spacing to 25, 5, and 1 km for domains d01, d02 and d03, respectively. The model top was 50 279 

hPa, with 37 vertical sigma levels. In this simulation, the initial and boundary conditions were 280 

derived from the National Centres for Environmental Prediction Global Tropospheric Final 281 

Analysis (NCEP–FNL) from the Global Data Assimilation System with 0.25° horizontal grid 282 



 

 

spacing (GDAS, 2015), and Group for High-Resolution Sea Surface Temperature (GHRSST) 283 

Level 4 data with 1-km horizontal grid spacing (Chao et al., 2009). 284 

The following schemes were used in the simulation: updated Rapid Radiation Transfer 285 

Model (RRTMG) short- and long-wave radiation schemes (Iacono et al., 2008), Morrison 2-286 

moment cloud microphysics scheme (Morrison et al., 2009), Mellor–Yamada–Janjic 287 

atmospheric boundary-layer scheme (Mellor & Yamada, 1982; Janjic 1994; 2002), Noah land 288 

surface model (Chen & Dudhia, 2001) and SLUCM (Kusaka et al. 2001; Kusaka & Kimura, 289 

2004) or SLUCM+BEM as proposed in this study. 290 

As in Takane et al. (2022) and Nakajima et al. (2021; 2023), building footprint 291 

(polygon) data from a geographical information system in the TMA were used to identify 292 

urban canopy geometry. The building use and total floor area for each building in the TMA 293 

were recorded in the building footprint data. Land use–land cover (LULC) datasets produced 294 

by the Geospatial Information Authority of Japan (GIAJ) 295 

(https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-L03-b-u.html, last accessed 11/09/2023) 296 

were used in this study. The urban grids were classified into three categories (C, Rm, and Rd) 297 

based on the dominant building type, as shown in Figure 2a.  298 

 299 

a 

 

b 

 

Figure 2 Study area. (a) Distribution of three building-use categories: residential area with detached 



 

 

dwellings (low-density residential, 31 [grey]), residential area with multi-unit dwellings (high-density 

residential, 32 [yellow]), and business and commercial buildings (commercial, 33 [red]) in the Tokyo 

Metropolitan Area. (b) Terrain height within the study area. Open circles indicate observation sites at 

Nerima, Kumagaya, and Yoyogi, Tokyo. 

 300 

We also used Automated Meteorological Data Acquisition System data for TMA 301 

provided by the Japan Meteorological Agency as meteorological data for model validation. 302 

The simulation was conducted from 09:00 JST (00:00 UTC = 09:00 JST) on 25 June 303 

to 09:00 JST on 31 August 2018 for the summer case and 25 December 2016 to 28 February 304 

2017 for the winter case. For each case, the first 5 days were discarded as the model spin-up 305 

period.  306 

We ran two simulation types: the original SLUCM with AHOPTION = 1 (BOUND* = 307 

2; i.e., constant) and SLUCM+BEM with AHOPTION = 2 (BOUND* = 2; i.e., constant). The 308 

main parameters entered for each simulation type are listed in Table 2. 309 

In the SLUCM case, QF was an aggregate of all sources, with a maximum value (AH) 310 

and temporal variation (AHDIUPRF) for each urban category. In this study, AH and 311 

AHDIUPRF were obtained from the sum of QFB calculated by CM-BEM for each grid and 312 

the separately input QF from traffic for each building category (Nakajima et al. 2023). In the 313 

SLUCM+BEM case, QFB is the simulated variable, such that QF from traffic was given as AH, 314 

and AHDIUPRF was the temporal pattern of QF from traffic, in accordance with Nakajima et 315 

al. (2023). Notably, the ability to input QF from traffic in this manner is an advantage of 316 

SLUCM+BEM over BEP+BEM (Table 1). 317 

Both TRLEND and TBLEND are constant room temperatures, and their values are 318 

based on realistic temperature settings for HAC in Tokyo (Takane et al. 2022; Kikegawa 319 

2022; Nakajima et al. 2023). Different values were entered for summer and winter because 320 

the temperature settings of HAC systems differ seasonally. 321 

HSEQUIP_SCALE_FACTOR and HSEQUIP are the maximum value of the internal 322 

heat gain and its percentage change over time, respectively. These parameters are used in both 323 

BEP+BEM and SLUCM+BEM without alteration. The values were obtained from actual EC 324 

data for the focal metropolitan area (Nakajima et al. 2023; Takane et al. 2023a). 325 

AB_BUILD_RATIO is the ratio of abandoned houses/buildings to all 326 

houses/buildings in a city block (parameter a in Eq. 3). This value can be set for each urban 327 

category and was set to the value used by Takane et al. (2017). 328 

AC_FLOOR_RATIO is the ratio of air-conditioned floor area to total floor area 329 

(parameter b in Eq. 3). This value can be set for each urban category and was assigned the 330 

temporally varying value for Tokyo adopted by Takane et al. (2022) and Nakajima et al. 331 

(2023). 332 

AC_USAGE_RATIO_CL and AC_USAGE_RATIO_HT are the ratios of electric 333 

HAC use for cooling and heating to all cooling and heating equipment, respectively 334 

(parameter c in Eq. 3). This value can be set for each urban category and was given the value 335 

reported by Takane et al. (2017). 336 

rCOP in Eq. 5 is used in BEP+BEM to indicate the performance of HAC, and 337 

SLUCM+BEM uses this parameter without alteration. Values from previous studies (Takane 338 

et al. 2017; 2023; Kikegawa et al. 2022; Nakajima et al. 2023) were employed for rCOP. 339 

Note that in BEP+BEM, COP is fixed at the input value of rCOP, whereas in SLUCM+BEM, 340 



 

 

a formula was introduced to calculate realistic COP values (Eq. 5). However, COP can also 341 

be fixed at a constant value of rCOP by setting COPOPTION = 0. 342 

For both SLUCM and SLUCM+BEM, calculations are performed for two seasons, 343 

summer and winter; the TRLEND and TBLEND settings differ seasonally. 344 

 345 

Table 2 Parameter settings for the SLUCM and SLUCM+BEM models. The cooling and heating seasons 346 
(summer and winter) are defined as 25 June to 31 August 2018 and 25 December 2016 to 28 February 347 
2017, respectively. Urban categories are defined as 1 = low-density residential, 2 = high-density 348 
residential, and 3 = commercial. 349 

Parameter (units) [cases] SLUCM SLUCM+BEM 

Season Cooling, heating Cooling, heating 

ZR (m)  

[Urban category = 1, 2, 3] 

6.0, 10.0, 16.0 

FRC_URB (–)  

[Urban category = 1, 2, 3] 

0.7, 0.9, 0.9 

AHOPTION (–) 1 2 

AH (W m−2)  

[Urban category = 1, 2, 3] 

38.8, 52.8, 141.5 (from all sources, 

including buildings and traffic) 

19.4, 26.4, 70.7 (from traffic only) 

AHDIUPRF (–)  

[Local time = hours 1–24] 

0.467 0.370 0.323 0.319 0.366 0.485 0.620 0.718 0.831 0.881 0.913 0.870 0.931 

0.982 1.000 0.997 0.957 0.906 0.851 0.804 0.767 0.681 0.660 0.520 

BOUNDR, BOUNDNB, 

BOUNDG (BOUND*) 

2 

DDZR (m) [Layer = 1, 2, 3, 4] 0.091, 0.091, 0.091, 0.091 

DDZB (m) [Layer = 1, 2, 3, 4] 0.093, 0.093, 0.093, 0.093 

CAPR (J m−3 K−1)  

[Urban category = 1, 2, 3] 

0.4521 × 106, 1.588 × 106, 1.298 × 106 

CAPB (J m−3 K−1)  

[Urban category = 1, 2, 3] 

0.674 × 106, 1.702 × 106, 1.598 × 106 

AKSR (W m−1 K−1)  

[Urban category = 1, 2, 3] 

0.071, 0.192, 0.094 

AKSB (W m−1 K−1)  

[Urban category = 1, 2, 3] 

0.094, 0.276 0.217, 

TRLEND (K)  

[Urban category = 1, 2, 3] 

301, 301, 300 295.15, 295.15, 295.15 301, 301, 300 295.15, 295.15, 295.15 

TBLEND (K)  

[Urban category = 1, 2, 3] 

301, 301, 300 295.15, 295.15, 295.15 301, 301, 300 295.15, 295.15, 295.15 

HSEQUIP_SCALE_FACTOR  

(W floor-m−2)  

[Urban category = 1, 2, 3] 

– 6.98, 8.42, 17.33 

HSEQUIP (–)  

[Local time = hours 1–24] 

– 0.67, 0.66, 0.65, 0.64, 0.64, 0.64, 0.68, 

0.74, 0.83, 0.91, 0.96, 0.98, 0.99, 1.00, 

0.99, 0.98, 0.99, 0.99, 0.95, 0.91, 0.86, 

0.81, 0.77, 0.72 

AB_BUILD_RATIO (–)  

[Urban category = 1, 2, 3] * 

– 0.136, 0.136, 0.136 

AC_FLOOR_RATIO (–)  

[Urban category =1, 2, 3],  

[Local time = hours 1–24] * 

– Urban category 1: 0.38, 0.35, 0.34, 

0.32, 0.30, 0.28, 0.26, 0.23, 0.21, 0.17, 

0.17, 0.17, 0.17, 0.16, 0.16, 0.16, 0.16, 

0.18, 0.20, 0.23, 0.29, 0.34, 0.37, 0.40 

Urban category 2: 0.45, 0.40, 0.35, 



 

 

0.33, 0.32, 0.31, 0.31, 0.31, 0.32, 0.33, 

0.34, 0.34, 0.34, 0.34, 0.34, 0.34, 0.34, 

0.35, 0.37, 0.39, 0.41, 0.42, 0.44, 0.45 

Urban category 3: 0.20, 0.19, 0.19, 

0.18, 0.18, 0.18, 0.25, 0.37, 0.48, 0.56, 

0.59, 0.62, 0.62, 0.62, 0.62, 0.62, 0.62, 

0.62, 0.62, 0.55, 0.50, 0.44, 0.35, 0.24 

AC_USAGE_RATIO_CL (–) 

[Urban category = 1, 2, 3] * 

– 1, 1, 1 

AC_USAGE_RATIO_HT (–) 

[Urban category = 1, 2, 3] * 

– 0.6, 0.6, 0.6 

COPOPTION (–) * – 1 

COP (–)  

[Urban category = 1, 2, 3] 

– 5.03, 5.03, 3.58 

AB_BUILD_RATIO, ratio of abandoned house/buildings to all houses/buildings in a city block; 350 
AC_FLOOR_RATIO, ratio of air-conditioned floor area to total floor area; AC_USAGE_RATIO_CL, 351 
ratio of AC usage for cooling equipment; AC_USAGE_RATIO_HT, ratio of AC usage for heating 352 
equipment; AH, anthropogenic heat; AHDIUPRF, anthropogenic heating diurnal profile; AHOPTION, 353 
anthropogenic heating option, where 0 = no anthropogenic heating, 1 = anthropogenic heating added to the 354 
sensible heat flux term, 2 = anthropogenic heating from buildings simulated by SLUCM+BEM; AKSB, 355 
thermal conductivity of the building wall; AKSR, thermal conductivity of the roof; CAPB, heat capacity of 356 
the building wall; CAPR, heat capacity of the roof; COP, coefficient of performance; COPOPTION, switch 357 
to determine whether COP is fixed or variable, where 0 = fixed COP, 1 = COP simulated by 358 
SLUCM+BEM; DDZB, thickness of each building wall layer; DDZR, thickness of each roof layer; 359 
FRC_URB, fraction of the urban landscape; HSEQUIP, proportional change of 360 
HSEQUIP_SCALE_FACTOR over time; HSEQUIP_SCALE_FACTOR, peak internal heat gain; 361 
TBLEND, lower boundary condition for building wall temperature; TRLEND, lower boundary condition 362 
for roof temperature; ZR, building height. 363 

* Newly added for SLUCM+BEM; (–) dimensionless parameter. 364 

 365 

The SLUCM and SLUCM+BEM models were run in both offline and online modes, 366 

coupled to WRF. In offline mode, Noah-LSM (Chen & Dudhia 2001) and SLUCM were 367 

coupled with a mosaic of natural vegetation and urban tiles, in accordance with the online 368 

WRF land surface processes. Meteorological data measured at a flux tower in Yoyogi, Tokyo 369 

(Fig. 2b) (Hirano et al. 2015; Sugawara et al. 2021; Lipson et al. 2022) were used as forcing 370 

data in offline simulations and the results were compared with the radiation budget and heat 371 

fluxes measured at the same site. The settings for the online mode are described in Table 2. 372 

The calculated online and offline temperature and electricity consumption were compared 373 

with the corresponding measured values. 374 
 375 

3. Results 376 

3.1 Offline model verification 377 

First, the offline versions of SLUCM and SLUCM+BEM were used to verify the 378 

accuracy of reproductions of the summer radiation balance and surface heat budget observed 379 

in Tokyo (Yoyogi, Fig. 2b) by Hirano et al. (2015), Sugawara et al. (2021), and Lipson et al. 380 

(2022). Their results are shown in the upper part of Fig. 3; SLUCM and SLUCM+BEM 381 

reproduced the radiation balance and heat budgets well (Fig. 3a, b). Focusing on the sensible 382 

heat flux (QH), SLUCM somewhat overestimated the observations (Fig. 3a), whereas 383 

SLUCM+BEM reproduced them well (Fig. 3b). In addition, SLUCM was unable to calculate 384 



 

 

EC (Fig. 2a), whereas SLUCM+BEM both calculated EC and roughly reproduced the diurnal 385 

change of measured values in the Yoyogi area (Fig. 3b). The results of offline calculation 386 

with CM-BEM, a more sophisticated model, are shown in Fig. 3c. Both the radiation balance 387 

and surface heat budget were well reproduced, but QH was slightly out of phase, and 388 

SLUCM+BEM reproduced QH better than this result; for EC, CM-BEM reproduced the 389 

measurements very well, whereas SLUCM+BEM showed lower accuracy. Importantly, 390 

despite the modelling simplicity of SLUCM+BEM, it captured temporal changes to some 391 

extent.  392 

The winter results were similar to the summer results: both SLUCM and 393 

SLUCM+BEM captured features of the radiation and surface heat budgets well (Fig. 3d, e); 394 

SLUCM+BEM did not capture diurnal changes in measured EC, but the daily averaged 395 

values generally aligned with observations (Fig. 3e). Notably, even the more sophisticated 396 

CM-BEM did not accurately reproduce temporal changes in winter EC (Fig. 3f). Therefore, 397 

difficulty in reproducing temporal changes in winter EC is not a drawback of SLUCM+BEM 398 

only. 399 

 400 

a SLUCM 

 

b SLUCM+BEM 

 

c CM-BEM 
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Figure 3 Diurnal changes in radiation, surface heat balance, and electricity consumption (EC) in Tokyo 

(Yoyogi [Fig. 2b]; Sugawara et al. 2021) averaged seasonally over (a–c) summer (July–August) and (d–f) 

winter (January–February). Circles are observations. Lines and error bars indicate simulated average values 

and standard deviations from (a, d) SLUCM, (b, e) SLUCM+BEM, and (c, f) CM-BEM, respectively. 

 401 



 

 

3.2 Online model verification 402 

3.2.1 Air temperature 403 

This section describes the accuracy of reproducing temperatures calculated by the 404 

online model (coupled version with WRF). Figure 4a shows the temporal variation of 405 

temperature (monthly average by time of day) at three representative locations in the TMA by 406 

building use: Tokyo (BC), Kumagaya (Rm), and Nerima (Rd) (Fig. 2b), where both SLUCM 407 

(blue) and SLUCM+BEM (red) performed well in reproducing the observed temperatures 408 

(black circles), with slightly better performance by SLUCM+BEM. For example, in Tokyo, 409 

SLUCM had a mean absolute error (MAE) of 1.2°C, compared to 1.16°C for SLUCM+BEM, 410 

and little difference between the two models at the other two sites. Both models reproduced 411 

the horizontal temperature distribution in the metropolitan area better than its temporal 412 

variation. For example, SLUCM+BEM reproduced the observed heat island centred on Tokyo 413 

well (Fig. 5b) at 05:00 (Fig. 5a), and observed high temperatures in the inland area at 14:00 414 

(Fig. 5d) were similarly well reproduced (Fig. 5c).  415 

The winter results showed a similar trend to the summer results. Both SLUCM and 416 

SLUCM+BEM captured characteristics of temporal temperature changes in Tokyo, 417 

Kumagaya and Nerima well (Fig. 4b). However, both SLUCM and SLUCM+BEM showed 418 

more significant errors for winter than for summer observations (Fig. 4a, b). The lower 419 

accuracy of winter temperature reconstructions compared to summer is not limited to 420 

SLUCM+BEM. For example, a similar trend was observed in the validation of BEP+BEM 421 

(e.g., Takane et al. 2017). Gararro & González-Cruz (2023) also reported that the introduction 422 

of electric heating reduced the peak UHI effect by 2.5–3°C. This temperature decrease during 423 

winter is due to the negative QFB related to air-source heat pump AC systems used for heating. 424 

For example, the MAE of SLUCM in Tokyo was 1.69°C, whereas that of SLUCM+BEM was 425 

1.93°C. However, this error was strongly dependent on the input parameters, such as the AH 426 

value input to SLUCM (Table 2). In general, it is not possible to precisely evaluate the 427 

success of the two models comparatively, because in summer, both models reproduced the 428 

horizontal distribution of temperature in the metropolitan area well, with SLUCM+BEM also 429 

reproducing the observed heat island centred on Tokyo at 05:00 and the wider temperature 430 

distribution at 14:00 (Fig. 5e–h). 431 
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Figure 4 Diurnal changes in 2-m temperatures in Tokyo (BC), Kumagaya (Rm), and Nerima (Rd; Fig. 

2b) averaged seasonally over (a) summer and (b) winter. Circles are observations. Lines and error bars 

are simulated average values and 5
th

–95
th

 percentiles from SLUCM (blue) and SLUCM+BEM (red), 

respectively. MAE, mean absolute error; MBE, mean bias error; RMSE, root mean square error. 
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Figure 5 Distributions of observed (right) and simulated (left) 2-m temperatures in the Tokyo Metropolitan 

Area averaged for (a, b) 05:00 local time (LT) and (c, d) 14:00 LT in summer; and (e, f) 05:00 LT and (g, 

h) 14:00 LT in winter. 

 446 

3.2.2 Electricity consumption (EC) 447 

Notably, EC cannot be calculated with the existing SLUCM. Therefore, from this 448 

point on, we report the accuracy of EC reproduction only for SLUCM+BEM. In general, 449 

verifying the QFB for which SLUCM+BEM performs the simulation is difficult, because no 450 

method has been established for observing QFB. However, measured EC data are available. In 451 

this study, high-resolution EC observations for a metropolitan area reported by Nakajima et al. 452 

(2023) and Takane et al. (2023) are used to validate the accuracy of EC values calculated by 453 

SLUCM+BEM. In addition, we compare the validated results of SLUCM+BEM and CM-454 

BEM. Note that if a model can reproduce EC, QFB can also be calculated realistically, 455 

according to Eqs. (4), (10), and (11). 456 

We focused on the validation of ECHAC, which is the variable simulated by the models. 457 

As observed ECHAC, we used the ECHAC estimated by Nakajima et al. (2022). One reason for 458 

validating ECHAC rather than EC is that ECHAC is the actual simulated variable, whereas EC 459 

includes input baseload parameters (HSEQUIP_SCALE_FACTOR and HSEQUIP). Thus, the 460 

validation result for EC contains errors both in simulated ECHAC and in input parameters. 461 

Nakajima et al. (2022) showed that the baseload tends to vary even among BC grids of the 462 

same category in central Tokyo. CM-BEM can consider the variability of the baseload 463 

because it can input different baseload values in each model grid, but SLUCM+BEM uses 464 

only a single baseload value for each urban category (a uniform input across all BC grids; 465 

Table 2). Therefore, we focused on ECHAC to compare only the simulated variable between 466 

SLUCM+BEM and CM-BEM. 467 

Figure 6a provides a detailed map of ECHAC in the Tokyo metropolitan area in summer 468 

(July–August 2018 average) as presented by Nakajima et al. (2023) and Takane et al. (2023). 469 

Figure 6b is a focused view of central Tokyo. ECHAC is higher in the city centre and decreases 470 

toward the suburbs; SLUCM+BEM was generally able to capture this feature (city centre > 471 



 

 

suburbs) (Fig. 6c, d vs. a, b). The errors of ECHAC by building use and time within the area 472 

shown in Fig. 6b, d are shown in Fig. 7 (upper). In Rm residential grids, the daily mean bias 473 

error (MBE) was 1.5 W floor-m
−2

 and MAE = 1.7 W floor-m
−2

. The Rd residential grids 474 

produced slightly better results, with daily MBE = 0.1 W floor-m
−2

 and MAE = 0.9 W floor-475 

m
−2

. By contrast, BC showed daily MBE = 4.4 W floor-m
−2

 and MAE = 4.9 W floor-m
−2

, 476 

indicating greater error than the residential results. ECHAC tends to be high throughout the day. 477 

Despite overestimation in the BC grids, the total error values for the area shown in Fig. 6b, d 478 

were MBE = 0.8 W floor-m
−2

 and MAE = 1.4 W floor-m
−2

 for the daily average, because the 479 

area of the BC grids was smaller than that of the Rm and Rd grids, as shown in Fig. 2. 480 

For comparison with SLUCM+BEM, the results obtained from a more detailed model, 481 

CM-BEM (Kikegawa et al. 2003; 2014; 2022; Takane et al. 2022; Nakajima et al. 2023), are 482 

shown in Fig. 6e, f. The CM-BEM results cover a limited area due to the smaller 483 

computational coverage of that model compared to SLUCM+BEM. Although the areas for 484 

which the ECHAC were calculated differ, the model resolution (1 km) and physical 485 

parameterisations used are identical, except for the urban canopy and building energy model, 486 

to allow for intercomparison. The CM-BEM results (Fig. 6f) reproduced the observations (Fig. 487 

6b) well. In particular, SLUCM+BEM showed a relatively uniform ECHAC for BC in the city 488 

centre. In contrast, CM-BEM had different values in each grid, showing good agreement with 489 

the observations. CM-BEM had lower error than SLUCM+BEM in BC, with daily MBE = 490 

1.9 W floor-m
−2

 and MAE = 2.3 W floor-m
−2

. Possible reasons for CM-BEM outperforming 491 

SLUCM+BEM in BC include the capacity of CM-BEM to consider differences in urban 492 

morphology among grids and weekend conditions (lower ECHAC) that differ from weekdays. 493 

Thus, SLUCM+BEM uses the same urban morphology data for all BC grids and considers 494 

only weekday conditions. In Rm residential grids, the daily mean error values were MBE = 495 

0.9 W floor-m
−2

 and MAE = 1.2 W floor-m
−2

 (Fig. 7, bottom). As noted for the 496 

SLUCM+BEM results, the Rd residential results were slightly better than the Rm residential 497 

results, with daily mean error values of MBE = 0.5 W floor-m
−2

 and MAE = 1.1 W floor-m
−2

. 498 

ECHAC simulated by CM-BEM tended to be high only during daytime, in contrast to that 499 

simulated by SLUCM+BEM. As shown in Fig. 6b, f, the daily average error values were 500 

MBE = 0.8 W floor-m
−2

 and MAE = 1.2 W floor-m
−2

, which are similar to those of 501 

SLUCM+BEM. Thus, although SLUCM+BEM is a simpler model than CM-BEM and can 502 

cover a larger area, it performed as well as the detailed CM-BEM model in the detailed 503 

validation of ECHAC across the whole target area.  504 

Note that the results presented above for CM-BEM are based on the latest version of 505 

the code, which has been improved through grid-by-grid input of internal heat gain, 506 

modelling of the AC operation schedule, and introduction of the proportion of AC systems in 507 

BC grids. Based on these improvements, the errors were reduced (Nakajima et al. 2023). 508 

These improvements provide clues for the future improvement of SLUCM+BEM. 509 

The winter results were qualitatively similar to the summer results, but indicate 510 

somewhat better performance of CM-BEM compared to SLUCM+BEM in the simulation of 511 

ECHAC. The distribution of winter ECHAC and error estimates are presented in Figs. 8 and 9, 512 

respectively.  513 



 

 

 

Figure 6 Distributions of (a, b) observed and (c–h) simulated electricity consumption (EC) for heating and 

air conditioning (HAC) (i.e., ECHAC) in the Tokyo Metropolitan Area (left) and central Tokyo area (right) 

averaged over the summer season. Simulation results from (c, d) SLUCM+BEM, and (e, f) CM-BEM. 
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Figure 7 Diurnal changes in (a) MBE and (b) MAE of ECHAC for each urban building use type, Rm, Rd, 

and BC, and the average of all grids from SLUCM+BEM (upper panels) and CM-BEM (new model; lower 

panels). 
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Figure 8 As described for Fig. 6, but showing results for the winter season. 
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Figure 9 As described for Fig. 7, but showing results for the winter season. 

 528 

3.2.3 Effects of temperature on EC and QFB 529 

The ECHAC calculation described above depends on the ambient temperature. The 530 

relationships between EC and air temperature at representative locations in Tokyo (BC), 531 

Kumagaya (Rm), and Nerima (Rd) are shown in Fig. 10a. In summer, EC and temperature 532 

were positively correlated; the slope of the regression line represents the temperature 533 

sensitivity of EC. Conversely, this correlation is negative in winter, with a smaller slope than 534 

in summer. One reason for the smaller slope in winter is that a lower proportion of buildings 535 

uses air conditioning for heating in winter than in summer (e.g., Takane et al. 2017).  536 

Like EC, QFB can be calculated in a temperature-dependent manner (Fig. 10b). As also 537 

noted for EC, QFB and temperature are positively correlated in summer. In this case, winter 538 

also shows a positive correlation due to the use of air-source air conditioning is used, leading 539 

to heat absorption (i.e., negative heat is emitted) from the outdoor air during heating. This 540 

heat absorption is more significant at lower outdoor temperatures.  541 

Notably, in the original SLUCM, EC is always zero, as it is not a target for calculation. 542 

The value of QFB does not respond to air temperature (see Fig. 10). By contrast, in 543 
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SLUCM+BEM, both EC and QFB can be calculated to respond to air temperature. It is a 544 

significant achievement that these two variables can now be calculated dynamically after 545 

addressing the shortcomings of SLUCM.  546 

 547 

a 

 

b 

 

Figure 10 Scatterplots of 2-m temperature and (a) electricity consumption (EC), and (b) anthropogenic 

heat from buildings (QFB) in Tokyo (BC), Kumagaya (Rm), and Nerima (Rd) at 12:00 LT in summer 

and winter simulated by SLUCM+BEM. Each plot shows daily results. Lines with error bars are single 

regression lines. Plots with temperatures > 20°C represent calculation results for summer; those with 

temperatures < 20°C represent calculation results for winter. 

 548 

4. Discussion 549 

4.1 Importance of considering partial HAC 550 

SLUCM+BEM includes features in the modelling of EC and QFB that are not 551 

considered in the BEP+BEM or officially included in the WRF, as follows. 552 

・ Consideration of partial HAC: BEP+BEM assumes that HAC is always in use on all 553 

floors and locations in the building, which is an unrealistic situation, and thus 554 

overestimates actual EC and consequently QFB emissions (Takane et al. 2017; Xu et al. 555 

2018). To avoid this overestimation, this study introduced the concept of partial HAC 556 

(Section 2.1) as described previously (Takane et al. 2017). 557 

・ Consideration of changes in COP: In BEP+BEM, COP has a fixed input value. In practice, 558 

COP generally varies with ambient temperature. The consideration of changes in COP 559 

allows more realistic dynamic calculation of EC and QFB.  560 

・ Consideration of the cooling tower: In BEP+BEM, all QFB is emitted as sensible heat, 561 

irrespective of building use. However, cooling towers exist in offices, and some QFB is 562 

discharged as latent heat during the cooling season, as demonstrated by the detailed 563 

cooling tower model in BEP+BEM (e.g., Yu et al. 2019) and in our separately developed 564 

CM-BEM. Therefore, in SLUCM+BEM, simplicity is emphasised, and fractions are 565 

introduced in Eqs. (7) and (8) to reproduce a simple cooling tower.  566 



 

 

This section discusses how each of these features affects the QFB output. The results 567 

for the control case, which considers all three of these items, are shown in Fig. 11a. QFB is 568 

more significant in central Tokyo and more minor in the suburbs. The temporal variations at 569 

three representative locations for each building use indicate that in Tokyo, QFB values 570 

increase after 06:00 and reach 40 W m
−2

 at around 11:00, peak at around 18:00, and then 571 

decrease. By contrast, in Kumagaya and Nerima, QFB values increase after 18:00, as more 572 

people are present in their houses at night than during the day. Thus, residential areas use 573 

more AC at night than during the day (Table 1, AC_FLOOR_RATIO). Although the value of 574 

QFB is impossible to directly verify while considering all three of these factors, the calculation 575 

is regarded as realistic because it reproduced EC well.  576 

Figure 11b shows the results without the consideration of cooling towers. As cooling 577 

towers are present only in offices, the results for residential areas are identical to those 578 

obtained in the previous analyses. Focusing only on offices, the values for central Tokyo are 579 

more significant than those shown in Fig. 11a. In terms of temporal variation in Tokyo, the 580 

same QFB curve was obtained as described in the previous section, but the peak value during 581 

the day was approximately 55 W m
−2

, which is higher than the peak value of about 40 W m
−2

 582 

obtained in the control case (Fig. 11a). Thus, considering cooling towers led to an average 583 

difference of approximately 15 W m
−2

 during the day.  584 

Next, we considered the effect of COP changes. Figure 11c shows the results 585 

equivalent to Fig. 11b without considering COP changes, where COP is set to a fixed value. 586 

These results demonstrate that the influence of COP changes was smaller than the change 587 

illustrated in Fig. 11b; a comparison of Fig. 11b and c showed almost no change in the 588 

mapping of QFB, and temporal changes were nearly identical at the three representative points. 589 

However, the consideration of QFB changes is likely to be effective in heat wave analyses and 590 

future projections of urban climate under the influence of global warming. Such calculations 591 

involve significantly higher temperatures than those used in the present study, resulting in 592 

lower COP and higher EC and QFB (Takane et al. 2019; 2020).  593 

Finally, we considered the impact of partial HAC, changing the settings used in Fig. 594 

11c to incorporate a whole-house HAC (similar to BEP+BEM). This case did not consider 595 

partial HAC use. Comparing these results to the previous case, QFB for the whole 596 

metropolitan area was more prominent with the whole-house HAC setting. Temporal changes 597 

at three representative locations were also clearly affected. For example, in Tokyo, nighttime 598 

QFB was greater for whole-house HAC than for partial HAC, and the difference between 599 

daytime and nighttime values was smaller. QFB was approximately 100 W m
−2

, regardless of 600 

the time of day. Kumagaya showed no significant difference in the diurnal change pattern, but 601 

the absolute values were consistently above 50 W m
−2

. In Nerima, the pattern shifted to a 602 

diurnal peak. Thus, the consideration of partial HAC critically impacted our results. To 603 

include partial HAC in the model, new parameters such as those listed in Table 1 are needed 604 

to accurately reflect the effects of human activity, slightly increasing the effort required for 605 

analysis. However, the difference between Fig. 11c and d illustrates the benefit of considering 606 

partial HAC whenever possible, as it has a strong impact on the results. In addition, we 607 

recommend using social big data related to population, electricity, and HAC use, as real-time 608 

population big data were used by Takane et al. (2022) to set these parameters.  609 

Overall, these results suggest that all three of the features included in SLUCM+BEM, 610 

but not in BEP+BEM or WRF, for the modelling of EC and QFB should be considered. At a 611 

minimum, partial AC should be considered.  612 
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a CTRL 
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Figure 11 Distributions of simulated QFB in the Tokyo Metropolitan Area averaged for 14:00 LT in 

summer obtained from SLUCM+BEM (left). Diurnal changes in QFB in Tokyo (BC), Kumagaya (Rm), 

and Nerima (Rd) (right). Lines and error bars are simulated average values and 5
th

–95
th

 percentiles, 

respectively. Simulation results are for cases including (a) control (CTRL), (b) no cooling towers, (c) no 

coefficient of performance (COP) change, and (d) no partial HAC. 
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4.2 Guidance for model selection 615 

This section offers recommendations for model selection and the appropriate use of 616 

three urban models, SLUCM, SLUCM+BEM, and CM-BEM, each of which has different 617 

characteristics. An overview of the model selection process is provided in Figure 12. 618 

The most important difference affecting model selection is whether the user requires 619 

dynamic calculation of QF and EC. If this calculation is not required, the original SLUCM is 620 

suitable for use. Notably, the two approaches to improving this model differ depending on 621 

whether BOUND* is set to 1 or 2 (see Sections 1 and 2.1). It is essential that QF (AH, 622 

AHDIUPRF in URBPRAM.TBL) is entered as realistically as possible. If it is possible to 623 

enter realistic values for QF obtained from energy consumption statistics compiled by the city 624 

or country of interest or from existing global databases (e.g., Varquez et al. 2021), then it is 625 

possible to reasonably simulate urban temperatures averaged over the simulation period (see 626 

Sections 1 and 2.1). For example, when BOUND* = 1 (zero-flux), the building is assumed to 627 

be perfectly insulated, whereas if QF is entered separately and includes realistic values for 628 

heat removal from the building (QFB), then the calculation can be considered to reproduce 629 

realistic conditions. Similarly, when BOUND* = 2 (constant), the building acts as a heat sink 630 

or source at each time step, but if the energy lost or gained in this manner is added to QF in 631 

advance, this calculation can also be considered to provide a realistic representation. In the 632 

case of constant, we recommend that the boundary conditions TRLEND and TBLEND are 633 

not set as the room temperature, but as the average outdoor temperature of the location during 634 

the calculation period. The reason for this setting is that entering the average outdoor 635 

temperature causes the calculation to assume that the energy balance between outdoors and 636 

indoors is approximately balanced, at least when averaged over the calculation period. This 637 

concept is similar to weather and climate simulations that use a bottom boundary condition of 638 

land-surface models. 639 

Users who have difficulty in setting realistic values for QF as described above, want to 640 

calculate QF and EC dynamically, or want to simulate a period with high temperature 641 

variations among days and time points are advised to use CM-BEM (or BEP+BEM as a 642 

model of the same type) and SLUCM+BEM. However, these two models also have different 643 

uses. Specifically, if QF and EC are required to be calculated in detail, such as considering a 644 

building in multiple vertical layers and calculating the heat load of the building including 645 

windows and ventilation, for realistic calculation of both EC and gas consumption, or if rich 646 

input data related to these settings are available, then CM-BEM is an option. 647 

If a single layer is sufficient instead of multi-layer analysis, if few input data are 648 

available, or if there are concerns about the QF settings for SLUCM as described above, then 649 

the SLUCM+BEM proposed in this paper is the optimal choice. Notably, SLUCM+BEM is a 650 

parameterisation that assumes BOUND* =2 (i.e., constant) and the boundary conditions 651 

TRLEND and TBLEND assume the temperature setting of the air conditioner (room 652 

temperature), in contrast to the SLUCM constant setting. 653 

As described above, SLUCM+BEM is a parameterisation that eliminates as many of 654 

the shortcomings of both SLUCM and CM-BEM as possible, while incorporating as many of 655 

their benefits as possible. According to Chen et al. (2021), inadequate representation of 656 

building energy is included in many single-layer UCMs, including the surface urban energy 657 

and water balance scheme (SUEWS) (Järvi et al., 2011; 2014; Ward et al., 2016; Sun et al., 658 

2024) and the Arizona State University single-layer urban canopy model (ASLUM) (Wang et 659 

al., 2013; Wang et al., 2021). Our model, SLUCM+BEM, is the only model that couples a 660 

single-layer UCM with BEM as well as WRF. 661 



 

 

 662 

 

Figure 12 Flowchart of model selection process, highlighting important features and conditions of each 

model. 

 663 

4.3 Limitations and future works 664 

The factors that SLUCM+BEM ignores compared to the more detailed models 665 

BEP+BEM and CM-BEM are mainly windows and ventilation (Table 1). As no database of 666 

these factors exists at present, inaccurate window parameter inputs can lead to inaccurate 667 

calculation of indoor heat load, EC, and QFB. Therefore, we ignored these factors, because 668 

their inclusion deviates from the development policy of SLUCM+BEM, which was to 669 

develop the simplest model possible; we also ignored ventilation for the sake of simplicity. 670 

The extent to which these simplifications affect QFB and EC remains unclear. These 671 

improvements may be implemented in future research. 672 

In addition, SLUCM+BEM considers only sensible heat. The balance of latent heat 673 

within and outside the building and the latent heat content of QFB are not calculated 674 

dynamically, in contrast to BEP+BEM and CM-BEM.  675 

Furthermore, like BEP+BEM, SLUCM+BEM assumes weekday patterns for all 676 

calculations and does not consider weekends, whereas CM-BEM does differentiate weekends 677 

(Table 1). This change can lead to temperature differences of approximately 0.1–0.6°C in 678 

urban centres, particularly on holidays (Fujibe 1987; 2010; Bäumer & Vogel, 2007; Ohashi et 679 

al. 2016; Earl et al. 2016). This limitation may have led to an overestimation of ECHAC in BC, 680 



 

 

as described in Section 3.2.2. Nevertheless, the number of holidays is limited compared to 681 

weekdays, and in this study, avoiding complexity was prioritised over this effect. 682 

The most challenging point in parameterising QFB and EC is the treatment of heating. 683 

In Japan, air-source heat pump AC units are also used for heating, but heating represents a 684 

smaller percentage of their use than cooling (Takane et al. 2017; 2023). No accurate data on 685 

the actual percentage of their service is available. Despite a trend toward using heat pump AC 686 

units for heating in other countries, particularly in the EU, this practice is not yet common. 687 

Therefore, winter calculations should be conducted with more caution than summer 688 

calculations. We must emphasise that the same limitation and caution must be applied for 689 

existing models such as BEP+BEM. In addition, this parameterisation based on air-source 690 

heat pump AC will become increasingly useful in future scenarios, given that heat pumps are 691 

positioned as a renewable energy source, are currently attracting attention, and will be widely 692 

used in the future for the sake of energy security. By contrast, CM-BEM considers heating 693 

types other than air-source heat pump AC (e.g., Kikegawa et al., 2003). Nonetheless, this 694 

CM-BEM setting is too complex for meteorologists and climatologists, who are the main 695 

users of WRF, and the data on which this setting is based are not standard. SLUCM+BEM 696 

avoids this complexity. 697 

The BEM developed in this study shares certain challenges with other BEMs. 698 

Although the BEM can accurately calculate the temporal variation and spatial distribution of 699 

anthropogenic heat emissions, it may not correctly calculate their long-term average values 700 

and spatial averages. This issue is reminiscent of the shortcomings of the bottom-up approach 701 

used to create anthropogenic heat emission databases from statistical data for energy 702 

consumption amounts. When creating anthropogenic heat emission databases, this problem 703 

could be addressed by concurrently employing a top-down approach, in which anthropogenic 704 

heat emission data are calculated based on a statistical energy consumption database. Users of 705 

the BEM may address this issue by skilfully adjusting parameters while verifying the 706 

estimated anthropogenic heat against statistical data. 707 

In general, if the information input to the model (optimal input data, parameter 708 

settings) is insufficient, a more sophisticated model will have worse accuracy. In other words, 709 

there is an inextricable link between the information input to the model and the accuracy of 710 

the simulation results (e.g., Takane et al. 2023b). Therefore, users should carefully consider 711 

the information available for their target city and select a model that is appropriate for that 712 

information. In addition, the most important method for improving the accuracy of the model 713 

may be the development of urban information, including morphological parameters (e.g., 714 

Khanh et al. 2023) and social big data such as real-time population and energy consumption 715 

data (e.g., Takane et al. 2023b), which can effectively exploit the potential of a sophisticated 716 

model such as BEM. 717 

Future studies will include the projection of QFB emissions, EC, and urban climates 718 

under future climate conditions, direct comparison with BEP+BEM, addressing the local 719 

climate zone (Demuzere et al., 2022), and application to cities other than Tokyo.  720 

 721 

5. Summary 722 

The SLUCM, which has many users worldwide, has limitations including constant 723 

anthropogenic heat (QF) and fully adiabatic conditions or energy imbalance within the urban 724 

canopy layer in each time step. The present study addressed these limitations through 725 

developing a new dynamic parameterisation: SLUCM+BEM. The development philosophy 726 

underlying this parameterisation and its usage is summarised as follows.  727 



 

 

To maintain the simplicity that is the major advantage of SLUCM, we addressed its 728 

limitations as simply as possible and proposed a dynamic parameterisation of electricity 729 

consumption (EC) and QF from buildings (QFB), designated SLUCM+BEM. To address the 730 

limitations of SLUCM, the most critical process was calculating conductive heat transfer, 731 

from which EC and QFB are calculated. In doing so, windows and ventilation are not 732 

considered for the sake of simplicity. 733 

The input parameters for BEP+BEM (HSEQUIP_SCALE_FACTOR and HSEQUIP) 734 

are re-used for the calculations outlined above, and five new parameters are incorporated into 735 

URBPRAM.TBL. The implementation of SLUCM+BEM is simple. Specifically, realistic 736 

values are set for the new parameters, and AHOPTION is set to 2 in URBPRAM.TBL.  737 

Using the proposed settings, SLUCM+BEM reproduced the radiation balance and 738 

surface heat budget within the urban canopy layer at Tokyo (Yoyogi) in summer (cooling 739 

season) and winter (heating season) as well as SLUCM. SLUCM+BEM reproduced the 740 

temporal variation and spatial distribution of air temperature in summer (cooling season) and 741 

winter (heating season) as well as SLUCM.  742 

The development of SLUCM+BEM enables the dynamic calculation of EC and QFB. 743 

SLUCM+BEM provided good representation of the temporal variation and spatial 744 

distribution of ECHAC in summer (cooling season) and winter (heating season). Compared to 745 

the more sophisticated model CM-BEM, SLUCM+BEM less accurately reproduced the fine 746 

spatial distribution in urban areas and error metrics, particularly in BC grids. However, 747 

SLUCM+BEM showed similar accuracy to CM-BEM in reproducing spatially averaged 748 

values, particularly in summer. The reproducibility of EC suggests that QFB calculated from 749 

EC is also fairly realistic. 750 

SLUCM+BEM introduces several processes (i.e., partial HAC, COP changes, and 751 

cooling towers) that are not considered in the official BEP+BEM. Of these processes, the 752 

consideration of partial HAC is most critical, as it significantly affects the value of QFB. 753 

Therefore, it is essential to introduce the five new parameters as accurately as possible. 754 

The source code for SLUCM+BEM has been made openly available (Takane et al., 755 

2024b); thus, it may be freely accessed by WRF and SLUCM users.  756 
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