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Abstract 1 

Accurate simulation of urban snow accumulation/melting processes is important to 2 

provide reliable information about climate change in snowy urban areas. The Japan 3 

Meteorological Agency operates a square prism urban canopy (SPUC) model within their 4 

regional model to simulate urban atmosphere. However, presently, this model takes no 5 

account of snow processes. Therefore, in this study, we enhanced the SPUC by 6 

introducing a snowpack scheme, and the simulated snow over Japanese urban areas was 7 

assessed by comparing the snow depths from the enhanced SPUC and from a simple 8 

biosphere (iSiB)	model with the observations. Snowpack schemes based on two 9 

approaches were implemented. The diagnostic approach (sSPUCdgn) uses empirical 10 

factors for snow temperature and melting/freezing amounts and the Penman equation for 11 

heat fluxes, whereas the prognostic approach (sSPUCprg) calculates snow temperatures 12 

using heat fluxes estimated from bulk equations. Both snowpack schemes enabled the 13 

model to accurately reproduce the seasonal variations and peaks in snow depth, but it is 14 

necessary to use sSPUCprg if we wish to consider the physical processes in the snow layer. 15 

Compared with iSiB, sSPUCprg resulted in a good performance for the seasonal variations 16 

in snow depth, and the error fell to 20%. While iSiB overestimated the snow depth, a cold 17 

bias of over 1°C appeared in the daily mean temperature, which can be attributed to 18 

excessive decreases in the snow surface temperature. sSPUCprg reduces the bias by a 19 

different calculation method for the snow surface temperature and by the inclusion of 20 

heated building walls without snow; consequently, the simulated snow depth is improved. 21 

sSPUCprg generated a relationship between the seasonal variations in snowfall and snow 22 

depth close to the observed relationship, with the correlation coefficient getting large. 23 
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Therefore, the simulation accuracy of snowfall becomes more crucial for simulating the 24 

surface snow processes precisely by the enhanced SPUC. 25 

 26 

Keywords snowpack, urban canopy, model development, regional model 27 

 28 

1. Introduction 29 

Dynamical and statistical downscaling techniques are frequently used to examine how 30 

global climate change influences climate at the regional scale. High-resolution regional 31 

atmospheric models represent topography more realistically, and can resolve urban areas. 32 

Therefore, there has been an increase in the number of numerical modelling studies of the 33 

urban climate under a future climate and the relationship between urbanization and global 34 

climate change (Lemonsu et al. 2013; Argüeso et al. 2014; Hamdi et al. 2014, 2015; 35 

Kusaka et al. 2016). 36 

Urban canopy models have been developed to represent the characteristic energy and 37 

water balance in urban areas that relatively high-resolution models can resolve (e.g., 38 

Masson 2000; Kusaka et al. 2001; Martilli et al. 2002; Dupont et al. 2004; Kondo et al. 39 

2005). There have also been numerous studies of urban effects on the regional atmospheric 40 

environment using regional atmospheric models coupled with the urban models (e.g., 41 

Adachi et al. 2014; Kusaka et al. 2014; Lin et al. 2016; Nemunaitis-Berry et al. 2017). 42 

However, studies of urban hydrology have focused on precipitation around urban areas, 43 

with few studies considering snow accumulation (but see Valeo and Ho 2004). 44 

Järvi et al. (2014) pointed out the need for suitable snow modelling for simulations of 45 

urban climate in cold areas; however only a few studies have focused on urban snow 46 
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modelling, despite the urban climate in these areas being particularly sensitive to climate 47 

change at regional and global scales. Mori and Sato (2015) presented a quantitative 48 

discussion regarding the effect of a snowy urban canopy on the thermal environment in 49 

urban areas. They stated that snow cover in urban areas is comparably important to 50 

anthropogenic heat. Järvi et al. (2014) enhanced an existing model, the Surface Urban 51 

Energy and Water balance Scheme (SUEWS; Järvi et al. 2011), so that it could represent 52 

the processes of snow accumulation and melting. SUEWS is a simplified model that 53 

calculates energy and water exchange processes within, and between, grid cells for several 54 

types of surfaces, including urban. The validity of the enhanced SUEWS for the energy 55 

budget in cold-climate cities has been discussed by Järvi et al. (2014) and Karsisto et al. 56 

(2016).  Järvi et al. (2014) refer to the urban snow model developed by Valeo and Ho 57 

(2004) as a potential approach to model enhancement. Shui et al. (2016) have proposed 58 

another model that deals with the snowpack on urban surfaces, but it cannot simulate 59 

seasonal variations such as snow accumulation and melting. 60 

A square prism urban canopy (SPUC) model (Aoyagi and Seino 2011) is run on an 61 

operational non-hydrostatic model by the Japan Meteorological Agency (JMA-NHM; 62 

Saito et al. 2006, 2007), especially on the model for urban heat island monitoring and also 63 

on a non-hydrostatic regional climate model (NHRCM; Sasaki et al. 2008). The original 64 

SPUC model treats snow as liquid precipitation and cannot simulate snow accumulation. 65 

Thus, it cannot represent daily and seasonal variations of snow cover in urban areas. 66 

In Japan, the regional atmospheric model with a 5-km grid spacing begins to resolve 67 

not only large cities, such as the Tokyo Metropolitan area, but also medium and small 68 

cities such as those located in the snowy areas of the northern Japan. Snowfall occurs over 69 

these cities every year, and heavy snowfall has sometimes had a major impact on human 70 
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activity. Seasonal variation is also important from the viewpoint of snowmelt floods and 71 

the timing of meltwater supply. Bengtsson and Westerström (1992) observed snow cover 72 

around a city in northern Sweden and revealed that the time series of snow melting and 73 

consequent runoff processes in urban areas differ from those in rural areas. Therefore, 74 

sophisticated modelling of snow cover in urban areas is important for understanding 75 

snowy urban climates. In addition, patterns of snow cover are expected to change 76 

considerably in Japan as global warming proceeds (e.g., Kawase et al. 2015, 2016). Highly 77 

accurate representations of snow accumulation and melting processes under the present 78 

climate will be necessary if we are to generate more accurate predictions of future patterns 79 

of snow cover in urban areas. 80 

The aim of this study was to introduce an urban snowpack scheme into the SPUC 81 

model and to verify the accuracy of the snow simulated by the enhanced SPUC in 82 

Japanese urban areas. The verification was carried out in two steps. First, we focused on 83 

the performance of the enhanced SPUC itself by evaluating simulated parameters related 84 

to the snowpack in the snow layer using offline experiments. Second, we compared the 85 

climatological seasonal variations in snow cover simulated by the enhanced SPUC in the 86 

NHRCM with observational data obtained from the JMA, and also investigated the 87 

behavior of the enhanced SPUC in a regional climate model and its usefulness. This study 88 

is the first stage of improving our understanding of past urban climates and projecting 89 

future urban climates throughout the year with high accuracy. 90 

 91 

2. Outline of urban snowpack scheme 92 

We used two approaches to estimate snow accumulation and melting. One was 93 

diagnostic estimation, and the other prognostic estimation. The simulated snowpack is a 94 
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single layer, and snow accumulation is estimated from the snow water equivalent. A full or 95 

partial snowpack can occur on an urban surface.  96 

Figures 1 and 2 show schematic diagrams of the energy and water balances, 97 

respectively, on a snow-covered urban surface. The energy balance can be written as: 98 

Q*=QH + QE −  QP − QG+ ΔQS+ QM. (1) 99 

Here, the net radiation (Q*), the sensible heat (QH), the latent heat (QE), the heat released 100 

from liquid precipitation (QP), and the conductive heat from the urban surface under the 101 

snow layer (QG) are the energy inputs to the snowpack. The heat storage change (ΔQS) and 102 

the snowmelt latent heat (QM) are the energy stored and used in the snow layer. The 103 

radiation Q* is from the radiation balance between the snowy surface and the atmosphere 104 

above the canopy. The net radiation from the walls to the snowy ground Q*WtoG is also 105 

added especially on the ground around a building. The time variation of the snow water 106 

equivalent SWE is expressed as: 107 

SWE(t + Δt)	=	SWE(t)	+	(PS + PR − E− R)Δt. (2) 108 

where t is time, PS is the solid precipitation rate, PR is the liquid precipitation rate, E is the 109 

evaporation rate from the snow surface, and R is the outflow of liquid precipitation and 110 

snow melting. 111 

A summary of the snow processes considered by each approach is given in Table 1, 112 

and a summary of the notation used for each process is given in Appendix A. The two 113 

schemes are described in detail below. 114 

2.1 Diagnostic approach 115 

The diagnostic approach has the advantage of low computational cost and easy model 116 

tuning because of the usage of empirical parameters. The snowpack scheme with the 117 

diagnostic approach is based on the equations in Järvi et al. (2014). We describe here only 118 

Fig. 2 

Table 1 

Fig. 1 
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the modifications to Järvi et al. (2014) made when we introduced the scheme into SPUC. 119 

More details of the scheme are given in Appendix B. 120 

 121 

a. Heat storage and melting latent heat 122 

The heat storage change in the snow layer ΔQS and snowmelt latent heat QM are 123 

diagnosed from the net radiation and the canopy air temperature. The heat storage change 124 

ΔQS is estimated statistically from the net radiation Q* using the Objective Hysteresis 125 

Model (OHM; Grimmond et al. 1991): 126 

ΔQS = a1Q* + a2
ΔQ*
Δt

. (3) 127 

Here, the first term is the radiative heating and cooling and the second term the hysteresis 128 

term of the heating and cooling. Δt is a time step and a1 and a2 are site-dependent 129 

parameters in the OHM. Grimmond et al. (1991) and Järvi et al. (2014) proposed a third 130 

term with an additional parameter a3. We, however, omit this term because it represents 131 

the energy source from the ground below and we already include the alternative term QG 132 

in our diagnostic balance. The energy QG is calculated after Chen and Dudhia (2001): 133 

QG	=	KS
TS 	−  TG

dS
, (4) 134 

where KS is the thermal diffusivity for snow, Ts is the snow temperature, TG is the internal 135 

temperature of the soil or roof, and dS is the snow depth. KS is estimated after Yamazaki (2001). 136 

The latent heat associated with melting or freezing QM is calculated using the snow melting 137 

and freezing amount M, 138 

QM=
ρwLFM
∆t

, (5) 139 

with water density ρw, and latent heat of fusion LF. 140 

 141 
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b. Sensible and latent heat fluxes 142 

Except for the sensible and latent heat fluxes, each energy is estimated as outlined 143 

above. The residual energy in the heat budget is released as the total of sensible heat flux 144 

(QH) and latent heat flux (QE) from the snow surface, 145 

QH + QE=	Q*	+ QP+	QG −  ΔQS −   QM. (1') 146 

Each of the fluxes is calculated using the Penman equation: 147 

QH= Q(	−	QE, (6) 148 

QE	=	
sQ( + ρcpcqUa+qsat(Ta) − qa,

s + γ
, (7) 149 

where Q(	= Q* +  QP+	QG −  ΔQS −  QM. 150 

Here, s is the gradient of saturation vapor pressure with respect to the temperature over ice, 151 

γ is the psychrometric constant, ρ is the air density, cp is the specific heat of air, cq is a bulk 152 

coefficient for the specific humidity flux, Ua is the wind velocity in the canopy, qsat (Ta) is 153 

the saturated specific humidity at the canopy air temperature (Ta), and qa is the specific 154 

humidity. Here, the coefficient, cq, is estimated from the wind velocity as described by 155 

Deardorff (1978). 156 

 157 

c. Snow melting and freezing 158 

The snow melting and freezing M is estimated as proportional to the flux (Q∗) and the 159 

temperature (Ta): 160 

M = /
max(arQ*, 0)+ atTa          Ta ≥ 0

 afTa                                    Ta < 0, (8) 161 

with factors for radiation melt ar and temperature melt at, and a factor for freezing af. 162 

When the temperature exceeds 0°C, the radiation and the heat flux associated with air 163 
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temperature are assumed to be used to drive the melting, which differs from the scheme in 164 

Järvi et al. (2014). 165 

 166 

2.2 Prognostic approach 167 

The prognostic approach is more consistent with the physics than is the diagnostic 168 

approach, although the bulk coefficients for sensible and latent heat fluxes are not 169 

completely established. Although the diagnostic approach is simple and easy to use, it has 170 

limitations: the heat storage is diagnosed only by the net radiation and is very sensitive to 171 

the fixed parameters a1 and a2, as well as to the melting and freezing rates (ar, at and af) 172 

that must be adjusted to the target area and, when Ta ≥ 0, melting can occur even at snow 173 

temperatures below 0°C. Due to the fixed parameters and the given rates, the heat storage 174 

QS and the snowmelt latent heat QM can be inconsistent with the observations. 175 

Additionally, substantial perturbations can arise in the sensible and latent heat fluxes that 176 

are implied from the residual of the energy balance. Therefore, we modified the diagnostic 177 

approach for heat storage and snow melting/freezing in the snow layer, and instead 178 

estimated them using the time variation of snow temperature in a prognostic approach. 179 

We used the bulk method for the estimation of the sensible and latent heat fluxes. As a 180 

consequence, the heat storage and the heat used for melting/freezing can be estimated as 181 

the residuals of other energies as below: 182 

Qnet ≡ΔQS + QM= Q* + QP+ QG −  QH −  QE. (9) 183 

 184 

a. Sensible and latent heat fluxes 185 

We changed the calculation of the sensible and latent heat fluxes from the Penman 186 

method to the bulk method: 187 
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QH	=	ρcpChUa(TS 	− 	Ta), (10) 188 

QE = ρLFβCqUa+qsat(TS) 	−  qa,, (11) 189 

where Ch and Cq are the bulk coefficients for sensible and latent heat fluxes, respectively, 190 

and β is the evaporation efficiency from the surface to the air. We followed Beljaars and 191 

Holtslag (1991) for the bulk coefficient between the lowest atmospheric layer in the model 192 

and the canopy space, and between the canopy space and the ground covered by snow, and 193 

used the average of the coefficients in Beljaars and Holtslag (1991) and Deardorff (1978) 194 

between the canopy space and the snow-covered roof or wall. The bulk coefficients were 195 

tuned by multiplying them with parameters chosen to be close to the bulk coefficients in 196 

Kondo (1975) and Kondo and Yamazawa (1986). The tuning parameters for the bulk 197 

coefficient were specified as KE and KH (see section 3.2). 198 

 199 

b. Heat storage 200 

The heat storage is expressed as the snow temperature change, and the temperature is 201 

estimated from the residuals Qnet of energy input into the snow layer and the sensible and 202 

latent heat fluxes given in Eq. 9. Snow starts melting when the snow temperature reaches 203 

0°C. When there is an increase in energy Qnet in the snow with SWE during a time Δt, the 204 

change in snow temperature ΔTs can be calculated using the specific heat of ice ci: 205 

ΔTS	=	
Qnet

ρwSWEci
Δt. (12) 206 

 207 

c. Snow melting and freezing 208 

Figure 3 shows the computational flowchart for calculations of snow melting and 209 

freezing. We set two conditions; the snow temperature Ts does not exceed 0°C, and the 210 

Fig. 3 



 
11 

liquid water retention is zero when the temperature is below 0°C. When the snow 211 

temperature is 0°C, melting occurs by the energy input to the snow, Qnet > 0 (Fig. 3a). 212 

When the energy is released from the snow and there is water retention in the snow, the 213 

water freezes until it is all frozen. The snow temperature increases with the energy input to 214 

the snow at the temperatures of below 0°C. When the temperature reaches 0°C, the snow 215 

starts melting (Fig. 3b). The amount of snow melt M in Δt is 216 

M	=	min(SWE,
SWEci

LF
×max00,	ΔTS	 − 	(T0 	− 	TS)1 , (13) 217 

where T0 is 0°C. When the temperature is below 0°C, the change in snow temperature ΔTS 218 

can also be expressed as in Eq. 12.  219 

 220 

d. Snow coverage 221 

The diagnostic approach estimates the fractions of snow coverage fS on the roof and 222 

the ground separately (see Appendix B.b), whereas the prognostic approach expresses 223 

them in one equation: 224 

fS= min 2
SWE

SWE
max , 13 . (14) 225 

 226 

3. Methods of model evaluation 227 

The urban canopy model, SPUC, treats the urban canopy as a single layer of buildings 228 

shaped as square prisms. To evaluate the performance of the snowpack scheme itself and 229 

its behavior in the coupled model, NHRCM, we conducted offline and online experiments 230 

using the enhanced SPUC model, and also the original SPUC model and a simple 231 

biosphere model (SiB). The simulated snow was compared with observational data for 232 

verification. 233 
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 234 

3.1 Comparison of the four models 235 

The first two models considered were the two versions of the enhanced SPUC that 236 

used the new urban snowpack schemes (hereafter sSPUC): the enhanced SPUC with the 237 

diagnostic approach will be referred to as sSPUCdgn, and that with the prognostic 238 

approach as sSPUCprg. The third model was the original version of the SPUC (no snow), 239 

which treats the snow as liquid precipitation with the same temperature as the lowest 240 

atmospheric layer in the model. The fourth model did not include the SPUC, and this was 241 

the improved MRI/JMA SiB (Hirai and Oh’izumi 2004) (iSiB), which we used to simulate 242 

the snow process. 243 

 The iSiB model represents snow accumulation in three layers (Table 1). The five main 244 

physics processes used in the model are: the density of fresh snow affected by wind and air 245 

temperature (Kajikawa 1989), densification with consideration of compactive viscosity 246 

(Kojima 1967; Shinojima 1967; Yamazaki et al. 1991), heat conduction with a thermal 247 

conductivity dependent on snow bulk density (Strum et al. 1997), linear aging of the snow 248 

albedo (Aoki et al. 2003), and the bulk method for sensible and latent heat fluxes (Beljaars 249 

and Holtslag 1991). The maximum snow water content was a constant. 250 

The snowpack schemes were applied to the modelling of the snowpack on the ground 251 

around a building and the building roof in the SPUC, but the snowpack on the building 252 

walls was not considered. When we used the schemes in the SPUC coupled with the 253 

NHRCM, equations for sensible and latent heat fluxes between the whole of the urban 254 

canopy and the atmosphere above the canopy were modified by considering the heat 255 

exchanges between the urban canopy and the atmosphere above the canopy and between 256 

the building roof, building walls, and ground around the building and the canopy. We also 257 
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estimated radiation exchanges between the urban surfaces, including snow-covered 258 

surfaces, considering multiple reflections by using the radiosity method (Aoyagi and 259 

Takahashi 2012). 260 

 261 

3.2 Experimental design 262 

The SPUC model can be set only as a uniform pattern for urban geometry in an urban 263 

grid. Buildings with a height of 10 m were arranged regularly, and accounted for 60% of all 264 

building lots. The residuals of the building lots, and the other areas except the building lots, 265 

were the ground areas in the urban grid. This setup for the urban geometry was used for the 266 

simulated temperature in megacities and small cities in Japan (Aoyagi et al. 2012). We did 267 

not take any anthropogenic heat into account. The importance of anthropogenic heat in cold 268 

areas during winter has been pointed out by Mori and Sato (2015), but we were unable to 269 

obtain an appropriate dataset for all of the simulated cities. This is one of the limitations of 270 

our experiments with respect to the reproduction of snow depth and the other parameters. 271 

 272 

a. Offline experiments 273 

sSPUC can be driven by meteorological forcing. We carried out an offline simulation 274 

of sSPUC forced by the observed data at the Institute of Low Temperature Science (ILTS; 275 

141.35°E, 43.08°N), Hokkaido University for the two winters of 2006/07 and 2007/08. We 276 

selected the ILTS because not only snow depth, but also the other values relative to snow 277 

processes, are observed there. The meteorological forcing comprises seven elements: 278 

surface air temperature at 1.5 m, wind velocity at 1.5 m, relative humidity at 1.5 m, surface 279 

pressure, precipitation, and downward shortwave and longwave radiation. The integral 280 

time step was 120 sec. We analyzed the simulated snow processes over an urban grid that 281 
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was assumed to be Sapporo. The parameters tuned for the offline experiments are shown 282 

in Appendix C. 283 

 284 

b. Online experiments 285 

We performed the downscaling simulations from the Japanese 55-year reanalysis data 286 

(JRA-55; Kobayashi et al. 2015; Harada et al. 2016) with two nested domains as online 287 

experiments. The outer domain had a horizontal resolution of 20 km and the inner domain 288 

of 5 km. Figure 4 shows the location of these two domains, and the experimental 289 

parameters are given in Table 2. Because of the computational cost, we set two inner 290 

domains: domain 2 covered the main island of Japan and included snowy sites with deep 291 

to shallow snow depths, and domain 2′ covered Hokkaido, including the site used in the 292 

offline experiment above. We describe mainly the simulated results from the domain 2 in 293 

Section 4.2. 294 

The JRA-55 dataset has a horizontal resolution of 1.25° at 6-hourly intervals and was 295 

used to provide the initial and boundary conditions for the outer domain. The model in the 296 

outer domain was integrated from 20 July of the first year to 1 June of the following year, 297 

including a spin-up period covering the initial 40 days. Integration of the model in the 298 

inner domain started four days after the start date for the outer domain. A one-way nesting 299 

technique was used for each domain. We analyzed the data from five winters (October to 300 

May) between 2006 to 2011 simulated by the NHRCM with a 5-km grid interval. 301 

The same model parameterizations for physical processes were applied to the 20-km 302 

and 5-km NHRCM domains except for the SPUC model. A bulk scheme with an ice phase 303 

and predicted mixing ratios of cloud water, rain, cloud ice, snow, and graupel was used for 304 

the microphysics processes (Ikawa et al. 1991). We also used cloud microphysics and the 305 

Table 2 

Fig. 4 
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Kain–Fritsch convective parameterization scheme (Kain and Fritsch 1993). The Yabu et al. 306 

(2005) scheme was used for clear sky radiation and the Kitagawa (2000) scheme for cloud 307 

radiation. The improved Mellor–Yamada level 3 (Nakanishi and Niino 2004) was used as 308 

a boundary layer scheme and the iSiB model as a land surface scheme.  309 

The SPUC model was applied only to urban grids in the 5-km NHRCM. The land 310 

surface parameters were derived according to Aoyagi et al. (2012). The land use dataset 311 

was the National Land Numerical Information provided by the Ministry of Land, 312 

Infrastructure, Transport and Tourism of Japan for 2009. We defined the urban grid as a 313 

model grid that occupies 50% or more by urban-related land-use. The urban surface in the 314 

iSiB is a slab surface without any surface geometry and with either bare soil or broadleaf 315 

shrubs with soil as the land use. The parameters in the snowpack scheme were re-tuned for 316 

the online experiments, by considering the maximum snow depths and snow durations in 317 

the Japanese cities represented in our model (Appendix C).  318 

 319 

3.3 Observational data 320 

Model performance was evaluated using observations of snow at the sites operated by 321 

the ILTS and by the JMA. However, it is difficult to obtain observational data from the 322 

roofs and ground areas around the buildings in Japanese urban canopies. Snow at the ILTS 323 

site can be regarded as snow on the urban canopy ground because of its location. 324 

Furthermore, the snow temperatures and snow density that are observed there were also 325 

available. Thus, we compared outcomes from the offline simulations with the observation 326 

at the ILTS from 2006 to 2008. Snow depth on the roof was estimated from the snow on 327 

the ground as in Nakamura et al. (1984). The snow accumulation on the roof is taken to be 328 

60% of that on the ground until the accumulation peaks, and then the depths decrease 329 
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while maintaining the difference in depth at the peak between the roof and ground. The 330 

probable range of the depth on the roof was estimated from the observed depths on the 331 

ground at the JMA’s regional headquarters in Sapporo and also the Shiraishi civil 332 

engineering center (141.43°E, 43.04°N), and also from the depth on the roof of an 333 

apartment house in the Shiraishi area of Sapporo (http://cacaomameh.web.fc2.com/). The 334 

snow water equivalent is the sum of the product of the snow-layer thickness and the snow 335 

density in each layer. 336 

We also used daily data from the JMA manned stations and the Automated 337 

Meteorological Data Acquisition System (AMeDAS) sites for the five winters from 2006 338 

to 2011 to uniformly assess the representation of snow on the ground over Japan. We 339 

focused mainly on evaluating the snow depth at the 48 sites shown in Fig. 5 (circles). The 340 

observed depth at each site was compared with the simulated depth in the grid square that 341 

included the site. The observed snowfall amount was estimated from the precipitation 342 

amount and the ratio of the density of liquid water (1 g cm−3) to fresh snow (0.1 g cm−3). 343 

According to operational use at the JMA, the hourly snowfall depth is calculated as the 344 

difference in the snow depth with respect to that at the previous hour when the snow depth 345 

increases, and the total of the hourly depths during a 24-hour period is defined as the daily 346 

snowfall depth. 347 

 348 

3.4 Surface air temperature in models 349 

The surface air temperature that we compared with the observed temperature was the 350 

air temperature at 1.5 m (T1.5m) from the NHRCM, but the iSiB model and the SPUC 351 

models calculate the temperature using different diagnostic equations. The iSiB model 352 

yields a vertical profile from the ground surface temperature to the air temperature at 20 m 353 

Fig. 5 
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(T20m), and T1.5m is then diagnosed from the profile. Meanwhile, in the SPUC model, 354 

the air temperature in the urban canopy is T1.5m, and this temperature is a function of 355 

T20m and the temperatures at the building roof and walls, and the ground around the 356 

building. The temperatures in the urban canopy interact with each other. 357 

 358 

4. Experimental results 359 

4.1 Comparison of the simulations in an urban canopy 360 

Figure 6 shows the simulated snow depths on the ground around a building and on the 361 

building roof for the two winters of 2006/07 and 2007/08. In both years, the simulated 362 

seasonal maximum depths and the other peaks on the roof	are similar to the estimated 363 

values from the observations. Although the maximum depths on the ground are 364 

underestimated, the peaks occur at the same time as those seen in the observation, as well 365 

as on the roof. The difference in the seasonal variations over the accumulating period is 366 

small between the two schemes and they both show similar variation to those seen in the 367 

observations. On the other hand, during the melting period, the melting progresses more 368 

quickly in sSPUCprg on the ground in both winters and on the roof in 2006/07. Thus, the 369 

durations of snow cover on both the ground and the roof are shorter than those in 370 

sSPUCdgn, and also about 10 days shorter than the observations in 2006/07. It is clear that 371 

both schemes can recreate the differences observed in the snow depths found on the 372 

ground and roof. That is to say, both schemes give smaller snow depths on the roof than 373 

on the ground. We attribute this to the larger net radiation on the roof and differences in 374 

the heat capacity and internal temperature. On a real roof, the surrounding wind influences 375 

snow accumulation, but the current versions of the sSPUC do not include these wind-376 

Fig. 6 
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driven accumulation or redistribution processes, which may bring about a bias in snow 377 

depth. 378 

Seasonal variations in the snow water equivalent SWE, the snow temperature Ts, and 379 

snow density ρS are shown in Fig. 7. Regarding the variations in SWE on the ground in 380 

2006/07, sSPUCprg performs well despite both schemes showing the same bias in the 381 

snow depth during the accumulation period from December to the middle of February (Fig. 382 

6a). In addition, the peak is also closer to the observations in sSPUCprg. During the 383 

melting period from the middle of February to March, sSPUCdgn is similar to the 384 

observations whereas the variations are underestimated by sSPUCprg, as with the 385 

variations in the snow depth (Fig. 6a). The difference in the performance between the two 386 

schemes is small in 2007/08. In summary, for the snow temperature and the snow density, 387 

it is difficult to say which scheme is better. However, sSPUCprg better estimates the 388 

temperature variations seen in the observations from 2007/08 than does sSPUCdgn.  389 

As illustrated in Fig. 8, sSPUCdgn and sSPUCprg give distinctly different simulated 390 

sensible and latent heat fluxes on the snow surface, especially during the melting period 391 

(mid-February to March). The average latent heat flux from March 1 to March 15 during 392 

the melting period is positive (indicating evaporation) in both schemes. However, the 393 

sensible heat flux is positive; i.e., heat release from the snow surface, in sSPUCdgn but 394 

negative; i.e., heat conducted toward the snow surface, in sSPUCprg (Table 3). During the 395 

same period, because the snow temperature is lower than the air temperature in both 396 

schemes, a negative sensible heat flux will appear as sSPUCprg indicates. This feature is 397 

common for the surface energy balance in a snowmelt season; namely, a downward 398 

sensible heat flux and upward latent heat flux (e.g., Takeuchi et al. 1993; Cline 1997). The 399 

reason for the inconsistency in sSPUCdgn is that the sensible heat flux is estimated as the 400 

Fig. 7 

Fig. 8 

Table 3 
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residual of the energy balance, that is to say, the sum of the model errors is added to the 401 

flux. In general, because the surface air temperature is higher than the snow surface 402 

temperature during the snowmelt period, the sensible heat flux is negative, the latent heat 403 

flux is positive, and thus the energy Q( locates between them. However, the latent and 404 

sensible heat fluxes, which are defined as a function of Q( (Eqs 6 and 7) positively increase 405 

because Q( overestimates and increases with the increase in Q*. The underlying cause of 406 

the overestimate is a negative increase in ΔQs, which is calculated from Q* using 407 

empirical factors. 408 

sSPUCprg also generated melting at a reasonable timing. Figure 9 presents the 409 

seasonal variations in the melting amount with the snow temperature. Generally, snow 410 

melting starts when the snow temperature reaches 0°C. We show the time of melting (M > 411 

0) with the gray line when the snow temperature is less than 0°C (TS < 0) over the period 412 

of full snow cover. It is clear that melting occurs in sSPUCdgn even when TS < 0, but that 413 

is never seen in sSPUCprg. According to Eq. 8, the melting amount is calculated from the 414 

canopy air temperature (Ta) in sSPUCdgn, and the snow temperature is not included as an 415 

explanatory variable. Furthermore, multiple empirical factors are used for the estimate. As 416 

a consequence, sSPUCdgn generates an unrealistic process in the snow layer. From the 417 

sensible heat flux and the melting, we find that sSPUCprg can reproduce processes in a 418 

snow layer that are more consistent with the physical principles.  419 

 420 

4.2 Climatological properties 421 

We assessed the model’s behavior using online experimental results for climatological 422 

properties averaged over the period 2006–2011, at multiple sites over Japan. The seasonal 423 

variations evaluated below are the variations averaged over the five winters, and the 424 

Fig. 9 



 
20 

annual maximum snow depth is the maximum depth of the variation. The snow was on the 425 

ground in the iSiB run and on the ground around a building in the sSPUC runs. 426 

 427 

a. Annual maximum snow depth 428 

 To evaluate the performance of each scheme with respect to the annual maximum 429 

snow depth at urban sites, the statistics for the depth observed and simulated at the 48 430 

urban sites (circles in Fig. 5) are given in Table 4. The root-mean-square error (RMSE) is 431 

defined as: 432 

RMSE=4
1
n
5(Ak–Ao)2

n

k=1

. (15) 433 

Here, n is the number of sites, Ak is the simulated depth, and Ao is the observed depth. 434 

Although the spatial correlation coefficient is slightly larger for sSPUCprg than iSiB, the 435 

RMSE and the correlation are almost same among the three schemes. In addition, the 436 

differences in the mean depth at the 48 sites and the averaged bias are also small among 437 

them. However, comparing the maximum annual depths at the sites, iSiB estimates the 438 

closest depth to the observations. sSPUC estimated a maximum approximately 20 cm less 439 

than the observations. The positive maximum bias was 10 cm less in sSPUC than iSiB, 440 

whereas the negative maximum bias was 10 cm larger. Therefore, we found that the spatial 441 

pattern and the statistics averaged over the evaluation sites are similar among the schemes, 442 

whereas the maximum and the minimum depths at the sites estimated by sSPUC were 443 

smaller than those in iSiB. It is difficult to make a distinction between the statistics 444 

generated by sSPUCdgn and sSPUCprg.  445 

Next, to assess the accuracy of representation by the snowpack schemes at each site, 446 

we will focus on those sites with sufficient snow depth. Thus, we selected 22 sites where 447 

Table 4 
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the annual maximum snow depth averaged over the five winters was at least 5 cm (gray 448 

shaded circles in Fig. 5). 449 

 Figure 10 shows the annual maximum snow depths and the accumulated snowfall 450 

over the winter for each model. At 15 sites with various snow depths, the snow depths 451 

simulated by sSPUCprg are closer to the observations than those from sSPUCdgn (Fig. 452 

10a). For sSPUC, among 18 of the sites (i.e., not sites 5, 8, 20, and 21), we found that for 453 

four of these sites (sites 10, 17, 18, and 19) the simulated depth is deeper than the observed 454 

depth when the simulated snowfall was heavier than the observed snowfall, whereas for 455 

the other 14 sites (sites 1–4, 6–7, 9, 11–16 and 22) the simulated depth is shallower where 456 

the simulated snowfall was less. On the other hand, for iSiB, at five of the 18 sites (sites 6, 457 

7, 11, 12, and 13), the simulated depth is deeper than observed, despite the simulated 458 

snowfall being less than the observed snowfall. In the other words, by application of the 459 

urban snowpack schemes, the relationship between the bias in the simulated snowfall and 460 

the bias in the simulated snow depth has been clarified; that is to say, an excess bias of 461 

simulated depth appears where an overestimated snowfall occurs and the opposite is also 462 

true. 463 

 464 

b. Seasonal variations 465 

To clarify the effect of the urban snowpack schemes on the accumulation and melting 466 

of snow, we now focus on seasonal variations at the same 22 sites where the annual 467 

maximum snow depth exceeds 5 cm (gray shaded circles in Fig. 5). In what follows, we 468 

use the results from iSiB and sSPUCprg. 469 

Figure 11 shows the RMSE and correlation coefficient for the variations in the snow 470 

depth over the period from October to May, as well as the bias in the daily mean of surface 471 

air temperature from December to March. To calculate the RMSE, n in Eq. 15 was set to 472 

Fig. 10 

Fig. 11 
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the number of days from October 1 to May 31. The RMSE of the seasonal variation when 473 

the urban snowpack scheme is used is significantly less at 10 sites than for iSiB (〇 in Fig. 474 

11a). The reduction of RMSE exceeds 80% at Kitakami (site 7). The correlation between 475 

the simulated and observed variations is weak at sites with relatively small annual 476 

maximum depths in Fig. 10a, and the correlation coefficients for both schemes are similar 477 

except at a few sites (sites 8, 14, and 16 in Fig. 11b). At the 10 improved sites, the bias in 478 

the daily mean temperature is more than 1°C. The cold bias decreases when sSPUCprg is 479 

used, and is similar to the bias in the original SPUC. Thus, we found that the bias 480 

decreases when using the original SPUC without the urban snowpack schemes when 481 

compared with iSiB, and the original SPUC brings about an improvement in the 482 

temperature represented in the model. 483 

The difference in RMSE between iSiB and sSPUCprg is small at the sites that are not 484 

marked in Fig. 11a. These sites have a cold bias of less than 1°C even in iSiB, except for 485 

Hirosaki (site 3) and Wakamatsu (site 10). Therefore, when iSiB can accurately represent 486 

the variations, the urban snowpack scheme works without any negative influence on the 487 

variations. 488 

The seasonal variations of snow depth and daily mean temperature at two of the 489 

improved sites are shown in Fig. 12. At Morioka (site 6), the depth difference between 490 

iSiB and sSPUCprg increases from the middle of December to March (Fig. 12a). Over this 491 

period, the temperature generated by iSiB is below 0°C, which is far less than the 492 

observations and, in contrast, the temperature simulated by sSPUCprg is higher and is 493 

close to the observations. The averaged bias of the temperature over the snowpack period 494 

decreases from −4.8°C to under +0.3°C when using sSPUC (Fig. 11c). The accumulated 495 

snowfall is 20% less than the observation (Fig. 10b). However, iSiB overestimates the 496 

snow depth, and the annual maximum depth is about twice as large as in the observations. 497 

Fig. 12 
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The peak from sSPUCprg is close to the observations except the timing. Kitakami (site 7), 498 

where the positive bias in the annual maximum depth is the largest among the 22 sites, 499 

also has a cold bias of more than 4°C in the daily mean temperature simulated by iSiB, and 500 

the biases in the depth and temperature are improved by using sSPUCprg (Figs 10a and 501 

11c). 502 

The RMSE was also reduced at Aomori (site 2). However, unlike the other improved 503 

sites, the decrease in the cold bias was small (Figs 11c and 12b). The snowfall was less in 504 

the simulations than in the observations (Fig. 10b) and the snow depth was also smaller in 505 

the simulations (Fig. 12b). Figure 12b shows that the difference between iSiB and 506 

sSPUCprg becomes large in the middle of January because of the rapid melting simulated 507 

by iSiB. The temperature is below 0°C at that time and the snow temperature is about 508 

−3°C (not shown). As melting does not occur at the temperatures seen in Fig. 3b, the snow 509 

depth sumulated by sSPUCprg remains almost until February. As a consequence, the 510 

variation in the snow depth is close to the observations and the RMSE is small in 511 

sSPUCprg. 512 

Figure 13 shows the seasonal variation at sites where the RMSE increases when 513 

sSPUCprg is used. Takada (site 16) is the site where the negative maximum bias in the 514 

annual maximum depth appears in all schemes, and the bias remains large even if the land 515 

scheme is improved. (Fig. 10a). The snowfall is underestimated at Takada (Fig. 10b) and 516 

Hakodate (site 1), which also shows an increase in the RMSE. Compared with the 517 

observations, the lower snowfall leads to an underestimate of the simulated depth. The 518 

temperature in the sSPUCprg simulation is above 0°C even during the snow-covered 519 

period, and such conditions mean that it is difficult for the snow to accumulate (Fig. 13a). 520 

In contrast, the temperature in iSiB is lower than both sSPUCprg and the observations, and 521 

the depth is greater than that generated by sSPUCprg. Thus, iSiB seems to perform better 522 

than sSPUCprg. The underestimate of snowfall is also obvious at two of the five urban 523 

Fig. 13 



 
24 

sites in Hokkaido (squares in Fig. 5): Sapporo (Fig. 13b), and Asahikawa (Fig. 13c). 524 

Although snow accumulation at Sapporo is 40% less and at Asahikawa is 60% less over 525 

the period 2006–2011 (not shown), the snow depth simulated by iSiB is closer to the 526 

observations than that simulated by sSPUCprg when its cold bias appears in iSiB. 527 

Although the RMSE and the temperature bias are small at Nagano (sites 12; Fig. 11a, 528 

c), the simulated variations in snow depth are poorly correlated with the observations (Fig. 529 

11b). In Fig. 14, the variation in snowfall shows that, compared with the observations, the 530 

snowfall is less in February, and some peaks in snowfall from the end of December to the 531 

middle of January are unclear. Therefore, poor accuracy of the simulated snowfall leads to 532 

a low correlation between the variations in the observed and simulated depth. A similar 533 

feature can be seen at Iida (site 13), which shows the smallest correlation coefficient, and 534 

Gifu (site 14). 535 

The RMSEs are still large despite the use of the urban snowpack scheme at Aomori 536 

(site 2), Hirosaki (site 3), and Wakamatsu (site 10; Fig. 11a). Compared with the observed 537 

annual maximum snow depth, the simulated depth is large at Wakamatsu, with an 538 

overestimated snowfall, but the depth is small at the other two sites with an 539 

underestimated snowfall (Fig. 10a, b). Moreover, these sites show a strong correlation 540 

between the observed and simulated seasonal variations (Fig. 11b). 541 

Figure 15 shows the rank correlation coefficients for the seasonal variations between 542 

snowfall and snow depth. At 17 of the 22 sites the coefficients for sSPUCprg are closer to 543 

those for the observations than those for iSiB. Also, the coefficient is larger in sSPUCprg 544 

than in iSiB at 12 of the sites. We found that the relationship between the variations in 545 

snow accumulation and melting and in snowfall amount given by sSPUCprg resemble the 546 

observed relationship rather than that generated by iSiB. In other words, the introduction 547 

of the snowpack scheme brings about increased dependence of the snow accumulation and 548 

Fig. 15 

Fig. 14 



 
25 

melting on snowfall in the NHRCM. Therefore, the accuracy of snowfall becomes more 549 

important for the simulation of snow accumulation and melting processes when using the 550 

urban snowpack scheme. 551 

 552 

5. Discussion 553 

A rapid decrease in the snow depth on the ground appears in March 2007 in the 554 

sSPUCprg simulation (Fig. 6). This depth is computed from SWE and the snow density. The 555 

density represents the observed values well but, in contrast, SWE was underestimated over 556 

the study period (Fig. 7b). While SWE was underestimated, especially in the middle of 557 

March, the simulated snow temperature reached 0°C. This simulated snow temperature 558 

could be higher than the actual values during this period, and thus the melting progresses 559 

more rapidly than in reality. However, verifying this interpretation was difficult because of 560 

the lack of actual measurements. 561 

We will now consider how we can improve the cold bias of more than 1°C associated 562 

with the daily mean temperature generated by iSiB. We first compared T20m and the 563 

ground temperature between iSiB and sSPUCprg at which point the cold bias appears 564 

because the temperatures are used to estimate T1.5m as described in Section 3.4. Figure 16 565 

shows these temperatures at Morioka where the cold bias is more than 1°C (Fig. 12a). The 566 

difference in T20m between iSiB and sSPUCprg is small over the snowpack period from 567 

December to March, while that of the snow surface temperature is large. The greatest 568 

difference in the surface temperature is 7.8°C. Therefore, this strongly suggests that the 569 

large cold bias of the T1.5m in iSiB comes from the snow surface temperature being too 570 

low.  571 

In sSPUCprg, the temperatures on the snowy roof and walls affect the ground surface 572 

temperatures. The roof temperature is similar to the ground temperature, whereas the wall 573 

 Fig.16 
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temperature is above 0°C over this period (Fig. 17). This is because snow does not cover 574 

the wall and the wall is heated during the daytime. The heated wall is a heat source, and 575 

the sensible heat flux and longwave radiation released from the wall help prevent a 576 

decrease in the air temperature of the urban canopy and also of the snowy ground 577 

temperature. Simulated results for a large sensible heat flux in a snowy urban canopy 578 

during the daytime have also been provided by Mori and Sato (2015). According to their 579 

results, because of the high albedo of snowy road surfaces, the absorption of daytime net 580 

shortwave radiation by walls increases, and a larger sensible heat flux from the walls is 581 

apparent in snowy urban areas than in snow-free urban areas during the day. Similar 582 

behavior was simulated in our experiments. 583 

On the other hand, in the iSiB simulation, the contribution to the snow surface 584 

temperature change that differs from the sSPUC models is the vegetation canopy. Once 585 

snow covers the canopy, the canopy temperature decreases rapidly to the snow surface 586 

temperature due to the low heat capacity of the vegetation canopy (not shown). Although 587 

this low heat capacity brings about an increase in the canopy temperature via insolation, 588 

the canopy temperature quickly returns to a low value without it. A snow covered 589 

vegetation canopy releases much less longwave radiation than do the building walls, and 590 

the small input of radiation to the ground causes a greater decreases in the snow surface 591 

temperature in the iSiB simulation. Besides, the deep snow depth and flat snow surface in 592 

iSiB generate a large albedo, and thus the input of shortwave radiation is less than that 593 

simulated by sSPUCprg. This decrease in radiation causes a low snow surface temperature 594 

and hence the low surface air temperature, and also leads to the difficulty of snow melt in 595 

iSiB. 596 

We also found some inaccuracies in the snow surface temperatures generated by iSiB. 597 

The snow surface temperature was considerably lower than T20m and also lower than the 598 

temperature in the snow layer closest to the snow surface (not shown). As a consequence, 599 

Fig. 17 
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we have insisted that there is a serious issue, but not any bugs, with the prognostic 600 

equation that controls snow surface temperature.  601 

There were some sites with a small cold bias over the snowpack period even in the 602 

iSiB simulation. Kawase et al. (2018) indicate that the cold bias tends to appear in the 603 

northeastern region of the main island during winter as a characteristic of simulations by 604 

NHRCM with the same 5-km grid spacing. However, from our simulations, the cold bias 605 

is relatively small in the Niigata region. The locations where the bias appears remain 606 

unknown. 607 

 608 

6. Conclusions 609 

Snowpack schemes were introduced into the SPUC model to represent seasonal 610 

change in urban snow cover. We verified that the schemes were able to replicate snow 611 

processes including accumulation, melting, and freezing. From the perspective of the 612 

associated computational costs and the realism of the physical processes, we tested two 613 

schemes: one based on a diagnostic approach and the other on a prognostic approach. The 614 

prognostic approach was developed by modifying the diagnostic approach for the melting 615 

and freezing energy and the sensible and latent heat fluxes. 616 

Our offline experiments indicated that both new snowpack schemes, sSPUCdgn and 617 

sSPUCprg, simulate seasonal maximum depths on the roof that are similar to the values 618 

estimated from the observations and also that the timing of the peak depths on the roof and 619 

ground matched the observations. Regarding the seasonal variation in depth, although the 620 

low precision of the snow water equivalent renders the duration of snow covering shorter 621 

in sSPUCprg, the pattern of variations is almost the same in the two schemes. On the other 622 

hand, the sSPUCprg reproduced a more reasonable estimation of the sensible and latent 623 
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heat fluxes and the timing of melting because it does not include empirical factors for 624 

snow processes, which differs from sSPUCdgn. Therefore, we propose that both schemes 625 

are useful for the reproduction of a seasonal variations in snow cover and its peak, but 626 

sSPUCprg is needed when we wish to consider the processes in the snow layer. 627 

sSPUC also showed an improvement in the simulated annual maximum snow depth in 628 

the online experiments, and the bias of the depth decreased compared with iSiB. For the 629 

22 cities with a snow depth of at least 5 cm, sSPUCprg reproduced the snow depths more 630 

accurately at more than half of the sites. 631 

The RMSE of the seasonal variation decreases significantly using sSPUCprg at sites 632 

with a cold bias above 1°C in iSiB. The cold bias arises from a lower input of radiation to 633 

the snow surface and hence an underestimate of the snow surface temperature. These 634 

conditions in the iSiB simulation mean that the snow is more difficult to melt.  In the 635 

urban snowpack scheme, building walls are heated during the daytime because they are 636 

not considered to have snow cover. In addition, the calculation method for snow surface 637 

temperature is different from iSiB. Thus, the heated wall and improved estimation of the 638 

snow surface temperature suppress the cold bias, leading to a better representation of the 639 

snow depth in sSPUCprg. 640 

The relationship between snowfall and snow depth moves closer to that seen in the 641 

observations when using the urban snowpack scheme. Therefore, the introduction of the 642 

snowpack scheme brings about increased dependence of the urban snow on snowfall, and 643 

it will be necessary to improve simulations of snowfall to reproduce urban snow cover 644 

more accurately. 645 

We were able to reproduce the urban snowpack and its seasonal variations using our 646 

schemes developed in this study, and there is now a clear pathway toward more precise 647 



 
29 

modelling of snow processes in urban areas. Consequently, we can expect that the 648 

precision of future projections of urban climates in snowy areas will also be improved. 649 
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Appendix A. Notation 

 unit  
a1 − Site-dependent parameters in the OHM 
a2 s Site-dependent parameters in the OHM 
ar mm (W m−2)−1 Factor for radiation melt 
at m °C−1 Factor for temperature melt 
af m °C−1 Factor for freezing 
ci J kg−1 °C−1 Specific heat of ice 
cq Pa Bulk coefficient for specific humidity flux 
cp J kg−1 K−1 Specific heat of air 
Ch − Bulk coefficient for sensible heat flux 
Cq − Bulk coefficient for latent heat flux 
dS m Snow depth 
qa − Specific humidity 
qsat − Saturated specific humidity 
E m s−1 Evaporation rate 
fS − Fraction of snow coverage 
KE − Tuning parameter for the bulk coefficient, Cq 
KH − Tuning parameter for the bulk coefficient, Ch 
KS W m−1 K−1 Thermal diffusivity for snow 
LF J kg−1 Latent heat of fusion 
M mm Snow melting and freezing amount 
PR m s−1 Liquid precipitation rate 
PS m s−1 Solid precipitation rate 
Q* W m−2 Net radiation 
Q( W m−2 Total of sensible heat and latent heat 
QE W m−2 Latent heat 
QG W m−2 Conductive heat 
QH W m−2 Sensible heat 
QM W m−2 Snowmelt latent heat 
Qnet W m−2 Total of stored or used energy in the snow layer 
QP W m−2 Heat released from liquid precipitation 
ΔQS W m−2 Heat storage change 

R m s−1 Outflow of liquid precipitation and snow melting 
s Pa °C−1 Gradient of saturation vapor pressure 

SWE m Snow water equivalent 
 SWE

max m Maximum equivalent 
t s Time 

T0 °C 0°C 
Ta °C Canopy air temperature 
TG K Internal temperature of soil or roof 
TS K Snow temperature 
Ua m s−1 Wind velocity in the canopy 
β − Evaporation efficiency 
γ Pa °C−1 Psychrometric constant 
ρ kg m−3 Air density 
ρw kg m−3 Water density 
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Appendix B. Snowpack scheme based on Järvi et al. (2014) 

The snowpack scheme that used a diagnostic estimation was based on the scheme 

developed by Järvi et al. (2014). The scheme diagnoses freezing and melting snow using 

the net radiation and surface air temperature. 

 

a. Albedo and density of snow 

The albedo at the surface of the snow layer and the density in the layer vary with time. 

The snow albedo αs in the scheme decreases linearly during the period of snow 

accumulation and exponentially during that of snow melt. The time variation is estimated 

by: 

αs 	(t	+	Δt)=

⎩
⎪
⎨

⎪
⎧max 2αs(t) −

Δt
τd/τa

, αs
min3                  Ta ≤0

+αs(t) − αs
min, exp:−

Δt
τd/τf

;+	αs
min	   Ta>0,

     (A.1) 

where Ta is the canopy air temperature (°C), t is time, Δt is a time step, τd is 86400 sec (one 

day), τa and τf are time constants for albedo damping (0.018 and 0.11, respectively), and 

αs
min is the minimum snow albedo with a value of 0.18. Negative Ta corresponds to the 

period of accumulation and positive snowmelt. The time constant τa is chosen so that the 

albedo reaches its minimum approximately 37 days after the snow is fresh, and τf	 such 

that the e-folding time is approximately 9 days. Snowfall of over 2 mm hour−1 resets the 

albedo to that for fresh snow, αs
max = 0.85. 

The time variation of snow density ρs (kg m−3) in the snow layer is calculated from 

ρs (t + Δt)=+ρs(t) −	ρs
max, exp 2−

τr
τh
Δt3+ ρs

max,     (A.2) 
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where ρs
max is the maximum snow density, τr is a time constant, and τh is 3600 s (one hour). 

The maximum density is set to 400 kg m−3, and the density of fresh snow is assumed to be 

100 kg m−3. When snowfall starts, the density is calculated using the densities of fresh snow 

and the snow at the time in the proportion of the snow water equivalents. 

Fresh snow can retain more water than old snow. As densification progresses, the 

snow can hold less water and the liquid water retention decreases. The liquid water 

retention capacity CR (mm) is expressed as: 

CR=>
Cmin

R                   			 											 		  					    ρs≥	ρe  

Cmin
R +0Cmax

R 	− Cmin
R 1

ρs 	−  ρe
ρs

  		ρs< ρe
.     (A.3) 

Here, Cmax
R  and Cmin

R  are the maximum and minimum capacity. A threshold density ρe is set to 

200 kg m−3. 

The heat released from liquid precipitation QP (W m−2) with a temperature above 0°C is 

calculated from: 

QP=ρwcwPTa,  (A.4) 

where cw is the specific heat of water (J kg−1 K−1), ρw is water density and P is precipitation 

(m s−1). 

 

b. Snow depth and snow coverage 

The snow depth ds (m) is calculated using the snow water equivalent SWE: 

ds	=	SWE
ρw
ρs

.      (A.5) 

The fractions of snow coverage fS on a building roof and on the ground around the 

building are calculated separately: 



 
40 

fS,roof =	

⎩
⎨

⎧0.5 2 SWE
SWE,roof

max 3                    SWE
SWE,roof

max 	<	0.9 

min:? SWE
SWE,roof

max @
8

, 1;        SWE
SWE,roof

max 	≥	0.9,
      (A.6) 

fS,ground = minAB
SWE

SWE,ground
max C

2

, 1D .        (A.7) 
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Appendix C. Tuned parameters 

 Offline experiment Online experiment 
 sSPUCdgn sSPUCprg sSPUCdgn sSPUCprg 

τr 0.003 0.003 

					SWE,roof
max 	 10.0 10.0 

					SWE,ground
max  10.0 10.0 

a1 0.25 − 0.25 − 
a2 0.6 − 0.6  − 
ar 0.5×10−6 − 0.5×10−6 − 
at 1.5×10−5 − 1.5×10−5 − 
af 1.5×10−5 − 1.5×10−5 − 
KH − 0.125 − 0.125 
KE − 0.5 − 5.0 
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List of Tables 

1 Snow processes included in each scheme. 

2 Setup for each computational domain. 
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Table 1. Snow processes included in each scheme. 

 Diagnostic approach Prognostic approach iSiB 

Land scheme SPUC iSiB 

Number of snow layer 1 3 

Snow temperature change 
Estimate from  

ΔQs, snow density and 
depth 

Estimate from  
Qnet and SWE 

Heat conduction with  
a thermal conductivity  

depending on snow bulk density 

Snow albedo aging Linear (Ta ≥ 0) 
Exponential (Ta < 0) Linear 

Density of fresh snow Constant Consideration of  
wind and air temperature 

Densification Exponentially aging with time Compactive viscosity 

Melting and freezing Diagnostic using  
melting/freezing factors 

Estimate from  
SWE and snow temp. 

Estimate from  
SWE and snow temp. 

Sensible and latent heat fluxes Penman method Bulk method1 Bulk method2 

 
1 Deardorff (1978) and Beljaars and Holtslag (1991) for bulk coefficients 
2 Beljaars and Holtslag (1991) for bulk coefficients 
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Table 2. Setup for each computational domain. 

 

 domain 1 domain 2 domain 2′ 

Horizontal resolution 20 km 5 km 
Number of horizontal grids 211×175 301×321 151×111 

Number of vertical layers 40 50 

Model top 22055 m 21801 m 
Thickness of bottom/top layer 20 m/1180 m 20 m/904 m 
Time step 40 sec 20 sec 



 
45 

Table 3. Average of heat flux and the temperature over the melting period (March 1–

15) for the two winters of 2006/07 and 2007/08. 

Period  QH QE TS 
Forcing for  
surface air 

temperature 
  W/m2 W/m2 °C °C 

2006/07 
sSPUCdgn 34 25 –0.57 

–0.42 
sSPUCprg –4 21 –0.56 

2007/08 
sSPUCdgn 34 26 –0.56 

0.96 
sSPUCprg –3 17 –0.10 
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Table 4. Model performance for annual maximum snow depths at the 48 urban sites (circles 

in Fig. 5) over the period from October to May averaged over the five winters from 2006 to 

2011. 

 unit Obs. iSiB sSPUCdgn sSPUCprg 
Mean cm 12	 13 9 10 
 Max. / Min.  71 / 0 62 / 0 52 / 0 51 / 0 

Averaged bias cm − 7 5 5 

Negative max./Positive max.   −36 / 28  −47 / 17 −48 / 18 

RMSE cm − 11 10 10 

Spatial correlation  − 0.79 0.80 0.82 
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22 evaluated sites. The colored bars represent the observations (gray) and the simulations 

using iSiB (blue), sSPUCdgn (yellow) and sSPUCprg (red). Site number on the x-axis 

corresponds to the number in Fig. 5. 

11 (a) RMSE for seasonal variations of the snow depth and (b) correlation coefficient for 

seasonal variation of snow depth between the observations and simulations. Blue and red 

bars indicate the iSiB and sSPUCprg simulations, respectively. 〇 in (a) denotes sites with 

a significant decrease in RMSE caused by the scheme, whereas ×	denotes sites with 

increased RMSE. (c) Averaged bias in the daily mean surface air temperature over 

December to March. Bars are for iSiB (blue), SPUC (green), and sSPUCprg (red). The 

light gray bar in (c) indicates that the observations were lost. Site number on the x-axis 

corresponds to the number in Fig. 5. 

12 Seasonal variations of snow depth (top) and daily mean of surface air temperatures 

(bottom) at (a) Morioka and (b) Aomori. The lines are for the observations (gray), iSiB 

(blue), and sSPUCprg (red). Vertical lines in the top panels are the variance of snow depth 

over each winter from 2006 to 2011. 
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15 Rank correlations between snowfall and snow depth in the observations (gray), and in the 
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number on the x-axis corresponds to the number in Fig. 5. 

16 Seasonal variation of the daily mean temperature at Morioka from simulations made using 

(a) sSPUCprg and (b) iSiB. Lines show the observations (gray), the surface air 

temperature at 1.5 m (black), the air temperature at the model level of 20 m above the 

ground surface (light blue), and the ground surface temperature with or without snow 

(orange). The green line in (b) indicates the temperature in the vegetation canopy with or 

without snow. 

17 Seasonal variation of the daily mean temperature in the urban canopy at Morioka. Lines 

show the surface air temperature at 1.5 m (black), the temperatures at the walls (blue), the 

roof with or without snow (green), and the ground around a building (orange) with or 

without snow. 
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Figure 1  Schematic representation of the energy balance on an urban surface covered by snow. 
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Figure 2  Schematic representation of the water balance on an urban surface covered by snow. 
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Figure 3  Computational flowchart illustrating snow temperature, melting, and freezing in the 
snow layer. 
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Figure 4  (a) Computational domain and (b) topography (shading) and urban areas (black) 
around the main island of Japan in the analyzed area removing the lateral buffer area from the 
computational domain 2. (c) As (b) but for domain 2′. Outer dashed square in (a) indicates the 
domain with a 20-km horizontal resolution and inner squares indicate those with a 5-km 
resolution. 
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Figure 5  Geographical distribution of observation sites for the evaluation. Circled sites are 
simulated in domain 2 and square sites in domain 2′. Gray closed circles indicate sites with an 
annual maximum snow depth averaged from 2006 to 2010 of at least 5 cm. 
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Figure 6  Snow depths (a) on the ground around a building and (b) on the roof during the two 
winter periods of 2006/07 and 2007/08. Gray, yellow, and red lines represent the observations, 
and the simulations using sSPUCdgn and sSPUCprg, respectively. Light gray shading over the 
observed depth on the roof is the probable range. 
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Figure 7  Snow water equivalent (top), snow temperature (middle), and snow density (bottom) 
in 2006/07 and 2007/08 simulated using (a) sSPUCdgn and (b) sSPUCprg. Black and gray 
lines indicate the seasonal variations on the ground and on the roof, respectively. Blue dots 
indicate the observed value at the ILTS. 
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Figure 8  Sensible heat (top) and latent heat (middle) on the snowy ground around a building 
and fraction of snow coverage (bottom) over the two winters of 2006/07 and 2007/08 
simulated using (a) sSPUCdgn and (b) sSPUCprg. When the fraction is equal to 1, the grid is 
entirely covered by snow. 
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Figure 9  Melting amount (top) and snow temperature (bottom) on the ground around a 
building simulated using (a) sSPUCdgn and (b) sSPUCprg. Gray bar on the panel for melting 
indicates the time of occurrence for melting when the snow temperature was less than 0°C. 
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Figure 10  (a) Annual maximum snow depth and (b) accumulation of snowfall over the winter 
at the 22 evaluated sites. The colored bars represent the observations (gray) and the simulations 
using iSiB (blue), sSPUCdgn (yellow) and sSPUCprg (red). Site number on the x-axis 
corresponds to the number in Fig. 5. 
 



 
60 

 

 

Figure 11  (a) RMSE for seasonal variations of the snow depth and (b) correlation coefficient 
for seasonal variation of snow depth between the observations and simulations. Blue and red 
bars indicate the iSiB and sSPUCprg simulations, respectively. 〇 in (a) denotes sites with a 
significant decrease in RMSE caused by the scheme, whereas × denotes sites with increased 
RMSE. (c) Averaged bias in the daily mean surface air temperature over December to March. 
Bars are for iSiB (blue), SPUC (green), and sSPUCprg (red). The light gray bar in (c) indicates 
that the observations were lost. Site number on the x-axis corresponds to the number in Fig. 5. 
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Figure 12  Seasonal variations of snow depth (top) and daily mean of surface air temperatures 
(bottom) at (a) Morioka and (b) Aomori. The lines are for the observations (gray), iSiB (blue), 
and sSPUCprg (red). Vertical lines in the top panels are the variance of snow depth over each 
winter from 2006 to 2011. 
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Figure 13  As Fig. 12, but for (a) Takada, (b) Sapporo and (c) Asahikawa. 
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Figure 14  Seasonal variations of snow depth (top) and snowfall (bottom) at Nagano. The lines 
are for the observations (gray), iSiB (blue), and sSPUCprg (red). Vertical lines in the top 
panels are the variance of snow depth over each winter from 2006 to 2011. 
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Figure 15  Rank correlations between snowfall and snow depth in the observations (gray), and 
in the simulations made using iSiB (blue), and sSPUCprg (red) at the 22 evaluated sites. Site 
number on the x-axis corresponds to the number in Fig. 5. 
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Figure 16  Seasonal variation of the daily mean temperature at Morioka from simulations made 
using (a) sSPUCprg and (b) iSiB. Lines show the observations (gray), the surface air 
temperature at 1.5 m (black), the air temperature at the model level of 20 m above the ground 
surface (light blue), and the ground surface temperature with or without snow (orange). The 
green line in (b) indicates the temperature in the vegetation canopy with or without snow. 
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Figure 17  Seasonal variation of the daily mean temperature in the urban canopy at Morioka. 
Lines show the surface air temperature at 1.5 m (black), the temperatures at the walls (blue), 
the roof with or without snow (green), and the ground around a building (orange) with or 
without snow. 
 


