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18 Abstract

19 Heavy wet snow accretion occurred along the coast of the Okhotsk Sea, collapsing a transmission 

20 tower near Monbetsu City and causing a power outage in the area, on December 22–23, 2022. This 

21 study investigated the meteorological conditions that caused heavy wet snow accretion in this area, 

22 with a particular focus on three factors responsible for wet snow accretion: strong winds, snowfall, and 

23 temperatures slightly above 0 °C. An analysis of the station observations from the Japan 

24 Meteorological Agency shows that this case occurred on the most favorable day for the wet snow 

25 accretion in Hokkaido since 1976. A duration of favorable temperatures for wet snow accretion for 

26 this case was longer than historical events by 30%. A numerical simulation using the Weather Research 

27 and Forecasting model, with a horizontal resolution of 1.667 km, demonstrated that the formation of 

28 torrential wet snowfall and strong winds were associated with multiple extratropical cyclones. On the 

29 evening of December 22, a cyclone moving northward off the eastern coast of Japan, together with 

30 another stagnant cyclone located over the northern Japan Sea, formed a large cyclonic circulation. The 

31 cold conveyor belt, a cold airstream located poleward of the warm front, associated with the northward-

32 moving cyclone, caused strong easterly winds along the coast of the Okhotsk Sea and carried a large 

33 amount of moisture there, reinforcing snowfall from stratiform clouds through depositional growth. A 

34 backward trajectory analysis showed that temperatures slightly above 0 °C were maintained through 

35 the balance between heating from the sea surface and cooling caused by snow melting. The norward-

36 moving cyclone tracks resembled other historical events at Monbetsu, but the precipitation amounts 
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37 were the largest in this event. These findings suggest that a combination of synoptic-scale circulations 

38 and cloud microphysics plays an essential role in the occurrence of heavy wet snow accretion.

39

40 Keywords: snow accretion, extratropical cyclone, numerical simulation, snow melting, trajectory 

41 analysis
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42 1. Introduction

43 Atmospheric icing refers to the accretion of solid precipitation particles onto the surfaces of 

44 structures (Farzaneh 2008). In snowfall regions, severe icing causes disasters, such as the collapse of 

45 structures or trees, traffic disruptions, and power outages. Atmospheric icing can be classified as 

46 precipitation icing or in-cloud icing. The former includes wet and dry snow accretion and freezing 

47 rain. Wet snow accretion is a phenomenon in which partially melted snow sticks to structures due to 

48 strong winds at temperatures slightly above 0 °C (Takeuchi 1978; Farzaneh 2008). 

49 Previous studies have examined the weather conditions that cause wet snow accretion on overhead 

50 power line conductors (Makkonen 1989; Sakamoto 2000; Bonelli et al. 2011; Nygaard et al. 2013; 

51 Ducloux and Nygaard 2014). Various criteria are used for the temperature range suitable for wet snow 

52 accretion, such as temperatures of 0–2 °C (Admirat 2008), the web bulb temperature of 0–1 °C 

53 (Nygaard et al. 2013), and a mixture of temperature and humidity criteria (Ducloux and Nygaard 2014). 

54 Although wet snow accretion onto the surface of structures may occur at any wind speed, the amount 

55 accreted increases with wind speed (Wakahama et al. 1977). The amount of snow accreted can be 

56 estimated from the amount of collisional precipitation on the surface of structures at temperatures 

57 slightly above 0 °C, referred to as the snow accretion potential. Disasters associated with wet snow 

58 accretion have been reported in extratropical countries including Japan, France, Germany, and North 

59 America (Wakahama et al. 1977; CIGRE 2006; Dalle and Admirat 2011; Frick and Wernli 2012; 

60 Hanesiak et al. 2022). In Japan, wet snow accretion occurs everywhere, except on the Ryukyu Islands. 
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61 In particular, precipitation in the temperature range suitable for snow accretion tends to be 

62 accompanied by strong winds in the Pacific coastal region of the Kanto area and eastern Hokkaido 

63 (Matsushita and Nishio 2006). 

64 Most cases of snow damage associated with wet snow accretion in Japan have been caused by 

65 extratropical cyclones approaching Japan during the cold season, such as in Northern Hokkaido in 

66 December 1972, in the Tohoku area in December 1980, in the Kanto area in March 1986, and in the 

67 Hokuriku area in December 2005 (Hasemi and Baba 1994; Ohara et al. 2017). As extratropical 

68 cyclones have a strong pressure gradient, their approach causes strong winds. Precipitation 

69 accompanied by extratropical cyclones is closely related to their air flow structure. Extratropical 

70 cyclones have the following three distinct air flows: warm conveyor belt (WCB), cold conveyor belt 

71 (CCB), and dry intrusion (Carlson 1980; Browning 1986). The WCB is a poleward, coherent, warm, 

72 and moist airstream originating in the planetary boundary layers of the warm sector of an extratropical 

73 cyclone. Air masses in the WCB ascend to the upper troposphere within two days (Madonna et al. 

74 2014). The CCB is a low-level westward airstream of cold air masses poleward of the warm front 

75 towards the center of the extratropical cyclone. Precipitation accompanied by extratropical cyclones is 

76 closely related to both the WCB and CCB. Ascending air masses in the WCB along isentropes sloping 

77 northward in the warm front lead to the formation of stratiform clouds, which are then advected by 

78 mid- and upper-level winds, eventually forming deep stratiform clouds that expand north of the warm 

79 front (Browning 1986; Neiman et al. 1993). The heavy precipitation zone expanding north of the warm 
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80 front is known as the warm frontal rainband (Houze et al. 1976). Highly concentrated ice crystals in 

81 the generating cells located above the stratiform clouds of the warm frontal rainband grow through 

82 aggregation, riming, and deposition of water vapor and eventually fall (Hobbs and Locatelli 1978). As 

83 falling ice crystals in the warm frontal rainband must pass through the CCB, the temperature and 

84 humidity of the CCB are important for controlling the type and amount of surface precipitation 

85 (Schultz 2001).

86 On December 22, 2022, an extratropical cyclone that moved northward off the east coast of the 

87 main island of Japan caused heavy snowfall and strong winds along the coast of the Okhotsk Sea in 

88 Hokkaido and led to traffic disruptions. Additionally, heavy wet snow accretion on overhead power 

89 lines initiated the collapse of a transmission tower in Monbetsu, a coastal city facing the Okhotsk Sea 

90 (Fig. 1), causing a 20 h blackout in the area, including approximately 28,000 houses (Cabinet Office 

91 2023). This study aimed to investigate the meteorological conditions that caused heavy snow accretion 

92 along the Okhotsk Sea coast from analyses of a reanalysis dataset, observational data, and simulation 

93 data using a non-hydrostatic meso-scale model. The study specifically focused on the three major 

94 factors causing wet snow accretion: strong winds, snowfall, and a temperature range favorable for wet 

95 snow accretion.

96 The remainder of this paper is organized as follows. Section 2 describes the methodology and data 

97 used in this study. Section 3 overviews the meteorological situations. Section 4 discusses the 

98 characteristics of cloud systems that caused heavy snow accretion. Section 5 presents the formation 
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99 mechanism of the temperature range suitable for wet snow accretion. Section 6 compares this case 

100 with similar historical events. Finally, Section 7 presents concluding remarks.

101

102 2. Data and Methods

103 2.1. Data

104 The ERA5 reanalysis dataset (Hersbach et al. 2020) was used to examine synoptic-scale 

105 circulation at upper levels and as the initial and boundary conditions for numerical simulations. Mean 

106 sea level pressure, temperature, geopotential height, and zonal and meridional winds at 37 pressure 

107 levels with a horizontal resolution of 0.25° were used. Divergence was derived from the zonal and 

108 meridional winds. Hourly surface observations from the Automated Meteorological Data Acquisition 

109 System (AMeDAS), managed by the Japan Meteorological Agency, were obtained from 1976 to 2022. 

110 Temperature, 10-minute averaged wind speed and direction, sunshine duration, precipitation amount, 

111 snowfall amount, and snow depth were obtained from AMeDAS. Rain gauges used in AMeDAS are 

112 equipped with heaters to measure precipitation from solid precipitation. In some AMeDAS stations, 

113 the anemometer is installed at a height higher than 10 m above the ground in order to avoid the 

114 influence of surrounding artificial structures. A logarithmic law was used to estimate wind speed at a 

115 10-m height based on data from the AMeDAS. We used 100-m-meshed land-use data from the 

116 National Land Numerical Information (NLNI) database, updated in 1976, 1987, 1991, 1997, 2006, 

117 2009, 2014, and 2016, as an indicator of the ground roughness length. Following Kondo and 
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118 Yamazawa (1986), the roughness length was estimated using the NLNI land-use database by averaging 

119 the roughness classification over a windward fan-shaped area with a central angle of 45° and the radius 

120 that is calculated by multiplying 100 to the height of an anemometer.

121

122 2.2. Configuration of numerical simulation

123 The Weather Research and Forecasting (WRF) model, version 4.4.2 (Skamarock et al. 2021), was 

124 used to examine the precipitation and local temperature characteristics. The simulation was conducted 

125 using two domains with one-way nesting. The outer domain (D1) covered the Northwestern Pacific 

126 with a horizontal resolution of 5 km, and the inner domain (D2) had a horizontal resolution of 1.667 

127 km (Fig. 2). We present the results from the inner domain as a control simulation. The model had 45 

128 vertical layers with a top pressure of 50 hPa. The atmospheric initial and boundary conditions for the 

129 outer domain, as well as sea surface temperature (SST) and sea-ice concentrations, were obtained from 

130 the ERA5 reanalysis dataset. The WRF default topography dataset, GTOPO30, was used. The 

131 simulation of the outer domain spanned 06 JST on December 22 to 18 JST on December 23, 2022. 

132 Simulation of the inner domain began 3 h after the start of the outer domain. The physics 

133 parameterizations included the Eta similarity (Janjić 1990), RUC land-surface model (Benjamin et al. 

134 2004), and Mellor-Yamada-Janjic (Janjić 1994) schemes for the surface, land surface, and planetary 

135 boundary layer (PBL), respectively, along with the predicted particle properties (P3) scheme with two 

136 free ice categories (Morrison and Milbrandt 2015; Milbrandt and Morrison 2016), the multi-scale 
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137 Kain-Fritsch scheme applied only to the outer domain (Zheng et al. 2016), and the rapid radiative 

138 transfer model for GCMs (RRTMG; Iacono et al. 2008). Table 1 lists the model configurations. To 

139 explain the maintenance mechanism of temperatures suitable for wet snow accretion at Monbetsu, 

140 heating rates from the parameterizations (radiation, PBL, and cloud microphysics) and cloud 

141 microphysics processes in the control simulation were analyzed. The latter was obtained by modifying 

142 the P3 microphysics scheme to output mixing ratio budget terms.

143 Furthermore, we conducted an additional simulation to examine the role of melting processes for 

144 the maintenance of temperatures suitable for wet snow accretion. As a sensitivity experiment, we 

145 excluded the cooling of the melting solid hydrometers from the temperature budget equation in the P3 

146 microphysics scheme. This sensitivity experiment is referred to as the no-melt-heating simulation. 

147 Other settings were identical to the control simulation.

148

149 2.3. Trajectory analysis

150 To elucidate the maintenance mechanism of an favorable temperature range for wet snow 

151 accretion, a backward trajectory analysis of air parcels that arrived in Monbetsu was conducted. 

152 LAGRANTO (Sprenger and Wernli 2015) was used to compute backward trajectories from the control 

153 simulation. LAGRANTO computes three-dimensional kinematic trajectories from three-dimensional 

154 wind fields and the meteorological parameters at the parcel locations in the control simulation. A total 

155 of 54 air parcels were placed in nine grids centered on the grid points nearest Monbetsu Station, at 
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156 heights of 50, 100, 150, 200, 250, and 300 m. 

157

158 2.4. Estimation of the scale of wet snow accretion

159 A simple version of the snow accretion potential (SAP) defined by Shimizu et al. (2017) was 

160 introduced to understand the sensitivity of wet snow accretion. The SAP [kg m-2] is defined as follows:

161 SAP = 𝜌𝑤𝛽𝑃𝑖, (1)

162 where 𝜌𝑤(=1,000 kg m-3) is the density of liquid water, 𝛽 is the snow accretion efficiency, and 𝑃𝑖 

163 [mm h-1] is the amount of precipitation that collides with an electrical wire in unit time. Here, 𝛽 is 

164 originally a product of a term of snowflake wetness and correction associated with wind speed. The 

165 snowflake wetness term is estimated based on the relationship among wetness, temperature, and 

166 relative humidity (Matsuo et al. 1981). As relative humidity observations are available only in a few 

167 AMeDAS stations, the simplified SAP assumes that 𝛽 depends only on temperature, as follows:

168 𝛽 = 1              (0oC ≤ 𝑇 ≤ 2oC)
0     (𝑇 < 0oC or 𝑇 > 2oC). (2)

169 In Eq. (1), 𝑃𝑖 can be written as follows:

170 𝑃𝑖 =
𝑃𝑉𝑛

𝑣𝑇
, (3)

171 where 𝑃 [mm h-1] is the hourly precipitation rate and 𝑉𝑛 [m s-1] is the collisional speed of 

172 precipitation particles perpendicular to a certain wire in the power lines, calculated as follows:

173 𝑉𝑛 = 𝑣2
𝑇 + (𝑈sin𝜃)2, (4)

174 where 𝜃 is the angle between the electrical wire and horizontal wind direction. As this analysis does 
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175 not intend to estimate the value for any specific transmission line, 𝜃 = 90o was used in the calculation. 

176 Further, 𝑣𝑇 [m s-1] is the falling speed of a precipitation particle, assumed a constant value of 1.5 m 

177 s-1 based on observational studies (Locatelli and Hobbs 1974; Mitra et al. 1990; Frick et al. 2013). 

178 Parameter 𝑈 [m s-1] is the horizontal wind speed at a 10-m height, estimated from AMeDAS. The 

179 hourly precipitation in Eq. (3) was corrected for wet snow as follows:

180 𝑃 = 𝑃𝑜𝑏𝑠(1 + 0.115𝑉), (5)

181 where 𝑉 [m s-1] is the wind speed corrected to a value at the height of the rain gauge, estimated in the 

182 same manner mentioned above. Following Shimizu et al. (2017), the shedding of accreted wet snow 

183 on an electric wire occurs when either of the following two conditions is met: (1) the 3-h sum of the 

184 hourly temperature exceeds 4 oC or (2) no precipitation is observed for more than 6 h.

185

186 2.5. Cyclone detection and tracking

187 To compare cyclone tracks for wet snow accretion at Monbetsu during historical events, we used 

188 the University of Melbourne cyclone detection and tracking algorithm (Murray and Simmonds 1991a, 

189 1991b). This algorithm detects cyclones as the local maxima in the Laplacian of mean sea level 

190 pressure and tracks them over time. In the tracking, a nearest-neighbor method is employed. The 3-h 

191 mean-sea level pressure from the ERA5 was used for the detection. We detected cyclones in the 

192 Northern Hemisphere, but we focused only on the one closest to Monbetsu during high SAP value 

193 events. Parameters used for the detection and tracking algorithms are summarized in Appendix.
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194

195 3. Case overview

196 3.1. Synoptic circulations

197 Several extratropical cyclones were located around Japan on December 22 and 23, 2022. An 

198 extratropical cyclone at 110° E and 45° N at 15 JST on December 19 moved eastward and remained 

199 over the Japan Sea from 15 JST on December 21 to 03 JST on December 24 (hereafter, this cyclone is 

200 called C1). The C1 cyclone developed with a decrease in its surface pressure from 994 hPa at 09 JST 

201 on December 22 to 980 hPa at 09 JST on December 23 (Figs. 3a and 3c). To the west of the C1 cyclone, 

202 a cut-off low at 500 hPa was located around the base of the Korean Peninsula (Fig. 4a). The interaction 

203 between the surface and upper cyclones contributed to the baroclinic development of C1. The 

204 temperature at 850 hPa at 09 JST on December 22 shows that the temperatures between -6 and 0 °C 

205 zone extended eastward and southward from the C1 cyclone with a large gradient (Fig. 4b), suggesting 

206 the existence of warm and cold fronts.

207 At 09 JST on December 22, two extratropical cyclones consisting of a north–south pair were 

208 detected south of Honshu Island (Fig. 3a). The northern cyclone was located on the southern coast of 

209 the main island of Japan (hereafter, called C2) and in the warm sector of cyclone C1. The C2 cyclone 

210 moved northward and reached the south of Cape Erimo at 21 JST on December 22 (Fig. 3b). It slowly 

211 landed at eastern Hokkaido with a decrease in the central pressure of 20 hPa for 24 h until 09 JST on 

212 December 23 (Fig. 3c). Simultaneously, a zonally elongated area of upper-level divergence over the 
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213 Japan Sea and Hokkaido indicates that diabatic heating near the center of the C1 and C2 cyclones 

214 contributed to their rapid development. The track of the C2 cyclone is illustrated in Fig. 3d using the 

215 cyclone tracking algorithm and corresponds to the south-coast cyclone that travelled towards eastern 

216 Hokkaido (Yoshida and Asuma 2004; Tsopouridis et al. 2020). Furthermore, an extratropical cyclone 

217 located over eastern Hokkaido is known to caused heavy snowfall in the coastal areas of the Okhotsk 

218 Sea (Kawazoe et al. 2020). A sharp gradient of temperatures between 6 and 12 °C corresponded to the 

219 warm and cold fronts of the C2 cyclone. On the night of December 22, a new extratropical cyclone 

220 was found at the occluded point of the C2 cyclone (hereafter, called C3). The C3 cyclone was located 

221 southeast of the C2 cyclone at 09 JST on December 23.

222 The extratropical cyclone, located at 30 °N and 142 °E at 09 JST on December 22, moved 

223 northeastward and away from Hokkaido. Corresponding to the three cyclones aligned southeast of 

224 eastern Hokkaido, the upper-level divergence was elongated from northwest to southeast (Fig. 4e). 

225 From the evening of December 22 to 24, cyclones C1 to C4 formed a large cyclonic circulation 

226 centered over northern Japan. The interval between the isobars was narrow near the center of cyclonic 

227 circulation. Strong easterly surface winds exceeding 15 m s-1 were analyzed over the Okhotsk Sea 

228 from 21 JST on December 22 to 21 JST on December 23 in the ERA5 reanalysis (Figs. 3b-3d). 

229

230 3.2. Local meteorological characteristics from surface observations

231 To examine the spatial distributions of the surface meteorological fields associated with wet snow 
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232 accretion, Figures 5a-5c show the 24-h accumulated precipitation, maximum wind speed, and 

233 temperature observed at AMeDAS stations, respectively. In Fig. 5b, the maximum wind speed was 

234 corrected for a 10-m height. The spatial patterns of the 24-h accumulated precipitation until 15 JST on 

235 December 23 (Fig. 5a) show that precipitation was concentrated in eastern Hokkaido, consistent with 

236 the fact that precipitation was accompanied by a northward moving extratropical cyclone. However, 

237 the accumulated precipitation near the coast of the Okhotsk Sea was less than 40 mm. Strong winds 

238 exceeding 10 m s-1 were observed along the coasts of the Okhotsk Sea and the Pacific Ocean (Fig. 5b). 

239 The average surface temperature over 24 h had a suitable range for wet snow accretion, between 0 and 

240 2 °C, at most Hokkaido stations, except for highly elevated stations (Fig. 5c). 

241 The spatial pattern of the 24-h accumulated SAP differed from the precipitation pattern (Fig. 5d). 

242 High SAP values were analyzed along the coast of the Okhotsk Sea and eastern Hokkaido. The SAP 

243 in Monbetsu station calculated using Eq. (1) was 429.7 kg m-2, the 4th highest in Hokkaido for this 

244 event. This result suggests that the surface weather conditions along the Okhotsk Sea were favorable 

245 for the occurrence of wet snow accretion.

246 To demonstrate the suitability of the meteorological conditions in this case for wet snow accretion, 

247 the SAP was calculated from AMeDAS data since 1976 and compared with that in this case. Shedding 

248 conditions were applied for this calculation. Since 1976, the SAP values in the current case were 12th, 

249 13th, 14th, and 35th at Omu, Kushiro, Nakashibetsu, and Monbetsu stations, respectively. The number 

250 of stations among the top 50 wet snow accretion indices since 1976 was the highest for this case, with 
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251 seven stations, followed by four stations on December 7, 2007. Another interesting characteristic of 

252 this case was the prolonged persistence of a non-zero SAP. The average persistence of the wet snow 

253 accretion potential was 18.57 h in the current case, 30% longer than the average persistence of 14.16 

254 h in the top 50 events. These results suggest that the meteorological conditions in this case were highly 

255 suitable for wet snow accretion over the last 50 years and persisted for longer periods.

256 Figure 6 shows the time-series of the surface observations at Monbetsu station from AMeDAS. 

257 Precipitation was observed between 19 JST on December 22 and 15 JST on December 23 (Fig. 6c). 

258 During this period, snow or the mixture of rain and snow were observed without sunshine (Figs 6b, 

259 6d, and 6g). The hourly precipitation rate was between 1 and 5 mm h-1, the accumulated precipitation 

260 was 56.5 mm until 15 JST on December 23, and the snow depth increased by 17 cm (Fig. 6e). Although 

261 precipitation measurements were not available after 15 JST on December 23, possibly due to blackout, 

262 snowfall was not suspected to be heavy because the snow depth decreased after 15 JST on December 

263 23. During the snowfall period, the temperatures were slightly above 0 °C (Fig. 6a). The temperatures 

264 before and after the snowfall period were higher than those during the snowfall. Easterly winds of 5–

265 8 m s-1 were observed from 12 JST on December 22 to 02 JST on December 23 (Figs. 6f and 6g). 

266 Subsequently, the wind direction changed anticlockwise, and northerly winds of 6–10 m s-1 occurred 

267 on the afternoon of December 23. These findings confirm that the meteorological conditions in 

268 Monbetsu city were suitable for the occurrence of wet snow accretion.

269
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270 4. Characteristics of precipitation systems

271 The characteristics of the precipitation system that caused heavy wet snow accretion along the 

272 coast of the Okhotsk Sea were examined by the numerical simulations using a WRF model with a 

273 horizontal resolution of 1.667 km. Before examining precipitation characteristics, the reproducibility 

274 of the numerical simulation was verified. Figure 7 shows a comparison of the (a) wind direction, (b) 

275 wind speed, (c) accumulated precipitation, (d) temperature, and (e) hourly SAP at Monbetsu Station 

276 between the AMeDAS observations and control simulation. Table 2 summarizes their bias and root 

277 mean square errors (RMSEs). Height correction was performed for the temperature using the 

278 temperature lapse rate between the lowest two model layers.

279 Overall, the control simulation accurately reproduced the meteorological conditions in terms of 

280 the occurrence of wet snow accretion. The gradual counterclockwise change in the wind direction from 

281 easterly to northerly was well simulated (Fig. 7a); however the simulated wind speed was 

282 overestimated with a positive bias of 2.0 m s-1 (Fig. 7b and Table 2). Previous studies have reported 

283 the tendency of wind speed overestimation with the Mellor-Yamada-Janjic PBL scheme (e.g., Shimada 

284 et al. 2011; Gómez-Navarro et al. 2015). In both the observations and simulations, precipitation began 

285 approximately 21 JST on December 22. Although the accumulated precipitation until 03 JST on 

286 December 23 calculated by numerical simulation was low, the accumulated precipitation at 15 JST on 

287 December 23 differed by less than 2.5 mm (Fig. 7c). The bias and RMSE of the precipitation rate were 

288 -0.11 and 1.30 mm h-1, respectively. During the precipitation period, the simulated surface temperature 
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289 matched well with the observed temperature (Fig. 7d), with a bias of -0.01 °C and RMSE of 0.37 °C. 

290 The hourly SAP fluctuated between 10 and 50 kg m-2 h-1 (Fig. 7e). Overprediction (underprediction) 

291 occurred in the control simulation for 0-3 (6-9) JST on December 23 because the hourly precipitation 

292 rate was overpredicted (underpredicted) for this period, resulting in a small bias of -2.15 kg m-1 h-1. 

293 These results confirms that the control simulation well reproduced the meteorological variables 

294 associated with wet snow accretion.

295 Figure 8 shows the simulated equivalent radar reflectivity (hereafter, reflectivity) at an altitude of 

296 2 km. At 21 JST on December 22, a high-reflectivity region with small spatial variations expanded to 

297 eastern Hokkaido, north of the C2 cyclone, indicating stratiform clouds (Fig. 8a). The tops of the 

298 stratiform clouds reached 8 km (Fig. 9). At 03 JST on December 23, the head of the comma-shaped 

299 clouds near the center of C2 cyclone approached the coastal area facing the Okhotsk Sea (Fig. 8b). 

300 Monbetsu city was covered by convective clouds, with cloud tops as low as 4 km (Fig. 9). At 10 and 

301 13 JST on December 23, clouds expanded zonally from both the C1 and C2 cyclones, but the 

302 reflectivity value was smaller than that at 21 JST on December 22 (Figs. 8c and 8d). This indicates 

303 that the observed snow or the mixture of rain and snow fell from stratiform clouds in the earlier period, 

304 convective clouds in the middle period, and stratiform clouds in the later period. Furthermore, the 0 °C 

305 line was simulated 100 m above sea level during the precipitation periods (Fig. 9), consistent with the 

306 observed rain/snow mixture.

307 To examine the relationship between the characteristics of clouds accompanied by the C1 cyclone 
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308 and environmental fields, Fig. 10a shows the vertically integrated vapor transport at 00 JST on 

309 December 23, when the precipitation is intensified. Figure 10b shows that a substantial amount of 

310 water vapor with a mixing ratio exceeding 5 g kg-1 was transported northward in the warm sector of 

311 the C1 cyclone, corresponding to the WCB of the C2 cyclone. Water vapor in the WCB ascended along 

312 the isentropes, tilting northward in warm and occluded fronts (Fig. 10b), and subsequently condensated, 

313 leading to the formation of stratiform clouds (Fig. 8a). The stratiform clouds were advected northward 

314 due to mid-level southerly winds (Fig. 10c). Even in the north of the C2 cyclone, water vapor with a 

315 mixing ratio exceeding 3 g kg-1 was transported westward towards the north of the C1 cyclone, 

316 indicating that the CCB of C2 cyclone also contributed to vapor transport.

317 The westward moisture transport by the CCB of the C2 cyclone affected the microphysics of the 

318 snowfall in the stratiform clouds. A meridional-vertical cross-section of the simulated reflectivity 

319 across Monbetsu city shows high reflectivity below an altitude of 4 km, where the vapor mixing ratio 

320 is high (Figs. 10c and 10d). This is attributed to the high mixing ratio of the solid hydrometers (Fig. 

321 10e). In the P3 scheme, four parameters (mass, rime mass, rime volume, and number) were predicted 

322 for each free ice category instead of categorizing solid hydrometers into ice crystals, snow, and graupel 

323 (Morrison and Milbrandt 2015). The riming fraction, which is the fraction of the mixing ratio obtained 

324 by riming to the total, was close to zero, suggesting that the solid hydrometers grew as a result of 

325 depositional growth of water vapor (Fig. 10f). The source and sink terms of the sum of the two ice 

326 categories in Fig. 11a confirm that the ice mixing ratio increased due to depositional growth below an 
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327 altitude of 4 km, where air masses were nearly saturated with respect to liquid water (Fig. 12a). These 

328 results suggest that the nearly saturated CCB reinforced snowfall through the depositional growth of 

329 ice crystals and snowflakes.

330 As the C2 cyclone moved northward, the coastal area of the Okhotsk Sea was covered with 

331 convective clouds near the center of the cyclone at 03 JST on December 23. Similar to 21 JST on 

332 December 22, water vapor was transported westward to the north of the C1 cyclone at 03 JST on 

333 December 23 (Fig. 13a). In the Monbetsu area, the wind direction changed clockwise from easterly to 

334 southeasterly with increasing height, up to an altitude of 5 km (Fig. 13c). The mixing ratio of rain was 

335 higher in convective clouds at 03 JST on December 23 than in stratiform clouds at 21 JST on December 

336 22 (Figs. 10e and 13e). The cloud droplets were transported upward above the melting level by updrafts 

337 near the cyclone center (Fig. 13b), and the rain mixing ratio increased through the collection of cloud 

338 droplets (figure not shown). The high riming fraction was consistent with the characteristics of 

339 convective clouds (Fig. 13f). At lower levels, solid hydrometers grew through collisions with raindrops 

340 (Fig. 11b). The low cloud tops during this period could be explained by the vertical profile of the 

341 equivalent potential temperature. Air was saturated below an altitude of 3.5 km, whereas the vapor 

342 mixing ratio was almost zero above 5 km (Fig. 12b). This suggests that the intrusion of the stratospheric 

343 dry air mass behind the cold front acted as a lid for convective clouds.

344 At 13 JST on December 23, the coastal area of the Okhotsk Sea was covered with stratiform clouds. 

345 The center of the C2 cyclone was located near the coastal area of the Okhotsk Sea, and northeasterly 

Page 19 of 63 For Peer Review



20

346 winds prevailed in the Monbetsu area (Figs. 14a and 14b). The vapor mixing ratio decreased to 2 g kg-

347 1 at this time (Fig. 14b). The longitude-altitude cross-section of reflectivity and ice mixing ratio across 

348 Monbetsu shows that clouds were covered below 4 km over northern Hokkaido (Figs. 14d and 14e). 

349 The mixing ratio of the solid hydrometers was high below 2 km and increased through the accretion 

350 of cloud droplets (Fig. 11c). This is consistent with the high riming fraction below an altitude of 2 km 

351 (Fig. 14f).

352 To explain the above analyses, the following hypotheses are suggested. First, snowfall resulted 

353 from the northward-moving C2 cyclone. Second, snowfall from the stratiform clouds was reinforced 

354 by westward vapor transport by the CCB of the C2 cyclone in the earlier period. Third, the snowfall 

355 type transition possibly occurred twice: initially unrimed snowflakes to rimed snowflakes fell from 

356 convective clouds approximately 03 JST on December 23, and subsequently changing to rimed 

357 snowflakes that collided with cloud droplets during the fell from stratiform clouds after the morning 

358 of December 23.

359

360 5. Maintenance mechanism of temperatures suitable for wet snow accretion

361 During snowfall, surface temperatures in the Monbetsu area persisted slightly above 0 °C, which 

362 are favorable for wet snow accretion. To reveal the mechanism for maintaining the temperatures 

363 favorable for wet snow accretion, a backward trajectory analysis of air parcels arriving at Monbetsu 

364 Station was performed using LAGRANTO. Figure 15a shows the pathways of the trajectories arriving 
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365 at Monbetsu Station at 14 JST on December 23, 2022. The air parcels were located 500 m above the 

366 Kuril Islands, moved southward at 21 h, and turned west at 15 h before arrival. After passing through 

367 Etorofu Island, they entered the Okhotsk Sea 6 h before arrival. Over the Okhotsk Sea, the parcels 

368 were located at altitudes of less than 100 m. The spread in the trajectory paths was small. 

369 Figures 15b–15e and 16 show the changes in the meteorological variables and heating rates along 

370 the trajectories, respectively. The SST was higher than the air parcel temperature by 4–5 °C prior to 3 

371 h of arrival, except for the period between 5 h and 4 h, when the air parcels were across the Etorofu 

372 Islands (Fig. 15d). Heating from the PBL scheme represents the vertical diffusion of heat within the 

373 PBL to mitigate unstable conditions when the lowermost layer of the atmosphere (height of 

374 approximately 23 m) is heated from the sea surface (Fig. 16a). This heating increases the potential 

375 temperature of the air parcels by 3 °C for 12 h. Five hours before arrival, air parcels were located below 

376 an altitude of 100 m, and strong heating of air parcels at a rate of 3 °C per hour was largely cancelled 

377 by cooling from cloud microphysical processes, resulting in a net heating of 2 K per 6 h (Fig. 15c). A 

378 breakdown of the heating/cooling by cloud microphysical processes shows that melting of the solid 

379 hydrometers accounts for the aforementioned cooling (Fig. 16b). We also verified the sensitivity of 

380 the parcel locations and heating rates to the release time of the trajectory calculation. The route and 

381 abovementioned cancellation of heating rates were consistent for air parcels released after 22 JST on 

382 December 22. These results suggest that the cancellation of heating from the sea surface by cooling 

383 from the melting of solid hydrometers is crucial for maintaining a suitable temperature for wet snow 
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384 accretion. 

385 To further examine the role of the melting of solid hydrometers, a sensitivity experiment was 

386 conducted, where temperature changes associated with the melting of the solid hydrometers were 

387 excluded in the microphysics scheme. Figure 17 shows the time-series of observed and simulated 

388 surface temperatures at Monbetsu Station. Note that the time-series of the control simulation depicted 

389 in Fig. 17 is the same as that in Fig. 7d. The temperature in the no-melt-heating simulation was higher 

390 than that in the control simulation by 0.5–1 °C and was above 1 °C after 02 JST on December 23. This 

391 1 °C difference could be essential for the occurrence of wet snow accretion. Previous field observations 

392 of wet snow accretion on electrical wires performed at Kushiro from 2010 to 2015 showed that wet 

393 snow accretions were observed at temperatures of 0–1 °C for a relative humidity exceeding 95%, 

394 whereas they were not observed for temperatures above 1 °C (Nishihara et al. 2017). These results 

395 indicate that cooling due to the melting of solid hydrometers plays an important role in the maintenance 

396 of a temperature suitable for wet snow accretion. 

397

398 6. Historical context

399 To place this event in a historical context, we conducted a comparative analysis of the 10 highest 

400 SAP events at Monbetsu. Table 3 summarizes the 10 highest SAP events at Monbetsu. Four out of 10 

401 cases occurred in winter, 5 in spring, and 1 in autumn. Among these 10 events, the December 2022 

402 case was ranked first and characterized by the highest precipitation amount and third longest duration. 
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403 The maximum wind speed was not stronger than that in the other cases and was thus ranked fifth. This 

404 suggests that the highest precipitation amount during temperatures suitable for wet snow accretion 

405 contributed to the highest SAP value for this case.

406 For these 10 cases, extratropical cyclones were located over or off of the southeast point of eastern 

407 Hokkaido. Figure 18a illustrates the tracks of the extratropical cyclones that were in closest proximity 

408 to Monbetsu at the time of each event, using the University of Melbourne cyclone detection and 

409 tracking algorithm. The cyclone track for this case was similar to those for April 28 and 11, 2000, May 

410 10, 1996, January 7, 2007, and November 27, 2002 (tracks with a circle at the genesis location, as 

411 illustrated in Fig. 18a). For these cases, the south-coast cyclones traveled northwards and approached 

412 eastern Hokkaido. Although the cyclogenesis occurred over or off the east coast of the main island of 

413 Japan, cyclones on January 12, 2022, April 27, 2013, and April 19, 1995, traveled north-eastward and 

414 approached eastern Hokkaido. 

415 To understand why this case had the highest precipitation during the period of suitable 

416 temperatures for wet snow accretion, Figure 18b illustrates the tracks of the extratropical cyclones 

417 during the temperatures suitable for wet snow accretion at Monbetsu for each event. Most events had 

418 extratropical cyclones located off the southeast of eastern Hokkaido. This suggests that precipitation 

419 mainly originated from stratiform clouds ahead of the warm front of a cyclone. For the May 10, 1996, 

420 event, which had a longer duration than the case study by 10 h, the cyclone traveled eastward and away 

421 from Hokkaido during the latter part of the event, which suppressed precipitation amount. For the 
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422 December 31, 2008, event, which had the second longest duration among the 10 events, the cyclone 

423 over the southern edge of the Okhotsk Sea dissipated before the temperatures at Monbetsu reached the 

424 suitable range for wet snow accretion. Precipitation in the December 2008 event resulted from 

425 northerly cold surges over the Okhotsk Sea associated with an extratropical cyclone located over the 

426 Bering Sea. These results suggest that the extratropical cyclone remained southeast of eastern 

427 Hokkaido during the suitable temperature ranges for wet snow accretion at Monbetsu, resulting in the 

428 highest SAP value for this case. In addition, cyclone over the northern Japan Sea (C1 cyclone) may 

429 play a role for increasing precipitation. No cyclone was maintained over the northern Japan Sea in 

430 historical events.

431

432 7. Concluding remarks

433 Meteorological conditions that caused heavy wet snow accretion around the coastal area of the 

434 Okhotsk Sea on December 22–23, 2022, were investigated using a reanalysis dataset, station 

435 observations, and numerical simulations by employing the WRF. We focused on the three factors that 

436 cause wet snow accretion, i.e., strong winds, snowfall, and temperatures slightly above 0°C. An 

437 analysis of the snow accretion potential using AMeDAS showed that this period was the most 

438 favorable for the occurrence of wet snow accretion in Hokkaido since 1976. Multiple extratropical 

439 cyclones around Hokkaido contributed to snowfall and strong winds. Together with a stagnant 

440 extratropical cyclone over the northern Japan Sea (C1 cyclone), a northward-moving extratropical 

Page 24 of 63For Peer Review



25

441 cyclone that landed in eastern Hokkaido (C2 cyclone) created large-scale cyclonic circulation in 

442 northern Japan. The coastal area of the Okhotsk Sea was in the northern part of cyclonic circulation, 

443 where narrow isobar intervals yielded strong easterly winds. A previous study indicated that a 

444 northward-moving extratropical cyclone caused strong winds in Hokkaido (Hirata 2021).

445 The cloud system, accompanied by the C2 cyclone, contributed to snowfall in the Monbetsu area. 

446 Snowflakes and ice crystals that fell from stratiform clouds north of the C2 cyclone (midnight on 

447 December 22) grew below an altitude of 4 km through the depositional growth of water vapor 

448 transported by the nearly saturated CCB of the C2 cyclone. These results indicate that synoptic-scale 

449 vapor transport involving multiple extratropical cyclones reinforced snowfall through the depositional 

450 growth of solid hydrometers. The temperature and humidity in the CCB control the amount of 

451 precipitation from stratiform clouds north of the warm front (Schultz 2001). In this case, the nearly 

452 saturated CCB with respect to liquid water reinforced snowfall.

453 The maintenance of temperatures slightly above 0 °C is crucial for the occurrence of wet snow 

454 accretion. A backward trajectory analysis revealed that the temperatures suitable for wet snow 

455 accretion were sustained by the cancellation of heating from sea surfaces and cooling from the melting 

456 of solid hydrometers. A sensitivity experiment showed that the temperature increased by 0.5–1 °C 

457 compared with that in the control experiment if cooling from the melting of solid hydrometer was 

458 excluded. No wet snow accretion on electrical wires occurred at temperatures above 1 °C in previous 

459 observational studies at Kushiro. This implies that cooling from melting snowflake is crucial for the 

Page 25 of 63 For Peer Review



26

460 occurrence of wet snow accretion. The current analysis suggests that both synoptic-scale phenomena, 

461 including strong winds and moisture transport associated with extratropical cyclones, and micro- and 

462 local-scale phenomena, including cloud microphysics, play important roles in the occurrence of heavy 

463 wet snow accretion.

464 The historical wet snow events at Monbetsu also have similar northward-moving cyclone tracks. 

465 However, precipitation amounts in historical events were less than those in this event because cyclones 

466 moved away from the southeastern area off of east Hokkaido.

467 Global warming modulates the occurrence of wet snow accretion (Tropea and Stewart 2021). In 

468 northern Hokkaido, including the coastal area of the Okhotsk Sea, wet snow is projected to increase in 

469 the future climate because the frequency of extratropical cyclones that move northward to Hokkaido 

470 is also projected to increase (Ohba and Sugimoto 2020). Further studies on the risk of disasters 

471 associated with heavy wet snow accretion in this area in the current and future climate are necessary 

472 for policy makers when designing countermeasures. 

473

474

475 Data Availability Statements

476 The ERA5 reanalysis dataset was downloaded from the Climate Data Store (https://doi.org/ 

477 10.24381/cds.bd0915c6). The AMeDAS dataset is available on the JMA website 

478 (https://www.data.jma.go.jp/risk/obsdl/index.php). The 100 m meshed land-use data were downloaded 
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479 from the National Land Numerical Information Download Site operated by the Ministry of Land, 

480 Infrastructure, Transport and Tourism (https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-L03-b.html). 

481 The version 4.4.2 of the WRF model was downloaded from the GitHub repository 

482 (https://github.com/wrf-model/WRF). The LAGRANTO was downloaded from 

483 https://iacweb.ethz.ch/staff/sprenger/lagranto/home.html. The University of Melbourne cyclone 

484 detection and tracking algorithm was downloaded from 

485 https://cyclonetracker.earthsci.unimelb.edu.au/.

486
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645 from the ERA5 reanalysis dataset, at 12-h intervals from 09 JST on December 22 to 21 JST on 

646 December 23, 2022. Contour intervals are 4 hPa. The cross marks represent the location of cyclones 

647 labeled C1 to C4. The warm and cold fronts are drawn manually based on equivalent potential 

648 temperature fields at 950 hPa. In (d), the purple line illustrates the track of the C2 cyclone.

649 Figure 4. Shaded spatial patterns of the horizontal wind divergence at 300 hPa and temperature at 

650 850 hPa from the ERA5 reanalysis dataset at 12-h intervals from 09 JST on December 22 to 21 JST 
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653 Figure 5. Station observations of various parameters derived from the AMeDAS over Hokkaido. 

654 The parameters are (a) 24-h accumulated precipitation, (b) maximum wind speed at 10-m height, (c) 

655 mean temperature from 15 JST on December 22 to 15 JST on December 23, 2022, and (d) 24-h 

656 accumulated snow accretion potential.

657 Figure 6. Observed time-series at Monbetsu Station from the AMeDAS. Plots of the (a) 
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658 temperature, (b) sunshine duration, (c) precipitation rate, (d) snowfall rate, (e) snow depth, (f) wind 

659 speed, and (g) wind barbs (full and half bars denote 1 and 5 m s-1 and flags represent 10 m s-1) on 

660 December 22–23, 2022. The colors in (g) represent observed weather types.

661 Figure 7. Comparisons of the time-series at Monbetsu Station between the AMeDAS observations 

662 and WRF simulations. Time-series of the (a) 10-m wind direction, (b) 10-m wind speed, (c) 

663 accumulated precipitation, (d) 2-m temperature, and (e) hourly SAP. Height correction is applied to 

664 the simulated temperature using the temperature lapse rate between the lowermost two model levels.

665 Figure 8. Simulated equivalent radar reflectivity at a height of 2,000 m ((a) 21 JST on December 

666 22, 2022, and (b) 03 JST, (c) 10 JST, and (d) 13 JST on December 23, 2022). The solid white circles 

667 denote the location of Monbetsu Station.

668 Figure 9. Time-vertical cross-section of the simulated equivalent radar reflectivity at Monbetsu 

669 Station. Black solid contours present the potential temperature at intervals of 4 K, and the black dotted 

670 line is the melting level.

671 Figure 10. Simulated horizontal distributions and vertical cross-sections across Monbetsu Station 

672 at 00 JST on December 23, 2022. In (a), the shading, contours, and vectors represent temperature at 

673 925 hPa, geopotential height at 925 hPa, and vertically integrated vapor flux, respectively. In (b), the 

674 shading and magenta dots represent the specific humidity at a height of 2,000 m and the location where 

675 the vertical velocity at a height of 2,000 m exceeds 1.5 m s-1, respectively. Vertical cross-sections in 

676 (c) are along a black broken line in (a) and in (d)–(f) along a black broken line in (b). In (c), the shading, 
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677 contours, and arrows represent the water vapor mixing ratio, potential temperature at 10 K intervals, 

678 and horizontal wind, respectively. In (d), the shading and contours represent the equivalent radar 

679 reflectivity and potential temperature at 10 K intervals, respectively. In (e), the shading, black contour, 

680 and orange contours represent the mixing ratio of ice (sum of categories 1 and 2), melting level, and 

681 rain mixing ratio at intervals of 0.1 g kg-1, respectively. In (f), the shading and black contours represent 

682 the riming fraction of ice category 1 and temperature at 10 °C intervals, respectively. Gray broken 

683 lines in (c)–(f) denote the location at Monbetsu Station.

684 Figure 11. Simulated vertical profiles of the tendency of free ice hydrometers (sum of categories 

685 1 and 2) at Monbetsu Station at (a) 22 JST on December 22, (b) 03 JST on December 23, and (b) 13 

686 JST on December 23, 2022.

687 Figure 12. Simulated vertical profiles of the potential temperature (θ), equivalent potential 

688 temperature (θe), saturated potential temperature with respect to liquid water (θ* e), and vapor mixing 

689 ratio (Qvapor) at Monbetsu at (a) 00 JST and (b)03 JST on 23 December 23, 2022.

690 Figure 13. Same as Fig. 10 except for at 03 JST on December 23, 2022.

691 Figure 14. Simulated horizontal distributions and vertical cross-sections across Monbetsu Station 

692 at 13 JST on December 23, 2022. In (a), the shading, contours, and vectors represent the temperature 

693 at 925 hPa, geopotential height at 925 hPa, and vertically integrated vapor flux, respectively. In (b), 

694 the shading and magenta dots represent the specific humidity at a height of 2,000 m and the location 

695 where the vertical velocity at a height of 2,000 m exceeds 1.5 m s-1, respectively. Vertical cross-
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696 sections in (c) are along a black broken line in (a) and in (d)–(f) along a black broken line in (b). In 

697 (c), the shading, contours, and arrows represent the water vapor mixing ratio, potential temperature 

698 at10 K intervals, and horizontal wind, respectively. In (d), the shading and contours represent the 

699 equivalent radar reflectivity and potential temperature at 10 K intervals, respectively. In (e), the 

700 shading, black contour, and orange contours represent the mixing ratio of ice (sum of categories 1 and 

701 2), melting level, and rain mixing ratio at 0.1 g kg-1 intervals, respectively. In (f), the shading and black 

702 contours represent the riming fraction of ice category 1 and temperature at 10 °C intervals, respectively. 

703 Gray broken lines in (c)–(f) denote the location of Monbetsu Station.

704 Figure 15. Location and time-evolution along trajectories. On map (a), the height of the trajectories 

705 is shaded, and orange dots denote locations in a 3-h interval. Time-evolutions are the (b) height, (c) 

706 potential temperature, (d) temperature with SST (red), and (e) relative humidity. In (b)–(e), the light 

707 and dark color shadings represent the 5–95 and 25–75 percentile widths, and the black line denotes 

708 median values. The horizontal axis shows the time since the release of initial parcels (14 JST on 

709 December 23, 2022).

710 Figure 16. Time-evolution of the median heating rates from the (a) parameterization schemes and 

711 (b) microphysical processes along trajectories. The horizontal axis shows the time since the release of 

712 initial parcels (14 JST on December 23, 2022).

713 Figure 17. Time-series of the temperature at a 2-m height at Monbetsu Station from the control 

714 and no-melt-heating simulations and AMeDAS observation. Height correction is applied to the 
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715 simulated temperature using the temperature lapse rate between the lowermost two layers.

716 Figure 18. Surface cyclone tracks for the 10 highest SAP events at Monbetsu. In (a), tracks the 

717 closest to eastern Hokkaido are illustrated with the December 2022 case highlighted by the thick black 

718 line. (b) is identical to (a), except for tracks illustrated with broken lines with periods of suitable 

719 temperature for wet snow accretion (0–2 °C) as thick lines. The genesis points are indicated by a circle 

720 for tracks of five cyclones exhibiting a similar path to that of the present case in (a), and a square is 

721 used for two tracks that exhibit the longest duration (2008/12/31 and 1996/5/10) in (b). 

Page 41 of 63 For Peer Review



42

722
723 Table 1. Simulation setup for the outer (D1) and inner domains (D2).

D1 D2
Initial and Boundary condition data ERA5 Result of D1
Initial time [JST] 12/22/2022 

06:00
12/22/2022 09:00

End time [JST] 12/23/2022 18:00
Time step 25 s 8.33 s
Output interval 60 min 15 min
Grid points

720×540 1555×1102

Vertical layers 45
Vertical grid spacing Stretching grid: approximately 50 m at the bottom and 

approximately 550 m at the model top.
Horizontal resolution 5 km 1.667 km
PBL physics Mellor-Yamada-Janjic TKE scheme (Janjić 1994)
Surface layer Monin-Obukhov (Janjic Eta) similarity (Janjić 1990)
Land surface RUC Land-Surface Model (Benjamin et al., 2004)
Cloud microphysics P3 (Morrison and Milbrandt 2015)
Cumulus scheme Multi-scale 

Kain-Fritsch 
(Zheng et al., 

2016)

–

Short wave radiation RRTMG (Iacono et al., 2008)
Long wave radiation RRTMG (Iacono et al., 2008)

724
725
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726 Table 2. Bias and RMSE of the meteorological parameters at Monbetsu between 18 JST on 
727 December 22 and 15 JST on December 23.

BIAS RMSE
Temperature [°C] -0.01 0.37
Wind speed [m s-1] 2.00 3.65
Precipitation rate [mm h-1] -0.11 1.30
Hourly SAP [kg m-1 h-1] -2.15 11.9

728
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729 Table 3. List of the 10 highest SAP events at Monbetsu.
Ranking Initial Time 

(Y/M/D-JST)
SAP

[kg m-2]
Duration 

[h]
Precipitation 

amount 
[mm]

Max. wind speed1 
[m s-1]

1 2022/12/22-21 429.7 22 85.9 9.5
2 2000/4/28-2 312.4 22 71.0 8.2
3 2000/4/11-16 298.5 12 43.7 11.0
4 2008/12/31-8 280.4 31 51.3 9.1
5 1996/5/10-4 250.5 32 66.4 9.2
6 2007/1/7-7 237.7 11 22.1 17.8
7 2002/11/27-1 196.5 9 51.4 7.3
8 2013/4/27-16 169.6 13 37.0 7.8
9 2022/1/12-9 146.9 17 26.3 9.8
10 1995/4/19-18 142.4 15 21.5 11.9

730 1: Maximum of 10 min-averaged wind speed.
731
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732 Table A1. Parameters and values used for the cyclone detection and tracking algorithm.
Cyclone 
detection
ni, nj 301, 301 drmx1 0.7 fccmn 0.
rproj 150. drmx2 0.3 cvarad 0.75
rdiff 2.0 itmx1, itmx2 10 nrrdir 18
rdifz 2.0 diflt1, diflt2 1.0 rdincr 0.25
iopmxc 1 cmnh, cmnc 0.0 sphtrg .false.
istmxc 11 cmnc1 0.5 rdpgrd 5.0
nshell 12 cmnc2 1.3 npgdir 12
mscrn 2 dpmn 0.1 ftopeq 0.005
sdrmx 10 zsmax 3000 cmncw 2.0
Tracking
irevmx 400 refdt 0.25 qmxnew 0.75
wsteer 0.6 wpten 0.3 qmxopn 0.75
fsteer 2.0 wmotn 1.0 qmxwek 0.5
asteer 0.5 rcprob 12.0 rpbell 0.5

733
734
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Figure 1. Topography and geographic landmarks in the study area. The four map points represent the 
following locations: (1) Omu, (2) Monbetsu, (3) Nakashibetsu, and (4) Kushiro. 
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Figure 2. Geographic location of the model domains. Shading represents the terrain height in meters. The 
grid spacings are 5 and 1.667 km for D01 and D02, respectively. 
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Figure 3. Spatial patterns of the sea level pressure (black contours) and 10-m wind speed (shading) from 
the ERA5 reanalysis dataset, at 12-h intervals from 09 JST on December 22 to 21 JST on December 23, 

2022. Contour intervals are 4 hPa. The cross marks represent the location of cyclones labeled C1 to C4. The 
warm and cold fronts are drawn manually based on equivalent potential temperature fields at 950 hPa. In 

(d), the purple line illustrates the track of the C2 cyclone. 
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Figure 4. Shaded spatial patterns of the horizontal wind divergence at 300 hPa and temperature at 850 hPa 
from the ERA5 reanalysis dataset at 12-h intervals from 09 JST on December 22 to 21 JST on December 23, 

2022. Contours in the left column represent geopotential height at 500 hPa at intervals of 100 gpm and 
vectors in the right column represent horizontal wind (vector) at 850 hPa. 
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Figure 5. Station observations of various parameters derived from the AMeDAS over Hokkaido. The 
parameters are (a) 24-h accumulated precipitation, (b) maximum wind speed at 10-m height, (c) mean 
temperature from 15 JST on December 22 to 15 JST on December 23, 2022, and (d) 24-h accumulated 

snow accretion potential. 

196x114mm (600 x 600 DPI) 

Page 50 of 63For Peer Review



 

Figure 6. Observed time-series at Monbetsu Station from the AMeDAS. Plots of the (a) temperature, (b) 
sunshine duration, (c) precipitation rate, (d) snowfall rate, (e) snow depth, (f) wind speed, and (g) wind 

barbs (full and half bars denote 1 and 5 m s-1 and flags represent 10 m s-1) on December 22–23, 2022. The 
colors in (g) represent observed weather types. 
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Figure 7. Comparisons of the time-series at Monbetsu Station between the AMeDAS observations and WRF 
simulations. Time-series of the (a) 10-m wind direction, (b) 10-m wind speed, (c) accumulated precipitation, 

(d) 2-m temperature, and (e) hourly SAP. Height correction is applied to the simulated temperature using 
the temperature lapse rate between the lowermost two model levels. 
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Figure 8. Simulated equivalent radar reflectivity at a height of 2,000 m ((a) 21 JST on December 22, 2022, 
and (b) 03 JST, (c) 10 JST, and (d) 13 JST on December 23, 2022). The solid white circles denote the 

location of Monbetsu Station. 
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Figure 9. Time-vertical cross-section of the simulated equivalent radar reflectivity at Monbetsu Station. Black 
solid contours present the potential temperature at intervals of 4 K, and the black dotted line is the melting 

level. 
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Figure 10. Simulated horizontal distributions and vertical cross-sections across Monbetsu Station at 00 JST 
on December 23, 2022. In (a), the shading, contours, and vectors represent temperature at 925 hPa, 

geopotential height at 925 hPa, and vertically integrated vapor flux, respectively. In (b), the shading and 
magenta dots represent the specific humidity at a height of 2,000 m and the location where the vertical 
velocity at a height of 2,000 m exceeds 1.5 m s-1, respectively. Vertical cross-sections in (c) are along a 
black broken line in (a) and in (d)–(f) along a black broken line in (b). In (c), the shading, contours, and 

arrows represent the water vapor mixing ratio, potential temperature at 10 K intervals, and horizontal wind, 
respectively. In (d), the shading and contours represent the equivalent radar reflectivity and potential 
temperature at 10 K intervals, respectively. In (e), the shading, black contour, and orange contours 

represent the mixing ratio of ice (sum of categories 1 and 2), melting level, and rain mixing ratio at intervals 
of 0.1 g kg-1, respectively. In (f), the shading and black contours represent the riming fraction of ice 

category 1 and temperature at 10 °C intervals, respectively. Gray broken lines in (c)–(f) denote the location 
at Monbetsu Station. 
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Figure 11. Simulated vertical profiles of the tendency of free ice hydrometers (sum of categories 1 and 2) at 
Monbetsu Station at (a) 00 JST, (b) 03 JST, and (b) 13 JST on December 23, 2022. 
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Figure 12. Simulated vertical profiles of the potential temperature (θ), equivalent potential temperature 
(θe), saturated potential temperature with respect to liquid water (θ*

e), and vapor mixing ratio (Qvapor) at 
Monbetsu at (a) 00 JST and (b)03 JST on 23 December 23, 2022. 
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Figure 13. Same as Fig. 10 except for at 03 JST on December 23, 2022. 
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Figure 14. Simulated horizontal distributions and vertical cross-sections across Monbetsu Station at 13 JST 
on December 23, 2022. In (a), the shading, contours, and vectors represent the temperature at 925 hPa, 
geopotential height at 925 hPa, and vertically integrated vapor flux, respectively. In (b), the shading and 
magenta dots represent the specific humidity at a height of 2,000 m and the location where the vertical 
velocity at a height of 2,000 m exceeds 1.5 m s-1, respectively. Vertical cross-sections in (c) are along a 
black broken line in (a) and in (d)–(f) along a black broken line in (b). In (c), the shading, contours, and 

arrows represent the water vapor mixing ratio, potential temperature at10 K intervals, and horizontal wind, 
respectively. In (d), the shading and contours represent the equivalent radar reflectivity and potential 
temperature at 10 K intervals, respectively. In (e), the shading, black contour, and orange contours 

represent the mixing ratio of ice (sum of categories 1 and 2), melting level, and rain mixing ratio at 0.1 g 
kg-1 intervals, respectively. In (f), the shading and black contours represent the riming fraction of ice 

category 1 and temperature at 10 °C intervals, respectively. Gray broken lines in (c)–(f) denote the location 
of Monbetsu Station. 
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Figure 15. Location and time-evolution along trajectories. On map (a), the height of the trajectories is 
shaded, and orange dots denote locations in a 3-h interval. Time-evolutions are the (b) height, (c) potential 
temperature, (d) temperature with SST (red), and (e) relative humidity. In (b)–(e), the light and dark color 
shadings represent the 5–95 and 25–75 percentile widths, and the black line denotes median values. The 

horizontal axis shows the time since the release of initial parcels (14 JST on December 23, 2022). 
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Figure 16. Time-evolution of the median heating rates from the (a) parameterization schemes and (b) 
microphysical processes along trajectories. The horizontal axis shows the time since the release of initial 

parcels (14 JST on December 23, 2022). 
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Figure 17. Time-series of the temperature at a 2-m height at Monbetsu Station from the control and no-
melt-heating simulations and AMeDAS observation. Height correction is applied to the simulated 

temperature using the temperature lapse rate between the lowermost two layers. 
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Figure 18. Surface cyclone tracks for the 10 highest SAP events at Monbetsu. In (a), tracks the closest to 
eastern Hokkaido are illustrated with the December 2022 case highlighted by the thick black line. (b) is 

identical to (a), except for tracks illustrated with broken lines with periods of suitable temperature for wet 
snow accretion (0–2 °C) as thick lines. The genesis points are indicated by a circle for tracks of five cyclones 
exhibiting a similar path to that of the present case in (a), and a square is used for two tracks that exhibit 

the longest duration (2008/12/31 and 1996/5/10) in (b). 
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