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Abstract 42 

 Separating the solid precipitation from liquid precipitation in existing historical 43 

precipitation observation data is a key problem in the monitoring and study of climate 44 

anomaly and long-term change of extreme precipitation events in difference phases. 45 

Based on the comprehensive analysis of the historical daily air temperature, 46 

precipitation data, and visual observations of precipitation phase in the northern areas 47 

of Mainland China (north of 30°N), this paper proposes a 48 

Snowday-Direct-Definition-Mothod (SDDM) to determine the threshold temperature 49 

of rainfall and snowfall for a complex and diverse geographical and climatic region. A 50 

statistical model of separating solid from liquid precipitation was established. The 51 

main conclusions include: (1) in northern China, the threshold temperature range of 52 

the daily mean temperature of rain and snow determined based on weather 53 

phenomenon records was from -1.2°C to 6.3°C, with a difference of 7.5°C among 54 

areas, and a mean threshold value of 2.8°C for the whole region. The temperature in 55 

the northern Tibetan Plateau was the highest (generally higher than 4°C). The low 56 

threshold temperature values appeared in eastern Northeast China, North China, and 57 

northern Xinjiang Autonomous Region, which were less than 2°C. (2) The threshold 58 

temperature decreased with increase in longitude east of 100°E, but it was more 59 

dispersed in the areas west of 100°E. The threshold temperature was generally higher 60 

and more variable in the low-latitude, and lower and more concentrated in the 61 

high-latitude. The threshold temperature generally increased with altitude. (3) There 62 

was a negative correlation between the threshold temperature and the annual 63 
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precipitation. It was also negatively correlated with the annual average relative 64 

humidity. (4) The multivariate regression fitting model developed based on the annual 65 

mean temperature, altitude, and annual precipitation was able to simulate the 66 

threshold temperature of the precipitation phase in northern China well. The 67 

calculated threshold temperature based on the model has a smaller relative error for 68 

snow days and snowfall, and the stations with less than 10% of relative error reached 69 

97% and 92%, respectively. The results of this study can therefore be applied for the 70 

separation of solid and liquid precipitation events in the areas without sufficient 71 

weather phenomenon records. 72 

Key words: Northern China; Precipitation; Phase; Separation; Statistical model; 73 

Regional differences 74 
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1. Introduction 86 

Precipitation is an important parameter used to characterize climate 87 

characteristics and climate change, and it is one of the key components of the Earth’s 88 

water and energy cycles (Loth et al., 1993). The influence of different phases of 89 

precipitation on the surface water and energy cycles is enormous (Vavrus, 2007; Wu 90 

et al., 2009), as more than 50% of the global meteorological disasters are closely 91 

related to abnormal precipitation, including extreme intense rainfall, heavy snowfall 92 

or blizzards, freezing rain and droughts (WMO, 2013; Wang et al., 2005). Under the 93 

similar precipitation amount, the effect of different phases of precipitation on the 94 

Earth’s surface system and the social and economic system is clearly different, thus it 95 

is important to distinguish and understand the characteristics and anomalies of 96 

snowfall or mixed-phase events and their causes. In addition, in monitoring long-term 97 

changes in extreme precipitation events on sub-continental to global scales, it is also 98 

necessary to distinguish rainfall and snowfall events from historical precipitation data. 99 

To date, many studies have been published on the characteristics and 100 

multi-decadal variation of snowfall in China (e.g. Jiang et al., 2003; Yang et al., 2005; 101 

Qin et al., 2006; Liu et al., 2012, 2013; Zhang et al., 2015). Also, many studies on 102 

both the global and Asian regional total precipitation and extreme precipitation events 103 

and their long-term change have been reported (Becker et al., 2012; Noake et al., 2012; 104 

Polson et al., 2013; Blanchet et al., 2009; O’Hara et al., 2009; Kunkel et al., 2009; 105 

Ren, 2007, 2015, 2016; Liu et al., 2011; Fang et al., 2011; Zhong et al., 2013; Wan et 106 

al., 2013; Yu et al., 2014; Xiao et al., 2015; Dang et al., 2015). The analyses of 107 
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precipitation change generally showed a detectable trend toward more precipitation 108 

amount and more frequent extreme rainfall events over the last decades. All of these 109 

studies have greatly enriched the understanding of global precipitation and snowfall 110 

climatology and the climate change and variability in different regions and varied 111 

scales.  112 

There are few direct observations of precipitation phase at the global scale. 113 

Researchers can partition precipitation phase, but there are difficulties in doing so at 114 

air temperatures near freezing (Ding et al., 2014; Jennings et al., 2018; Stewart et al., 115 

2015). Even in the case of relatively abundant meteorological observational data in 116 

China, some works often need to use certain methods to separate the different phases 117 

of precipitation in historical precipitation data. 118 

Previous works have discussed the phase identification of precipitations. 119 

Bourgouin (2000) introduced the area-method in separating different precipitation 120 

phases, which is based on the vertical thermal structure of the atmosphere, the 121 

distribution of condensation nuclei of water vapor, and the descent velocity to predict 122 

the precipitation phase. Dai (2008) analyzed the temperature range of precipitation 123 

phase change on the continent and the ocean, and discussed the relationship between 124 

the phase change temperature and the pressure. Kienzle et al. (2008) proposed to use 125 

two input variables (temperature and range) to estimate daily snowfall from 126 

precipitation data. Ye et al. (2013) suggested the site-specific threshold values of air 127 

temperature and dewpoint to discriminate between solid and liquid precipitation for 128 

improving snow and hydrological modeling. Froidurot et al. (2014) pointed out that 129 
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surface air temperature and relative humidity show the greatest explanatory power. 130 

Sims and Liu (2015) proposed that atmospheric moisture impact precipitation phase 131 

and that wet-bulb temperature, rather than ambient air temperature, be used to 132 

separate solid and liquid precipitation. Harpold et al. (2017) and Jennings et al. (2018) 133 

pointed out that a humidity phase prediction method had similar or more effective 134 

accuracy compared to temperature phase prediction method in separating snowfall 135 

from precipitation data. This was also shown by other authors (e.g., Ding et al., 2014; 136 

Harder and Pomeroy, 2013, 2014; Marks et al., 2013; Feiccabrino et al., 2015). 137 

However, in a larger scale study, it is usually difficult to obtain the observational 138 

records in the global dataset. To study the separation methods of precipitation phrase 139 

on the continental and global scales, only the surface air temperature data are more 140 

easily available. Dew point temperature and relative humidity data, for example, can 141 

be used only in regional scale investigation, despite their good suitability as indicators 142 

of precipitation phrase separation (Harpold et al., 2017a,b; Jennings et al., 2018). 143 

In some hydrological models, the solid-liquid precipitation separation used the 144 

double threshold temperature method (Wigmosta et al., 1994; Kang et al., 1999, 2001; 145 

Chen et al., 2008) and the single threshold temperature method (Arnold et al., 1998; 146 

Wang et al., 2004). The customized threshold temperature method has a larger error 147 

(Marks et al., 2013; Han et al., 2010). Han et al. (2010) developed an insurance 148 

probability method to determine the single threshold temperature and a fitted model in 149 

China.  150 

In this work, we used the daily observational data of the national stations for 151 
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years 1961–2013 in mainland China, including the long-term records of air 152 

temperature, precipitation, relative humidity and visual observations of precipitation 153 

phase. We applied the Snowday Direct Definition Method (SDDM) to determine the 154 

single threshold temperature values of rainfall and snowfall in northern China (north 155 

of 30°N). A statistical model of the threshold temperature was established to provide a 156 

tool for use in studies of large-scale snowfall climatology and climate change, 157 

weather forecasting, and hydrological model parameterization. It is believed that 158 

China has sub-continental scale characteristics of lands and natural conditions, and a 159 

diversity of climates and topographic types, and the phase separating methods 160 

developed in mainland China should have a better universality in continents and the 161 

world. 162 

 163 

2. Data and methods 164 

2.1 Data 165 

The main purpose of this study was to develop an easy and convenient method 166 

for separating solid and liquid precipitation, so that the objective separation of solid 167 

and liquid parts of precipitation can be achieved without exhaustive reference of 168 

observational data. International exchange data generally only contain the daily 169 

temperature and precipitation, with no other reference data, so we have only used the 170 

indicators related to temperature and precipitation to develop a method of separation. 171 

The data was obtained from the National Meteorological Information Center of 172 

China Meteorological Administration (CMA). The air temperature, precipitation and 173 

relative humidity data were derived from the “China Land Daily Climatic Dataset 174 
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(V3.0)’’. The precipitation phase observation was derived from “China Land Climatic 175 

Data Daily Weather Phenomena Dataset’’. All the data have been quality controlled. 176 

Collected since January 1951, the “China Land Daily Climatic Dataset (V3.0)’’ 177 

contains the daily data of air pressure, surface air temperature (daily mean, daily 178 

maximum and daily minimum), precipitation, pan-evaporation, relative humidity, 179 

wind speed, sunshine hours, and 0-cm ground temperature from 839 stations The 180 

“China Land Climatic Data Daily Weather Phenomena Dataset’’ is the daily records 181 

encoded by the 752 national stations in mainland China since 1951. Cross comparison 182 

of the two datasets and the examination of station information was performed, and 183 

any incomplete temperature, precipitation, relative humidity and weather phenomena 184 

data were removed. There are total 623 stations selected for use in the study, all of 185 

which meet the demand to have information integrity, sequential continuity, and 186 

records of more than 20 years in climate reference period (1981–2010). The data may 187 

contain inhomogeneities caused by the relocation and other factors, but they would 188 

exert little influence on the analysis results, so the data are not adjusted for 189 

homogeneity. 190 

First, the precipitation caused by fog, dew, and frost as well as the trace 191 

precipitation was removed, and daily precipitation greater than or equal to 1 mm was 192 

taken as the effective precipitation. In this regard, the main consideration is that the 193 

international exchange precipitation data only contains no less than 1 mm of daily 194 

precipitation. In the separation of daily rainfall (pure rain), mixed-phase events, and 195 

snow (pure snow) events, ‘pure rain’ was recorded when the weather phenomenon 196 
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data indicate that only rain occurred on that day without snow and mixed-phase 197 

events; it was registered as ‘pure snow’ when only snowfall occurred without rain and 198 

mixed-phase events, and ‘mixed-phase events’ when there is rain and snow in the 199 

same day, in the records of weather phenomenon data. The daily maximum and 200 

minimum temperature during an occurrence of mixed-phase events at each station 201 

were recorded as the reference thresholds for the snow and rain temperature threshold 202 

values. 203 

When there is less snowfall at the station in lower latitude zone or more arid 204 

regions, there may be arbitrary cases of snowfall. An example is from Lijiang station, 205 

Yunnan, located in 26°N, at which pure snow occurred only six times in the 30 years 206 

from 1981 to 2010. The representation of the threshold temperature would be poor in 207 

these cases. In order to ensure that the snowfall frequency is great enough and the 208 

threshold temperature is representative, we took 324 stations (Fig. 1) in northern 209 

China for use in this study. They are generally located north of the Yangtze River, 210 

approximately consistent with the January mean temperature isotherm of 3°C or the 211 

30°N parallel. The days with the snowfall records during 1981-2010 were greater than 212 

or equal to 100d for each of the stations. In order to avoid the influence of extreme 213 

values on the determination of threshold temperature, the maximum and minimum 214 

daily mean temperature in each of the precipitation phases were not counted. 215 

For the cases of extreme large rain and snow records at the stations, comparison 216 

was made to ensure that the minimum and maximum temperature was correct by 217 

examining the weather phenomena, surface air temperature and precipitation on the 218 
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same day. When mixed-phase events occurred, the range of daily mean temperature 219 

was generally large. Threshold temperature was determined only for pure rain and 220 

pure snow; the daily mean temperature on a mixed-phase event day was only taken as 221 

the reference temperature threshold value. 222 

2.2 Methods  223 

According to the method of China’s physical geographical regionalization, 224 

mainland China is divided into three natural geographical regions: Eastern Monsoon 225 

Region (I, 231 stations), Northwest Arid Region (II, 67 stations), and Qinghai-Tibetan 226 

Plateau Region (III, 26 stations) (Fig. 1). More stations are distributed in Eastern 227 

Monsoon Region, and there air only 26 stations in Qinghai-Tibetan Plateau Region. A 228 

vast region of western part of the Qinghai-Tibetan Plateau is the well-known no-man 229 

land without climatic observations, and this would affect the analysis in some extents. 230 

The representative station of the Eastern Monsoon Region is Zhaozhou station 231 

(Zhaozhou-I hereafter) in Heilongjiang province, which has the lowest threshold 232 

temperature of snowfall and rainfall in the country. The representative station of the 233 

Qinghai-Tibet Plateau Region is Shiquanhe station (Shiquanhe-II hereafter) in Tibet 234 

Autonomous Region, which has the highest threshold temperature of snowfall and 235 

rainfall in the country. There are relatively fewer precipitation events in the Northwest 236 

Arid Region, and Balikun station (Balikun-III hereafter) in Xinjiang Autonomous 237 

Region was selected as the representative station because it observed relatively more 238 

precipitation events, and the rain, mixed-phase events, and snow events were evenly 239 

distributed. The station is also far from the two other regions (Table 1). 240 
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 241 

 242 

FIG.1. Regionalization and distribution of 324 national stations north of 30゜N in mainland China 243 

(I: East Monsoon Region; II: Northwest Arid Region; III: Qinghai-Tibetan Plateau; 244 

Blue triangle: stations in the East Monsoon Region; Green diamond: stations in the Northwest 245 

Arid Region; Red circle: stations in the Qinghai-Tibetan Plateau. 246 

The purple diamond denotes the representative stations in different regions: Zhaozhou of Region 247 

I; Balikun of Region II; Shiquanhe of Region III) 248 

 249 

 250 

Table 1 Information of representative stations in the three regions 251 

Station name Zhaozhou Balikun Shiquanhe 

Province Heilongjiang Xinjiang Tibet 

Climate zone I II III 

Elevation(m) 148.7 1679.4 4278.6 

Latitude(N) 45°42′ 43°36′ 32°30′ 

Longitude(E) 125°15′ 93°03′ 80°05′ 

 252 

The relative error (RE) of snow days (snowfall) was defined as the percentage (%) 253 

of the difference between simulated snow days (snowfall) and observational (true) 254 

snow days (snowfall) to the observational (true) snow days (snowfall), which could be 255 

used to indicate the effectiveness of simulated results. 256 

The establishment of model was realized using the stepwise regression analysis 257 

method included with the SPSS Statistics 17.0. The advantage of stepwise regression 258 

is that the number of the arguments contained in the regression equation is fewer, it is 259 
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easy to apply, the root mean squared error (RMSE) is small, and the model created is 260 

more stable.  261 

The maximum daily mean temperature at the occurrence of snowfall at the 262 

weather station is Tsm, the minimum daily mean temperature at the time of rainfall is 263 

Trn; the number of snowfall days between Trn and Tsm is Sn, the number of rain days 264 

is Rn, and the total number of rain and snow days between Trn and Tsm is Nsr = Sn + 265 

Rn; the single critical temperature of rain and snow days is Tt-d, that is, the 266 

precipitation event that occurs when the daily mean temperature is lower than Tt-d is 267 

considered to be a snowfall event, otherwise it is considered as a rainfall event; the 268 

single critical temperature estimated by the statistical model is Tt-p. 269 

Using the Snowday-Direct-Definition-Mothod (SDDM) to define the threshold 270 

temperature of precipitation phase, the calculation steps were as follows:  271 

First, find the Trn and Tsm in the dataset of the 623 stations, and count Sn, Rn, 272 

and Nsr. Second, calculate the daily average temperature of Nsr and sort it in 273 

ascending order. Last, the average of daily mean temperature of the Sn
th

 day and the 274 

(Sn+1)
th

 day was calculated, and it was taken as the threshold temperature (Tt-d) of 275 

the rain and snow days. For the area where pure rain and snow events did not overlap 276 

(Tsm<Trn, that is, the snowfall and rainfall events did not intersect in the sorted daily 277 

average temperature series), the average of Tsm and Trn was taken as the Tt-d. The 278 

average of Tt-d and the daily mean temperature of mixed-phase events day was taken 279 

as the Tt-d when Tt-d was not in the range of mixed-phase events day daily mean 280 

temperature. The Tt-ds values in this study were all within the daily mean temperature 281 
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of mixed-phase events day, however, and this operation was not required. 282 

 283 

3. Threshold temperature 284 

3.1 Daily mean temperature corresponding to precipitation in different phases 285 

Figure 2 and Table 2 show phase temperature distribution of precipitation events 286 

at the stations. The total precipitation events at 324 stations were included in the 287 

statistical calculations, and their corresponding daily mean temperature values (Fig. 288 

2a) were examined: only snowfall occurred when the daily mean temperature was 289 

below -12.9 °C; only rainfall occurred when the daily mean temperature was higher 290 

than 22.1°C; and the three phases of snow, rain, and mixed-phase events occurred 291 

when the temperature was between -12.9°C and 22.1°C. 292 

In northern China, pure snow (snowfall) events occurred when the daily mean 293 

temperature was below 8.5°C, and 95% of the snowfall events occurred when the 294 

daily mean temperature was lower than 2.7°C and higher than -16.6°C (Fig. 2a). All 295 

pure rain events (rainfall) occurred when the daily mean temperature was higher than 296 

-4.9°C, and 95% occurred when the temperature was lower than 26.0°C and higher 297 

than 6.4°C. All mixed-phase events appeared in the temperature range of -12.9–298 

22.1°C, with 95% occurring when the daily mean temperature was lower than 8.3°C 299 

and higher than -1.6°C. 300 
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 301 

 302 

FIG.2. Precipitation phase temperature distribution of regional average and representative 303 

stations (a-324 stations; b-Zhaozhou-I; c-Balikun-II; d-Shiquanhe-III) 304 

 305 

At Zhaozhou-I station (Fig. 2b), the pure snow events all occurred when the daily 306 

mean temperature was lower than -0.9°C, pure rainfall occurred when the daily mean 307 

temperature was higher than -3.4°C, and mixed-phase events occurred in case of -4.5–308 

6.5°C. Zhaozhou-I station had the lowest threshold temperature (-1.2°C) of snowfall 309 

and rainfall in the study region. At Balikun-II station (Fig. 2c), the pure snow events 310 

all occurred when the daily mean temperature was lower than 5.1°C, pure rain events 311 

occurred when the daily mean temperature was higher than 4.1°C, and mixed-phase 312 

events occurred within a temperature range of -7.8–12.3°C. At Shiquanhe-III station 313 

(Fig. 2d), the pure snow events all occurred when the daily mean temperature was 314 

lower than 6.4°C, pure rainfall occurred when the daily mean temperature was higher 315 

than 6.1°C, and mixed-phase events occurred when the temperature was from -5.3°C 316 

to 16.0°C. Shiquanhe-III station had the highest threshold temperature (6.3°C) of 317 
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snowfall and rainfall in the whole region. 318 

 319 

Table 2 The distribution range of daily mean temperature under different phases of precipitation 320 

at stations 321 

Station 

Snow day mean temperature  (℃) 
Mixed-phase events day mean 

temperature  (℃) 
Rain day mean temperature  (℃) 

Max Min Ave 
5% 

value 

95% 

value 
Max Min Ave 

5% 

value 

95% 

value 
Max Min Ave 

5% 

value 

95% 

value 

All 8.5 -35.4 -5.2 -16.6 2.7 22.1 -12.9 3.6 -1.6 8.3 33.3 -4.9 16.3 6.4  

Zhaozh

ou-I 
-0.9 -20.5 -10.2 -18.6 -3.3 6.5 -4.5 1.6 -4.5 5.5 27.5 -3.4 17.8 6.1 25 

Balikun-

II 
5.1 -22.2 -8.2 -17.6 0.8 12.3 -7.8 4.1 -2.5 9.5 22.1 4.1 14.3 7.3 19.4 

Shiquan

he-III 
6.4 -18.1 -4.4 -14.3 4.8 16 -5.3 4.3 -5 13.1 18.7 6.1 12.6 8.7 15.7 

 322 

It can be seen from Fig. 2 and Table 2 that there is a larger difference of the 323 

maximum daily mean temperature of snowfall (extreme threshold temperature of 324 

snowfall) and the minimum daily mean temperature of rainfall (extreme threshold 325 

temperature of rainfall) among the stations.  326 

Figure 3 shows that there is a common spatial distribution feature in the Tsm, Trn 327 

and the average daily mean temperature of mixed-phase events in northern China, 328 

with the high values generally in the Tibetan Plateau and southern Xinjiang, while the 329 

low values mostly in eastern and northern Xinjiang. At the stations analyzed, most 330 

have a relationship of Trn<Tsm, that is, the minimum daily mean temperature at the 331 

time of a rain event is lower than the maximum daily mean temperature at the time of 332 

a snowfall event. Only in a few of places in Northwest Arid Region, is the maximum 333 

daily mean temperature of a snow day lower than the minimum daily mean 334 

temperature of a rain day, indicating that the pure rain and snow events do not 335 
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overlap. 336 

337 

 338 

FIG.3. The distribution of daily mean temperatures when precipitation occurs (a. Tsm; b. Trn; c. 339 

average daily mean temperature of mixed-phase events; and d. difference between Tsm and Trn) 340 

(Red thick line represents 0℃ isotherms) 341 

 342 

3.2 Threshold temperature determination 343 

Figure 4 shows the distribution of the relative error of the snow days and snowfall 344 

in northern China, determined by the threshold temperature as mentioned in section 345 

Data and Methods, to the actual snow days and snowfall counted by using weather 346 

phenomenon records. The relative error of snow day was smaller. This is due to the 347 

definition of threshold temperature being directly determined by snow-day mean 348 

temperature. Since the daily mean temperature of the Sn
th

 day and the (Sn+1)
th

 (or 349 

more) day is the same under this definition, however, there will be a slight positive 350 

bias in the threshold temperature of the same temperature day, with a range of relative 351 

errors (0, 2.3%). 352 

The spatial distribution of the relative error of the snowfall was mainly positive, 353 

which is due to the systematic deviation of the method. Larger deviation appeared in 354 
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eastern part of the Qinghai-Tibetan Plateau and the Yangtze-Huaihe River Basins. 355 

These areas have more precipitation and sufficient water vapor. Under the same water 356 

vapor condition, the observed rainfall was greater than the observed snowfall, and the 357 

amount of snowfall determined by the threshold temperature was slightly large, with 358 

the certain sites even larger. Small values occurred in the southeastern Northeast 359 

China, the border zone between Inner Mongolia and Xinjiang, and western Xinjiang, 360 

with the main reason related to the less precipitation and insufficient water vapor. 361 

Overall, the relative error of snowfall is between -5% and 20%. There were 312 362 

stations (more than 96%) with deviation less than or equal to 10%, and the absolute 363 

value of the relative error was less than 5% in most areas. 364 

 365 

FIG.4.  The spatial distribution of the relative error of the days (a) and amount (b) of snowfall 366 

determined by the threshold temperature (Tt-d) in northern China 367 

 368 

The spatial distribution of the threshold temperature (Tt-d) of rain and snow at the 369 

stations north of 30°N are shown in Fig. 5. The average Tt-d is 2.3 °C for Eastern 370 

Monsoon Region, 3.4 °C for Northwest Arid Region, and 5.2°C for the 371 

Qinghai-Tibetan Plateau. The highest threshold temperature of the study region is 372 

6.3°C (Shiquanhe-III, Fig. 2d), the lowest is -1.2°C (Zhaozhou-I, Fig. 2b), the 373 

threshold temperature range was 7.5°C, and the average threshold temperature for the 374 

whole region was 2.8°C. The high-values were in the northern Qinghai-Tibetan 375 
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Plateau, with a threshold temperature of more than 4°C, and the low-values were 376 

generally in eastern Northeast China, North China, and northern Xinjiang with the 377 

threshold temperature mostly less than 2°C. The threshold temperature west of 100°E 378 

showed an approximately zonal distribution, and it decreased with the increase of 379 

latitude; the east of 100°E had a meridional distribution, and the threshold 380 

temperature decreased with increasing longitude. There are some uncertainties on the 381 

distribution of the threshold temperature in the Qinghai-Tibetan Plateau and 382 

northwestern deserts mainly due to the interpolation in the regions with sparser 383 

observations. 384 

  385 
FIG.5. Spatial distribution of threshold temperature of precipitation phases in northern China (I: 386 

East Monsoon Region; II: Northwest Arid Region; III: Qinghai-Tibetan Plateau. Unit: ℃) 387 

 388 

3.3 Correlation between threshold temperature and geographical/climatic factors 389 

The threshold temperature (Tt-d) is related to the longitude, latitude, altitude, 390 

annual precipitation, annual mean air temperature, and annual relative humidity of the 391 

observational sites, with a positive correlation with altitude and a negative correlation 392 

with the other factors. All the correlations passed the significant test (p=0.05) (Fig 6). 393 

In areas where the annual mean temperature is lower, the threshold temperature was 394 

generally higher and more variable, while in areas with higher annual mean 395 
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temperature, it was generally slightly lower and relatively less variable. The threshold 396 

temperature had a decreasing trend with increase of annual mean air temperature (Fig. 397 

6a). In lower altitude area, the threshold temperature was lower, while it was higher in 398 

mountains and plateaus, and a highly significant increasing trend of threshold 399 

temperature with altitude can be seen (Fig. 6b). There was a negative correlation 400 

between the threshold temperature and the annual precipitation, and a more significant 401 

negative correlation with the annual relative humidity (Fig. 6c, d). 402 
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FIG.6. Relationship of the threshold temperature (Tt-d) with temperature (a), altitude (b), annual 406 

precipitation (c) and annual mean relative humidity (d) in northern China 407 

(Blue triangle: East Monsoon Region; Green diamond: Northwest Arid Region; Red circle: 408 

Qinghai-Tibetan Plateau) 409 

 410 

It is possible that the relationship of the threshold temperature with longitude and 411 

latitude is also related to the variations of altitude and relative humidity in the study 412 

region. The altitude and relative humidity generally decrease from west to east and 413 

from south to north, and the altitude and relative humidity have better correlations 414 

with the threshold temperature, which may be the reason why threshold temperature 415 
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decreases with the increase of the longitude and latitude. Therefore, altitude and 416 

relative humidity may be the more important factors in determining the threshold 417 

temperature.  418 

The threshold temperature was positively correlated with altitude, which may 419 

mainly be because the ground surface receives stronger solar radiation, causing the 420 

boundary-layer atmosphere to heat rapidly in the high altitude areas during daytime. 421 

However, the upper air temperature is low, the temperature lapse rate is larger, the 422 

cloud bottom-height is low, and the path of snowflakes is short, so the snowfall 423 

phenomenon can also be more frequently observed when the daytime surface air 424 

temperature is high. 425 

The threshold temperature was negatively correlated with annual precipitation in 426 

particular with relative humidity, which may be related to the low latent heat flux and 427 

high sensible heat flux in arid area. When the sensible heat flux is high, the ground 428 

surface air temperature is high, and the temperature lapse rate is large. In the case of 429 

the same condensation height or cloud bottom-height, snowfall is more likely to occur 430 

under the condition of higher surface air temperature. It is also possible that the higher 431 

the threshold temperature in arid area than in humid area is caused by a difference of 432 

the more complicated microphysical processes around the snowflakes between the 433 

two climatic conditions.  434 

3.4 Establishment of the threshold temperature model 435 

Considering that the relative humidity data of some areas is difficult to obtain, the 436 

precipitation factor was selected as the independent variable. Using the SPSS software 437 
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stepwise regression analysis method, a statistical model of threshold temperature was 438 

established with annual mean air temperature, altitude, and annual precipitation as 439 

influential factors. The model, which passed the significant test (p=0.05), can be 440 

expressed as follow: 441 

Tt-p = 1.69147 + (.09585) * T + (.001311) * H + (-0.00172) * R      (1)  442 

where Tt-p is the simulated threshold temperature (°C), T is the annual mean air 443 

temperature (°C) of the station, H is the altitude of the station (m), and R is the annual 444 

precipitation of the station (mm).  445 

The correlation coefficient between Tt-p and Tt-d (threshold temperature 446 

determined by using the synoptic phenomena) is 0.88. The median and standard 447 

deviation of the simulated threshold temperature (Tt-p) were 2.54℃ and 1.17℃, 448 

which were close to the median (2.64℃) and standard deviation (1.33℃) of the Tt-d. 449 

The maximum simulated threshold temperature was 5.9 °C, minimum was -0.4 °C, 450 

temperature range was 5.5 °C, and average simulated threshold temperature was 451 

2.8 °C for the whole region. The maximum positive deviation of the Tt-p to the Tt-d 452 

was 2.9 °C, and the minimum negative deviation was -1.8 °C. The numbers of 453 

stations with relative error less than 10% for snow day and snowfall reached 97% and 454 

92% respectively. 455 

In the East Monsoon Region (Region I), the simulated threshold temperature was 456 

generally lower than the Tt-d (0.026 °C lower in Region I on average). However, it 457 

was higher in the Northwest Arid Region (Region II) (0.063°C higher on average) and 458 

the Qinghai-Tibetan Plateau Region (0.065°C higher on average) (Fig. 7). 459 
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 460 

FIG.7. Simulated threshold temperature (Tt-p), threshold temperature (Tt-d) and their difference 461 

for observational stations in different regions of northern China (Region 1: East Monsoon Region; 462 

Region 2: Northwest Arid Region; Region 3: Qinghai-Tibetan Plateau Region) 463 

 464 

The mean absolute errors (MAE) of threshold temperature of the simulated 465 

snowfall are 0.476℃ for East Monsoon Region, 0.560℃ for Northwest Arid Region, 466 

and 0.435℃ for Qinghai-Tibetan Plateau Region. Fig. 8 (and also Table 3) shows the 467 

spatial distribution of the absolute errors of threshold temperature of the simulated 468 

snowfall and snow days. Larger positive errors can be seen in the Northwest Arid 469 

Region and western Qinghai-Tibetan Plateau Region for snow days. 470 
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 473 

FIG. 8. Absolute error distribution of snowfall days (a) and snowfall (b) for the simulated 474 

threshold temperature Tt-p 475 

 476 

Table 3 Comparison of statistics and the errors resulting from the simulated threshold 477 

temperature Tt-p 478 

 

 
North of China Region I Region II Region III 

Snowday 

Correlation 0.999 0.998 0.999 0.999 

MAE (d) 7.77 7.52 5.21 16.69 

MRE (%) 2.71 2.98 1.68 2.98 

RMSE (d) 3.9 4.3 2.3 3.6 

Snowfall 

Correlation 0.997 0.996 0.999 0.998 

MAE (mm) 37.18 37.7 19.67 77.6 

MRE (%) 3.71 4.09 2.1 4.44 

RMSE (mm) 73.78 76.13 43.81 95.24 

 479 

Figure 9 shows spatial distribution of the relative error of the simulated snow 480 

days (Fig. 9a) and snowfall (Fig. 9b) relative to the actual snow days and snowfall at 481 

the stations. The relative error range of snowfall days in northern China was between 482 

-16.8% and 17.0%, with an average of -0.1%; the relative error was smaller in 483 

mid-southern parts of the study region, and larger in the coastal areas and the northern 484 

Qinghai-Tibetan Plateau. In the Qinghai-Tibetan Plateau Region, the medians of the 485 
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simulated snow days were smaller than those of the actual snow days, and the relative 486 

errors were larger. This may be related to the fact that the snowfall days in northern 487 

Tibetan Plateau fluctuated greatly, with some years with larger numbers of snowfall 488 

days. The relative error range of snowfall in the whole region was between -15.5% 489 

and 29.0% with an average of 1.1%, and the spatial distribution was basically the 490 

same as that of the relative errors of snow days.  491 

492 

 493 
FIG.9. Relative error distribution of snowfall days (a) and snowfall (b) defined by the simulated 494 

threshold temperature Tt-p 495 

 496 

Affected by the extremely low air temperature and the abnormally deficient water 497 

vapor due to the East Asian winter monsoon, the snow days (snowfall) with only 498 

snowfall weather were relatively less frequent (low) in northern China, as compared 499 

to other regions of the same latitude; therefore, it is more likely that the relative error 500 

is large in the study region. However, the relative error range shown here is acceptable, 501 

and the fitting effect is generally good. 502 

The RMSE of the relative error of snow days was 3.9, and the RMSE of the 503 
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relative error of snowfall was 5.6. The annual snow days and the amount of snowfall 504 

were less in the mid-southern parts of the study region which had negative relative 505 

errors of the simulated snow events; however, snow days and snowfall were slightly 506 

more numerous in the northern part of the Sichuan Basin. The number of snow days 507 

and snowfall was less in the coastal area which had positive relative errors of the 508 

simulated snow events, while there were more snow days and snowfall in the northern 509 

Qinghai-Tibetan Plateau. The relative error of snow days (snowfall) and the threshold 510 

temperature had a correlation coefficient of -0.40 (-0.32); both passed the significant 511 

test (p=0.05). It can be seen that the relative error in the area with low threshold 512 

temperature tends to be positive, and that relative error in the area with high threshold 513 

temperature is generally negative. 514 

 515 

4. Discussion 516 

China has a vast territory. The study region across the latitude range 30–54°N, 517 

and a longitude range of 73–136°E, with various climate types of temperate monsoon 518 

zone, continental arid zone and alpine including the highest mountainous system of 519 

the Qinghai-Tibetan Plateau. The complex and diverse geophysical and climatic 520 

condition makes the region ideal for understanding the transition of precipitation 521 

phrase and developing a method to separate the different precipitation phrase. 522 

We made an attempt to develop such a method to separate the precipitation 523 

phases by using a high-quality daily observational dataset in this paper. Our study not 524 

only determined the threshold temperature with more reliable results, but also tested 525 
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the statistical model of threshold temperature, provided the results of the model and 526 

the relative error range for different regions, and confirmed the applicability of the 527 

method in the complex geographic area with diverse climate types. 528 

With the method of determining threshold temperature developed in this paper, 529 

the relative error of snow days and snowfall calculated for most of the stations was 530 

very small, and the stations with less than 10% relative errors accounted for 97% and 531 

92%, respectively. This method could be used to better determine the snow days than 532 

the snowfall, with the relative error of snowfall was slightly larger in the Huaihe 533 

River basin. This is mainly because, when using the threshold temperature to calculate 534 

the amount of snowfall, rain days with a daily mean temperature below the threshold 535 

temperature could be identified as the snow day, and also some snow days with a 536 

daily mean temperature above the threshold temperature could be classified as rain 537 

days. In the frequent transformation of the precipitation phases (early spring and early 538 

winter), precipitation on a rain day is often greater than that on a snow day, so the 539 

priority to ensure the determination of a snow day, the estimated relative error of 540 

snowfall would be a little larger.  541 

Han et al. (2010) used the insurance probability method to determine the single 542 

threshold temperature of rain and snow, taking the daily mean temperature of the 98.5% 543 

insurance probability of rainfall and snowfall, 50% insurance probability of 544 

mixed-phase events as the threshold temperature. For comparison of SDDM and the 545 

insurance probability method, the number of snow days (Sn) and rain days (Rn) 546 

between Trn and Tsm was calculated, respectively, using the two methods. The 547 
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corresponding daily mean temperature at the insurance probability of the snow and 548 

rain days between [Trn, Tsm], X (x∈ (0–99%)) (at 1% intervals), was estimated. For 549 

example, the number of rain days and snow days between Trn and TSM is 100d 550 

respectively; when x = 90% is taken, the rain day temperature Tr90 corresponds to the 551 

insurance probability of 90%, that is, to ensure the minimum daily mean temperature 552 

in the event of 90% rain days between Trn and TSM, while Ts90 is to guarantee that 553 

the maximum daily mean temperature in the event of 90% snowfall days is between 554 

Trn and TSM. The arithmetic mean of each station’s Trx and Tsx is defined as the 555 

threshold temperature Tt-x at the station’s insurance probability x. 556 

The threshold temperature (Tt-x) was calculated according to the insurance 557 

probability method, and the threshold temperature (Tt-d) was obtained based on the 558 

definition in this paper; the relative error comparison is presented in Table 4. For 559 

simplicity, the insurance probability interval in the table was taken as 10%. The 560 

maximum, minimum, and range of the threshold temperature (Tt-x) under different 561 

insurance probability, and of the (Tt-d), in northern China, are given in the table; at 562 

the same time, the maximum, minimum, and range of the relative error of the snow 563 

days and snowfall, as well as the number of stations with a relative error less than or 564 

equal to 10%, are also given. 565 

Table 4 Comparison of statistics and the relative errors resulting from threshold temperature Tt-x 566 

and Tt-d 567 

 Threshold temperature (℃) Relative error of snow days (%) Relative error of snowfall (%) 

 max min max-min max min max-min 
Stations 

<10% 
max min max-min 

Stations 

<10% 

Tt-0 6.4 -2.3 8.7 30.2 -11.1 41.3 311 36.6 -15.3 51.9 280 

Tt-10 6.4 -2.3 8.7 25.1 -11.1 36.3 313 29 -11.8 40.8 284 

Tt-20 6.5 -2.3 8.8 25.1 -9.5 34.6 316 29 -9.7 38.7 287 
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Tt-30 6.5 -2.2 8.7 23.6 -7.1 30.7 314 31.5 -15.3 46.8 287 

Tt-40 6.4 -2.2 8.6 23.6 -5.8 29.4 316 31.5 -8.4 39.9 289 

Tt-50 6.5 -2 8.5 21.1 -5.7 26.8 312 32.2 -9.7 41.9 286 

Tt-60 6.4 -1.5 7.9 19.1 -6.5 25.6 313 32.2 -9.7 41.9 289 

Tt-70 6.4 -1.4 7.8 15.6 -6.5 22.1 314 30.2 -6.2 36.4 283 

Tt-80 6.7 -1.4 8.1 18.3 -5.8 24 307 45.2 -8.4 53.6 282 

Tt-90 6.5 -1.2 7.7 23 -7 29.9 306 33.4 -9.7 43.1 276 

Tt-d 6.3 -1.2 7.5 2.6 0 2.6 323 20.2 -4.3 24.5 312 

 568 

Table 4 shows that, using the insurance probability method, the test results of the 569 

threshold temperature (Tt-70), obtained when the insurance probability x = 70% was 570 

taken, represented the best values, as the difference between the minimum and 571 

maximum values of the threshold temperature was small, and the relative errors were 572 

small, with the relative error of the snow days at 314 stations ≤10%, and that of the 573 

snowfall at 283 stations ≤ 10%.  574 

The range of threshold temperature Tt-d of snow days determined in this paper 575 

was less than that of the Tt-70. The relative error of snow days was obviously small, 576 

and the relative error of snowfall was much less than that of the Tt-70, with more 577 

stations having the relative errors ≤10% for both snow days and snowfall. Therefore, 578 

the method developed in this paper has an advantage over the insurance probability 579 

method developed in the previously works. 580 

Ding (2014) used a similar method as that in this paper to determine the 581 

precipitation types with daily mean wet-bulb temperature, relative humidity and 582 

surface elevation as predictors. Compared to the other nine schemes used in 583 

hydrological and land surface models, their method showed a better accuracy. Our 584 

analysis also finds the better correlations of relative humidity and surface elevation 585 

with the real thresholds in the study region, but wet-bulb temperature has not been 586 
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assessed in our work.  587 

In order to compare to the two works, the accuracy of Tt-d in our work and that 588 

of Ding et al. (2014) is tested over the same air temperature range. The results are 589 

shown in Table 5. The Tp-CH in our work is the Tt-p of all stations in the study area. 590 

The Tp-R1 is the Tt-p of stations in East Monsoon Region, the Tp-R2 is the Tt-p of 591 

Northwest Arid Region, and the Tp-R3 is the Tt-p of the Qinghai-Tibetan Plateau. 592 

Table 5  Accuracy (%) of methods by Ding et al. (2014) and this work (SDDM) for the air 593 

temperature range [0℃, 4℃] 594 

 

Ding et 

al. (2014) 
Tp-CH Tp-R1 Tp-R2 Tp-R3 

China 59.3 87 87 84 84 

R1 53.1 83 83 78 80 

R2 60.1 89 89 90 88 

R3 66.1 99 99 99 99 

Ding et al. (2014) separated rain, snow and sleet or mixed-phase events, but our 595 

work only separates rain and snow. This may be the reason that the accuracy of our 596 

method is higher. However, the test result of Tt-p for each region is relatively stable. 597 

Therefore, the SDDM as developed in this paper is stable and reliable for the 598 

separation of rain and snow. More importantly, the SDDM has potential to be applied 599 

in a broader area where the daily wet-bulb temperature and relative humidity data are 600 

unavailable. Liu and Ren et al. (2018) recently tested the possibility of extrapolating 601 

the statistical model of separating solid precipitation from liquid precipitation. 602 

Considering less snowfall in the lower latitudes and less rainfall in the higher latitudes, 603 

the proposed area for use of the method is between 30°N to 60°N in the latitude range, 604 

and areas outside this range may have large deviation. 605 
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When building the statistical model of threshold temperature, we actually also 606 

built a model containing the relative-humidity as predictor for possible use in the 607 

region where the daily mean relative-humidity data can be obtained. 608 

Tt-p = 2.572889 + (.089936) * T + (-.01646)*U + (.000931) * H + (-0.00089) * R     (2) 609 

where U is daily mean relative humidity (%) of the observational station, and the 610 

other terms are the same as Formula (1). 611 

The test of this model showed that the Formula (2) is indeed relatively better than 612 

the formula (1), but the advantage is not so obvious. Modeled thresholds using the 613 

formula including relative humidity have a very similar spatial distribution pattern 614 

with that determined by the formula without the term. In most areas where the 615 

relative-humidity data cannot be obtained, therefore, Formula (1) can be confidently 616 

used, which has little effect on the separation results. 617 

In this paper, only the two phases of pure snowfall and pure rainfall were 618 

determined, however, and the mixed-phase events were not analyzed. In the case of 619 

mixed-phase events, the surface air temperature changed greatly during a day; there 620 

was probably mixed-phase events, pure rain and pure snow in the same day, the 621 

threshold temperature fluctuations were large, and it would be difficult to accurately 622 

determine and simulate. Because the method used in this paper did not quantify the 623 

mixed-phase events, when precipitation was separated into solid and liquid state, the 624 

mixed-phase events will be classified as snow when the daily mean temperature is 625 

lower than the threshold temperature, and as rain when the daily mean temperature is 626 

higher than the threshold temperature, causing a certain error. However, for the study 627 
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of large-scale snowfall climatology, especially for studies of the larger than 628 

sub-continental scale snowfall climate change, the snow and rain separation method 629 

presented in this paper could well meet the needs.  630 

 631 

5. Conclusions 632 

 Based on the analysis of the historical daily temperature, precipitation, and 633 

weather phenomenon observation data in northern China, the threshold temperature 634 

model for determining the phase of rain and snow was established and tested. The 635 

main conclusions are as follows: 636 

 (1) The threshold temperature value of rain and snow determined based on 637 

weather phenomenon data is between -1.2–6.3°C, with a temperature range of 7.5 °C 638 

and an average value of 2.81 °C. The high values were in the northern 639 

Qinghai-Tibetan Plateau, reaching more than 4 °C, and the low values were found in 640 

Northeast China, North China, and northern Xinjiang Autonomous Region, generally 641 

less than 2 °C. The west of 100°E showed an approximately zonal distribution, and 642 

the threshold temperature decreased with latitude; the east of 100°E had a meridional 643 

distribution, and the threshold temperature decreased with increasing longitude. 644 

 (2) The threshold temperature was more variable in the low latitude areas, while 645 

it was slightly lower and relatively centralized in the high latitudes, with a clear 646 

decreasing trend with increase of latitude. The threshold temperature was lower at low 647 

altitudes, higher in the high altitude areas, and increase with altitude. There was a 648 

statistically significant negative correlation between the threshold temperature and 649 
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annual total precipitation and annual mean relative humidity, with the negative 650 

correlation with relative humidity especially significant. 651 

(3) A statistical model based on latitude, elevation, and annual precipitation can 652 

be used to simulate the threshold temperature of the precipitation phase in northern 653 

China, with less relative error in simulated snow days and snowfall. The stations with 654 

relative error less than 10% reached 97% and 92% for the snow days and snowfall 655 

respectively. 656 
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