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Key Points: 11 

 Approximately 7% of freezing rain events occur when the near-surface air temperature is 12 

above 0℃ (warm freezing rain). 13 

 The temperature difference between raindrops and the atmosphere is the main cause of 14 

warm freezing rain.  15 

 The critical impact factors affecting the temperature difference are the raindrop size, 16 

atmospheric temperature lapse rate, and relative humidity.  17 
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Abstract 18 

Freezing rain has been normally considered to be composed of supercooled raindrops 19 

when the 2m air temperature (hereafter ���) is below freezing. However, according to a statistical 20 

survey of freezing rain observations in China from 2000 to 2019, we find that there were 656 21 

events that occurred at ��� greater than 0℃ (hereafter warm freezing rain and denoted by WFR), 22 

which account for 7% of the total freezing rain observations. Additionally, nearly 3% (266 23 

observations) of freezing rain events occurred when the near-surface wet-bulb temperature was 24 

greater than 0℃. The modeling and sensitivity experiments on the non-equilibrium raindrop 25 

temperature (hereafter �� ) show that the temperature difference between raindrops and the 26 

atmosphere is the main cause of WFR. The magnitude of the ∆��� (difference between raindrop 27 

temperature ��  and air temperature �� ) and ∆���  (difference between ��  and wet-bulb 28 

temperature ��) are determined by the raindrop diameter D, temperature lapse rate Г, and 29 

relative humidity RH. Increases of D and Г, and a decrease of RH enhance ∆��� and ∆��� and 30 

thus the occurrence of WFR. Further simulations of 4 idealized and 370 real sounding profiles 31 

reveal that either the �� or �� cannot properly distinguish the WFR events. When considering 32 

the temperature difference between raindrops and the atmosphere, the WFR can form by the 33 

"melting of solid hydrometeors" or "supercooled warm rain process". This study can also deepen 34 

our understanding of the conditions of WFR and freezing rain formation at different altitudes.  35 

1 Introduction 36 

Freezing rain is supercooled liquid precipitation near the surface, i.e., [raindrop 37 

temperatures are below 0℃], posing one of the major winter weather hazards in countries such as 38 

the United States, Canada, Sweden, Russia, and China (Adhikari and Liu, 2019; Andersson and 39 

Chapman, 2011; Cortinas et al., 2004; Deng et al., 2012; Sanders and Barjenbruch, 2016). 40 

Long-term persistence of freezing precipitation can not only damage the electricity system, 41 

transportation, and public infrastructure by causing tower collapses, line freezing, and poor 42 

communication, but also result in economic losses and human casualties (Kiessling et al., 2014). 43 

For example, from January to February 2008, a long-term and wide-ranging freezing rain event 44 

occurred in southern China that caused direct economic losses of $18.7 billion (Zhao et al., 2008). 45 

Therefore, studies on the microphysical process of freezing rain can deepen our understanding of 46 
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freezing rain formation and provide an important scientific basis for accurate forecasting, thus 47 

reducing economic losses caused by freezing rain.   48 

Numerous studies have been conducted on the formation process of freezing rain and two 49 

microphysical mechanisms have been proposed: "melting mechanism" (Rauber et al., 1994; Tobin 50 

and Kumjian, 2017) and "supercooled warm rain mechanism" (Huffman and Norman, 1988; 51 

Roberts and Stewart, 2008). In the "melting mechanism", snow or ice crystals that formed in the 52 

upper air completely melt into raindrops as they fall through a warm layer (air temperature 53 

�� >0℃). Subsequently, the raindrops fall into a sub-freezing layer ( �� <0℃) and become 54 

supercooled raindrops. In the "supercooled warm rain mechanism", freezing rain grows by 55 

collision and coalescence of supercooled cloud droplets and raindrops, and the air temperature is 56 

maintained below 0℃ as the raindrops fall. 57 

 Based on these two mechanisms, several parameterization schemes have been developed 58 

to predict the freezing rain, including Huffman and Norman(1988), Ramer(1993), Czys et 59 

al.(1996), Zerr(1997), Bourgouin(2000), Thériault and Stewart(2010), Schuur et al.(2012), 60 

Benjamin et al.(2016), Reeves et al.(2016) and Kämäräinen et al.(2017). Some of the above 61 

schemes only consider the "melting mechanism" of freezing rain. For example, Czys et al. (1996) 62 

established a diagnostic model based on the "melting mechanism". In this model, freezing rain is 63 

determined when snowflakes or ice crystals completely melt in the melting layer and fall into the 64 

sub-freezing layer near the ground. Bourgouin(2000) developed a freezing rain diagnosis method 65 

by considering the energy area enclosed by the �� profile and 0 ℃ isotherm, which has been 66 

operationally used in the National Weather Service (NWS) (Birk et al., 2021). Some other 67 

schemes considered both the "melting mechanism" and "supercooled warm rain mechanism" for 68 

predicting freezing rain, such as the methods developed by Ramer(1993) and Huffman and 69 

Norman(1988). In addition, the refreezing process of mixed-phase particles can also affect the 70 

formation of freezing rain (Thériault and Stewart, 2010; Barszcz et al., 2018). Cholette et al. 71 

(2020) reduced the overestimation of the freezing rain rate in the WRF(Weather Research and 72 

Forecasting) model by adding the prognostic equation for the liquid fraction of mixed-phase 73 

particles to the Predicted Particle Properties (P3) schemes (Morrison and Grabowski, 2015). 74 

Hanesiak and Stewart (1995) suggested that supercooled raindrops in the refreezing layer would 75 

refreeze through collision with ice crystals, thus reducing the amount of freezing rain near the 76 

ground. By adjusting the temperature threshold for the collision of raindrops with ice crystals in 77 
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the MY2(Milbrandt and Yau, 2005) scheme, Barszcz et al. (2018) significantly improved the 78 

accuracy of freezing rain forecasting in Canada's 2.5-km numerical weather prediction model. 79 

The above studies provide theoretical support for the formation of freezing rain. However, 80 

these approaches all use the air temperature(��) or wet-bulb temperature(��) to determine the 81 

precipitation types instead of the raindrop temperature(��). For example, some methods assume 82 

that the surface air temperature below 0 ℃ is the necessary condition for freezing rain formation 83 

(Czys et al., 1996; Bourgouin, 2000; Benjamin et al., 2016; Kämäräinen et al., 2017), while others 84 

use �� to distinguish between freezing rain and rain(Ramer, 1993; Thériault and Stewart, 2010; 85 

Schuur et al., 2012; Reeves et al., 2016; Birk et al., 2021). 86 

However, the evaporation of raindrops cause �� to be lower than �� in a sub-saturated 87 

atmosphere. In addition, �� is the lowest temperature that can be reached under current ambient 88 

conditions by the evaporation of water only(Dunlop, 2008). The value of �� only approaches 89 

that of T� when the raindrop and atmosphere reach the dynamic equilibrium (Caplan, 1966). 90 

Obviously, replacing ��  with ��  or ��  in the freezing rain diagnosis method is only an 91 

idealized assumption. Since the time scale of changes in the atmospheric conditions is often 92 

shorter than the relaxation time scale of raindrops, the raindrop cannot maintain an equilibrium 93 

state when they are falling in the real atmosphere (Tardif and Rasmussen, 2010). Therefore, the 94 

variation of �� always lags behind that of �� and �� (Caplan, 1966; Wu, 1991; Gosnell et al., 95 

1995). Some observational studies have verified this theory. For example, the observational study 96 

by Anderson et al. (1998) showed that the mean difference between �� and �� is 0.4℃ when 97 

raindrops are falling. Further studies have shown that the temperature difference between 98 

raindrops and the atmosphere depends upon many factors, including season, time of day, and other 99 

meteorological conditions(Lee and Feingold, 2010; Khain et al., 2011; Salamalikis et al., 2016). 100 

In this study, we first analyzed the freezing rain observed in China over the last two 101 

decades (from 2000 to 2019). A total of 9,312 freezing rain observations were identified, 93% of 102 

which occurred when the near-surface air temperature (air temperature at 2m above ground level, 103 

hereafter ���) was ≤ 0 ℃. However, nearly 7% (656 observations) of the freezing rain could not 104 

be explained by air temperature and occurred at ���>0℃. We refer to this phenomenon as warm 105 

freezing rain (hereafter WFR). Additionally, nearly 3% (266 observations) of the freezing rain 106 

events occurred when the surface wet-bulb temperature (hereafter ���) was > 0℃. Some 107 
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researchers have noticed this phenomenon (Bernstein, 2000; Cortinas, 2000; Cortinas et al., 2004; 108 

Houston and Changnon, 2007; Roberts and Stewart, 2008), but the WFR formation has never 109 

been further studied. To explain the formation of WFR, we then present a theoretical model by 110 

relaxing the equilibrium assumption of ��  to consider the non-equilibrium heat exchange 111 

between raindrops and the ambient atmosphere. Several sensitivity studies have been conducted 112 

using this model to examine the effects of key meteorological variables on ��, including raindrop 113 

diameter (D), temperature lapse rate (Г), and relative humidity (RH). Finally, the formation of 114 

WFR and the corresponding meteorological conditions are discussed. 115 

2 Observational analysis 116 

The observation data were obtained from the China Meteorological Administration (CMA). 117 

They include radiosonde data from 89 sounding stations across China at 00:00 and 12:00 UTC, 118 

and surface temperature, dewpoint temperature, and weather phenomena data from 2,168 ground 119 

stations at 00:00, 06:00, 12:00, and 18:00 UTC from January 2000 to December 2019. The spatial 120 

distributions of the sounding and ground stations are shown in Figure 1.  121 

The ��� was measured with standard mercury thermometers (Wen et al., 2008) by trained 122 

meteorologists at the ground stations. The precision of this thermometer was 0.1 ℃ and the 123 

measurement error of the instrument was ±0.2 ℃. The observers read the temperature data 124 

manually, and the reading was accurate to 0.1 °C without the estimation rounding method. In 125 

addition, when rain was observed to form the ice glaze on the ground or objects, it was recorded as 126 

freezing rain (CMA, 2011). 127 

These data were subjected to quality control and homogeneity tests by trained 128 

meteorologists following the CMA procedure (Zhou, 2000). We selected the ground observations 129 

that corresponded to the freezing rain (WMO weather code: 24, 56, 57, 66, 67) and excluded some 130 

of the missing values. The �� was calculated using the method described by Sadeghi et al. (2013), 131 

and the error in the calculated �� was only -0.1℃ when the air temperature was near 0℃. In 132 

addition, to screen the sounding profiles when freezing rain occurred, the weather phenomena 133 

observed by ground stations at 00:00 and 12:00 UTC were selected to match with the observed 134 

profiles at sounding stations. We constrained the vertical profiles by requiring that the sounding 135 

stations and corresponding surface observational sites were at the same locations.  136 
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 137 

 138 

Figure 1. Distribution of sounding stations (stars) and ground stations (dots) in China. 139 

 140 

For convenient discussion, one freezing rain event was defined as one observational 141 

record of freezing rain. Figure 2a shows the frequency distribution of  ��� when freezing rain 142 

occurred at the ground stations in China from 2000 to 2019. A total of 9,312 freezing rain 143 

observations were recorded over a 20-year period, 90% (8,394) of which occurred when ��� was 144 

between -6 and 0 ℃. This statistic is consistent with the results of Cortinas (2004) and Zhou 145 

(2017). However, nearly 7% (656) of the freezing rain occurred when the ��� was greater than 146 

0 °C. We refer to this phenomenon as warm freezing rain (WFR). In addition, nearly 3% (266 147 

observations) of freezing rain occurred when the ��� was greater than 0 ℃ (Figure 2b), and half 148 

of them occurred outside the error range of the instrument (±0.2 °C) or the calculated wet-bulb 149 

temperature itself (~ -0.1℃), meaning that the wet-bulb temperature cannot be used to explain all 150 

WFR events. The frequency of such WFR events gradually decreased as the ��� and the ��� 151 

increased (Figure 2c and 2d). 152 
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 153 

Figure 2. Occurrence frequency of freezing rain and warm freezing rain (from 2000 to 2009) as a 154 

function of ��� and ���.  155 

Some observational studies have shown that the meteorological characteristics and 156 

formation mechanisms of freezing rain change with the station altitude (Carrière et al., 2000). To 157 

examine whether the station altitude affects the formation of WFR, the frequency and proportion 158 

of WFR observations at stations with different altitudes were analyzed. The results show that the 159 

frequency of WFR decreases with increasing station altitudes (Figure 3). Over the entire study 160 

period, 360 WFR events were observed at ground stations with station altitudes between 0 and 500 161 

m, accounting for 18% of the total number of freezing rain events in this station altitude range. The 162 

ground stations at altitudes >2000 m only observed 41 WFR events, representing 3% of the total 163 

number of freezing rain events at this station altitude. It is obvious that the frequency and 164 

proportion of WFR events occurring at low station altitudes are significantly higher than those at 165 

high station altitudes, which implies that the station altitude has a significant impact on the spatial 166 

distribution of WFR events. 167 
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 168 

Figure 3. Dependence of frequency and proportion of WFR events on the station altitude of the 169 

observational weather stations.  170 

 171 

The formation of freezing rain is closely related to the vertical profile of air temperature. 172 

We screened the vertical profiles of WFR over a 20-year period by requiring that the sounding 173 

stations and corresponding surface observational sites were at the same locations. Since the 174 

number of sounding stations in China was significantly lower than that of ground stations, only 25 175 

vertical profiles with WFR were screened. Although all of these profiles contain a melting layer 176 

or liquid cloud(cloud top temperature > -10℃), their ��� was greater than 0℃. Additionally, we 177 

found that both the ��� and ��� were greater than 0℃ in 6 WFR profiles. Thus, the WFR 178 

could not be perfectly explained by the wet-bulb temperature or air temperature, calling for new 179 

and different explanations.  180 

Meanwhile, some researchers have attributed the WFR events to ground temperature<0℃,  181 

as the air temperature is reported at 2.0 m height above the ground level(Bernstein 2000; Roberts 182 

and Stewart, 2008). Indeed, a raindrop(T�>0℃) may gradually freeze when the ground or object 183 

temperature is less than 0℃. However, if a raindrop is supercooled(T� < 0℃), it will freeze 184 
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much faster than an above freezing raindrop once it strikes a below freezing object, which is 185 

more consistent with the definition of freezing rain(Ofcm, 2005). Therefore, in order to explain 186 

the formation of WFR, the raindrop temperature and their influencing factors within the WFR 187 

events are necessary to be calculated. 188 

 189 

 190 

3. Theoretical Model and Sensitivity Studies  191 

3.1. Model Description 192 

A theoretical model for describing �� is presented here to quantitatively investigate the 193 

formation of WFR. In this model, the equilibrium assumption is relaxed and considerations for 194 

the non-equilibrium heat exchange between raindrops and the atmosphere are included. The 195 

model contains some simplifying assumptions used in previous studies (Caplan, 1966; Tardif and 196 

Rasmussen, 2010; Smorodin et al., 2014). First, raindrops are assumed to be spherical with a 197 

uniform temperature from the drop center to the surface. Second, it was assumed that the raindrop 198 

sizes do not increase by the collision-coalescence process and do not decrease by break up during 199 

their fall from the cloud base. This assumption avoids the calculation errors of raindrop 200 

temperature due to the large transient change in raindrop sizes. 201 

The total heat of the raindrop (��) is determined by the heat transfer between raindrops 202 

and atmosphere by evaporation (��), conduction (��) and radiation (��), which can be described 203 

by the following equation (Abraham et al., 1972). 204 

 +e cT rdQ dQdQ dQ

dt dt dt dt
   (1) 205 

Where the components can be expressed as (Pruppacher and Klett, 2012): 206 

 
*

2 ( ( )) ( ( ))
 = -L [ ]

( ) 100 ( )
e v v sat r sat a

e

V r a

dQ DF D e T t e T tRH

dt R T t T t


  (2) 207 

 2 ( ( ) ( ))c
h a r a

dQ
DF k T t T t

dt
    (3) 208 
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  2 4 4( ) ( )r
r a

dQ
D T t T t

dt
    ,  (4) 209 

 
3 ( )1

=
6

T r
w w

dQ dT t
c D

dt dt
   (5) 210 

Based on the equations (1) ~ (5), the temporal change rate of �� is described by: 211 

 
2 *

4 4

12 ( ( )) ( ( ))
[ ( )

100 ( ) ( )

( ( ) ( ))- ( ( ) ( ))]
2

h e v v sat a sat rr

w w v h a r

a r a r a

h

F L D F e T t e T tdT RH

dt D C R F T t T t

D
k T t T t T t T t

F





  

 

 (6) 212 

The variations of raindrop mass and size were expressed as: 213 

 
*

2 ( ( )) ( ( ))
[ ]
100 ( ) ( )

v v sat a sat rr

V a r

DF D e T t e T tdm RH

dt R T t T t


   (7) 214 

 
*

4 ( ( )) ( ( ))
[ ]
100 ( ) ( )

v v sat a sat r

V w a r

F D e T t e T tdD RH

dt DR T t T t
   (8) 215 

In addition, the raindrop fall velocity  V Dr was estimated as follows (Best, 1950; Atlas 216 

et al., 1973): 217 

   3
1 2V D exp

2
r

C D
C C

 
   

 
 (9) 218 

The initial phases of the particles are assumed to be raindrops when the cloud top air 219 

temperature is ≥ -10 ℃, and vice versa for snowflakes. If the particles are solid, the 220 

parameterization scheme proposed by Zerr (1997) is used to calculate the melting rate of the 221 

solid/mixed particles: 222 

 0
0 *

0

4 ( ( )) ( )
[ ( ( ) ) ( )]

100 ( )
s v i v w e sat a sat

a a

m V a

dm f C D M L e T t e TRH
k T t T

dt L R T t T


      (10) 223 

It is worth mentioning that the evaporation process of the melting snowflakes can 224 

significantly reduce the 3%~10% particle mass (Neumann, 2017), which cannot be neglected for 225 

some small snowflakes. Therefore, once the melting process has started, the evaporation mass of 226 

the melting portions (���) was calculated based on Eq. (7) (Neumann, 2017). 227 
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The initial mass of the snowflakes is set to the equivalent mass of raindrops, and the 228 

initial size of the snowflakes is expressed as follows:  229 

 30
w

r

s

D D



  (11) 230 

The snowflake is assumed to be a spherical mixture of liquid water particles wrapped in 231 

snow crystals during the melting process. The size of the melting snowflakes is expressed as: 232 

 0
3

( ( ) ( )) ( )6
( ) ( )s s sw s

w s

m m t m t m t
D t

  

 
   (12) 233 

The fall velocity of the melting snowflake is estimated as follows (Frick et al., 2013): 234 

 ( )* ( )m s r sV V V V X LWF    (13) 235 

Where LWF represents the liquid water fraction of the mixed particle: 236 

 0 0( ( )) /s s sLWF m m t m   (14) 237 

X is the empirical function associated with LWF: 238 

 7( ) 0.246 (1 0.246)X LWF LWF LWF    (15) 239 

�� represents the fall velocity of dry snowflakes (Langleben,1954)： 240 

 0.32.34(100 )sV D  (16) 241 

�� represents the terminal velocity of a raindrop with the same mass as the snowflake. 242 

The initial height of raindrop generation is defined as the height at which the solid particles 243 

completely melt. The particle temperature of the snowflakes during the melting process is 244 

assumed to be 0 ℃. When the snowflakes completely melt into raindrops, the model assumes the 245 

initial ��=0℃ and calculate the variation of �� with the falling distance. The time step of the 246 

model is set to 0.1s. The variables, symbols and empirical parameters in the above equations are 247 

summarized in the appendix. 248 
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3.2 Sensitivity Experiments  249 

In fact, the atmospheric conditions surrounding falling raindrops are changing, which 250 

prevents raindrops from reaching and maintaining a steady equilibrium state instantaneously. In 251 

principle, �� is not equal to �� or �� when the raindrops fall in the real atmosphere. It is 252 

possible for the �� to be less than 0 °C while the �� or �� is greater than 0 °C when the 253 

raindrops fall to the ground, thus resulting in WFR. To better understand the formation mechanism 254 

of WFR and explain the frequency distribution of the WFR, the following sensitivity experiments 255 

were conducted. 256 

3.2.1 Experiment Design 257 

To simplify the sensitivity study, the model is constrained with the following conditions: 1) 258 

The top of the model is set at 1km height because the cloud base height of winter precipitation is 259 

usually less than 1 km (Zhang et al., 2016). 2) The raindrops remain stable in geometric shape 260 

(spherical) and no collision-coalescence process occurs among raindrops during falling. 3) 261 

Hydrostatic atmosphere and surface pressure of 1013.25 hPa are assumed for the atmospheric 262 

pressure profile and the ��� is set as 0.5℃. 4) Observations have shown that the spectral width 263 

of the raindrop size distribution is 4mm (Huang et al., 2018) and the RH is usually greater than 264 

80%. Thus we set the default raindrop size as half of the spectral width (2mm) of the raindrop 265 

size and set the default RH to 80%. In addition, the default value of Γ is set to 5 ℃/km, which is 266 

taken in the range of the wet adiabatic lapse rate(4 - 9.8 ℃/km). Since the idealized sensitivity 267 

experiments do not involve the melting process of snowflakes, the default value of the initial �� 268 

was equal to ��. 269 

According to the theoretical model of ��  presented in Section 3.1, the evaporation, 270 

conduction and radiation heat transfer of the raindrops and thus �� are affected by the initial 271 

raindrop diameter (D), temperature lapse rate (Γ) and relative humidity (RH). Therefore, four 272 

sensitivity experiments are further conducted (Table 1) to explore the sensitivities in addition to 273 

the control experiment. Briefly, the control experiment is to investigate the variability of �� 274 

when the raindrops fall from 1km height to the ground by fixing D, Γ, RH at the default values of 275 

2 mm, 5 °C/km, and 80%, respectively. Experiment 1 examined the sensitivity to D by fixing the Γ, 276 

RH and initial Tr at their default values but varying D from 0.5 mm to 4 mm, with a diameter 277 

interval of 0.1 mm. Experiment 2 examined the sensitivity to Γ by fixing D, RH and initial �� at 278 
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their default values but varying the Γ from -10℃/km to 10 ℃/km, with an interval of 0.5℃/km. 279 

Experiment 3 examined the sensitivity to RH by fixing D, Γ and initial �� at their default values 280 

but varying the RH from 50% to 100%, with an interval of 5%. Experiment 4 examined the 281 

sensitivity to initial �� by fixing D, Γ and RH at their default values but varying the initial �� 282 

from -5.5℃ to -3.5℃, with an interval of 1℃. 283 

 284 

Table 1. Sensitivity experiment design. 285 

 Sensitivity parameter Variation range Default value 

CTRL / / D=2mm; Γ=5 ℃/km; RH=80%;initial Tr=Ta 

Ex 1 D 0.5 – 4 mm RH=80%;Γ=5 ℃/km; initial Tr=Ta 

Ex 2 Γ -10 – 10 ℃/km D=2mm; RH=80%; initial Tr=Ta 

Ex 3 RH 50 – 100 % D=2mm;Γ=5 ℃/km; initial Tr=Ta 

Ex 4 initial Tr -5.5 - 3.5 ℃ D=2mm; Γ=5 ℃/km; RH=80%; 

(CTRL and EX refer to the controlled experiment and sensitivity experiment, respectively.) 286 

3.2.2 Results 287 

3.2.2.1 Control Experiment 288 

Figure 4a shows the variations in ��, �� and �� with height as a raindrop falls from 1 289 

km height in the atmosphere(assuming that the initial D = 2 mm, RH = 80% and Γ= 5 °C/km). 290 

The �� is less than �� in a sub-saturated atmosphere. When the raindrop starts to fall, the �� 291 

gradually decreases, and the �� and ��  increase with the falling distance. Thus the 292 

∆���(difference between �� and ��) gradually decreases, while the ∆���(difference between 293 

��  and ��) increases with the falling distance. The raindrop reaches the equilibrium state 294 

transiently when it falls 67 m (defined as the equilibrium distance) from the model top, at which 295 

point the �� is close to ��(Caplan, 1966). Subsequently, the �� gradually increases with the 296 

falling distance and its variation rate (d��/��) is slightly less than that of �� (d��/��) and �� 297 

(d��/��), which causes the ∆��� and ∆��� to gradually increase with the falling distance.  298 

To explain the variation in �� with falling distance, Figure 4b shows the changes in the 299 

total heat of the raindrop (�� ), the latent heat of evaporation(�� ), the sensible heat of 300 

conduction(��) and the radiation heat (��) between the raindrop and atmosphere as the raindrop 301 
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falls. From the cloud base to the equilibrium distance, the �� is much greater than the �� and 302 

��, and the total heat change of raindrops is negative due to the strong raindrop evaporation. 303 

Therefore, the d��/�� is negative, and the ∆��� rapidly increase and ∆��� decrease with the 304 

falling distance. With the increase of ∆���, the �� rapidly increases and the �� decreases with 305 

the falling distance. When the �� is sufficient to compensate for the ��, the raindrops reach the 306 

equilibrium state transiently and the �� is close to the �� (Tardif and Rasmussen, 2010). After 307 

that, the heat exchange between the raindrop and atmosphere becomes non-equilibrium since the 308 

time scale of change for �� and �� is shorter than the relaxation time scale of raindrops. The 309 

dT�/dt  slightly lags behind the dT�/dt  and dT�/dt , which means that the ��  gradually 310 

deviates from the �� and both the ∆T�� and ∆T�� gradually increase with the falling distance. 311 

Furthermore, the �� is much less than the �� and �� and can be neglected in the analysis. 312 

 313 

 314 

 Figure 4. (a) Variation in the ��, �� and �� with falling distance of the raindrop; (b) Variation 315 

in the ��, ��, �� and �� with falling distance 316 

3.2.2.2 Effects of Raindrop Diameter 317 

Figure 5a shows the influence of different raindrop diameters on ��. As can be seen from 318 

Figure 5a, D largely influences the equilibrium distance of raindrops. Until the raindrops reach 319 

the transient equilibrium state, a larger D leads to a decrease in the variation rate of �� and a 320 

gradual increase in the equilibrium distance of raindrops. For example, the equilibrium distance 321 
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is only 33m for small raindrops (D=1mm), while it increases to 91m for large raindrops 322 

(D=4mm). Furthermore, both the ∆���  and ∆���  increase with increasing D when the 323 

raindrops fall beyond the equilibrium distance. 324 

Figure 5b shows the variation in ∆��� and ∆��� according to different values of D when 325 

the raindrops reach the surface. The ∆��� and ∆��� are nearly linearly proportional to D, with 326 

an increase of 1 mm in D leading to a rise of 0.4℃ in ∆��� and ∆���. This phenomenon is due to 327 

smaller raindrops having a larger surface-to-volume ratio and faster heat transfer between their 328 

surface and the atmosphere.  329 

In addition, due to the evaporation process of raindrops or melting snowflakes, D will 330 

gradually decrease with the falling distance. Thus the temperature difference between raindrops 331 

and the atmosphere will gradually decrease with the falling distance. However, the decrease of 332 

∆T�� and ∆T�� can be neglected due to the assumptions of a short falling distance (1km), a 333 

high RH (80%) and a relative large raindrop size(2mm). 334 

  335 

  336 

Figure 5. (a) Variation in the �� with falling distance of raindrops with various initial 337 

diameters; (b) Variation of ∆��� and ∆��� with the raindrop diameter (D) when it falls to the 338 

surface. 339 
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3.2.2.3 Effects of Temperature Lapse Rate 340 

Figure 6 shows the variation of �� with falling distance for three different values of Γ. 341 

When the Γ is less than 0 ℃/km (Figure 6a), the cooling rate of �� is lower than that of �� and 342 

��, and thus the ∆��� and ∆��� gradually decrease with the falling distance. When the Γ is 343 

equal to 0 ℃/km (Figure 6b), the ∆��� and ∆��� vary little with height after the raindrops 344 

reach the transient equilibrium state. In addition, even in an isothermal atmosphere, the T� is 345 

still slightly lower than T� due to a 0.1°C bias in the empirical function itself used to calculate 346 

the wet-bulb temperature (Sadeghi et al., 2013). When the Γ is greater than 0 ℃/km (Figure 6c), 347 

the heating rate of �� is slower than that of �� and ��, which results in �� < �� < �� and ∆��� 348 

(or ∆���) increases with the falling distance (Figure 6c). In general, the positive or negative 349 

values of Γ determine whether the ∆��� and ∆��� will increase or decrease with the falling 350 

distance after the raindrops reach the transient equilibrium. 351 

Figure 6d shows the variation in the ∆��� and ∆��� with Γ when the raindrops fall to the 352 

surface. Both ∆��� and ∆��� are linearly proportional to Γ, and the magnitude of Γ determines 353 

the degree of deviation of T�  from �� and ��. Both the ∆��� and ∆��� increase by 0.055 ℃ 354 

for each increase of 1 °C/km in Γ. Due to the relaxation time scale of raindrops being longer than 355 

the time scale of changes in �� , the cooling/warming rate of �� is slower than that of �� and ��. 356 

Thus, ∆��� and ∆��� gradually increase with an increasing Γ. It is also worth noting that ∆T�� 357 

increases from -0.39℃ to 0.6℃ when Γ increases from -10 to 10℃/km, which indicates that the Γ 358 

also determines whether the ��  is larger or smaller than the ��  when raindrops reach the 359 

surface.  360 
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 362 
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Figure 6. (a-c) Variation of ��, �� and �� with falling distance for different three typical values 364 

of Γ; (d) Relationship between  ∆���, ∆���and Γ when the raindrops reach the surface. 365 

3.2.2.4 Effects of Relative Humidity 366 

It is well known that RH influences ��  by affecting the evaporation process of the 367 

raindrops (Caplan, 1966). As expected, with the increase of RH, the evaporation effect of 368 

raindrops gradually decreases and leads to the decrease of ∆��� (Figure 7a). Figure 7b shows the 369 

variation of  ∆��� at the surface is inversely proportional to RH. When the RH increases from 50% 370 

to 100%, the ∆��� decreases from 3.5 ℃ to 0.29 ℃. 371 

The effect of RH on ∆��� is relatively weak compared to that on ∆���, because  �� 372 

also considers the effect of evaporation, and thus the ∆��� only decreases from 0.41℃ to 0.29℃ 373 

when the RH increases from 50% to 100%. Since the time scale of changes in the atmospheric 374 

conditions is often shorter than the relaxation time scale of raindrops, the difference between the 375 

�� and �� is still 0.29℃ when the RH is 100%. Even if the evaporation of the raindrops stops, 376 

the �� is not equal to ��. 377 

 378 

Figure 7. (a) Variation of ��  with falling distance for raindrops of various RH; (b) 379 

Variation of the ∆��� and ∆���at the surface with the RH. 380 
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3.2.2.4 Effects of Initial Raindrop Temperature 381 

Figure 8 shows the variation of �� during the falling of raindrops with different initial 382 

�� values. Although there is a range of initial ��  values, as the raindrops fall the ��  values 383 

gradually converge and become almost equal when the falling distance exceeds 500 m. Therefore, 384 

the initial �� does not affect the �� at the surface when the falling distance of raindrops is long 385 

enough. 386 

 387 

Figure 8. (a) Variation of �� with falling distance for raindrops of various initial �� 388 

 389 

3.2.2.5 Combined effect of D, Γ, and RH  390 

The above sensitivity experiments demonstrate that the D, Γ, and RH all affect the ��, 391 

∆��� and ∆���. The combined effect of the three parameters on ∆��� is summarized in Figure 9a. 392 

On the one hand, the effect of D on ∆��� depends upon the magnitude of Γ. When Γ is less than 393 

0 ℃/km (ambient temperature increases with height), ∆��� decreases with D and becomes more 394 

sensitive to D with the decreasing Γ. Conversely, when Γ is greater than 0 (ambient temperature 395 

decreases with height), ∆��� increases with D. The larger the Γ is, the more sensitive the ∆��� 396 

is to the change in D. For example, when Γ = -10℃/km, ∆��� decreases by about 1°C as D 397 

increases from 0.5mm to 3mm. When Γ increases to 10°C/km, ∆��� increases by about 1.5℃ as 398 
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D increases from 0.5mm to 3mm. This phenomenon implies that when the surface temperature is 399 

greater than 0℃, the possibility of WFR is higher for Γ > 0 than for Γ < 0. On the other hand, the 400 

sensitivity of ∆��� to RH seems to be unaffected by Γ. Regardless of the sign and value of Γ, 401 

∆��� gradually decreases with increasing RH.  402 

 403 

 404 

 405 
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Figure 9. Distribution of (a) ∆���  and (b) ∆���for various initial D, Γ, and RH when the 406 

raindrops reach the surface (in Figure 8a, the dashed lines represent ∆��� when RH=75% and the 407 

solid lines represent ∆��� when RH=80%; in Figure 8b, initial RH=80%). 408 

 409 

Since the weak effect of RH on ∆���, we only calculate the combined effect of D and Γon 410 

∆��� for RH=80% (Figure 9b). The maximum ∆��� can reach over 1.5℃ when the large 411 

raindrops (D=4mm) fall in the atmosphere with a large Γ, which indicates that using the �� 412 

instead of �� to determine the precipitation type will introduce some bias. Due to the deviation 413 

of the empirical function used to calculate the T�, the calculated T� is slightly lower than the 414 

T� when Γ = 0, and leads to a bias of the contour of ∆T�� = 0 to the side of Γ > 0. In 415 

addition, for smaller raindrops (D < 1.25 mm), the ∆��� is maintained between -0.5℃ and 0℃ 416 

regardless of the variation of Γ. This phenomenon implies that the possibility of WFR is 417 

relatively low when small raindrops fall to the surface with ���>0℃.  418 

3.3 Effects of more Realistic Temperature Profiles  419 

The sensitivity experiments have shown that Γ determines the ∆���  and ∆��� , thus 420 

playing a significant role in the formation of WFR. In the real atmosphere, the temperature 421 

profile is composed of multiple values of Γ. For example, winter precipitation is mainly caused by 422 

frontal systems that often contain at least one inverse structure in the atmosphere (Thériault and 423 

Stewart, 2010). Furthermore, WFR requires the surface temperature to be greater than 0℃. 424 

Therefore, according to the above feature of temperature layers and combinations of different Γ 425 

(positive or negative values), four types of idealized temperature profiles are analyzed for the 426 

possibility of WFR occurrence (Figure 10). The variations of �� corresponding to each type of 427 

temperature profile are calculated to determine whether WFR would occur. All of the profiles 428 

assume that D=2mm, RH=80%, ���=1.5℃ and ���=0.34℃. 429 

The first type of profile (Figure 10a) is similar to the "melting mechanisms" profile of 430 

freezing rain, including an upper warm layer, a lower sub-freezing layer, and a warm near-surface 431 

layer. The calculated result shows that ��  = -0.4 °C when the raindrops fall to the ground. 432 

Although the ��� and ��� are greater than 0 ℃, the raindrops are still in a supercooled state. 433 

Therefore WFR might occur for the first type of profile. 434 
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The second and third types of profiles have no sub-freezing layer below 1.5km height. 435 

Whether the Γ is less (Figure 10b) or greater than 0 ℃/km (Figure 10c) in the near-surface layer, 436 

the �� is slightly greater than 0 °C when the raindrops fall into the near-surface layer. Therefore, 437 

the possibility of WFR is lower for these two types of profiles. 438 

The fourth profile type (Figure 10d) is similar to the freezing rain profile of the 439 

"supercooled warm rain process", which includes an upper cold layer but a weak warm layer near 440 

the surface. The falling raindrops remain supercooled and fall into the weak warm layer with Γ >0 441 

near the surface. Although the surface temperature and wet-bulb temperature are greater than 442 

0 °C, the �� near the surface is less than 0 °C (-0.6°C) and results in WFR due to the temperature 443 

difference between raindrops and the atmosphere. 444 

 445 

Figure 10. Calculated variations of �� with height corresponding to four idealized profiles (D = 2 446 

mm, RH = 80 %, ��� = 1.5 ℃ and ��� = 0.34 ℃). 447 

In summary, the temperature profiles of WFR have two common features: 1) there is a cold 448 

layer (or sub-freezing layer) above the near-surface layer, which allows the raindrops (or 449 

completely melted ice crystals) to remain supercooled before falling into the near-surface layer. 2) 450 

Γ in the lowest atmosphere needs to be greater than 0℃/km for the raindrops falling into the 451 

near-surface layer to maintain a large ∆���. It is important to note that these results only apply to 452 
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idealized conditions. In a real atmosphere, if the refreezing layer is cold or deep enough，the 453 

raindrops might be coalescing with crystals or re-nucleation to form ice pellets, thus reducing the 454 

WFR probability. In general, the first and fourth analyzed profiles have a high possibility for WFR 455 

formation. 456 

3.4 Evaluation of the Model for Real Borderline Rain/Freezing Rain Events 457 

The above sensitivity experiments should be considered idealized temperature profiles, 458 

whereas real temperature profiles are more complex. To test the applicability of the calculated �� 459 

for real freezing rain events, the theoretical model (Section 2.2) was applied to the borderline 460 

rain/freezing rain events(when the ��� is near 0℃) observed at the sounding stations over the 461 

two decades.  462 

Figures 11a and 11b represent the profiles of the "melting process" and "supercooled warm 463 

rain process" in freezing rain events, respectively. The calculated results of the "melting 464 

mechanism" (Figure 11a) show that the ��� = 0.3℃  and ��� = −0.14℃ . The ice crystals 465 

completely melt into raindrops at the bottom of the melting layer (~2500 m), during which time 466 

the �� is 0℃ and the ∆��� is close to 0℃. The ∆��� gradually increases as the raindrop falling 467 

distance increases. Since Γ >0 in the near-surface layer, �� of the raindrops falling to the ground is 468 

much lower than �� and ��. Although the �� > 0℃ near the surface, the falling raindrops 469 

remain supercooled (�� = −0.6℃) and form WFR when they are falling into the warm layer near 470 

the surface.  471 

The corresponding profile for the "supercooled warm rain mechanism" (Figure 11b) shows 472 

that the initial precipitation particles in the cloud remained supercooled. The air temperature above 473 

the near-surface layer was below 0 ℃. The temperature difference between raindrops and the 474 

atmosphere is about ±0.9 °C. When the raindrops fell into the warm layer near the surface, 475 

although �� and �� are greater than 0℃ near the surface, the raindrops remained supercooled 476 

(�� = -0.3 °C) and formed WFR. 477 
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 478 

Figure 11. Calculated variation of �� corresponding to two real WFR profiles (D = 2 mm). 479 

 480 

To test the applicability of the calculated �� for real freezing rain events, the borderline 481 

rain/freezing rain events with ��� between -1 and 1℃ are filtered based on the records from the 482 

sounding and ground stations in China. Over the last two decades, a total of 370 vertical profiles 483 

of borderline rain/freezing rain events were observed, including 126 freezing rain events and 244 484 

rain events. The theoretical model (Section 2.2) is applied to these sounding profiles to calculate 485 

the �� at surface (assume D=2mm).  486 

The distributions of the calculated ��, observed �� and �� at the surface for the 370 487 

borderline rain/freezing rain events(red or blue dots) are shown in Figure 12. Almost all freezing 488 

rain events (including WFR) occurred when �� < 0, but there are 25 and 7 WFR events were 489 

missed when using the distinguishing criteria of �� < 0 or �� < 0, respectively. Meanwhile, 490 

there are 40, 87, 55 rain events were missed when ��, Ta or Tw>0, respectively. The critical 491 

success index (CSI) was used to assess the accuracy of ��, �� and �� in distinguish between 492 

rain and freezing rain events. The CSI of �� is 0.75, which is better than that of ��(0.68) and 493 

��(0.53). Overall, although �� and �� are more easily obtained, �� tends to underestimate 494 

the real raindrop temperature, resulting in large false alarms of freezing rain events. Meanwhile, 495 
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�� cannot distinguish between WFR and rain. The results show that  �� is more accurate than 496 

�� and �� in distinguishing between rain and freezing rain.  497 

 498 

Figure 12. Distribution of the (a) �� and �� (b) �� and �� for the borderline rain/freezing rain 499 

events. 500 

Moreover, the model and sensitivity results can be applied to explain the difference in the 501 

frequency of WFR events occurring at different altitude stations as follows.  502 

1）Raindrop size effect: Observations at Nanjing (station elevation of 20m)(Wen et al., 503 

2019), Lushan (station elevation of 1164m) (Huang et al., 2018), and Weining (station elevation 504 

of 2236m) (Zhang et al., 2016) show that the raindrop size distribution for freezing rain events is 505 

narrow at high-altitude stations, with the maximum raindrop size is only 1.25 mm and the mean 506 

diameters is 0.34mm. In contrast, the raindrop size distributions are significantly wider at low and 507 

middle-altitude stations (Figure 13a). The maximum sizes of raindrops are 4.1/4.25mm and the 508 

mean diameters are 0.53/0.65mm low/middle altitude stations, respectively. Therefore, the 509 

raindrop sizes at high-altitude stations tend to be smaller than those at low and middle-altitude 510 

stations.  511 

According to the sensitivity test, the ∆���  and ∆���  increases with increasing D. 512 

Therefore, the temperature difference between raindrops and the atmosphere at high-altitude 513 

stations is weaker, which results in a lower probability of WFR occurring compared to that at low 514 

and middle-altitude stations. 515 
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To visualize the effects of raindrop size distribution on �� at different altitude stations, 516 

the real drop size distribution (DSD) is fitted using the Gamma function: 517 

 0( ) ( )N D N D exp D    (17) 518 

where the value of N�, μ and λ at different altitude stations are listed in Table 2. 519 

 520 

Table 2 N�, μ and  λ values at different altitude stations 521 

 �� � � 

Weining  1667 -2.125 9.309 

Lushan  76 -2.18 1.11 

Nanjing 160 -3.2 0.775 

 522 

The drop sizes are partitioned into several bins (set the increments as 0.1mm) according to 523 

the spectral width of the DSD at different altitude stations. The theoretical model (Section 2.2) is 524 

applied to the real WFR profile (Figure 10a) and DSDs to calculate the ∆��� for each bin when 525 

the raindrops fall to the surface. The distribution of  ∆��� at stations with different altitudes is 526 

shown in Figure 13b. Due to the narrow DSDs, the ∆��� distribution is relatively narrow and 527 

the maximum ∆���  is only 0.2 ℃ at high-altitude stations. In contrast, the raindrop size 528 

distributions are significantly wider at low and middle-altitude stations, which result in a wider 529 

distribution of ∆���, with the maximum ∆��� can reach over 1℃. Therefore, the temperature 530 

difference between raindrops and the atmosphere at high-altitude stations is weaker, which results 531 

in a lower probability of WFR occurring than that at low and middle-altitude stations. 532 

In addition, the DSDs (Figure 13) indicate that the number of large raindrops is less than 533 

that of small raindrops at the same stations. Therefore, with increasing air temperature, the 534 

temperature difference between raindrops and the atmosphere is insufficient to keep the 535 

temperature of small raindrops below 0 °C, resulting in a gradual decrease in the frequency of 536 

WFR. 537 

2）RH effect: The temperature difference between the raindrop and atmosphere increases 538 

with decreasing RH. The statistical results show some differences in the distributions of average 539 

RH in the lower atmosphere (0-500m) at different altitude stations when freezing rain 540 

occurred(Figure 14a). When the station altitude is lower than 500m, only 20% of the freezing 541 
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occurred with high RH(>90%). In contrast, when the station altitude is greater than 2000m, the 542 

frequency of freezing rain events in a high RH atmosphere increases to 50%. Therefore, all else 543 

being equal the ∆��� at high-altitude stations is smaller than at lower-altitude stations, which 544 

leads to a lower probability of WFR at high-altitude stations. 545 

3) Lapse effect: Figure 14b shows the distribution of Γ in the lower atmosphere (0-500m) 546 

for stations at various altitudes when freezing rain occurred in China from 2000 to 2019. There 547 

are large differences in the distribution of Γ at different altitude stations. When the station 548 

altitude is lower than 1000m, almost all freezing rain occurs at Γ > 0. In contrast, when the 549 

station altitude is greater than 1000m, nearly 40-50% of the freezing rain events occurred at Γ < 550 

0. According to the sensitivity test, the temperature difference between raindrops and atmosphere 551 

increases with increasing Γ. The Γ values at low altitudes are significantly higher than that at 552 

high-altitude stations when the freezing rain occurred, implying that the ∆��� and ∆���  at 553 

high-altitude stations are weaker and the probability of WFR occurring is relatively lower than 554 

that at low-altitude stations.  555 

 556 

Figure 13. Characteristics of (a) raindrop size and (b) temperature distributions in freezing rain 557 

events at stations at different altitudes. The data in Figure 13a combines the data from the 558 

observational studies by Wen et al.(2019), Huang et al.(2018), and Zhang et al.(2016). 559 
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 560 

Figure 14. Distributions of the (a) RH and (b) Γ at different altitude stations during freezing rain 561 

over a 20-year period.  562 

 563 

The above studies also help to explain the difference of freezing rain formation conditions 564 

at different altitudes from another perspective. The ice nuclei in the raindrop tend to activate 565 

when the Tr<-5℃(Meyers et al., 1992; Petters and Wright, 2015), which may lead to a change in 566 

precipitation type from freezing rain to ice pellet (Reeves et al., 2016). Since the ∆��� and 567 

∆��� at high-altitude stations are relatively weak, the air temperature range corresponding to the 568 

maintenance of ��  between -5°C to 0℃  is wider at high-altitude stations than that at 569 

low-altitude stations(Lu et al., 2021), which also leads to a higher frequency and wider 570 

temperature range of freezing rain at high-altitude stations than at low-altitude stations. 571 

 572 

4 Conclusions and Discussion 573 

Analysis of 20 years of observations across China shows that 656 WFR events occurred, 574 

accounting for 7% of the total number of freezing rain events. Even using the wet-bulb 575 

temperature cannot explain all WFR events; nearly 3% (266 observations) of freezing rain 576 

occurred when the ���>0℃. The WFR occurrence frequency at low-altitude stations is found to 577 

be higher than that at high-altitude stations. Moreover, the frequency of freezing rain gradually 578 

decreases as the surface temperature increases, but WFR may still occur at surface temperatures 579 

greater than 1 ℃.  580 
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Based on the assumption that raindrops cannot maintain an equilibrium state in the real 581 

atmosphere, a theoretical model of raindrop temperature is presented by considering the 582 

non-equilibrium heat exchange between raindrops and the atmosphere. Sensitivity analysis of the 583 

model shows that the �� is not equal to the �� or �� when raindrops fall.  584 

The magnitudes of the ∆���  and ∆��� are determined by the raindrop diameter(D), 585 

temperature lapse rate(Г), and relative humidity(RH). Meanwhile, the Γ also determines whether 586 

the ∆T�� is positive or negative when raindrops reach the surface. An increase in D, increase in 587 

Г, and decrease in RH enhance the ∆��� and ∆��� and thus prompted the occurrence of the 588 

WFR. In addition, the initial �� does not affect the �� at the surface when the falling distance 589 

of the raindrop is long enough. 590 

The temperature difference between raindrops and the atmosphere is the main cause of 591 

WFR. The diagnosis results for ideal temperature profiles showed that WFR can form by the 592 

"melting mechanism" or "supercooled warm rain mechanism" when considering the temperature 593 

difference between raindrops and the atmosphere. The temperature profiles of WFR have two 594 

common features: a cold layer (or sub-freezing layer) above the near-surface layer and Γ >0℃/km 595 

in the lower atmosphere. The evaluation results of the model show that the calculated �� is more 596 

accurate than �� and �� in distinguishing between rain and freezing rain.  597 

Smaller raindrop sizes, Γ and a large RH at high-altitude stations result in weaker 598 

temperature differences between raindrops and the atmosphere, which leads to less frequent WFR 599 

events. Conversely, with decreasing station altitudes, the raindrop sizes gradually increase and 600 

RH decreases, which results in the high frequency of WFR events. 601 

The above analyses theoretically explain the occurrence of WFR, which also deepens our 602 

understanding of freezing rain formation. Meanwhile, the temperature difference between 603 

raindrop and atmosphere also helps to explain the difference of freezing rain formation 604 

conditions at different altitudes from another perspective. Since the ∆���  and ∆���  at 605 

high-altitude stations are relatively weak, the air temperature range corresponding to the 606 

maintenance of ��  between -5°C to 0℃  is wider at high-altitude stations than that at 607 

low-altitude stations, which also leads to a higher frequency and wider temperature range of 608 

freezing rain at high-altitude stations than at low-altitude stations. 609 

It should be noted that various microphysical parameterization schemes commonly neglect 610 



JOURNAL OF GEOPHYSICAL RESEARCH-ATMOSPHERES 

 

the difference between �� and �� in the weather forecasting model. Therefore, the existing 611 

parameterization schemes cannot properly represent the non-equilibrium heat exchange between 612 

raindrops and the atmosphere, which may ignore some WFR or ice pellet events(when the 613 

��<ice nucleation temperature but ��>ice nucleation temperature). In future work, we will 614 

consider adding ��  to a suitable parameterization scheme to evaluate its impact on the 615 

numerical models to predict freezing rain and other precipitation type. 616 

Additionally, this research can also help to refine the disaster assessment model when 617 

freezing rain occurs. For example, existing ice accumulation prediction models, such as 618 

Makkonen (1998), commonly use air temperature instead of raindrop temperature to calculate 619 

the freezing efficiency of the raindrop, which does not reflect the ice growth on conductors when 620 

the air temperature is above 0 °C. In future, we will add �� to the ice accretion forecast model to 621 

assess the impact of �� on the freezing efficiency when freezing rain occurs.  622 

APPENDIX 623 

Table A1. List of symbols, definitions, and their units found in the text. 624 

Symbol Definition Value（or Reference） Units 

�� Raindrop temperature -- K 

�� Air temperature -- K 

�� Wet-bulb temperature -- ℃ 

��� Wet-bulb temperature at surface -- ℃ 

��� Air temperature at surface -- ℃ 

��  Total heat change of raindrops -- J 

��  Heat change of evaporation -- J 

��  Heat change of radiation  -- J 

�� Heat change of conduction -- J 

�� Ventilation coefficient for heat Rasmussen and Heymsfield (1987) -- 

�� Ventilation coefficient for vapor Rasmussen and Heymsfield (1987) -- 

D Diameter of raindrop -- m 

�� Density of water 1,000 kg ·m-3 

�� Density of snowflakes 100 kg ·m-3 

�� Capacitance of the melting flake Hall and Pruppacher (1976) m 

�� Specific heat capacity of water 4,200 J·kg-1·K-1 

L� Latent heat of evaporation 2,264 kJ·kg-1 
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D� Coefficient of diffusion Hall and Pruppacher (1976) cm2·s-1 

��
∗  Gas constant of vapor Hall and Pruppacher (1976) J·K-1·kg-1 

RH Relative humidity -- % 

���� Saturated vapor pressure Murray (1966) hPa 

�� Thermal conductivity of air Beard and Pruppacher (1971) J·m-1·s-1·

K-1 

ε Coefficient of black-body radiation 0.9 -- 

σ Stefan Boltzmann constant 5.67×10-8 W·m-2·K-4 

��  Raindrop fall velocity Best(1950); Atlas et al(1973) cm·s-1 

�� Dry snowflakes fall velocity Langleben(1954) cm·s-1 

��  Melting snowflakes fall velocity Frick et al(2013) cm·s-1 

�� Empirical coefficient 965 cm·s-1 

�� Empirical coefficient 1030 cm·s-1 

�� Empirical coefficient 1200 cm-1 

��  Raindrop mass -- kg 

�� Snowflake mass -- kg 

��� Initial snowflake mass -- kg 

���  Evaporation mass of melting snowflakes Neumann(2017) kg 

�� Initial snowflake size -- m 

LWF Liquid water fraction of particle -- -- 
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