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Based on 30 complete wire icing processes lasted longer than 24 h observed

from the Enshi, Jinsha, Dacaoping and Shennongding of Shennongjia in

mountainous areas of Hubei province during the winter of 2008–2016, the

macroscopic effects of rain–fog weather on the ice accretion process were

analyzed. Furthermore, the distribution characteristics of key simulation

parameters in supercooled fog (SF) and freezing rain (FR) were discussed

according to the physical model of icing process. Finally, the evolution

characteristics of the simulated ice thickness in rain–fog weather were

proposed. Results showed that the duration of ice accretion in mountainous

areas is the key factor affecting the maximum ice thickness; the freezing rain is

most frequent during the glaze icing process, which leads to the substantial

growth of ice thickness. The average growth rates of ice thickness with and

without freezing rain are 1.26 mm h−1 and -0.11 mm h−1, respectively. Collision

rate is the main parameter for inhibiting ice accretion of SF, with an average

value of ~ 0.1, while freezing rate is the main parameter for inhibiting ice

accretion of FR, with an average value of ~ 0.6. The ice accretion of SF shows the

characteristics of periodic growth, while the ice accretion of FR shows the

explosive growth of ice thickness, which makes the simulated values of icing

closer to the observations. The ice formation efficiency of FR was more than

twice that of SF, with a negative feedback mechanism to the ice accumulation

of SF.
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Introduction

Since the first 500 kV high-voltage transmission line with the length of 595 km from

Pingdingshan to Wuhan in China was put into operation in 1981, seven inter-provincial

power grids as well as the five independent provincial (regional) power grids have been

put into operation one after another; the total length of 500 kV lines is >20,000 km. As

high-voltage transmission lines are usually erected in high-altitude mountainous areas,

they are highly vulnerable to freezing rain (FR) and supercooled fog (SF); the cooling
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droplets condensed on the cable or snow slush frozen on the

cable will cause ice coating on cable, which is usually called as

“wire icing”. Wire icing will not only affect the normal operation

of the transmission network but also cause serious insulator

flashover, cable breaking after galloping, damage to the fittings

and insulators, tilt and collapse of poles towers, and other

accidents (Adhikari and Liu, 2019; Deng et al., 2012; Lu et al.,

2022). Since the deployment of China’s 330 and 500 kV high-

voltage transmission lines, wire icing disasters have increased and

seriously affected the safe and stable operation of the power grid

(Wang and Jiang, 2012; Hu et al., 2016; Huang et al., 2021). There

were four severe low-temperature snowstorm and ice freezing

events hitting the 20 provinces and cities in South China during

10 January 2008–2 February 2008, causing severe influence to the

development of economy and security of humans. However,

widespread icing disasters are not frequently seen. In winter,

high-altitude mountainous areas become icing-prone areas due

to low temperature and sufficient water vapor (Lamraoui et al.,

2014; Neil et al., 2014), therefore, the local icing disaster has

become the focus of attention in the field of power

communications.

According to the icing density, ice accretion mainly includes

three types: glaze, rime, and mixed-phase of glaze and rime. The

glaze is more commonly observed in the South China than in the

North China, whereas the rime is more frequently observed in

the North China than in the South China; both types of icing are

more frequently observed in the mountainous areas than on the

plains (Wang, 2011; 2014a; 2014b). Zhao et al. (2010) revealed

the spatial distribution and climate change characteristics of

freezing weather in China from 1961 to 2008, and

demonstrated that the frequency of freezing weather in most

areas of China decreased, but the intensity has increased. The

continuous invasion of cold air and transportation of large

amount of water vapor due to the combined anomalies of

atmospheric circulation are the key reasons for the widespread

freezing weather (Ding et al., 2008; Kuang et al., 2019; Wang

et al., 2020; Zhao et al., 2022). Bernstein (2000) studied the

meteorological conditions like temperature, relative humidity,

wind speed, wind direction, and precipitation during glaze and

rime icing processes, and indicated that the glaze icing requires

more stringent meteorological conditions than rime-type icing,

whereas the mixed-phase icing has more relaxed requirement on

meteorological condition. The FR caused by the “melting

process” depends on altitude, thickness, and temperature of

the near-surface cold and warm layers (Rauber et al., 2000).

Therefore, glaze icing mainly occurs in the plains, with low

frequency, while the FR formed by the “supercooled warm-

rain process” has looser requirement on the cold layer and

warm layer, and is often accompanied by the rime icing in

mountainous areas; this makes the mixed-phase icing the

most frequently seen in this regions (Gultepe et al., 2014),

imposing great safety threat to the transmission lines and

communication towers.

The wire icing is essentially the coagulation of supercooled

droplets on the surface of the cable. Changes in the number

concentration of droplets, average particle size and liquid water

content, and other physical parameters dominate the ice

accretion intensity, where the rain intensity is the key factor

affecting the intensity of glaze icing, has the similar droplet

spectrum characteristics with stratiform cloud precipitation

(Chen et al., 2011), while the liquid water content determines

the intensity of rime icing, with the similar droplet spectrum

characteristics to that of advection fog (Niu et al., 2012). The

particle size of FR droplets is much larger than that of SF

droplets; when it approaches the ground, it not only provides

more supercooled water to the icing process but also affects the

microphysical process of SF near the ground (Wang et al., 2019a),

thereby indirectly affecting the ice accretion process. For the

simulation of FR ice accretion processes, Jones (1998) developed

a relatively simple ice accretion model of FR, which primarily

considers raindrops falling vertically and those blown by wind.

Szilder (1994) proposed an ice accretion model considering icicle

occurrence, and obtained the size and shape of FR icing by using

comprehensive analysis and stochastic theory. However, the

magnitude of FR icing mainly depends on the number of

supercooled raindrops coagulated on the cable surface

(Makkonen, 1998), and the empirical model cannot describe

the whole process of icing accurately. Contrarily, the simulation

on the SF icing is relatively mature. Makkonen (1984; 2000)

proposed the ice accretion model considering collision, capture,

and freezing rates of supercooled droplets, and the model can

describe the evolution of SF icing. Drage and Hauge (2008) and

Nygaard et al. (2011) used this ice accretionmodel to simulate the

icing process of power lines in mountainous areas, and obtained

better simulation results compared with the measured values.

In summary, the ice accretion model of SF is highly

correlated to the microphysical characteristics of liquid

droplets. The occurrence of FR increases supercooled liquid

water content in the atmosphere and enhance its contribution

to ice accretion. However, it would also affect the microphysical

characteristics of SF, which in turn will change the contribution

of SF to the development of icing process. To this end, our paper

explored the occurrence characteristics of SF and FR in the

process of ice accretion in mountainous areas, the influence of

the coexistence of FR and SF on the process of ice accretion is

analyzed, and the ice thickness during rain–fog weather in

mountainous areas is simulated through the physical model of

ice accretion, which provides a reference for the meteorological

sector to carry out targeted wire icing early warning and disaster

assessment and the power sector in decision-making.

Data and methods

In the winter of 2008 and 2009, for the macro-micro

characteristics of cloud-precipitation affecting the ice accretion
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process, two consecutive comprehensive observations were

conducted at Enshi (109.27°E, 30.28°N; altitude 1722 m),

Jinsha (114.21°E, 29.63°N; altitude 751 m), and Dacaoping of

Shennongjia (110.33°E, 31.63°N; altitude 2,593 m) in Hubei (Niu

et al., 2012). In addition, five consecutive observations of wire

icing were conducted at Enshi, Jinsha, and Shennongding of

Shennongjia (110.31°E, 31.45°N; altitude 3,100 m) in the winter

of 2012–2016, and a total of 30 complete wire icing processes

lasting longer than 24 h were obtained in 7-year field

observations. The distribution of the above four sites is shown

in Figure 1. The four stations are located in the intermediate and

high-altitude mountainous areas in the southwest, southeast, and

west of Hubei Province, which basically cover the three main

heavy ice areas in Hubei Province (Zhou et al., 2013, 2018); the

southwest and southeast areas have Gezhouba Power Plant,

Three Gorges Power Station Transmission Project and West-

to-East Power Transmission Project, representing the ice

accretion process in mountainous areas under the joint action

of cold front system and southwest warm-humid airflow. The

Shennongjia in the west is a typical representative of ice accretion

in high-altitude mountains.

The observations mainly included icing photos, ice thickness

and weight, cloud amount, weather phenomena, and

meteorological elements. The ice accretion observations were

made every 1 h in the winter of 2008 and 2009, and every 6 h in

the winter of 2012–2016. Icing photos were taken at the same

time as ice thickness measured, and icing was weighted once or

twice during each ice accretion process when ice thickness

reached its maximum. The microphysical characteristics of SF

and FR were observed in the winter of 2008 and 2009 using the

FM-100 fog droplet spectrometer and the Parsivel raindrop

spectrometer, and the specific observation design is described

in Reference (Zhou et al., 2013). The temporal resolution of the

meteorological elements (temperature, barometric pressure,

humidity and wind) is 1 h.

In this study, the evolutions of ice thickness formed by SF and

FR are simulated using a physical model based on the collision,

capture, and freezing rates of supercooled droplets (Makkonen,

1984) as follows:

dM
dt

� E1E2E3wvA (1)

where, dM is the icing amount per unit time and dt is the unit

time, E1 is the collision rate; E2 is the freezing rate; E3 is the

capture rate; υ is the effective particle velocity (approximated as

the wind speed); w is the liquid water content of supercooled

droplets; and A is the effective cross section of icing. Based on the

analysis of the distribution characteristics of key simulation

parameters, combining with their influence on the ice

accretion model, the simulation was conducted on the three

ice accretion processes in winter 2008 and 2009 (Table 1), and the

macro and microphysical characteristics of the ice accretion

process are shown in the literature (Niu et al., 2012). The

capture rate in the icing simulation can usually be considered

as a constant of 1, and the effect of ice thickness on the collision

rate and capture rate of supercooled droplets was also considered

to achieve a normalized simulation of ice thickness in rain–fog

weather.

FIGURE 1
Map of study area and distribution of observation sites of wire icing (red triangles) in Hubei in the winter of 2008–2009 and 2012–2016.
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Influence of rain–fog weather on the
ice accretion process

The FR lasts for a relatively short period, but has a heavier

rain intensity, leading to a higher icing density, while the

duration of SF is longer, the rain intensity is lower or even no

precipitation occurs, leading to a lower icing density

(Makkonen and Ahti, 1995; Ikeda et al., 2007). Figure 2

presents the correlation characteristics between the

duration of icing process and maximum ice thickness of

rime, glaze, and mixed-phase icing during 30 ice accretion

processes at Enshi, Jinsha, and Shennongjia in 7-year field

observations, with the percentage of observations with liquid

precipitation. It can be seen that, regardless of the type of ice

accretion, the duration of icing in mountainous areas is

positively correlated with the maximum ice thickness, with

a correlation coefficient of 0.52. The increase rate of ice

TABLE 1 Overview of the Three Icing Processes at Enshi in winter 2008 and 2009.

Cases Duration Icing type Relative humidity/% Minimum
temperature/°C

Initial temperature
(shedding temperature)/°C

Case1 26 February 2009–04 March 2009 Mixed-phase 100 –5.9 –0.3 (–0.2)

Case2 09 January 2010–11 January 2010 Mixed-phase 100 –5.8 –1.6 (–0.5)

Case3 21 January 2010–24 January 2010 Mixed-phase 100 –4.6 –0.3 (–0.6)

FIGURE 2
The correlation characteristics between the duration and
maximum ice thickness of rime (red plus), glaze (blue cross), and
mixed-phase (green star) icing during 30 ice accretion processes,
with the percentage of observations with liquid precipitation
(gray scale; %).

FIGURE 3
Relationship between the FR and growth rate of ice thickness
during the 30 ice accretion processes. (A) Violin and box-whisker
plots of the growth rate of ice thickness with and without FR. The
central box represents the values from the lower to upper
quartiles (25th to 75th percentiles), and the vertical line extends
from the minimum to the maximum. The middle hollow square
represents the mean value. (B) The correlations between the
rainfall intensity and growth rate of ice thickness during the rime
(red square), glaze (blue triangle), and mixed-phase (green circle)
icing processes.
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accretion in mountainous areas is usually smaller than that in

plain areas, and the long duration is an important

characteristic and disaster-causing property (Jasinski et al.,

1998; Frohboese and Anders, 2007). The increase rate of

maximum ice thickness with the duration during the rime

icing cases is similar to the relationship between the two in all

cases, with a higher correlation coefficient of 0.88. The

correlation coefficient between the two in the cases of

glaze icing also reaches 0.78, but the slope of the fitted

curve is about twice as high as that in the case of rime

icing, which indicates that the duration determines the

maximum ice thickness of rime and glaze icing, and that

the increase rate of ice thickness in glaze icing is significantly

higher than that of the rime icing. The correlation between

the maximum ice thickness and the duration is not stable for

the mixed-phase icing due to the alternative effect of SF

and FR.

The periods with liquid precipitation to the total observed

periods for the entire ice accretion process is calculated as the

percentage of liquid precipitation. From Figure 2, we can see that

the percentage of liquid precipitation in either type of ice

accretion is above 20%, and the average percentage can reach

57% of the total number of observations, which indicates that the

intermittent FR is a typical feature of the ice accretion in

mountainous areas. At the same time, further analysis of the

percentage of observations with liquid precipitation in different

icing types revealed that the glaze icing has the lowest percentage

of liquid precipitation, with the most concentrated percentage

values; while the hard rime ice accretion has the highest

percentage of liquid precipitation, with the most scattered

percentage values.

The growth rate of ice thickness with and without FR is

further compared in Figure 3A, showing that the occurrence of

FR does not guarantee a positive ice thickness growth rate. Ice

melting as well as breaking off and shedding were observed in

both situation, but the cases with a negative ice thickness

growth rate without FR was 2.5 times higher than that with

FR. In addition, the occurrence of FR made the growth rate of

ice thickness reach the maximum value of 7.83 mm·h−1, and
the ice thickness growth rate was positive in more than 75% of

the observations, and the average ice thickness growth rate was

1.26 mm·h−1; while in the observation without FR, the growth

rate of ice thickness was more evenly distributed

between −3.0 and 3.0 mm·h−1, centered on 0. The average

growth rate was −0.11 mm·h−1, and the variation of ice

thickness under the influence of SF was mainly stable,

without explosive growth. The correlation characteristics

between the rainfall intensity and growth rate of ice

thickness deeply illustrate the importance of FR to the ice

accretion (Figure 3B). Whether it is the rime icing, glaze

icing, or mixed-phase icing, the growth rate of ice thickness

is positively correlated with the rainfall intensity, with the

correlation coefficient of 0.42, 0.76, and 0.14, respectively,

showing the rainfall intensity has the most significant effect

on the growth rate of glaze icing.

Distributions of the key parameters of
ice accretion model under rain–fog
weather

The different effects of SF and FR on the icing process are

given in terms of macro-features in the above section. Then, to

reveal the reasons for this difference from the perspective of the

physical mechanism of ice accretion, it needs to be quantitatively

determined that whether the droplets of SF and FR collide and

freeze on the cable. Therefore, in this section, the distributions of

the collision rate (E1) and freezing rate (E2) of SF and FR and

their correlation characteristics with key physical parameters are

analyzed using the observations of microphysical properties of

fog/cloud and precipitation during icing processes in Hubei

Province in winter of 2008 and 2009.

Figure 4 presents the distributions of the collision and

freezing rates of SF and FR during the three icing cases. It can

be seen that E1 and E2 show opposite distribution patterns,

where the collision rate of SF (Figure 4A) is mostly below 0.15,

with a mean value of about 0.1, while the freezing rate (Figure 4B)

is mostly above 0.9, with a mean value greater than 0.8. The

droplet size of SF on the order of 101 μm prevents them from

colliding with the cable due to the ambient flow, while their small

size makes them easier to freeze on the cable (Farzaneh, 2008).

The collision rate of FR (Figure 4C) is close to 1, while the

freezing rate (Figure 4D) vary the most (more than 75% of the

values are distributed within the range of 0.2–1), with the average

value is still around 0.6, and the droplet size of FR on the order of

101 mm makes almost all of them collide with the cable, while

raindrops also tend to flow down along the cable to form into

icicles (Makkonen, 2000), which in turn leads to reduce the direct

contribution of raindrops to ice accretion. Since the ice thickness

simulation is obtained by multiplying the multiple parameters,

the extremely low collision rate of SFmakes its contribution to ice

accretion significantly lower than that of FR in similar scenarios.

In order to explore the key physical properties affecting the

icing process, the correlation characteristics between liquid water

content (Clw), median volume diameter (Dmv), wind speed (V),

the collision rate (E1), and the freezing rate (E2) during the SF

and FR process are given in Figure 5. It is seen that the key

physical properties affecting the ice accretion of SF are Dmv, V

and Clw in order, with correlation coefficients of 0.66, 0.41 and

0.22 with E1, respectively. Meanwhile, based on the average

values of relevant variables with the E1 intervals of the value

of 0.05, and the E2 intervals of the value of 0.1, the correlation

coefficients increase to more than 0.8, which indicates that these

meteorological properties have an obvious impact on E1 and

E2 in general, but the degree is different. The droplet size of the

SF has the greatest effect on E1 (Figure 5B), especially after

Frontiers in Earth Science frontiersin.org05

Zhou et al. 10.3389/feart.2022.1036692

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1036692


Dmv > 15 μm, and the increase of Dmv significantly increases the

value of E1, which is similar to the results of ice accretion

processes in a Swiss wind farm (Davis et al., 2014); The

increase of V leads to the decrease of E1 (Figure 5C),

especially when V > 3.5 m·s−1, the mean value of E1 basically

remains below 0.1, and only a small number of supercooled

droplets will collide with the cable. The correlation between Clw

and E1 is the lowest (Figure 5A), even when the value of Clw is

greater than 0.2 g·m−3, E1 is mainly distributed within 0.3, which

indicates that the increase of liquid water content during the ice

accretion of SF in mountainous areas mainly relies on the

increase of the number concentration and overall size of fog

droplets. The mechanism of significantly increasing liquid water

content by forming big droplets through collision-growth

process are relatively weak, which is consistent with the

microphysical characteristics of SF during these icing cases

(Zhou et al., 2013).

For the FR process, the freezing rate (E2) is the key

parameter that inhibits the increase of ice thickness. It is

seen that E2 exponentially decreases with the increase of Clw

(Figure 5C) and Dmv (Figure 5D), and the correlation

coefficients are 0.77 and 0.82, respectively. When Clw >

0.5 g·m−3, E2 is maintained below 0.2, the corresponding

raindrop size is about 1.0 mm; when both the value of Clw

and Dmv are small, E2 is distributed within the range of 0–1,

and the simulation to ice accretion of FR has higher

uncertainty. Similarly, larger wind speed also inhibits the

E2 value (Figure 5D), and when the wind speed is

2.5–3.0 m·s−1, E2 has higher uncertainty and mainly

distributed within 0–1; when the wind speed is smaller

than this value range, E2 is larger than 0.9, and almost all

the raindrops can freeze on the cable; while when the wind

speed is larger than this value range, E2 is below 0.3, which is

significantly lower than its average value.

Simulation of the ice accretion
process under rain–fog weather

Figure 6 presents the evolution of the simulated ice

thickness during the above three ice accretion processes

(Case1, Case2, and Case3) under the joint effect of SF and

FR. It can be seen that the ice accretion of SF shows a periodic

variation. And Case1 (Figure 6A) showed three significant

FIGURE 4
Distribution characteristics of collision rates (E1) of supercooled fog (A) and freezing rain (C), and freezing rates (E2) of supercooled fog (B) and
freezing rain (D) of the three ice accretion cases in winter of 2008 and 2009. The central box represents the values from the lower to upper quartiles
(25th to 75th percentiles), and the vertical line extends from the minimum to the maximum. The middle solid square and line represents the mean
value and median value, respectively.
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increases in ice thickness, with an increase of about 7.6 mm,

Case2 (Figure 6B) showed three significant ice thickness

increases lasting about 200 h during the ice accretion

process, with an increase of about 9.1 mm, Case3

(Figure 6C) showed a significant ice thickness increase

lasting 160 h during the ice accretion process, with an

increase of about 12.2 mm. The significant increase in ice

thickness occurred mainly at the initial stage of the ice

accretion, and the change in ice thickness during the

growth period accounted for more than 90% of the total ice

thickness during the process, which was mainly limited by the

collision rate of the SF droplets. The effective cross section at

the initial stage of the ice accretion was the smallest in the

whole process, and more droplets can fall on the cable easily,

while with the increase of ice thickness, the effective cross

section is amplified significantly, making supercooled droplets

that can collide with the cable originally can no longer collide

with the cable, which is also the main reason for the relatively

stable and unobvious increase of ice thickness in later stage of

ice accretion (Wang et al., 2019b). Unless a stronger SF

process occurs in the later stage of ice accretion, there are

more and bigger droplets to make the ice thickness continue to

increase again.

Meanwhile, it can be clearly seen that the duration of FR is

short, with the ratio of duration of FR to SF is 6.60, 21.01, and

5.48%, respectively. Although the freezing rate of FR was

significantly smaller than the collision rate, the bigger size and

larger liquid water content of the raindrops can ensure that

enough liquid water is frozen on the cable, promoting the

increase of ice thickness significantly.

Statistical analysis of the ratio of the simulated icing of FR to SF

was also illustrated in Figure 6. For Case2 and Case3 with weak FR,

the ice accretion efficiency of FR to SF which is calculated by the

ratio of duration and simulated ice thickness, was about 2.69, and

3.19, respectively, while for Case1, where the FR is stronger, the ice

accretion efficiency can reach the value of 6.81. Also, the total ice

thickness simulated by the comprehensive consideration of FR and

SF can reflect the explosive growth of icing process obviously, and

make the simulations closer to the numerical range of observations.

Meanwhile, the occurrence of FR leads to the rapid growth of ice

FIGURE 5
Scatter plots comparing collision rate E1 with liquid water content Clw (A), median volume diameter Dmv, and wind speed V (B) during SF
process, and freezing rate E2 with liquid water content Clw (C), median volume diameter Dmv, and wind speed V (D) during FR process. The
corresponding least-square fitting lines and correlation coefficient (R) are given in the corner of each panel. Box plots also show (A) Clw, (B) Dmv of
SF process, and (C) Clw, (D) Dmv of FR process with the E1 intervals of the value of 0.05, and the E2 intervals of the value of 0.1. The central box
represents the values from the lower to upper quartiles (25th to 75th percentiles), and the vertical line extends from the minimum to the maximum.
The middle solid square represents the mean value.
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thickness during this period, significantly reduce the collision rate of

SF droplets, which in turn inhibit the ice accretion efficiency of SF.

Generally speaking, there is a negative feedback mechanism of the

occurrence of FR on the ice accretion of SF.

Conclusion

During the winter of 2008–2016, the icing properties and key

influence factors of 30 complete wire icing processes observed at

Enshi, Jinsha, Dacaoping, and Shennongding of Shennongjia in

Hubei are investigated, the collision rate and freezing rate of

supercooled droplets under rain–fog weather is also analyzed,

and the simulation of ice accretion processes is conducted

considering the joint effect of FR and SF. The conclusions are

as follows:

1) The duration of ice accretion in mountainous areas

determined the maximum ice thickness of the process, and

the two variables were positively correlated with a correlation

coefficient of 0.52. There was the highest increase rate of ice

thickness during the glaze icing processes. FR occurred in

more than 50% of the icing processes.

2) The occurrence of FR could lead to an explosive increase in ice

thickness, with a maximum value of 7.83 mm·h−1 and an

average growth rate of 1.26 mm·h−1, while the variation of ice
thickness was relatively stable during the icing processes

without FR, with the growth rate mainly distributed within

the range of −3–3 mm·h−1, and an average growth rate

of −0.11 mm·h−1. The growth rate of ice thickness was

positively correlated with the rainfall intensity, with the

correlation coefficient of 0.42, 0.76, and 0.14, respectively,

showing the rainfall intensity had the most significant effect

on the growth rate of glaze icing.

3) The collision rate (E1) was the main parameter inhibiting the

ice accretion in SF, with the mean value of about 0.1. The

median volume diameter (Dmv) of SF had the greatest

influence on E1, and when it was larger than 15 μm, the

increase of Dmv would significantly increase E1. The increase

of wind speed (V) would reduce the value of E1, and when it

was larger than 3.5 m·s−1, the mean value of E1 basically stays

below 0.1. The correlation between liquid water content (Clw)

and E1 was the weakest. The freezing rate (E2), on the other

hand, was the main covariate that inhibited the ice accretion

of FR, with the mean value of about 0.6. The Dmv, V, and Clw

of FR were all negatively correlated with E2, and the

distribution range of E2 values was wide (0–1), with large

uncertainty.

4) The ice accretion of SF showed the characteristics of periodic

growth, with increase of ice thickness of the growth period

accounts for more than 90% of the total ice thickness of the

process. However, the ice accretion of FR showed the explosive

growth of ice thickness, whichmade the simulated values of icing

closer to the observations. The ice formation efficiency of FR was

more than twice that of SF, with a negative feedback mechanism

to the ice accumulation of SF.

Although the research in this manuscript is helpful to reveal the

physical mechanism of the explosive growth of icing process in

FIGURE 6
Temporal variations of observed ice thickness (gray hollow
circle), simulated ice thickness under the effect of supercooled fog
(red line), freezing rain (blue column), and joint effect of the both
(black line) during ice accretion of Case1 (A), Case2 (B), and
Case3 (C) in Hubei Province in winter of 2008 and 2009.
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mountainous areas, the ice accretion properties are mainly obtained

through manual observation, which is featured by low temporal

resolution, and does not match the macro–microscopic physical

quantity observations of cloud and precipitation. These problems are

yet to be solved through further researches on the response of ice

accretion to changes in physical properties of supercooled droplets

by using the automated icing observation equipment in the future.
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