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Abstract
The microphysical properties of ice pellets (IP) are analyzed, and associated relevant thermodynamic conditions are inves-
tigated using rawinsonde soundings and model reanalysis data in the Yeongdong region of Korea. During the intensive 
observation campaign of snowfall, two distinctive IP events of 1 March 2021 (IP1) and 15 March 2018 (IP2) were observed 
when strong cold advection was prevalent below about 2 km as accompanied by distinctive inversion strength (4.7 ~ 9.3 ℃) 
above the cold layers. Cold air intrusion along the eastern side of Taebaek mountains appeared to abruptly decrease low level 
(850 hPa) temperature up to -4.7 ~ -3.4 ℃, but warmer than 8-year average (-9.5 ℃), respectively. Both episodes had smaller 
maximum size (1.8 mm in average) of ice pellets with greater fallspeed (4.2 m  s−1) in comparison to general snow crystals. 
Ice pellets occurred in the synoptic condition of the High in the north and the Low passing by the south, which resulted in 
cold northeasterly over the Yeongdong region. Rawinsonde soundings show a melting layer between 800 and 700 hPa just 
above the freezing layer of 900 ~ 800 hPa existed, such as a reversed S temperature profile, which is also consistent with the 
model reanalysis. The IPs’ life time was short within a couple of hours since it occurred along with low-level strong cold 
advection (IP1) or rapidly-moving squall line (IP2).
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1 Introduction

Solid precipitation in winter is hard to measure because of 
various ice particle habits and shapes, depending on temper-
ature and humidity. Particularly, ice pellet (IP) of all snow 
crystal habits is a small and translucent ice with its diameter 
less than 5 mm, and freezing rain (FR) is also known to be 
frequently accompanied with IP (Gibson and Stewart 2007; 

Bourgouin 2000). Supercooled droplets freeze into freezing 
rain when they contact with the ground below the freezing 
temperature, whereas ice pellets form when they freeze in 
the middle of subfreezing layer (Rauber et al. 2000; Stewart 
and Crawford 1995). Both types can be regarded as freezing 
precipitation (FP) in winter. Especially freezing precipita-
tion is a hazardous wintertime weather phenomenon, spe-
cifically in Canada, United States, and East Asia (Bernstein 
2000; Rauber et al. 2001; Cortinas et al. 2004; Matsushita 
and Nishio 2008; Gao et al. 2013; Deng et al. 2015), result-
ing in substantial number of injuries and fatalities, along 
with severe traffic accidents including aircraft icing issues 
(Bernstein and Omeron 1998; Bernstein  2000). Specifically, 
Houston and Changnon (2007) showed that FR has even 
more severe societal impact than snowfall or rainfall for the 
same mass of precipitation. Therefore, Ralph et al. (2005) 
emphasized the importance of understanding the habit and 
shape of solid precipitation to predict the possible hazard-
ous weather.

Roberts and Stewart (2008) identified various kinds of 
synoptic and surface conditions when IP occurred in the 
arctic region using the rawinsonde soundings and model 
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reanalysis data. Kochtubajda et al. (2017) conducted a cli-
matological analysis of FR and IP in the northern Canada, 
and discussed their association with Chinook. In addition, 
Nagumo and Fujiyoshi (2015, 2017) examined the micro-
physical characteristics of IP along with abnormal warm 
and dry air intrusion in the relevant storm, and explained the 
refreezing processes of melting snowflakes by evaporative 
cooling. While there have been many FP studies all over the 
world, no FP event has been quantitatively investigated in 
Korea until now. A couple of IP events were observed during 
the period of an intensive snowfall observation campaign 
when atmospheric thermodynamic profiles and multiple 
pictures of snow crystals were obtained. One was observed 
during the transition of rain to snow along with an abrupt 
drop in temperature on 15 March 2018, and the other was 
1 March 2021 when IPs were observed for the very short 
period within an hour in the transition period of rain to snow. 
In general, most IP events are short lived (< 2 h) (Cortinas 
et al. 2004) although IP lasted for 10 h in northern Japan on 
10 April 2005 (Nagumo and Fujiyoshi 2015).

The events of 1 March 2021 and 15 March 2018 are 
named as IP1, and IP2, respectively. The pictures of ice pel-
lets during IP1 are obtained with a smartphone camera as 
well as MASC (Multi-Angle Snowflake Camera). Overall 
ice pellet particles taken by a smartphone were very clear 
and transparent with its size less than 3 mm as shown in 
Fig. 1. Beside IP, the other dominant habit was in the form 
of aggregates which were very sticky and heavy because of 
its surface melting.

In winter, the Yeongdong region of the Korean Penin-
sula has frequently heavy snowfall which is largely initiated 
by the East Sea effect, due to a larger difference between 
air and sea surface temperatures, and further enhanced by 
orographic effect (Nam et al. 2014; Lee et al. 2012). Cold 
northeasterly flow appears to accumulate in the eastern 
slope of the Taebaek mountains as the negative buoyance 
of colder air is much greater than the momentum specifi-
cally in winter (Kim et al. 2021a). In addition, this kind of 
cold air accumulation (or damming) eventually results in 
preventing the snow clouds formed over the East Sea from 

Fig. 1  Photographs of ice 
pellet (IP) particles during the 
campaign (i.e. IP1) taken from 
1230 to 1300 KST on 1 March 
2021 using a smartphone. The 
interval between white lines is 
equivalent to 1 mm
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penetrating inland and sometimes makes it hard to forecast 
snowfall in the Yeongdong region (Kim et al. 2021b). On the 
other hand, cold air intrusion in the lower layer could lead 
to phase change of solid precipitation, such as FR and IP, 
along with the warmer air above the freezing layer, which 
also makes the wintertime forecast even harder in the region. 
Therefore, we need to understand the location, time, and 
phase of mixed precipitation for a more accurate estimation 
of wintertime precipitation. This study is the first to address 
the characteristics of IP and its relevant meteorological con-
dition in Korea, and may be a solid foundation for future 
investigations of IP.

This paper is organized as follows. Section 2 briefly 
describes the observation and the analysis method. Sec-
tion 3 first presents the general feature of snowfall in the 
Yeongdong region, and the microphysical properties of ice 
pellets (IP) as well as its association with meteorological 
conditions. In addition, vertical profiles and horizontal dis-
tributions of thermodynamic properties during the IP events 
are investigated using the model reanalysis data. Finally the 
conclusions are presented in Section 4.

2  Methodology

Gangneung (a primary observation site) is located just east 
of the Taebaek mountain range and also adjacent to the East 
Sea. The mountain range stretches from the northwest to the 

southeast covering a length of approximately 600 km, with 
an average elevation from 800 to 1,000 m. The East Sea 
has a surface area of about  106  km2 and an average depth of 
1,800 m. Especially during late winter, a primary season for 
heavy snowfall, the sea surface temperature near Gangneung 
is relatively warm, ranging from 8 to 12 ℃. This warmth 
plays a crucial role in East Sea effect snowfall (SES) in Yeo-
ngdong. The stations and the main analysis domain for the 
study are displayed in Fig. 2.

The observation campaign, Experiment on Snow Storms 
At Yeongdong (ESSAY), has been conducted in the Yeong-
dong region to intensively observe snowfall from February 
to March since 2014 to the present (Ko et al. 2016; Kim et al. 
2018). Specifically, rawinsonde soundings were made at 
Gangneung whenever snowfall was forecasted in the Yeong-
dong region during the ESSAY campaign. The rawinsondes 
were launched every 6 h at 0000, 0600, 1200 and 1800 KST 
at Gangneung-Wonju National University (GWNU), and 
0300, 0900, 1500, and 2100 KST at Gangwon Regional 
Meteorological Office (GRMO), respectively. GRMO is 
located just 4 km from GWNU. Therefore 3-hourly verti-
cal profiles of thermodynamic structure can be obtained at 
Gangneung for the Yeongdong region. The brief summary 
of observation is explained in Table 1. In addition, surface 
temperature, precipitation, and snowfall accumulation meas-
ured at a neighboring Automatic Synoptic Observing System 
(ASOS) of GRMO were also used for the analysis.

Fig. 2  The main analysis 
domain (Yeongdong enlarged) 
with the observation site 
(Gangneung) in Korea. GRMO 
indicates Gangwon Regional 
Meteorology Office (GRMO) 
and GWNU stands for Gangne-
ung Wonju National University, 
both of which are located at 
Gangneung
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However, the ESSAY campaign has limitations on spatial 
distribution of thermodynamic characteristics since it mainly 
consists of frequent vertical soundings at both neighboring 
sites. Thus, horizontal and vertical distributions of temperature 
and wind fields were examined using Local Data Assimilation 
and Prediction System (LDAPS) reanalysis, which is produced 
every 3 h in the horizontal resolution of 1.5 km and 70 vertical 
layers based on the Unified Model by Korean Meteorologi-
cal Administration (Shin et al. 2022). Detailed information of 
LDAPS used in this study is summarized in Table 2.

Multi-Angle Snowflake Camera (MASC) has been used 
for the quantitative analysis of snowflakes since 2017. 
MASC measures multi-angle high-resolution images and 
fall speed of hydrometeors during free fall (Garrett et al. 
2012). Fall speed is calculated from the time it takes for an 
ice particle to traverse the distance between the upper and 
lower triggering array. The pictures of falling hydromete-
ors are used for the classification of their habits and phase 
(Praz et al. 2017) in order to identify ice pellet occurrence. 
Precipitation in winter consists of rain, freezing rain, ice 
pellet, graupel, and snow flake, etc. In general, precipitation 
type and phase depend on temperature profiles along with 
the height of freezing level and thickness of the subfreezing 
layer (Carmichael et al. 2011). Of all types of solid precipi-
tation, ice pellet can be formed when an ice particle falls 
through the melting layer above 0 ℃ and refreezing layer 

below, which make it possible for the ice to melt partly or 
completely and further refreeze into IP below the melting 
layer (Hanesiak and Stewart 1995). In this study, the verti-
cal profile of wet-bulb temperature for the IP occurrence is 
called as ‘a Reversed S profile’, as demonstrated in Fig. 3. In 
addition, a flow chart to classify ice pellet is also represented 
using mainly surface T

w
 , maximum and minimum of T

w
 , 

as well as vertical profile of T
w
 , adapted from Schuur et al. 

(2012). That is, if surface T
w
 is greater than 0 ℃ and less 

than 3 ℃, T
w
 of mid-level melting layer is greater than 0 ℃ 

and less than 2 ℃, and finally T
w
 of low-level refreezing layer 

is less than -5℃, then IP can be observed at the surface. This 
kind of criteria is useful to check IP occurrence since time 
scale of IP is quite short within a couple of hours. Unfortu-
nately, as the observation campaign was not intended for the 
IP analysis, the multi parameter radar analysis was not avail-
able for the further understanding of the IP characteristics.

3  Results

3.1  General Features

The Yeongdong region has frequent heavy snowfall episodes 
when cold air outbreaks occur over the warmer East Sea spe-
cifically in late winter (Lee et al. 2012), which is named as 
‘East Sea effect Snowfall (SES)’ (Nam et al. 2014), basically 
similar to lake effect snowfall well known in the world. This 
kind of heavy snowfall (SES) tends to be frequently accom-
panied with a strong inversion since cold northeasterly flow 
penetrates below relatively warmer layer along with domi-
nant upper westerly flow. Therefore, snow clouds formed in 
the convective unstable condition over East Sea appear to 
be stratiform largely capped by strong inversion (Kim et al. 
2018, 2021a). The number of snowfall events observed in 
the campaign (2014 – 2021) is 51, of which SES only is 
28. The other events are associated with synoptic driven 
snowfall or other extreme events such as tropopause folding, 
which will not be discussed in this study.

Table 1  An overview of main observational instruments and analysis stations used in this study

GWNU Gangneung-Wonju National University
GRMO Gangwon Regional Meteorological Office
GNSS Global Navigation Satellite System
MASC Multi-angle snowflake camera

Instruments Site Lat (N°) Lon (E°) Manufacture/Model Variable

Rawinsonde GWNU 37.771 128.867 GRAW/DFM-09 Temperature, pressure, wind direction, wind speed, humidity, 
dew-point temperatureGRMO 37.805 128.855 Vaisala/RS41-SG

Rain gauge GRMO 37.805 128.855 OTT/Pluvio2 Snowfall, precipitation
GNSS GWNU 37.771 128.867 Trimble Precipitable water vapor
MASC GWNU 37.771 128.867 Fallgatter Tech/ Dmax, fallspeed, complexity, aspect ratio, orientation, riming index

Table 2  Specifications of local data assimilation and prediction sys-
tem (LDAPS) used in this study

KST Korean standard (local) time

Horizontal resolution 1.5 km
602 × 781

Vertical layers Layer 70 (Top of Height ∼40 km)
Prediction period 0000, 0600, 1200, 1800 KST

0300, 0900, 1500, 2100 KST
Variables U-component of wind

V-component of wind
Temperature
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Main meteorological characteristics for the 28 SES 
events are summarized in Table 3. General characteristics 
of SES indicate that mean 850 hPa temperature is -9.5 ℃ 

with its cloud top height of 2.3 km and precipitable water 
vapor of 8.5 mm. In addition, a strong inversion frequently 
exists with its mean strength of 2.4 ℃ and depth of 440 m. 

Fig. 3  Wet-bulb temperature profile for the IP occurrence (a) and a 
brief IP classification flowchart (b) based on Schuur et al. (2012). A 
reversed S profile is indicative of bilateral symmetry of S profile. T

ws
 

is surface wet-bulb temperature, and T
wmax

 and T
wmin

 are maximum 
and minimum of T

w
 , respectively

Table 3  Mean and standard 
deviation of cloud top height, 
850 hPa temperature, inversion 
and precipitable water vapor 
(PWV) for the ESSAY and IP 
events

ESSAY Experiment on snow storms at Yeongdong; IP Ice pellet; CTH Cloud top height; T850 850 hPa tem-
perature; PWV Precipitable water vapor; SD Standard deviation; NA Not available

Day CTH (km) T850
(℃)

Inversion PWV (mm)

Thickness (m) Strength (℃)

ESSAY 2.3 ± 0.6 −9.5 ± 3.7 443.1 ± 243 2.4 ± 1.4 8.5 ± 2.8
IP events 2021.03.01 NA −3.4 564 4.7 21.1

2018.03.15 3.1 −4.7 292 9.3 18.7

Fig. 4  Vertical profiles of tem-
perature (yellow) and dew-point 
temperature (cyan) for total of 
154 rawinsonde soundings for 
the SES events only. Thick red 
and blue lines indicate those of 
temperature (solid) and dew-
point temperature (dashed) on 
01 March 2021 (IP1) and 15 
March 2018 (IP2), respectively



 Y.-J. Chae et al.

Korean Meteorological Society

Figure 4 shows vertical profiles of the dry bulb (yellow) 
and dew point (blue) temperatures obtained from 154 rawin-
sonde soundings for SES events, which represents the moist 
cloud layers below around 800 hPa (~ 2 km) where both 
temperatures are close to each other, indicative of higher 
relative humidity. A distinctive dry layer above the clouds 
exists, which is also consistent with the cloud top height as 
in Table 3. Cloud top height is determined using tempera-
ture and dew point temperature difference from rawinsonde 
soundings.

3.2  Ice Pellet Analysis

Figure 4 displays vertical profiles of temperature and dew-
point temperature for ice pellet episodes (IP1 and IP2) as 
overlapped with 154 snowfall events, when IP was observed 
around 1200 KST 1 March 2021 and 2100 KST 15 March 
2018, respectively. Both events have the remarkable inver-
sion strength, such as 4.7 ℃ for IP1 and 9.3 ℃ for IP2, which 
are much greater than the SES average (2.4 ℃). As a result, 
IP tends to occur when much warmer atmosphere in the mid-
layer exists with 850 hPa temperature of -3.4 ℃ and -4.7 
℃ for both IP events as demonstrated in Fig. 4. Mid-level 
warm layer above the freezing temperature provide ice par-
ticles enough time to partially or fully melt. Later, melting 
particles freeze again during the passage through subzero 
layer with more than 1 km thickness. This kind of thermo-
dynamic profile was also accompanied with much higher 
precipitable water vapor (19 ~ 21 mm) and the warmer tem-
perature (-4.7 ~ -3.4 ℃) than the averages (8.5 mm and -9.5 
℃, respectively). It is interesting to note that both IP events 
had very humid condition within a couple of hours.

For the quantitative analysis of IP, frozen and partially 
melted hydrometeors are examined using a MASC. Fig-
ure 5 shows the images of ice pellets during IP1 and IP2 
events. The period of IP captured is from about 1230 to 
1300 KST during the IP1 event (1 March 2021), while that 

is from 2130 to 2330 KST during IP2 (15 March 2018). 
Both events indicate a short time scale of IP such as less 
than a couple of hours only. In general, the images of water 
droplets and melting ice particles are dark and black since 
they tend to absorb light of three illuminating diodes. If 
a melting particle is reflected in a half round form with 
its original brightness dimming, its maximum dimension 
calculated appears to be smaller than its actual size, which 
is an inherent measurement artifact of MASC. Maximum 
sizes of both IP1 and IP2 increased from 0.9 and 1.0 mm 
to 1.9 and 1.6 mm, respectively, after being modified and 
recalibrated from the melting particle image by consider-
ing the underestimation of its size.

Figure 6 indicates the relationship of the fallspeed to the 
maximum dimension of solid precipitation. Blue line is an 
empirical formula of raindrops (Atlas and Ulbrich 1977)  
while the black line is that of rimed aggregates (Ishizaka 
1995; Ishizaka et al. 2013). Through the careful and visual 
check of ice particles, erroneous data (25%) of unusually 
lower fall speed (close to 0) were manually discarded, which 
mostly resulted from the mismatches in detected particles 
when two particles pass through the measurement slot 
almost at the same time as previously mentioned in Nagumo 
and Fujiyoshi (2015). The dots appear to exist between 
blue and black lines in spite of very scattered distribution 
(Fig. 6). The relationship of fallspeed of ice pellets against 
their dimension shows largely similar characteristics of rain 
droplet, but partly some of rimed snow without any distinct 
mode. IP particles captured in the camera were very few 
(only 60), and thus detailed microphysical analysis of IP was 
very limited. Nagumo and Fujiyoshi (2015) reported both 
fast falling (rain droplet) and slow falling (light hailstone) 
modes of long-lasting (10 h) ice pellets formed by freez-
ing associated with evaporative cooling due to an unusually 
warm and dry atmosphere in northern Japan.

The analysis results are summarized in Table 4. The 
average fallspeed and maximum dimension of IP events are 

Fig. 5  Images of ice pellets 
taken by MASC on (a) 01 
March 2021 (IP1) and (b) 15 
March 2018 (IP2). The bright-
ness and contrast of IP images 
are manually enhanced for the 
further analysis
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4.2 m  s−1, and 1.8 mm, respectively, whereas those for nine 
SES events are 1.3 m  s−1, and 2.7 mm. Therefore, the sizes 
of IPs are smaller with much faster fallspeed than those of 
typical SES snowflakes.

3.3  Meteorological Condition

Figure 7 shows synoptic charts of 850 hPa and 700 hPa 
for both IP episodes. First, there are accumulated snowfall 
amounts of 43.3 cm for 2 days (1–2 March 2021) during the 
IP1 period. On 1 March, precipitation began early morn-
ing with warm and moist southwesterly as the low-pressure 
system approaching. Ice pellets were captured at the strong 

snowfall intensity of 2.6 cm  hr−1 (precipitation intensity of 
6.4 mm  hr−1) mainly around noon along with cold northerly/
northeasterly when the low was located at the center of the 
Korean peninsula. Surface temperature decreased by 6 ℃ 
from 0600 to 1500 KST even during the day time. Mean-
while, warm advection (southwesterly) above 2 km (ex. 
800 hPa) occurred in the Yeongdong region with the upper 
trough over the Yellow Sea.

The next event (IP2) was observed at midnight on 15 
March 2018 when surface temperature abruptly dropped 
from 20.8 ℃ (noon) to 2.4 ℃ (midnight) for 10 h. Precipita-
tion started as rain shower around 1800 KST as a squall line 
passed by and gradually changed to ice phase late night. This 
kind of abrupt decrease in temperature was also shown in the 
IP1 episode. As shown in Fig. 7, the warm advection from 
the southwest aided by a weak Foehn caused an increase in 
temperature up to 20.8 ℃ during the daytime in the Yeo-
ngdong region. Both IP1 and IP2 events were observed in 
March, the change of seasons from winter to spring, when 
weather system tends to abruptly change. The High system 
to the north and the Low passing by the south are frequently 
set up as Siberia High is liable to expand to the east in late 
winter. After all, the cold northeasterly with blocking of the 
Taebaek mountain range can facilitate low-level rapid cool-
ing, which underscores strong cold advection and stronger 
inversion along with the warmer layer above.

Figure 8 demonstrates vertical soundings of temperature 
and wind obtained from rawinsondes for the IP1 period. A 
reversed S profile is well represented from 0900 to 1400 
KST, a sort of bilateral symmetry of S alphabet. During 
the period, low-level cold advection occurred when north-
erly and northeasterly was exhibited from 900 hPa (0900 
KST) up to 800 hPa level (1400 KST) whereas warm south-
westerly was consistent above the cold layer. Note that the 
launched balloon at noon reached only 1.5 km and returned 
to the ground since lots of sticky snow crystals adhered to 
the surface of the balloon. The additional sounding at 1400 

Fig. 6  Scatter plot of fallspeed 
vs.  Dmax for IP1 (red dot) and 
IP2 (blue dot) events. The blue 
and black solid lines are the 
empirical formula of rain and 
densely rimed aggregates (Atlas 
and Ulbrich 1977; Ishizaka 
1995)

Table 4  Mean and standard deviation of fallspeed and  Dmax for IP 
event as compared with 9 SES events for the ESSAY campaign

IP Ice pellet
SES East sea effect snowfall
ESSAY Experiment on severe snowfall at Yeongdong

Episode Date Period (KST) Fallspeed 
(m/s)

Dmax (mm)

Mean ± std Mean ± std

IP 2018.03.15 2100 ~ 2300 3.3 ± 2.1 1.6 ± 0.6
2021.03.01 1200 ~ 1300 5.1 ± 2.5 1.9 ± 0.4

Mean 4.2 ± 2.3 1.8 ± 0.5
SES 2017.01.20 1100 ~ 1800 1.1 ± 0.8 3.0 ± 2.4

2018.01.22–23 1700 ~ 0400 1.0 ± 0.5 3.6 ± 2.6
2018.02.24–25 1500 ~ 0900 NA 1.1 ± 0.3
2018.03.08–09 0000 ~ 1200 1.5 ± 0.6 3.5 ± 2.0
2019.01.31 1300 ~ 2000 1.0 ± 0.8 2.3 ± 1.7
2020.02.08 2000 ~ 2300 1.2 ± 1.0 3.1 ± 2.7
2021.03.01 1300 ~ 2300 1.3 ± 0.9 3.3 ± 2.4
2021.03.06 0300 ~ 2300 1.8 ± 1.1 1.3 ± 0.4
2021.12.24–25 1900 ~ 0900 1.3 ± 0.9 3.3 ± 3.0

Mean 1.3 ± 0.8 2.7 ± 1.9
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KST was done for 1200 KST. Therefore, the missing profile 
of 1200 KST was interpolated by using 0900 and 1400KST 
profiles as displayed in blue line in Fig. 8. The interpolated 
profile shows a melting layer from 800 to 750 hPa and the 
deeper refreezing layer below 800 hPa level. Right panel of 
wind profile further supports northerly flows below 2 km, 
and southerly and southwesterly above 2 km. Lower panel 
of Fig. 8 exhibits temporal variations of 3 hourly snowfall 
amount, snow water equivalent, and surface temperature. 
While surface temperature decreased from 6 ℃ (0600 KST) 
to 0 ℃ (1500 KST) even during the day, IP particles were 
captured by both MASC and smart phone around noon dur-
ing the rapid cooling process.

Figure 9 displays rawinsonde soundings for the IP2 period 
from 1500 to 2400 KST on 15 March 2018. Interestingly, 
the dominant westerly existed in the whole layer at 1500 
KST but low-level wind abruptly changed to northeast-
erly below 900 hPa at 1800 KST, and later deepened up to 
850 hPa. Accordingly, the melting layer of 810 to 730 hPa 

and refreezing layer of 940 to 810 hPa existed, which profile 
is consistent with that (a reversed S profile) of 1200 KST 
of IP1 event except for low-level rapid cooling with surface 
temperature drop of 19.3 ℃ (1500 KST) to 5.8 ℃ (1800 KST) 
as a squall line passing by. The precipitation phase was rain at 
first and changed to ice pellet at midnight by surface tempera-
ture approaching the freezing point. No snowfall accumula-
tion was officially reported at nearby ASOS station (GRMO) 
though ice pellet was captured by MASC at GWNU.

Additionally, we estimated the period of ice pellet occur-
rence based on the solid precipitation classification method 
developed by Schuur et al. (2012), as shown in Fig. 10. Wet-
bulb temperature was interpolated at 10 min interval from 
0820 to 1420 KST for the IP1 event and 2040 to 2340 KST 
for the IP2 event. As a result, the period of ice pellet occur-
rence was estimated to be from 1240 to 1300 KST during the 
IP1 event, which aligns with the MASC image analysis. The 
positive area above the freezing temperature was minimal and 
significantly smaller than the negative area (below 0 ℃), as 

Fig. 7  Synoptic charts of 850 hPa and 700 hPa of (a) 01 March 2021 (IP1) and (b) 15 March 2018 (IP2). Blue line and red dashed line indicate 
geopotential height and temperature, respectively. Green dots denote humid region
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Fig. 8  Vertical profiles of tem-
perature, dew-point temperature 
and wind (m  s−1) for 0900 and 
1400KST 01 March 2021 (IP1). 
Interpolated sounding using 
09 and 14KST is presented in 
blue. Black, blue, red, and green 
lines on background indicate 
isothermal, dry adiabat, wet 
adiabat, and saturation mixing 
ratio lines, respectively, in the 
thermodynamic diagram. Bot-
tom figure denotes time series 
of accumulated snow depth 
(cm) and snow water equiva-
lent (mm) amounts along with 
surface temperature

Fig. 9  The same as in Fig. 8 
except for 15 March 2018 (IP2)
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Fig. 10  Wet-bulb temperature 
profiles interpolated every 
10 min interval (a) from 0820 
to 1420 KST on 01 March 
2021 (IP1) and (b) from 2040 
to 2340 KST 15 March 2018 
(IP2). The wet-bulb temperature 
ranges ( 0◦C ≤ T

wmax
< 2◦C and 

T
wmin

< −5◦C ) are drawn in 
black dashed lines, respectively. 
The profile of blue lines belongs 
to the period (1240 ~ 1300 KST 
and 2130 ~ 2340 KST for the 
IP1 and IP2 events, respec-
tively) when ice pellet could 
occur by Schuur et al. (2012) 
classification

Fig. 11  Time series of vertical 
cross section of temperature and 
wind at GWNU for (a) IP1 (1 
March 2021) and (b) IP2 (15 
March 2018). The white flags 
are the horizontal wind, while 
the color shading denotes tem-
perature with the red line 273 K 
(freezing temperature)
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easily discerned. The duration of ice pellet occurrence during 
the IP2 event, meeting the classification criteria, was much 
longer (approximately 2 h), spanning from 2130 to 2340 
KST, as the reversed S structure of T

w
  persisted for a longer 

period with more rapid cooling compared to the IP1 event.

3.4  Model Reanalysis

In order to overcome the spatial limitation of single-point 
sounding analysis, we examined temporal and spatial distri-
butions of thermodynamic variables for the IP periods using 
LDAPS (Local Data Assimilation and Prediction System) 
from UM (Unified Model). Figure 11 exhibits temporal vari-
ations of vertical profiles of temperature and wind for the IP 
events. For the IP1 period (Fig. 11a), the northeasterly layer 
extended to 1 ~ 1.5 km while a warm southwesterly was pre-
sent above 3 km during the same period as shown in Fig. 8. 
The speed of cold advection, as represented in LDAPS, 
appeared to be slower than that observed in the sounding 
data (see Fig. 8). This is evident because the temperature at 

the 1 km altitude dropped to freezing at 1300 KST. Conse-
quently, snowfall actually began earlier than the nighttime 
snowfall forecasted.

Meanwhile, cold advection during the IP2 period was 
much stronger than IP1 (Fig.  11b), indicative of much 
longer duration of IP (Fig. 9) as northerly began below 1 km 
since 1700 KST and developed up to around 2 km at 2100 
KST. As a result, a melting layer from 2 to 2.7 km and a 
refreezing layer below existed at 2100 KST, which was well 
represented with LDAPS reanalysis data. The temperature 
variation of LDAPS was better consistent with that of the 
observation during the IP2 period than IP1 (Fig. 9).

In addition, vertical cross-section of temperature and 
wind of IP1 and IP2 obtained from LDAPS is demonstrated 
in Figs. 12 and 13, respectively. The cross-section diagram 
is drawn as a reference point of GWNU from the west (128.3 
E) to the east (129.3 E). A melting layer of 1.5 to 2 km above 
the refreezing layer is also identified over GWNU during the 
IP1 period (Fig. 12). Afterwards the area of melting layer 
gradually decreased and fianlly disappeared at 1400 KST 
while the refreezing area increased. As the melting layer 

Fig. 12  Vertical cross-sections 
of temperature and wind over 
the Yeongdong region during 
IP1 (01 March 2021). The cross 
section is drawn as a reference 
of GWNU from the west to 
the east (128.3 E to 129.3 E). 
The color shading and vectors 
denote temperature (K) and 
horizontal wind, respectively. 
The red lines mean the freezing 
temperature of 273 K. GWNU 
indicates Gangneung-Wonju 
National University
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disappeared with a decrease in temperature, aggregates of 
snow crystals were observed on the ground. As mentioned in 
the previous section, ice pellet lifetime of the IP2 period was 
around 2 h (Fig. 13), longer than that (half an hour) of IP1. 
The longer duration of IP2 is thought to be associated with 
much stronger inversion strength such as 2 times greater 
than IP1 for a significant temperature drop in the lower level 
below the melting layer. Similar to IP1, the melting layer of 
IP2 from 2 to 2.5 km at 2100 KST gradually reduced and 
finally disappeared at 2300 KST while the refreezing layer 
was deepened with rapid cooling below 2 km as well repre-
sented in Fig. 13.

Figure 14 shows temperature and wind distributions of 
900 hPa for both IP events. The 900 hPa level is selected as 
a middle level of cold air intrusion. In general, remarkable 
horizontal gradient of temperature was demonstrated from 
the northeast to the southwest along with cold air penetrat-
ing southward by time. The isothermal of 273 K for the 
IP1 event moved southward and passed over GWNU after 
1200 KST. The similar pattern was also exhibited in IP2 
wind fields. It is interesting to note that cold air passage 

was largely parallel to the Taebaek mountain range for both 
IP events. The northwesterly flow looked like a barrier jet 
except for its intensity since its wind speed was relatively 
weak within 5 m  s−1. Cold northeasterly with negative buoy-
ancy could not cross over the mountains and changed to 
northwesterly, and further flowed along the mountains as 
explained in Kim et al. (2021b). As a result, this kind of 
northwesterly barrier wind might help to bring about the 
lower level rapid cooling and IP occurrence in the Yeong-
dong region.

4  Discussion and Summary

In winter, cold air intrusion in the lower layer could lead to 
phase change of solid precipitation, which further makes 
the wintertime weather forecast even harder in the Yeong-
dong region of Korea. Therefore, we examined the general 
characteristics of two ice pellet events (15 March 2018 and 
1 March 2021), and investigated the meteorological condi-
tion in association with IP occurrence for the purpose of 

Fig. 13  The same as in Fig. 12 
except for 15 March 2018 (IP2)
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improving wintertime snowfall forecast. First of all, the 
meteorological conditions of IP events were compared 
with those of 28 SES (East Sea Snowfall) events, which 
indicates that 850 hPa mean temperature of the IP period 
-4.7 ~ -3.4 ℃ was warmer than that (-9.5 ℃) of SES events. 
Furthermore, the inversion strength of IP was also 4.7 ~ 9.3 
℃ greater than SES average (2.4 ℃), and mid-level melt-
ing layer existed above the freezing zone. Both IP events 
occurred in March, a transition period from winter to 
spring.

Analysis of IP particles indicates that the average of its 
maximum dimension was 1.6 ~ 1.9 mm after the darkened 
images of melting snow were calibrated and unusually lower 
fall speeds (close to zero) of IP particles were discarded. 
Relationship of IP fallspeed to the maximum dimension 
represents relatively faster fallspeed (4.2 m  s−1) in spite 
of its smaller size (1.8 mm). The relationship of fallspeed 

of ice pellets against their dimension shows similar char-
acteristics of rain droplet with partly some of rimed snow. 
These IP events have very humid condition with precipitable 
water vapor of 19 ~ 21 mm, which is quite different from an 
unusually warm and dry condition in Japan (Nagumo and 
Fujiyoshi 2015) in which both fast falling (rain droplet) and 
slow falling (light hailstone) modes were shown for the long-
lasting (10 h) ice pellets formed by freezing associated with 
evaporative cooling.

The synoptic analysis and rawinsonde soundings demonstrate 
that low-level cold northwesterly/northeasterly flow was facili-
tated by the synoptic setting of the Siberia High in the north and 
the Low passing by the south. Cold advection was prevalent 
below around 1 ~ 2 km as accompanied with strong inversion 
above the cold layer. Specifically, cold air intrusion with bar-
rier wind along the eastern side of Taebaek mountains helped 
to significantly decrease low level temperature. Therefore, the 

Fig. 14  Horizontal distribution of temperature (color shading) and wind field (vectors) on the 900 hPa level over the Yeongdong region for (a) 
IP1 (1 March 2021) and (b) IP2 (15 March 2018). Vectors denote horizontal wind and the red lines indicate 273 K
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ice pellets of mixed precipitation occurred with a reversed-S 
profile of temperature during the phase change of solid precipita-
tion, which is also identified with relatively warmer temperature 
of the 2 ~ 3 km layer above the cold air layer in late winter or 
early spring. Both IP events had a mid-level melting layer of 
800 ~ 700 hPa above the freezing layer of 900 ~ 800 hPa, whose 
duration time was estimated to be 0.5 to 2 h, as also consistent 
with the LDAPS reanalysis. The IP2 lifetime was around 2 h, 
longer than that (half an hour) of IP1, which may be associated 
with the rapid cooling and stronger inversion in the lower level 
below the melting layer. Eventually, IP appears to occur in the 
thermodynamic condition of both cold air intrusion in the lower 
atmosphere and an existing warmer layer aloft.

We examined general characteristics of ice pellets, quanti-
tatively measured for the first time in Korea, and investigated 
the meteorological condition in association with IP occur-
rence. However, IP particles captured in the camera were 
very few (only 60) because of short lifetime (within a cou-
ple of hours), and thus microphysical analysis of IP was very 
limited. Therefore, this study lacks a detailed microphysical 
analysis of ice pellet particles such as ice pellet types (bulged, 
spherical, fractured etc.) and ice particle surface including 
crack and fracture in associated with drag coefficient, as 
shown in Nagumo and Fujiyoshi (2015). Certainly, the next 
study should be focused on microphysical interpretation of ice 
pellet particles in the favorable conditions for IP occurrence.

We also need more intensive observations to explore 
IP episodes and further to understand the various roles of 
frequent-occurring cold air intrusion with barrier wind in 
wintertime solid precipitation. Since freezing precipitation 
(FP) is a short-lived and mesoscale phenomenon during the 
phase change of solid precipitation, it is difficult to appropri-
ately capture its occurrence. Therefore, in case of snowfall, 
we need to continuously measure snow characteristics with 
a MASC together with remote sensing and atmospheric ther-
modynamics (radar, wind profiler, rawinsonde etc.) to under-
stand its microphysics and long-term climatology. This kind 
of study on the phase change of solid precipitation would 
contribute to preventing severe traffic accident as well as 
aircraft icing problem.
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