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On the freezing precipitation in Korea and the basic schemes for its prediction

Sang-Hoon Kwon

Department of Environmental Atmospheric Sciences, the Graduate
school, Pukyong National University

Abstract

This study aims to improve the forecasting skill for freezing precipitation. 102
freezing-precipitation cases were collected in South and North Korea from 2001
onward. Temperature fields on ground and atmosphere, vertical temperature
profiles, geopotential fields, thicknesses fields and their spatiotemporal variations,
and their combinations using the predominant-precipitation nomograms (p-type
nomograms), were classified and investigated to determine whether these data
could be used as predictors.

It was found that 1) the combination of the thicknesses of 1000-850-hPa and
850-700-hPa was a better parameter to be used to make p-type nomograms, which
is very different from the one used in the USA, and 2) 35 groups on synoptic
situations out of 72 are possible conditions for freezing precipitation, and 3) 3
groups out of 35, the 1000-hPa warm-front group, the mid-level southerly (MS)
category of 850-hPa, and an mid-layer warm (M-W) type in the vertical

temperature profile show the



greatest frequency. In spite of their increasing year-on-year trend, only a small
part on freezing phenomena has been found until yet. The possibility of observation
errors is the biggest problem. Additionally, the need for new equipment, the
freezing rain detector (FRAD), to detect freezing precipitation automatically, is
proposed. The denser observing system of FRADs and an ultra-fine gridded
numerical model are suggested as a solution for the prediction of freezing

precipitation.

Key words: freezing precipitation, P-type Nomogram, thickness, Ground surface

temperature, FRAD



1. Introduction

Freezing rain denotes the rain of super-cooled water droplets that freeze as
soon as they touch the ground surface, which is one form of natural disaster that
can cause damage (Houston and Changnon, 2007). It causes traffic accidents and
interruptions due to road-surface freezing, breakage of electric wires, forest
damage, etc. (Brooks, 1920), and also induces aviation accidents due to ice
attaching to the body aircraft in flight (Sand et al., 1984; Pike, 1995; Ashenden and
Marwitz, 1997). In practical terms, in the United States, the damage from freezing
rain was US$167 million between 1949 and 2000, which amounted to an average
of US$3.13 million per year (Changnon, 2003).

Around the world, especially in North America, the frequency of freezing rain is
known to be high (Bennett, 1959), and much research has accumulated on the issue
(McKay and Thompson, 1969; Gay and Davis, 1993; Stuart and Isaac, 1999;
Cortinas, 2000). However, in other regions, documentation on this phenomenon is
rarely found, although the damage incurred is suspected to be high. For Central
Europe, a study has been conducted by Carriére et al. (2000); for Asia, studies have
been conducted by Zhou et al. (2009), and Sun and Zhao (2010).

In the farming areas in Korea, freezing rain freezes autumn vegetables (e.g., radish
and cabbage) so that they rot in the fields before harvest, or freezes fruits (e.g.,

apple and persimmon) so that they are damaged. In addition, traffic accidents occur

-3-



as a result of freezing rain (Kong et al., 2012). Despite the apparent damage, there
is a tendency for freezing rain not to be viewed as a form of natural disaster.
Therefore, very few studies on freezing rain have been undertaken in Korea. Kim
et al. (2009) have produced extended abstracts for conferences as a related study,
and Park and Byun (2014) paper is currently in the review process.

The mechanism for freezing precipitation has been classified into two categories:
where super-cooled water droplets reach the ground surface just after the process of
the melting of solid precipitation during falling and where super-cooled water
droplets reach the ground surface in the process of freezing during the rain falling
when they are not yet completely frozen. Solid precipitation melts during falling
due to the effect of warm advection and the relevant physical processes are called
the melting process (MP) (Brooks, 1920; Meisinger, 1920; Young, 1978; Stewart,
1985; Donaldson and Stewart, 1989; Gay and Davis, 1993; Martner et al., 1993).
During this process, the solid precipitation initially melts as it falls and then freezes
again when it reaches the ground.

There is also a process called the super cooled warm rain process (SWRP), which

involves a very thick cloud layer with a cloud-top temperature higher than —10 °C.

It is a process where super-cooled water droplets reach the ground surface without
freezing because the ice nuclei are too small or there are no ice nuclei (Ohtake,
1963; Huffman and Norman, 1988; Rauber et al., 2000, 2001). Park and Byun
(2014) found a case in which falling rain is super-cooled as it encounters cold

advection in the middle and lower layers of the atmosphere where these water
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droplets reach the ground surface with an above-zero ground surface temperature
(GST) and freeze while cooling the ground surface, and this is classified as the
cold-advection type. However, this is only a simple and primitive explanation of
the process, so we are in need of a more diverse and systematic classification.
According to the results of Steenburgh et al. (1997), Weber (1998), and Mireles et
al. (2003), synoptic pressure patterns that form freezing rain are classified into
three groups: the warm-front group, anticyclone rear-side group, and the cold air-
damming (CAD) group. Among these, the warm-front group has drawn the most
attention (Young, 1978; Donaldson and Stewart, 1989). It occurs most frequently in
the right downwind side of a surface cyclone (i.e., the northern side of a warm front
in the Northern Hemisphere). The CAD group mostly occurs on the downwind side
of mountain ranges in the Northern Hemisphere, such as on the eastern coasts of
the United States and Korea (Steenburgh et al., 1997; Park and Byun, 2014). The
anticyclone rear-side group requires further research, as the research is currently at
a standstill (Mireles et al., 2003).

The main purpose of most studies on freezing precipitation is to predict the
occurrence of freezing rain in order to reduce damage. For this purpose, thickness
has been widely used in previous studies. This is because thickness is proportional
to the average virtual temperature of the layer. The 1000-700-hPa thickness (gpm)
has been widely used to distinguish the forecasting of snow from rain. On the other
hand, Gay and Davis (1993) and Heppner (1992) attempted to estimate

precipitation patterns in advance by using the 1000-850-hPa and 850-700-hPa
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thicknesses together. The predominant-precipitation nomogram (p-type nomogram)
is the most commonly used method for predicting precipitation patterns (Keeter
and Cline, 1991; Keeter et al., 1995).

In this study, the temporal and spatial distributions of the occurrence of freezing
rain in the Korean Peninsula during the period of 2001-2013 were organized, and
the physical processes during occurrences, synoptic pressure patterns, vertical
temperature profiles, and thickness distributions were classified and analyzed. This
study also placed the emphasis on finding the reason as to why the technique used

for freezing rain prediction was not sufficiently developed in the existing studies.

2. Data

2.1. On the observation and records

In general, freezing precipitation includes freezing rain (ZR) and freezing
drizzle (ZL) (Stuart and Isaac, 1999). The basic principles of the two phenomena
are the same, but it is classified as ZL when the diameter of a falling droplet is less
than 0.5 mm, and as ZR when the diameter is more than 0.5 mm (Atmospheric
Environment Service, 1977; Korea Meteorological Administration [KMA], 2002).
However, Gay and Davis (1993) did not distinguish between the two phenomena
and regarded them as freezing rain by including ZL in ZR.

Using the weather code numbers from code table 4677 of the International

-6-



Meteorological Code (IMC) developed by the World Meteorological Organization
(WMO, 1995), ZL is recorded as 56 (light freezing drizzle) or 57 (moderate/heavy
freezing drizzle), and ZR is recorded as 66 (light freezing rain) or 67
(moderate/heavy freezing rain) (WMO, 1995; Korean Meteorological Society and
KMA, 2013). However, sleet and ice pellets are number 79 and are called frozen
precipitation, which is different from hail in its size. These numbers are recorded
every hour when they occur in the weather observation table (WQOT) that is
produced at every station each day, and are in the “ww” position in the WMOQO’s
telegraph message (FM12 ~ FM14).

However, there are two problems in Korea with this form of data recording. The
first is that ZR and ZL do not start or end within each hourly block, but they occur
in the form of minutes. The start and end times are recorded not in the “ww”
position but in the “Remarks” section of the WOT by an observer, who handwrites
the findings. However, Korea (KMA, 2002) regulates that both the freezing rain
(56, 57, 66, 67) and the ice pellets (79) are recorded as ‘%, which is the symbol
for ice pellets. Therefore, the exact time of a freezing rain event cannot be
discerned from an ice-pellet event by using the ‘Remarks’ section of the WOT.
Therefore, this study depended only on the “ww” codes of the WOT.

The second issue in Korea is that freezing rain tends to occur consecutively before
and after ice pellets or rain, and thus it is difficult to distinguish the time of the
three phenomena from one another. Rain just after freezing rain erases the trace of

freezing rain; thus, countless cases of freezing rain will have disappeared without
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trace and without any human-observed records being made of the events. Cases of
freezing rain events with no trace but with damage are only possible to note if they
occur at night. These problems make it difficult to investigate freezing rain events
in the Korean case. Some problems relating to terminology also exist. In the case of
Korea, Hong (2013) translated “freezing rain” into “freezable rain.” It is hard to
find international studies that do not distinguish precisely between freezing rain
and other forms of solid precipitation.

Therefore, in this study, freezing rain was regarded to have occurred when the then
current weather code (ww) was recorded as either 56, 57, 66, or 67, from
November to May. Many cases of freezing rain will be omitted in this investigation
(even though they were recorded) if an event occurred outside of an exact hour, but

took place between one hour and the next.

2.2. Surface weather data

1) The surface air temperature (SAT), GST, and the weather with its code
number (ww), which had been recorded every hour in the WOT of 77 locations
provided by the KMA, were used. In Korea, meteorological data have been
recorded at 1-hour intervals since May 5, 2001 (3-hour intervals had been used
before May 5, 2001). Thus, in this study from May 5, 2001 to October 31, 2013,

the hourly weather codes were used. A total of 46 freezing rain cases were



observed at 24 KMA stations out of 77.

In the case of the GST data, 1-hour-interval data are available from around 2008
for most stations. Before then, the data consisted of 6-hour-interval recordings.
Therefore, the GST data at the times that were the closest to the occurrence time of
freezing rain were used. Twenty-eight 6-hour-interval data items and 18 1-hour-
interval data items were found and used.

2) Among the aeronautical meteorological observation data of 19 stations in Korea
provided by the Republic of Korea Air Force (ROKAF), the hourly weather codes
from May 5, 2001 to October 31, 2013, which is the same period as that of the
KMA, were used. A total of 14 freezing rain cases were observed at 9 stations out
of 19. These data have no GST information or remarks. As these are military
stations, we have not pointed them out on the map, but the data are used in the
calculations.

3) The 3-hour-interval observation data of 27 stations in North Korea from May 5,
2001 to October 31, 2013 were used. It is not known whether observations are
made every hour in North Korea, but they transmit their meteorological
observation data to China and Japan at 3-hour intervals following the WMO
regulations. These data have no GST information or remarks. A total of 42 freezing
rain cases were found at a total of 17 stations out of 27.

4) Among a total of 123 manned stations used in this study, the number of locations

where freezing rain was observed once or more was 50 (Fig. 1).
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Fig. 1. Stations where the freezing precipitation was recorded: 24 stations (black
circles) are KMA stations, 17 are North Korean (black crosses), and 7 are
upper-air observation stations (grey triangles). Nine ROKAF stations were
used, but their positions are not shown on the map. In Baeknyeongdo, near

38°N 124.7°E, the black circle and gray triangle overlap.
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2.3. Upper-air data

1) Rawinsonde data (air temperature) from seven stations in Korea (Osan
(47122), Gwangju (47158), Baeknyeongdo (47102), Heusksando (47169), Jeju
(47185), Pohang (47138), and Sokcho (47090)) with 6- or 12-hour intervals,
provided by Wyoming University
(http://weather.uwyo.edu/upperair/sounding.html), were used. From a total of 123
stations, the nearest station and closest in time out of 7 rawinsonde stations were
decided on and were named as the substitution points. Two example cases of the
substitution points are explained below. One is when the freezing rain occurred at
the same time but at another station (Seoul, 1700 KST [Korean standard time],
January 12, 2006; Incheon, 1700 KST, January 12, 2006). In this case, the nearest
station (substitution point) is Osan. Then the rawinsonde data of Osan (0000 UTC,
January 12, 2006) were used. The other cases are the continuous occurrences such
as at Ulsan (1800 and 1900 KST, February 11, 2005). In these cases, the data from
Pohang (1200 UTC, February 11, 2010) were used because the closest time is 1200
UTC. Therefore, although 102 cases of freezing rain were observed, 64 cases of
rawinsonde data were used. (KST is 9 hours earlier than UTC.) The distances
between the main stations and the substitution points are shown in Table 1. The
mean distance is 120 km, with a standard deviation of 96 km, and the longest is

400 km, caused by the fact that North Korea has no rawinsonde stations.
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TABLE 1. Five types of freezing-rain cases alongside the vertical temperature
profile and the related occurrence frequency of each type. The
frequencies of the shortest distances between the surface weather
stations and the upper-air observing stations classified as 50-km
intervals were added. (The exceptions are cases where both the GST
and SAT readings were higher than 10 °C.)

Type Freq.  Sonde data Distance (50-km range)

1 2 3 4 5 6 7 8 9

ML-W 37 23 2 4 oy gIo¥ 3 1 6 0 4 1
M-W 20 6 11 5 4 0 0 0 0 0 0
G-W 21 17 3 7 6 0 4 1 0 0 0
3L-F 7 5 1 3 2 0 0 0 0 0 1
W-P 7 5 0 3 0 0 4 0 0 0 0
CAD 5 3 0 3 2 0 0 0 0 0 0

Exception 5 5 1 3 0 1 0 0 0 0 0
Total 102 64 18 34 24 4 9 7 0 4 2

-1 2-



2) The thickness was analyzed using the data from the Modern Era Retrospective
Analysis for Research and Applications (MERRA) provided by the National
Aeronautics and Space Administration (NASA). These data have an interval of 6
hours and a grid spacing of 0.5° x 0.5°, and consist of 42 layers. Among them, the
geopotential height data of four layers (1000, 850, 700, and 500-hPa) were used.
The substitution points were decided on as for the rawinsonde data, but for the

closest position of the grid point.

2.4. Reanalysis data for weather charts

1) The final (FNL) global-analysis filed data provided by the Global Data
Assimilation System (GDAS) of the National Centers for Environmental Prediction
(NCEP, http://rda.ucar.edu/datasets/ds083.2/) were used. The data consist of 26
layers from 1000-hPa to 10-hPa, cover the full globe with 1.0° x 1.0° grids, and
provide state-of-the-art homogeneous filed data every 6 hours. In this stdudy the air
temperature, u-vector, v-vector, and geopotential height data of two layers were

used (1000 and 850-hPa).
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3. Characteristic of the occurrence

3.1. Temporal and spatial distributions of the occurrences

Figure 2 shows the occurrence frequency of freezing precipitation for each
location. It is the highest at Baeknyeongdo (0.46 cases year™), an island located
over the West Sea near 38°N, and 19 stations had the same value (0.077 cases year’
') as their lowest frequency. Notably, the occurrence frequency is higher in North
Korea. However, it is very hard to deduce other characteristics from this figure,
which means the recorded cases are not sufficient enough to find some of the
trends, as explained in section 2-1.

Figure 3 shows the annual occurrences of freezing precipitation, and those
divided by the number of total manned stations for the corresponding year, which
represents the average occurrence frequency of freezing precipitation that occurred
during a year at a particular location. The number of manned observation locations
decreased between 2008 and 2009; but during the entire 13-year period, the
occurrence frequency of freezing precipitation at each location showed a gradually
increasing trend. It was in the order of 2012 (0.28 cases station™), 2006 (0.22 cases
station™), and 2009 (0.15 cases station™).

It is estimated that the increase of the occurrence frequency is due to the
development of observation technology, rather than to any actual increase of the

occurrences.
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Fig. 2. The mean annual occurrence frequency of freezing precipitation. Black
circles denote the station position. Nine ROKAF stations are not shown, but

the data were included in the analysis.
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For the occurrence time, 0900 KST had the highest frequency (Fig. 4a), 1800 KST
had the second, and three time zones (1200, 1500, and 2400 KST) had the third
highest frequency. It is presumed that ground surface cooling in the morning and
convection intensification in the afternoon affected the occurrence of freezing
precipitation, but there was a time delay during the development of convection.
However, another guess is that 0900 and 1800 KST are the times when the
observing activity is the most active. In other words, many freezing-precipitation
events were not recorded due to the failure in observation. In addition, it is clear
that there were cases where freezing precipitation occurred due to synoptic
circulation besides the above two cases. When it was due to synoptic circulation,
the occurrence time was not limited to a specific time. In addition, the frequency
was in the order of February (26 cases), January (24 cases), and December (21

cases); and it was the lowest in October (twice) (Fig. 4b).
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Fig. 3. Mean annual frequencies (circle) of the freezing precipitation (the ww codes
are 56, 57, 66, and 67) per station for 2001-2013. The dashed line is its
trend curve. The number of piloted observation stations (vertical gray bar)
and the records of freezing precipitation (vertical black bar) for each year

are shown.
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Fig. 4. The hourly (a) and monthly (b) occurrences of freezing precipitation.
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3.2. Classification of the vertical temperature profile

As shown in figure 5, vertical temperature profiles were classified into six
types. Each of the types are explained next. The gray lines represent the vertical
temperature profiles that correspond to the types and the black lines represent the
average air temperatures of the standard heights (1000, 925, 850, 700, and 500-

hPa). The frequencies of each type are summarized in Table 1.

(1) Mid- and low-layer warm (ML-W) type

In figure 5a, the freezing levels are higher than 900-hPa. Thus, it was named the
mid- and low-layer warm (ML-W) type. In this study, the height above 900-hPa is
called the middle layer to distinguish it from the ground level. It is where the solid
precipitation of the middle and upper layers melts near the ground and reaches the
ground. The frequency with this type was the highest (42 cases). However, as 5 of

these cases are above 10 °C in both the GST and SAT readings, only 37 cases were

involved in this group, and the analysis involved the 23 different rawinsonde data
items. The five excluded cases were two KMA and three North Korean cases. It is
expected that the surrounding air temperature rises due to the latent heat released
when freezing precipitation reaches the ground level and freezes. In practice,

Stallabrass (1983) reported that the SAT increased by 0.3 °C hour™ during freezing

precipitation. However, this cannot raise the GST or SAT levels up to 10 °C.
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In these cases, it is questionable whether there was no error during the observation.
Therefore, these five cases (KMA: 2, North Korea: 3) have been excluded from

further analysis.

(2) Mid-layer warm (M-W) type
Figure 5b is similar to figure 5a, but is different in that there were two freezing

levels. The air temperature of the bottommost layer was below zero (near 0 °C).

Two freezing levels were observed because an air layer with an above-zero
temperature was formed in the middle of the troposphere due to the warm
advection. It is the most well-known type, where solid precipitation that has frozen
in the upper layer completely melts as it passes the warm layer, cools again as it
passes the cold layer near the ground, and freezes as it reaches the ground surface.
Twenty cases were observed, but using the six different rawinsonde data items, and

it was named as the mid-layer warm (M-W) type.

(3) Ground-layer warm (G-W) type

In figure 5c, there was one freezing level, and it was below 900-hPa. This is the
case where solid precipitation completely melts as it passes the surface layer with
an above-zero temperature, but the liquid reaches the ground surface still having a
below-zero temperature. It is thought that the liquid maintains a below-zero
temperature due to continuous heat loss during repeated melting and evaporation.

Thus, it was named the ground-layer warm (G-W) type, and 21 cases were
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observed, but using the 17 different rawinsonde data items.

(4) 3-Layer freezing (3L-F) type

Figure 5d shows the case with three freezing levels. In this case, the ground layer
has an above-zero temperature. In the middle layer, precipitation freezes, melts,
and freezes again; and then it melts again due to the warm air of the surface and
reaches the ground surface. It is not clear whether it actually consists of repeated
freezing and melting. It was named the 3-layer freezing type (3L-F), and seven

cases were observed, but using the five different rawinsonde data items.

(5) Warm precipitation (W-P) type
Figure 5e shows that the air temperatures of the whole layers were below zero, but

most of them were near 0 °C. In the upper layer, there was a layer that was close to
0 °C, but a colder layer was located just below that layer. The formation processes

can be classified into two cases. In the first case, the SWRP is formed in the upper
layer, but precipitation falls while cooling as cold advection occurs in the middle
layer. In the second case, an original air layer is cold, but warm advection occurs in
the upper layer. This completely melts precipitation particles, which have already
been formed, in the upper layer, and then they fall. Therefore, warm advection in
the upper layer (or cold advection in the middle layer) is thought to be the major

cause. It was named the warm precipitation type (W-P), and seven cases were
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observed, but using the five different rawinsonde data items.

(6) Cold air-damming (CAD) type

On the eastern slope of the Taebaek Mountains, the phenomenon of the CAD type
is known to be frequent. Three stations at Ulsan, Uljin, and Yeongdeuk are located
in this area and five cases of the events were drawn, as shown in figure 5f, but
using the three different rawinsonde data items. It is easy to imagine a process were
the cold air trapped at the mountain slope freezes into raindrops. In this case, the
lower level of the air temperature should be below zero. However, three
temperature profiles (five cases) show that the theory does not always coincide

with the actual phenomenon.
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3.3. Ground surface temperature (GST) and surface air

temperature (SAT)

In general, it is known that freezing precipitation occurs when the GST
(Djuric, 1994) or SAT (Gay and Davis, 1993) is below 0 °C. However, this study

shows different results. Figures 6a—e show the relation between the GST and the
SAT for each type in figures 5a—e. Here, the GST and SAT of the ROKAF stations
and North Korean stations (totaling 56 cases) were excluded because they were not
observed the GST. The two cases in Korea were excluded because both the GST

and SAT were above 10 °C, as mentioned previously. In figure 6g, 21 cases above

zero in SAT and GST can be seen. These are the cases belonging to a, ¢, d, and f in
figures 5 and 6. It is still hard to understand why they freeze. The ground is too
warm to be frozen. The reason for this discordance may come from the difference
in the observing time. The GSTs were measured every hour or every 6 hours, but
freezing precipitation sometimes persists for only a few minutes. Most of these
cases are a type of ML-W (Fig. 6a). The temperatures in cases of M-W and W-P are
concentrated near zero. Only in 15 cases was the SAT above zero and the GST
below zero. These are the cases where falling droplets freeze on reaching the
ground, as Rauber et al. (2001) pointed out. One important thing to be noted in this
figure is that the GST is more concentrated than the SAT, therefore it is more

appropriate to use for forecasting than the SAT (Fig. 6f). GSTs were distributed
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between —2—-4 °C. Forty cases (91%) were within the range of —1-2 °C, and the
average GST was 0.35 °C. SATs were distributed between —2.7-5.7 °C, 40 cases

(91%) were within the range of —1.7-3.5 °C, and the average SAT was 1.21 °C.
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4.  Synoptic situation analysis

4.1. Classification of the 850-hPa geopotential field

As most of the meteorological phenomena occur with a characteristic pressure
pattern, a classification of pressure fields associated with freezing precipitation is
needed. There are two common-sense ideas on the pressure fields that form
freezing precipitation. Firstly, it is the pressure fields that can produce rain or snow;
in other words, they are related to a low pressure system or trough etc. Secondly, in
these pressure fields, the vertical profile of the air temperature is around freezing
point, as explained earlier. Thus, not all winter rains accompany freezing
precipitation. Five cases are excluded because both the GST and SAT readings

were above 10 °C, as discussed in section 3-2-(1). Therefore, 97 cases out of 102

were classified into three categories in the 850-hPa geopotential height field.
Firstly is the mid-level northwesterly (MNW) category (Fig. 7a), where the inflow
of cold northwesterlies from the high latitudes intrudes. These northwesterlies are
not the real wind, but the suspected wind from the pressure gradient. Though 34
cases were included in this category (Table 2), it is not always a case of cold air.
Classifications along the vertical profile—warm air at the middle and low layer
(ML-W type, 12 cases) and at mid layer (M-W type, 1 cases), although they are the
opposite concept to MNW—are included in this category. The G-W (11 cases), 3L-

F (5 cases), and W-P type (5 cases) are also in this category.
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TABLE 2. Frequencies alongside the classifications of 1000- and 850-hPa
geopotential height patterns and vertical temperature profiles. All abbreviations are
the same as those used in figures 5, 7, and 8 in this study. The three numbers with
commas in (B) denote the frequencies alongside the classification in (A), in the
order MNW, MS, and MD. (The exceptions are cases where both the GST and SAT

are higher than 10 °C.)

Freq. 3 categories of the

850-hPa h .
6 Groups and geapotential field 6 types of vertical temperature profile (B)
extra. in 1000-hPa (A)

MNW MS MD ML-W M-W G-w 3L-F W-P CAD

Warm-front 39 8 28 3 0,10,2 0,11,0 251 410 210 -
Cold-front 12 12 0 0 400 1,00 50,0 0,00 200 -
Cyclone rear-side v 7 0 0 4,00 0,00 2,00 000 1,00 -
West Sea cyclone 6 3 1 2 2,12 0,00 1,00 0,00 0,00 -

Anticyclonerear- o), 46 4 991 070 100 100 000 -

side
Cold air-damming 5 0 3 2 - - - - - 5
Unclassified 7 - - - - 1 4 1 1 -
Exception Cases 5 - - - 5 - - - - -
Total 102 34 48 8 42 20 21 7 7 5
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Secondly, the mid-level southerly (MS) category shows the inflow of warm air
from the low latitudes to Korea (48 cases, Fig. 7b). Classifications along the
vertical profile—cold air at the middle layer (GW type: 5 cases, 3L-F type: lcase
and WP type: 1case) although they are the opposite concept to MS are included in
this category. But the ML-W (20 cases), M-W (18 cases) are highest in this
category. The remaining 3 cases were included the CAD type.

Thirdly, the mid-level deformation (MD) category has a deformation field that is
located around Korea (8 cases, Fig. 7c). Five out of eight cases belonged to the
ML-W type. The remaining seven cases were hard to incorporate into the above
three categories. Though we succeeded in classifying the 850-hPa geopotential
height field, attempts to find some beneficial clues relating the 850-hPa
geopotential height field to the wvertical temperature still require further
consideration. The fact that pressure-field classification involves many subjective

factors is one of the reasons for this.
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4.2. Combining the 1000-hPa geopotential field with

frontogenesis analysis

Freezing precipitation is related to rain or snow and most events are correlated
with a low, a trough, or a front in the surface weather chart. The front near-surface
level is the most important factor in terms of producing precipitation. Therefore,
the frontogenesis of the surface weather chart for the freezing-precipitation cases
was carried out. Though Rauber et al. (2001) classified only the surface weather
chart of the freezing-precipitation cases, this study was aided by the frontogenesis
results.

Analyses of frontogenesis were carried out through this process using eq. (1),
defined by Petterssen (1936).

(1) F (frontogenesis) = % |V, 0|
where F is the frontogenesis function. Keyser et al. (1988) simplified the equation
by resolving F into natural coordinates (s, n) such that the s axis is locally
tangential to isentropes and the n axis points toward colder air on a constant

pressure surface.

2 F=En+FEs

(B Fo=—2|Vu0] = —Iv,01 7 [ (-2 -2 (B2

ax\ axox oxady ay

dx 0x dx 0y
d 26 oudd 0v oo a6 oudd 0v oo
4 Fo=n-(kx2v,0)=—|v,0/" [2(-22_ 22 -2 (-2 22 ]
() S at ' h l h l ay dx 0x  0x 0y dx dy dox 0y ady

dy 0x dy 0y

®) Vp=i-+jo-
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Here, V,, is the horizontal gradient operator, Fn refers to changes in magnitude of
the thermal gradient, and Fs refers to the changes in direction of the thermal
gradient with no magnitude change (Keyser et I., 1988). If the calculated value is
positive, frontogenesis is implied in the actual atmosphere; and a negative value
indicates the implied frontolysis.

Thus, for the 97 cases of freezing precipitation, combined 1000-hPa geopotential
height fields with their respective frontogenesis calculations were prepared. They
were classified into six groups: the warm-front group, cold-front group, cyclone
rear-side group, West Sea cyclone group, anticyclone rear-side group, and the CAD
group. They are explained below with representative cases, as shown in figure 8.
There are substantial problems with these weather data. FNL data are for 6-hour
intervals. Vertical temperature profile data are for 6- or 12-hour intervals.
Meteorological observations of the surface layer such as SAT, GST, and the
weather are at 1- or 3- or 6-hour intervals. Traveling speeds of the weather systems
should also be considered. For example, the cold front normally moves at 5-15 km
per hour. Moreover, the spatial distance from the surface weather stations to the
upper-air observing station is not close enough, as shown in Table 1. However,
more precise data are not available when many cases of freezing precipitation are
examined. Therefore, attempts to predict the occurrence of freezing precipitation

should be continued in spite of these problems.
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4.3. Classification of the 1000-hPa geopotential field with

frontogenesis analysis

(1) Warm-front group

The warm-front group is where freezing precipitation occurs at the front side of a
warm front (Fig. 8a) and the low is located over the sea. Park and Byun (2014)
used the same terminology. Thirty-nine cases were observed, which had the highest
occurrence. It was found that warm fronts strongly developed around the southern
coast of Korea.

This group is related to all of the three categories classified by the 850-hPa
geopotential height field, but MS (Fig. 7b) is the most frequent category (28 cases).
Two kinds of freezing processes are presumed to occur in this category. The first is
where snow falling from the upper layer melts due to the warm layer formed in the
middle layer and is cooled again near ground. The second is where rain formed in
the mid-layer is cooled near the surface layer. Therefore M-W (11 cases) and ML-
W (10 cases) both have more cases than for G-W (5 cases) (Table 2). Though the
combination of 1000-hPa warm fronts and 850-hPa northwesterlies (MNW in Fig
7a) is hard to imagine, eight cases, with four cases of the 3L-F type, were detected,
which means that there was a very complicated vertical structure with three
freezing levels. The MD (Fig. 7c, 3 cases) is a case where the location of the
freezing-precipitation occurrence is situated at the axis of the outflow of the

deformation field. This is where precipitation is formed as the warm air from the
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low latitudes and the cold air from the high latitudes meet each other.

(2) Cold-front group

Twelve cases were observed at the rear side of a cold front and were called the
cold-front group (Fig. 8b). Unlike the warm-front group, freezing precipitation is
formed at the rear side of a cold front stretching out from the low located at the
eastern part of the Asian land. The cold air from the high latitudes moves
underneath the warm air from the low latitudes. This group appeared only in MNW
(Fig. 7a). In this regard, the role of cold advection is to super-cool falling droplets.
However, the vertical temperature profiles show that there are G-W (5 cases), ML-
W (4 cases), W-P (2 cases), and M-W (1 case) types. For the cold front, the change
in the precipitation pattern is in the order of rain, freezing precipitation, ice pellets,
and snow, which is the opposite of the change in the precipitation pattern occurring
in a warm front (Martner et al., 1993). Consequently, it is difficult for a cold front
with a 1000-hPa and a G-W in the vertical temperature profile to occur at the same

time. These issues have already been discussed in section 4-2.

(3) Cyclone rear-side group

There were seven cases belonging to the cyclone rear-side group (Fig. 8c). The
characteristic of this group is the location of the low, which is in the northern part
of the East Sea. This group appeared only in the MNW category (Fig. 7a). The

major part of this group belongs to the ML-W type (4 cases). In this group, low-
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level flows are not through an easterly or northeasterly wind, but through a mid-
level northwesterly wind, which means the backing of a vertical wind shear; in

other words, cold advection.

(4) West Sea cyclone group
In the West Sea cyclone group (Fig. 8d, 6 cases), the distinct development of a
warm front is not observed. That is different from the warm-front group. Over the
West Sea, a low or a trough from the low located over the Eastern China Sea is
found. The warm southeasterly in low level current to Korea is the main cause of

the freezing rain. . Thus, the ML-W type (5 cases out of 6) is the main finding.

(5) Anticyclone rear-side group

In the anticyclone rear-side group (Fig. 8e, 21 cases), freezing precipitation is
formed at the rear side of an anticyclone as a southeasterly supplies the warm air.
In this group, the MS category (Fig. 7b, 16 cases) and ML-W (9 cases) category are
the most frequent because of the southerlies. The specific differences from the
other types are due to the location of the low that is far from Korea, while the high

is strong over Korea, and no fronts are seen over Korea.

(6) Cold air-damming group
The freezing precipitation of the CAD group is formed as a warm advection over

the cold air trapped in the lower layer due to topographic factors. On the eastern
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coast of Korea, it is mostly formed by easterlies. Unlike the Appalachian
Mountains in North America, the distance between the top of the Taebaek
Mountains and the East Sea is not far, at only 16 km at the narrowest point.
Therefore, for the CAD group on the eastern coast of Korea, unlike North America,
this type of event is seldom observed and noted on the weather chart, and it is very
difficult to understand the correlations with the other vertical profile types, as
mentioned in section 3-2-(6). Additionally, only very few studies have been carried

out to date.
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-37-



5. Forecasting tools
5.1. Thickness

Thickness has large effects on whether the precipitation pattern on the ground

will be snow or rain (Gay and Davis, 1993). Eq. (6) explains the thickness (h)

(6) h= R;—f"ln &)

where Ry represents the gas constant of dry air (287 J kg™* K™), g, represents the
gravitational acceleration (9.8 m s?), and P; and P, represent the atmospheric
pressures of the upper isobaric surface and the lower isobaric surface, respectively.
This equation indicates that thickness is proportional to the average virtual
temperatureT,, of the two pressure surfaces, P; and P,. In other words, thickness
represents the temperature of the layer through which falling precipitation passes.
If it is above zero, snow melts; and if it is below zero, raindrops freeze. In theory, if
the thickness of the atmospheric layer with an above-zero temperature is more than
300 m, snow completely melts during falling. Additionally, if the thickness of the
atmospheric layer with a below-zero temperature is more than 400 m, falling
droplets completely freeze (Djuric, 1994). Therefore, it has been widely used for
the forecasting of precipitation patterns. The ultimate goal of this study is also the
forecasting of freezing precipitation, and thus thickness is examined. This is
because the prediction of freezing precipitation would be very difficult if based

only on the classification of the vertical structures of atmospheric layers or the
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classification of weather charts.

For the 97 freezing-precipitation cases that were observed in Korea, the average
values for the three kinds of thicknesses (1000-850, 850-700, and 1000-500-hPa)
were calculated to be 1308 m, 1533 m, and 5403 m, respectively. These values are
smaller than the one suggested by Heppner (1992) or Koolwine (1975), but higher
than the one by Rauber et al. (2001) in the lower level, and they were lower in the
higher level, as seen in Table 3. In other words, the average values of the
thicknesses that form freezing precipitation vary depending on the target region of
each study.

Figure 9 shows the distribution of the thickness values during freezing precipitation.
The maximum frequencies were observed at 1305-1310 gpm (Fig. 9a), at 1545-
1550 gpm (Fig. 9b), and at 5420-5440 gpm (Fig. 9c), respectively. In addition,
they had the ranges of 1265-1375 gpm (width = 110), 1475-1580 gpm (105), and
5170-5560 gpm (390), respectively. Especially, the thickness range of 1000-500-
hPa was too wide, and it was found to be inappropriate for forecasting factors. For
the 1000-850 thickness, 89 cases (92%) were within the range of 1280-1330 gpm,
and for the 850-700 thickness, 88 cases (91%) were within the range of 1495-1560
gpm.

In figure 9, most of the points that are outside the concentrated area were the cases
recorded in North Korea. This problem seems to have happened due to the long
distance between the surface weather observation stations and the upper-air

observation stations, as shown in Table 1 and section 2-3.
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TABLE 3. Comparison of mean of thickness values (gpm) of the freezing rain

cases observed in other regions.

Thickness Classification
layer (hPa) This study Albany, US Ontario, Canada US East of Rocky
(Standard (Heppner, 1992) (Koolwine, 1975) Mountains
dev.) (Rauber et al.,

2001)

1000-850 1308 (16) 1317 1313 1300

850700 1533 (20) 1559 1539 -

1000-500 5403 (72) 5465 - 5456
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5.2. Use of the p-type nomogram

To predict precipitation patterns, the National Oceanic and Atmospheric
Administration (NOAA) or the National Weather Service (NWS) in the United
States uses the p-type nomogram, which has a range of 1260-1330 gpm with a
1000-850 thickness, and a range of 1500-1580 gpm for the 850-700 thickness, as
seen in figure 10a. However A, and B in figure 10b are the areas that have been
extended to present the thickness values used in this study. The gray pentagon area
represents the area where freezing precipitation could occur in the USA, and it was
defined as the freezing-precipitation occurrence area (FROA) (Fig. 10b). The
FROA can be divided into three areas. The bottom part is the area where solid
precipitation and freezing precipitation occur together, the middle part is the area
where freezing precipitation mostly occurs but rain or snow could occur together,
and the top part is the area where freezing precipitation and rain could occur
together. If the thickness value approaches the FROA with the passage of time, this
predicts the occurrence of freezing precipitation. However, in the case of Korea,
only two cases were plotted in the FROA and this shows a significant difference
from the USA. More severe problems are found in figure 10c. The empty gray
circles denote the thickness data of 00, 06, 12, and 18 UTC from January 1 to
February 28, 2014 in the substitution point (35.17°N, 126.89°E) of Gwangju,
which has come from MERRA. Comparing the empty gray circles to the black
circles, no distinct differences are found. Though the p-type nomogram has been
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used for a long time in America, it is clear that its usefulness should be considered

again if it is to be adopted in areas outside of the USA.

5.3. Freezing rain detector (FRAD)

Except for some cases explained in section 2-1, many cases of freezing
precipitation are not recorded since they were not or could not be observed. For
example, on January 20, 2014, seven accidents occurred on the Honam Expressway
due to freezing precipitation, and 20 accidents occurred in the downtown area of
Gwangju (Korean Broadcasting System [KBS], 2014). However, in the
meteorological stations across the whole country, no occurrences of freezing
precipitation were recorded. Another case is on January 28, 2014, when freezing
precipitation occurred in Seoul (NewsY, 2014) without any reports of damage. The
thicknesses of these two cases are shown in figure 10d, which are not included in

the FROA.
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In these two cases, it is clear that meteorological stations could not observe all of
the freezing precipitation, the reasons for which are as follows. Firstly, freezing
precipitation is observed by the direct experience of an observer, rather than by
automatic observation. Freezing precipitation that occurs outside the window for a
moment and disappears at night is likely to be missed unless an observer stands
outside and experiences it. In many cases, an observer would be unable to observe
freezing precipitation while it freezes on the ground and melts away. However,
even in this case, crops have already been damaged. This is because the growing
points of plants (e.g., chili pepper, radish, and cabbage) have been frozen, and once
they are frozen, they cannot recover, even after melting. Electric wires that are
hung in the air could have already been broken due to freezing precipitation. If a
traffic accident occurs, it could be disadvantageous in terms of insurance because
there is no evidence that it has been due to freezing precipitation. Secondly, it
normally occurs in mountainous areas and at night time with minimal human
presence. Therefore, a device that can detect freezing precipitation automatically is
required. Thus, an apparatus named the FRAD was proposed (Fig. 11). It has a
number of branches, with a temperature sensor at the end of each branch from the
conical support, and these form the main mechanism of the system. As soon as the
falling liquid touches the temperature sensor, its temperature is observed and
compared with one of the other sensors. Air temperature changes rapidly, but after
freezing rain, the temperature of the frozen sensor shows a slow change and big

differences from the other sensor. This can then be recognized as freezing rain.
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AR

Fig. 11. A device on the apparatus for the automatic detection of freezing rain.
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To enhance the effects, some ends are covered with fabric, or an ice-receiving plate
is hung. It is desirable to install temperature sensors more densely than in the
drawing shown in figure 11. When this device is used, every occurrence of freezing
precipitation leaves a trace. Using this device, the traffic interruption in
mountainous regions due to freezing precipitation and the resumption of traffic due
to the melting of frozen roads can be checked without the need for a person to visit
the places. However, the occurrence of freezing precipitation has strong local
characteristics, and there could a difference between locations that are only several
meters apart. Therefore, a much denser network of FRADs and a numerical model

with ultra-fine grids are inevitable for the better prediction of freezing precipitation.

6. Summary and discussion

Freezing precipitation is a hazardous phenomenon that occurs not by itself, but in
the process of the change from rain to solid precipitation or from solid precipitation
to rain. Therefore, it has been very hard to predict for a long time. Regarding the
change process, sometimes it occurs with or without damage. Though the possible
area for the occurrence of freezing precipitation is very wide, it only occurs in
small areas. Therefore, this study is a pioneering work in this area of research and
should be viewed as a basic investigation. One hundred and two cases were

collected through 123 weather stations (KMA: 77, North Korea: 27, and ROKAF:
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19) from 2001 onward, and GST, SAT, vertical temperature profiles, thicknesses,
and three kinds of synoptic weather charts, etc. have been investigated. They are
summarized briefly in the abstract of this manuscript. The most important point
relates to the problems that this study has found and that have to be solved to
enable the successful prediction of freezing precipitation. Firstly, a better
precipitation observation system is needed, not only for the detection of freezing
precipitation, but also for other phenomena such as frost, hail, ice, etc., and
although a piece of apparatus called the FRAD was proposed for this problem, it
requires additional verification in the actual atmosphere. Secondly, many cases of
freezing rain occur under conditions above freezing point. In five cases, both the

GST and SAT levels were above 10 °C. This means that there are some processes

that have yet to be recognized. Thirdly, it is a valuable finding that the FROA in
Korea is entirely different from that of the USA, although the freezing process is
the same throughout the world. P-type nomograms should be reproduced for the
prediction of freezing precipitation in Korea. Fourthly, it has also been found that
both a dense network of FRADs and a numerical model with ultra-fine grid points
are required to solve this problem. It also clear that the more FRADs there are, the

better the prediction will be of freezing-precipitation events.
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