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Abstract: Aircraft icing refers to the accumulation of ice on the surface and components of an
aircraft when supercooled water droplets collide with the aircraft above freezing levels (at altitudes at
which the temperature is below 0 ◦C), which requires vigilant monitoring to avert aviation accidents
attributable to icing. In response to this imperative, the Weather Radar Center (WRC) of the Korea
Meteorological Administration (KMA) has developed a real-time icing detection algorithm. We
utilized 3D dual-polarimetric radar variables, 3D atmospheric variables, and aircraft icing data and
statistically analyzed these variables within the icing areas determined by aircraft icing data from
2018–2022. An algorithm capable of detecting icing potential areas (icing potential) was formulated
by applying these characteristics. Employing this detection algorithm enabled the classification of
icing potential into three stages: precipitation, icing caution, and icing warning. The algorithm was
validated, demonstrating a notable performance with a probability of detection value of 0.88. The
algorithm was applied to three distinct icing cases under varying environmental conditions—frontal,
stratiform, and cumuliform clouds—thereby offering real-time observable icing potential across the
entire Korean Peninsula.

Keywords: aircraft icing; polarimetric radar; statistical analysis

1. Introduction

Aircraft icing occurs when supercooled water droplets (SWDs) and cloud particles
collide with an aircraft at freezing temperatures during flight through clouds. Icing is
broadly divided into three types: induction system icing, instrument icing, and structural
icing. The induction system and instrument icing are induced by engineering and oper-
ational challenges. However, the critical icing risk arises from structural icing, which is
predominantly caused by meteorological conditions; this type of icing cannot be overcome
by clever aircraft engineering and instrument design. Structural icing manifests in three
forms: clear, rime, and mixed. Clear ice is hard, heavy, and tenacious, and it is formed by
large droplets in rain or cumuliform clouds. Conversely, rime ice develops from smaller
droplets typical of stratified clouds or light drizzle. Mixed icing, featuring characteristics of
both clear and rime ice, occurs when the droplet sizes vary or when the liquid droplets mix
with snow or ice particles.

The accumulation of ice on aircraft wings and body frames increases its weight and
drag while diminishing lift and thrust, which can lead to grave aviation accidents. His-
torically, icing has been a factor in numerous accidents, yet advancements in anti-icing
and de-icing technologies coupled with improved weather monitoring have markedly
reduced such incidents. Specifically, light aircraft lacking de-icing or anti-icing mechanisms
are susceptible to icing-related accidents. Moreover, commercial aircraft equipped with
de-icing devices are not immune to accidents if icing affects part of the aircraft devoid of
de-icing systems. In conditions conducive to icing, it is imperative to perform anti-icing
measures prior to takeoff. Alternatively, circumventing regions where there is a risk of ice
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formation is advisable to avert accidents. Consequently, meteorological investigations into
atmospheric conditions prone to icing are critical for preventing severe aircraft accidents.

Numerous studies have attempted to diagnose and predict aircraft icing. During
the 1940s and 1950s, the Federal Aviation Administration (FAA) acquired and analyzed
extensive data on aircraft icing to identify the environmental conditions conducive to icing.
Thereafter, the FAA established guidelines for flight operations under such conditions [1,2].
The FAA stated two prerequisites for structural icing: aircraft passage through rain or
cloud droplets and a temperature of 0 ◦C or colder at the point of moisture contact with the
aircraft. Schultz and Politovich [3] assessed pilot reports (PIREPs) against model outputs to
evaluate icing potential, and they examined the correlations between atmospheric variables
such as the temperature (T), relative humidity (RH), and vertical profiles prevalent under
icing conditions. Subsequent enhancements in algorithms for icing potential assessment
were made by Forbes et al. [4] and Thompson et al. [5], who considered four meteorological
conditions alongside the vertical thermodynamic structure.

The concern over icing from supercooled large droplets (SLDs) escalated after an icing
incident in 1994. On 31 October 1994, ATR-72 Flight 4184 engaged in prolonged operation
beyond the aircraft’s certification range in a freezing drizzle environment (encounters with
freezing droplets of rain and drizzle). Consequently, ice was accreted aft the de-icing boots
and upstream of the ailerons. This incident prompted research on the icing environments
caused by large droplets and a campaign to acquire SLDs data [6–13]. Cober et al. [8]
executed 38 flights to measure icing environments, including SLDs, using liquid water
content (LWC; 99.9th-percentile value: 0.7 g m−3) and droplet concentration to characterize
the severe icing conditions observed. Hauf and Schroder [10] identified mixed-phase clouds
containing large amounts of liquid water and simultaneous SLDs, along with embedded
convection, as primary icing contributors. The type of icing that can be formed by SLDs
(diameters ≥ 50 µm) is clear icing, which can occur in environments with freezing rain
or drizzle. According to Ikeda et al. [14], freezing drizzle (diameters 50–500 µm) can be
detected by a polarization radar and freezing rain (diameters ≥ 500 µm) with particle sizes
larger than freezing drizzle can be detected through radar. Although SLDs cannot cover all
freezing scenarios, it can be used to predict and prevent aviation risks caused by SLDs.

Advancements in icing detection technologies, especially those utilizing remote sens-
ing equipment, facilitate real-time monitoring with exceptional spatiotemporal resolution.
Satellite data can be used to estimate icing potential using parameters such as cloud-top
temperature and visible cloud reflectance (albedo) by distinguishing between cloudy and
cloudless areas, identifying cloud tops harboring SWDs, and monitoring supercooled cloud
extent changes [15,16]. Sim et al. [17] introduced a machine-learning-based icing detection
model utilizing geostationary satellite data, highlighting the advantages of satellite systems
in high-altitude, wide-area monitoring despite their larger observational errors and lower
temporal resolution compared to ground observations. Conversely, weather radar-based
icing detection technology leverages dual polarimetric variables to enable real-time surveil-
lance of precipitable clouds through detailed hydrometer classification, thereby proving
invaluable for icing detection in low-altitude areas inaccessible to satellites.

Recent research endeavors have focused on the detection and prediction of aircraft
icing through the use of diverse data sets, including observations based on remote sensing.
Notable among these efforts are the current icing potential (CIP), the advanced diagnosis
and warning systems for aircraft icing environments (ADWICE), and radar icing algo-
rithms (RadIA) (Table 1). The CIP algorithms integrate observational data, including radar,
satellite, lightning, surface observations, and pilot reports, with model outputs to assess
the potential for icing and the presence of SLDs [18]. ADWICE, developed by Tafferner
et al. [19], combines the local model (LM) of Deutscher Wetterdienst (DWD) [20], European
radar network, surface weather reports (SYNOP), routine weather reports for aviation
(METAR), and satellite, radar, and station meteorological observations to identify atmo-
spheric conditions hazardous to aircraft icing and provide icing information [21]. RadIA is
an initiative of the National Center for Atmospheric Research (NCAR) that amalgamates
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numerical models, radar, and satellite data for icing detection [22]. It employs radar, sound-
ing data, and numerical models, detecting icing by discerning three distinct conditions
within the radar volume: freezing drizzle, supercooled liquid, and mixed-phase detection.
However, the effectiveness of SLDs detection diminishes at higher radar tilt angles due
to the reliance on radar volume data and the processing of such data from individual
radars with high-resolution polar coordinate volumes demands substantial computational
resources. To address these challenges, radar volume data in polar coordinates from fifteen
radars across the Korean Peninsula were converted into singular high-resolution three-
dimensional (3D) radar data in cartesian coordinates to enhance the detection capabilities
for icing, even in upper atmospheric layers.

Table 1. Recent research based on remote sensing.

Algorithm Data Output

Current Icing Potential
(CIP)

Radar, satellite, lightning,
surface observations, pilot
report, numerical model

Potential for icing, SLDs

Advanced Diagnosis and
Warning systems for aircraft Icing

Environments
(ADWICE)

Radar, satellite, SYNOP,
METAR, local model, station
meteorological observation

Aircraft icing

Radar Icing Algorithms
(RadIA)

Radar, sounding, numerical
model, satellite Aircraft icing

Verification of these icing detection products typically involves icing data sourced
from PIREPs or in situ observations during field campaigns [4,5,17–19,22]. A variety of
field studies on aircraft icing environments have been conducted, especially on freezing
drizzle or SLDs [8,11,23,24]. Serke et al. [22] assessed the RadIA against microphysical mea-
surements obtained during field campaigns using a research aircraft. Bernstein et al. [18]
and Tafferner et al. [19] verified their aircraft icing findings using PIREP data.

Although the United States and Europe leverage diverse data sets for the diagnosis and
prediction of aircraft icing, research in this domain within Korea has been comparatively
limited. Lee and Kim [25] conducted analyses using several icing indices and icing forecast
information derived from a numerical forecasting model (KAF-MM5), comparing these
with PIREP data acquired by the Republic of Korea Air Force. Kim et al. [26,27] developed
an icing index from the results of a regional forecast model (KMA weather research and
forecast model; KWRF) and compared it with PIREP data to identify a suitable icing index.

However, no icing information is calculated in response to changes in the real-time
atmospheric environment and, in particular, there is no high-resolution icing information
that reflects the local conditions in real-time. Meanwhile, radar observes the Korean
Peninsula in real-time and provides detailed changes in the atmospheric environment.
However, no currently available technology can detect icing potential areas (icing potential)
within the Korean Peninsula (air space) using radar data. Nevertheless, icing research using
radar data can provide icing occurrence areas according to real-time changing atmospheric
environments with very high spatiotemporal resolution.

In the present study, we introduce a real-time detection algorithm for icing potential,
employing radar variables from high-resolution 3D radar data, atmospheric variables
from model data, and aircraft observations. Radar variables from polarimetric weather
radar can detect hydrometeors (e.g., ice or water droplets) and discriminate them within
precipitable clouds. We utilize radar variables (reflectivity (ZH), differential reflectivity
(ZDR), and hydrometeor classification (HC)) in icing research [18,19,22]. The other variables
(T, RH, SLDs, and LWC) selected are based on prior research [28,29] identifying key factors
influencing icing. From a meteorological perspective, aircraft icing is determined by the
air temperature (<0 ◦C) and the number and size of water droplets. Mingione et al. [28]
highlighted temperature, SLDs, and LWC as the crucial environmental factors affecting
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icing. Williams et al. [29] noted that cloud microphysics, particularly regarding the presence
or absence of SLDs, could be ascertained through radar polarimetric variables. Aircraft-
observed icing data reports are important indicators for finding the icing characteristics of
radar variables and have been used for verification [19,22].

The methodology involving radar, model, and aircraft observations is detailed in
Section 2. The statistical analysis and characteristics of the radar and atmospheric variables
in Korean icing environments are elaborated in Section 3. The development of the detection
algorithm and its results and verification are outlined in Sections 4 and 5. Furthermore,
case studies employing the delineated icing potential are discussed in Section 6. Finally,
the key findings are summarized in Section 7.

2. Data

To develop a detection algorithm for icing potential, three types of data were utilized:
3D radar, 3D atmospheric, and aircraft observation data. The Weather Radar Center (WRC)
generates comprehensive 3D radar data of the country through a network of 15 S-band
dual-polarimetric radars (Figure 1). The radars operated by the Korea Meteorological
Administration (KMA), shown in yellow, boast an observation range of 240 km, whereas
those managed by the Ministry of Environment (ME), displayed in green, have a range of
approximately 150 km. The composite map for the 3D gridded radar data is illustrated in
Table 2, presenting a high resolution of 0.5 km horizontally and 50–200 m vertically and a
temporal resolution of every 5 min. The radar variables employed include ZH, ZDR, HC,
and LWC, which was derived from ZH (expressed as ZH [dBZ] = 10logZ) using Equation (1)
provided by Greene and Clark [30]:

LWC
[
g m−3

]
= 3.44 × 10−3Z4/7 (1)

Table 2. Information on the three-dimensional (3D) composite for radar variables.

Time resolution 5 min

Spatial resolution

Horizontal 0.5 km

Vertical

Altitude (m) Resolution (m)

50–8000 50

8000–10,000 100

10,000–16,000 200

Number of grid (z,y,x) (210,2049,2049)

The 3D atmospheric data were produced through 3D objective analysis, incorporating
diverse observational data (e.g., AWS and aerological observations) and analysis data from
a numerical model. This 3D objective analysis yielded gridded T and RH at 5 min intervals,
with a horizontal resolution of 4 km and a variable vertical resolution between 100 and
500 m (Table 3). The analysis data from the Korea local analysis and prediction system
(KLAPS) numerical model were used to fill any empty grids lacking observational data. The
KLAPS is a numerical forecasting system used to predict weather on the Korean Peninsula
and it is mainly used for 3D analysis and the prediction of local-scale phenomena [31,32].
Choi et al. [33] and Jang et al. [34] stated that using KLAPS data is advantageous in
improving the accuracy of meteorological phenomena.

Aircraft reports (AIREPs) and data from research aircraft were leveraged to analyze the
radar and atmospheric variable characteristics within icing areas and to validate the detec-
tion algorithm. To ensure a comprehensive analysis and verification of icing characteristics
across different environments, cases were selected based on a variety of factors including
season, observation altitude, meteorological environment (e.g., cumuliform clouds, strati-
form clouds, fronts, and typhoons), and regions encompassing the Korean Peninsula and
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adjacent sea or mountainous areas. Eighteen icing analysis cases (spring: five, summer:
two, autumn: seven, winter: four) and ten icing verification cases (spring: four, summer:
two, autumn: two, winter: two) were selected from the period of 2018 to 2022.

Table 3. Information on the 3D composite for atmospheric variables (T and RH).

Time resolution 5 min

Spatial resolution

Horizontal 4 km

Vertical

Altitude (m) Resolution (m)

0–3000 100

3000–8000 200

8000–16,000 500

Number of grid (z,y,x) (72,257,257)
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Figure 1. Composite map of radar observations. Yellow circles indicate the observation areas of the
Korea Meteorological Administration (KMA) radars and green circles indicate the observation areas
of the Ministry of Environment (ME) radars. Yellow or green squares indicate the locations of KMA
radars (10) or ME radars (5), respectively.
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The AIREPs—issued by the Aviation Meteorological Office of the KMA—conform to
the protocols established by the International Civil Aviation Convention. AIREPs report
meteorological observations, such as temperature, wind direction, wind speed, turbulence,
and icing, in specified formats upon encountering special weather conditions or upon
request from the aviation meteorological department. In this study, AIREP data categorizing
icing intensity as “light” were utilized.

Research aircraft data from the KMA/NIMS (National Institute of Meteorological
Sciences) Atmospheric Research Aircraft (NARA) has been dedicated to missions focused
on severe weather, environmental and climate monitoring, cloud physics, and weather
modification experiments since 2018 [35].

The icing information was gathered using ice detectors on NARA, with additional data
on location (latitude, longitude, and altitude) acquired from meteorological instruments
(AIMMS-20) and a GPS. Figure 2 displays images of NARA and its ice detector. The ice
detector operates at an initial frequency range of 39,999–40,000 Hz, which decreases upon
ice formation [36,37]. A threshold frequency range (set at 38,970–39,900 Hz) triggers a
heater to melt the accumulated ice, restoring the frequency to its initial value. Icing areas
were identified where frequency fluctuations occurred within these thresholds, with the
additional criterion of a precipitation echo (ZH > −10 dBZ) for correlating icing with radar
observations. Since icing intensity information is not calculated from the icing detector
attached to the research aircraft, the icing intensity of the identified icing areas could not be
accurately known, unlike AIREP.
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Figure 2. Photograph of an atmospheric research aircraft (NARA). The red dotted circle indicates the
icing detector, which is enlarged in the red square.

3. Characteristics of Radar and Atmospheric Variables in Icing Environments

To develop an icing detection algorithm, a statistical analysis was performed for the
3D gridded data on ZH, ZDR, HC, LWC, T, and RH within identified icing areas. Figure 3
illustrates a conceptual diagram aligning the time and location of 3D gridded data with
aircraft observations. The trajectory of an aircraft is marked by a transition from blue to
yellow, with icing areas highlighted in red and black dots denoting icing detection points.
The initiation and conclusion of icing observations are marked as t0 and tn, respectively.
The nearest point in time, latitude, longitude, and altitude to an icing detection point was
located within a specified volume (5 km × 5 km × 500 m) of the 3D gridded data. The
statistical metrics (mean, standard deviation, and probability density function) for each
radar and atmospheric variable were evaluated to establish the criteria for identifying
icing potential.
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the red line indicates a route where icing occurred; black dots represent point for occurrence of icing;
cuboids represent the 3D gridded data (radar and atmospheric variables).

Statistical analysis was conducted on radar and atmospheric variables within icing
areas, examining the probability density functions (PDFs) of ZH, ZDR, T, and RH, as
depicted in Figure 4. The distribution of ZH predominantly ranged between −1.7 dBZ and
28.1 dBZ, with a mean of 13.2 dBZ and a standard deviation of 7.5 dBZ. The ZDR values
were principally distributed between −0.6 dB and 2.2 dB, averaging 0.8 dB with a standard
deviation of 0.7 dB. The T values were primarily between −19.7 ◦C and 3.0 ◦C, while the
RH values exceeded 69.4%.

The most probable ranges for each variable were established as the criteria for identifying
icing potential (Table 4). For ZH and ZDR, the conditions were set as −2 dBZ < ZH < 28 dBZ
and −0.6 dB < ZDR < 2.2 dB, respectively. Previous studies, such as the study by Williams
et al. [29], defined the conditions for ZH and ZDR as 10 dBZ < ZH < 30 dBZ and 0 dB < ZDR
< 3 dB, respectively. The criteria included lower ZH values (−2 dBZ < ZH < 10 dBZ) that
were likely caused by smaller and nearly spherical hydrometeors.

Table 4. Conditions of variables.

Variables Condition

T −20 ◦C ≤ T ≤ 0 ◦C

RH RH ≥ 70%

ZH −2 dBZ < ZH < 28 dBZ

ZDR −0.6 dB < ZDR < 2.2 dB

HC SWDs, graupel/rain

LWC 0.1 g m−3 < LWC < 2.9 g m−3

The T and RH conditions were determined as −20 ◦C ≤ T ≤ 0 ◦C and RH ≥ 70%,
respectively. Schultz and Politovich [3] identified that 87% of icing data fell within the
range of −20 ◦C ≤ T ≤ 0 ◦C, a finding echoed by Ellis et al. [38], who noted that SLDs
typically occur within the same temperature range. Wang et al. [39] and Bernstein et al. [40]
observed that approximately 75% of aircraft icing cases occurred with an RH exceeding
70%, aligning with the established T and RH criteria.



Remote Sens. 2024, 16, 1468 8 of 17

Remote Sens. 2024, 16, x FOR PEER REVIEW  9  of  19 
 

 

 

Figure 4. Histograms and probability density functions (black lines) of (a) ZH, (b) ZDR, (c) T, and (d) 

RH. 

4. Algorithm for Detecting of Icing Potential 

The icing potential was determined based on the number of variables that satisfied 

the decision conditions. The comprehensive detection algorithm for  icing potential, de-

picted in Figure 5, utilized both 3D radar variables (ZH, ZDR, HC, and LWC) and atmos-

pheric variables (T and RH). This algorithm involved three stages. First, ZH indicated the 

presence or absence of precipitation and was segregated into precipitation and non-pre-

cipitation areas. Subsequently, if the specific criteria for T and RH were satisfied, the en-

vironment was classified as conducive to  icing, proceeding to the next stage. Failure to 

meet either condition resulted in classification as a precipitation area. In the final stage, 

radar variables  (ZH, ZDR, HC, and LWC) were evaluated within precipitation areas. An 

area was identified as having icing potential if two or more conditions were satisfied; oth-

erwise, it was deemed a precipitation area. Ultimately, the icing potential was categorized 

into “icing caution” and “icing warning” based on the quantity of the fulfilled conditions, 

thereby classifying icing potential into two distinct categories (Table 5). 

Table 5. Criteria of icing potential. 

Criteria 

Area Name 

Icing Potential 

Icing Caution  Icing Warning 

Number of   

satisfied conditions 

Atmospheric variables   

(T, RH) 
2  2 

Radar variables    2  ≥3 

Figure 4. Histograms and probability density functions (black lines) of (a) ZH, (b) ZDR, (c) T, and
(d) RH.

Furthermore, the HC is composed of ice crystals, snow, graupel/rain, and drizzle
without any distinct characteristics for specific icing-related hydrometeors. Focus was
placed on SWDs and graupel as primary icing agents [41,42]. We specifically analyzed two
hydrometeor types: SWDs and graupel/rain. LWC conditions, as outlined by Vukits [43],
range from 0.04 to 2.9 g m−3. Jeck [44] reported that trace icing, which is the mildest
intensity of icing, poses no significant risk in the absence of deicing/anti-icing equipment,
provided it does not persist for more than 1 h. Therefore, we established an LWC criterion
from 0.1 to 2.9 g m−3, omitting the range of LWC corresponding to trace icing.

4. Algorithm for Detecting of Icing Potential

The icing potential was determined based on the number of variables that satisfied the
decision conditions. The comprehensive detection algorithm for icing potential, depicted
in Figure 5, utilized both 3D radar variables (ZH, ZDR, HC, and LWC) and atmospheric
variables (T and RH). This algorithm involved three stages. First, ZH indicated the presence
or absence of precipitation and was segregated into precipitation and non-precipitation
areas. Subsequently, if the specific criteria for T and RH were satisfied, the environment
was classified as conducive to icing, proceeding to the next stage. Failure to meet either
condition resulted in classification as a precipitation area. In the final stage, radar variables
(ZH, ZDR, HC, and LWC) were evaluated within precipitation areas. An area was identified
as having icing potential if two or more conditions were satisfied; otherwise, it was deemed
a precipitation area. Ultimately, the icing potential was categorized into “icing caution”
and “icing warning” based on the quantity of the fulfilled conditions, thereby classifying
icing potential into two distinct categories (Table 5).
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Figure 5. Algorithm for detection of icing potential.

Table 5. Criteria of icing potential.

Criteria

Area Name

Icing Potential

Icing Caution Icing Warning

Number of
satisfied conditions

Atmospheric
variables
(T, RH)

2 2

Radar variables
(ZH, ZDR, HC, LWC) 2 ≥3

5. Results and Verification

For verification, ten cases detected on NARA from 2018 to 2022 were analyzed. The 3D
icing potential (either caution or warning) was compared against the nearest icing detection
points in time, latitude, longitude, and altitude as indicated by the icing detector signal
(Figure 3).

Evaluation metrics, including hit (H), miss (M), false alarm (F), and correct rejection (C),
were defined based on a contingency table (Table 6). A detected icing potential coinciding
with an aircraft-observed icing point was classified as a hit, whereas its absence was deemed
a miss. Conversely, an icing point not observed as icing potential by the aircraft was labeled
as false (correct rejection). This verification method is similar to that of the other algorithms
mentioned in the introduction (CIP, ADWICE, and RadIA).

Table 6. Contingency table for the verification.

Icing Potential (Radar)

Yes No

Aircraft icing
observation(Aircraft)

Yes Hit (H) Miss (M)

No False (F) Correct rejection (C)
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Figure 6 illustrates the distribution of hits and misses across ten cases, along with
the altitude distribution of these points. In total, 62 hit points (blue squares) and 8 miss
points (red crosses) were recorded, yielding a probability of detection (POD) of 0.88 and
a false alarm ratio (FAR) of 0.51. In analyzing cases where misses appeared, icing was
not detected because the humidity conditions were not met. Hence, additional research
on icing occurring at sea is warranted. The detection algorithm demonstrated superior
performance within icing areas below an altitude of 4 km, with the highest number of false
alarms occurring in light precipitation conditions of less than 0.5 mm h−1 between altitudes
of 3 and 4.5 km.
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6. Case Studies
6.1. Icing Associated with Low Pressure and Fronts

Approximately 85% of icing incidents occur near frontal systems [45], with the broadest
horizontal extent of icing associated with warm fronts and the most severe icing linked
to cold fronts. In the first case, a robust high-pressure system was located in the south of
the Korean Peninsula. Warm and moist air from lower latitudes continued to flow into
the peninsula and encountered the hot and dry air aloft, leading to the development of a
low pressure that traversed the Korean Peninsula along the periphery of the high pressure.
Cyclonic circulation in the West Sea induced an influx of water vapor into the Korean
Peninsula, sustaining a strong radar echo over the southern sea and transporting moisture
to the northern trough. Precipitation ensued from cloud formation due to convergence
ahead of a thermal trough. On 13 March 2022, at 1325 KST, an aircraft icing detector
identified icing conditions attributed to the cooling of SWDs below the freezing level
amidst the unstable atmospheric conditions caused by active convection activity ahead of
the fronts.

The icing area (red box) observed by the NARA aircraft is depicted in Figure 7,
exhibiting conditions conducive to icing, such as a ZH below 28 dBZ, a ZDR below 1.5 dB,
and an LWC below 0.27 g m−3. This region comprised ice crystals (regular ice crystals:
yellow, irregular ice crystals: dark yellow) and snow (dry snow: pink, wet snow: cyan), as
indicated by the HC.
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Following the identification of icing potential, the outcomes were depicted in two-
dimensional data as illustrated in Figure 7g, representing the most critical values per 3D
gridded column in a bidimensional manner for swift and intuitive risk area monitoring.

Additionally, three-dimensional vertical distribution information pertinent to the pro-
posed flight path was furnished, offering detailed insights into the vertical icing potential.
The apex of the icing potential reached approximately 3.9 km (Figure 7h), with icing cau-
tion areas (light purple color), confined narrowly above the freezing layer (2.8 km) up to
approximately 3.9 km in altitude (Figure 7i) within the ice crystal and wet snow sectors
of the HC (Figure 7e). The icing warning areas (purple) were observed in limited areas
within the wet snow regions, characterized by a ZH of 26 dBZ, a ZDR of 1 dB, and an LWC
of 0.125 g m−3. Non-icing areas (holes) within the icing caution area of the thin layer were
related to the exceptionally high ZDR and satisfied the atmospheric variables (T and RH).
The area comprising irregular ice crystals (dark yellow) and wet snow (cyan) was shown in
a low ZDR as an icing caution, while the area comprising regular ice crystals (yellow) was
shown in a high ZDR as a non-icing caution [46,47].

6.2. Icing in Stratiform Clouds

The second case pertains to icing within stratiform clouds, where, as noted by Min-
gione et al. [28] and Vogel [48], such clouds typically consist of small water droplets,
predisposing them to rime or mixed icing formations. Owing to their extensive horizontal
spread, stratiform clouds heighten the icing risk for aircraft traversing them for prolonged
periods. On 21 November 2018, icing was identified in the southeastern sector of a light
precipitation system that was influenced by a trough approaching from the west of Ko-
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rea, resulting in widespread cloudiness across the Korean Peninsula and the formation of
stratiform clouds due to a convergence zone in the central region of the Korean Peninsula.

Figure 8a illustrates the icing area (red box) observed by the NARA aircraft, displaying
radar variables indicative of icing conditions (ZH below 20 dBZ, ZDR below 1.5 dB, and
LWC below 0.05 g m−3), with the area consisting of ice crystals and dry snow as per the HC.
The algorithm identified broad icing potential (icing caution) extending from 1.2 to 7 km
altitude (Figure 8g–i), with icing at 3 km altitude featuring irregular ice formations (blue
dotted line in Figure 8e). In this case, when comparing the icing area (along transect A to B)
and the surrounding area, the icing area was detected as a large region of icing caution and
icing warnings were detected in some surrounding portions. The icing warning around
the icing area shown in Figure 8g was detected as a very thin layer (about 200 m thickness)
between altitudes of −10 ◦C and 0 ◦C and in the wet snow area and high relative humidity.
The icing warning was detected because it was a wet snow area and primarily composed
of supercooled water droplets; since the LWC was higher than the icing caution area, more
riming occurred, increasing the potential for icing.
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This scenario underscores the prolonged risk of icing across vast horizontal and vertical
expanses, even within zones marked for icing caution. Mingione et al. [28] observed that
ice in stratiform cloud mid-layers typically exhibits riming—a process where small SWDs
instantaneously freeze upon contact, forming minute ice particles. Rime icing can distort
the shape of the airfoil and diminish lift, increasing the risk of aircraft accidents.
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6.3. Icing in Cumuliform Clouds

Rime or mixed icing freezes directly on the aircraft surfaces and commonly emerges
in the upper strata of cumulus clouds. Conversely, the lower segments produce clear icing
characterized by the gradual freezing of water droplets on the aircraft’s exterior. Clear
icing, once firmly adhered, poses significant de-icing challenges. Cumuliform clouds,
especially those with vigorous updrafts, can elevate SWDs to higher altitudes, potentially
engendering severe icing across multiple layers [28,48,49].

The third icing case unfolded on 5 October 2018, as a continental high-pressure center
shifted southward to central China, instigating warm air currents due to westerly winds.
The northward migration of a typhoon induced cumuliform cloud formation ahead of its
convergence zone.

In Figure 9a, the conditions within the icing area (red box) were characterized by a ZH
below 28 dBZ, a ZDR below 1.5 dB, an LWC below 0.15 g m−3, and an HC comprising ice
crystals (yellow), dry snow (pink), and wet snow (cyan). The delineation of icing potential
is depicted in Figure 9g, with icing caution areas extensively identified from altitudes of
4 km (0 ◦C) to 8 km (−20 ◦C) and icing warning areas manifesting between 4 km and
5.5 km in the vertical cross section (Figure 9i). Given the occurrence of icing warnings
within wet snow regions at temperatures ranging from −10 ◦C to 0 ◦C, clear icing was
anticipated [50] (Figure 9e,i). In Figure 9i, icing warnings with a low ZH were detected
as having a high probability of icing because the ZH, as well as other variables (ZDR, HC,
LWC), met the threshold conditions of the algorithm. An icing caution with a high ZH does
not meet the algorithm’s threshold; hence, the probability of icing is lower than that of an
icing warning. The low and high icing probabilities do not equate to low and high icing
intensity, respectively. Icing intensity is not discussed in this paper.
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7. Conclusions

A radar-based detection algorithm for icing potential was developed through the
analysis of 3D gridded radar and aircraft data, enabling the monitoring and issuance of
real-time icing alerts. This process involved a statistical examination of radar (ZH, ZDR,
HC, and LWC) and atmospheric (T and RH) variable characteristics within the identified
icing areas to establish decision criteria for each variable. The specified icing area was
determined by correlating the timing and positioning of the 3D grid with aircraft data
(icing observations). The observed characteristics of each variable within the icing regions
aligned with those reported in previous studies, although with minor variations.

T and RH, critical for identifying likely aircraft icing areas, were defined within the ranges
of −20 ◦C ≤ T ≤ 0 ◦C and RH ≥ 70%. The specified ranges for ZH (−2 dBZ < ZH < 28 dBZ)
and ZDR (−0.6 dB < ZDR < 2.2 dB) suggested the presence of small, nearly spherical water
droplets. Icing potential was detected and categorized into three groups (precipitation, icing
caution, and icing warning) based on the variables fulfilling the set conditions. Qualitative
verification across ten cases from 2018 to 2022 yielded a POD of 0.88 and a FAR of 0.51,
demonstrating the effectiveness of the icing detection algorithm. The basic design of our
algorithm can be adopted by other meteorological services in different parts of the world.
However, a procedure is needed to assess whether the threshold of radar and atmospheric
variables are similar to the characteristics of the analysis region and make any necessary
modifications.

The analysis of icing potential detection revealed variable patterns depending upon
the type of precipitation system (front, stratiform, and cumuliform precipitation). In
frontal regions, typically prone to most aircraft icing incidents, narrow icing potential
was identified above the freezing level, with icing warnings emerging in areas of partially
wet snow. For stratiform clouds, the icing potential (limited to icing caution) spanned
horizontally and widely and wad predominantly due to ice crystals. In cumuliform clouds,
icing potential (both caution and warning levels) was determined across a broad altitude
spectrum, with clear icing warnings manifesting within certain wet snow regions. Typically,
icing that occurs in stratiform clouds predominantly consists of small water droplets, while
icing in convective clouds mainly consists of larger water droplets. The stratiform case
exhibited a low ZH distribution, while the convective case showed a higher ZH distribution.
There also appeared to be a higher LWC in convective clouds than in stratiform clouds. This
is related to icing intensity, although this factor was not discussed in this study. According
to the FAA [1], icing intensity is related to the LWC; the larger the LWC value, the stronger
the icing intensity.

This study was limited by the lack of observations at high altitudes and the limited
number of icing observation cases. The number of icing events observed on commercial
aircraft was small and, for the cases that were observed, they were excluded from analysis
if they were outside the radar observation. Additionally, due to COVID-19, flights were
suspended for a period, contributing to the low numbers of icing cases. Moreover, the
observations of the research aircraft were limited due to its inability to operate at high
altitudes and avoid severe icing. Nevertheless, we attempted to ensure the reliability of this
study by maximizing the use of data from −20 to 0 ◦C altitudes. Although our algorithm
can provide accurate icing information for airplanes operating at low and mid altitudes,
due to the lack of observations at high altitudes, the icing detection capability for higher
altitudes is limited. We used limited radar data at high altitudes due to the observational
range of ground-based radar and the beam broadening effect (Table 2).

Future research using other remote sensing observation data, such as satellites, will
improve the application limitations of this study. The National Meteorological Satellite
Center in Korea provides information on icing intensity, cloud temperature, and particle
size and LWC in the cloud top. Hence, applying these variables with the current algorithm
is predicted to improve the information regarding the upper atmosphere and reduce the
false alarm rate [18,19]. The application of additional polarization variables, such as Φdp
and ρhv [22], will also improve the outcomes. Positive KDP values are observed in melting



Remote Sens. 2024, 16, 1468 15 of 17

snow or graupel and horizontally aligned ice crystals. ρHV values below 0.92 indicate
the presence of solid particles coated with liquid water, tumbling solid particles, and
mixed-phase conditions. Meanwhile, ρHV values above 0.95 are indicative of rain or ice.
Incorporating the characteristics of these variables will improve our algorithm.

Ye and Kim [51] calculated a new Z–LWC relationship using aircraft observation data
instead of the Z–LWC relationship based on ground observation data. The new Z–LWC
relationship can better derive the LWC of icing in upper layers and contribute to improving
our algorithm’s performance. Moreover, to prevent aircraft icing accidents, icing intensity
must be provided with the icing potential. Ye and Kim [51] not only proposed a new
Z–LWC relationship but also applied it to calculate the LWC from Z using and categorized
icing intensity into Trace, Light, Moderate, Heavy, and Severe, according to FAA criteria [1].

This research is expected to significantly aid decision making in aviation operations
by furnishing real-time data on icing potential across the entire Korean Peninsula that is
accessible through radar observations. It is particularly expected to mitigate icing risks
for low-altitude flights, such as those involving light aircraft and medical/firefighting
helicopters, which are not equipped with icing removal devices.

8. Patents

Korean patent (Patent Number: 10-2465090) “Radar based aircraft icing area detection
method, recording medium and apparatus for performing the same”.
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