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Abstract: Forecasting in-flight icing conditions is crucial for aviation safety, particularly in regions
with variable and complex meteorological configurations, such as Greece. Icing accretion onto the
aircraft’s surfaces is influenced by the presence of supercooled water in subfreezing environments.
This paper outlines a methodology of forecasting icing conditions, with the development of the
Icing Potential Algorithm that takes into consideration the meteorological scenarios related to icing
accretion, using state-of-the-art Numerical Weather Prediction model results, and forming a fuzzy
logic tree based on different membership functions, applied for the first time over Greece. The
synoptic situation of an organized low-pressure system passage, with occlusion, cold and warm fronts,
over Greece that creates dynamically significant conditions for icing formation was investigated. The
sensitivity of the algorithm was revealed upon the precipitation, cloud type and vertical velocity
effects. It was shown that the greatest icing intensity is associated with single-layer ice and multi-layer
clouds that are comprised of both ice and supercooled water, while convectivity and storm presence
lead to also enhancing the icing formation. A qualitative evaluation of the results with satellite, radar
and METAR observations was performed, indicating the general agreement of the method mainly
with the ground-based observations.

Keywords: in-flight icing; Icing Potential Algorithm; NWP model results; vertical velocity; cloud top
height and phase; convective activity

1. Introduction

In-flight icing has been recognized as a major hazard for aviation safety since several
decades ago, as 803 aviation accidents were reported in the continental USA between 1975
and 1988 [1]. Icing affects the aerodynamic structure of the aircraft, its induction system
and the operation of the sensors laying on the aircraft’s surfaces. This paper focuses on
structural icing, which alters the aerodynamic characteristics of the aircraft and changes
the intensity of the forces acting on the aircraft, namely, the lift, thrust and drag forces, as
well as the weight of the aircraft, influencing its static stability and thus increasing the stall
speed [2].

The accretion of ice onto the aircraft’s surfaces depends upon specific meteorological
parameters and is related mainly with air temperatures below 0 ◦C and the presence of
supercooled water droplets (SWDs), either within subfreezing clouds through collision and
coalescence processes or from precipitating water in the freezing rain formation process.
SWDs can be found in the range of temperatures between 0 ◦C and −20 ◦C (e.g., [1,3]),
although they can be found in clouds at temperatures down to about −38 ◦C [4]. A recent
satellite study has reported the presence of SWDs within different cloud types depending
on their temperature, namely, in low clouds down to −23 ◦C, middle clouds down to
−38 ◦C and high and deep convective clouds in ranges between −10 ◦C and −40 ◦C [5].
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The collision–coalescence process is important in the formation of SWDs in the deep
convection that is associated with significant icing formation as well as other important
aviation hazards, such as turbulence and strong wind shear. Deep convective clouds are
related with rather low temperatures and large droplets that rapidly produce SWDs due
to strong updrafts and high supersaturation. In the case of the freezing precipitation,
as snow falls and melts, liquid droplets are created in the warm air of the frontal zone.
The presence of the cold subfreezing air beneath the warm air leads to supercooling and
hence the formation of freezing precipitation, a procedure that mainly depends upon the
vertical thermodynamic conditions. Reports from the National Transportation Safety Board
(NTSB) and Aviation Safety Reporting System (ASRS) databases recorded 1202 icing related
accidents and incidents in the USA over the period from 1978 to 2010 [2]. A large percentage
of those events was attributed to different types of precipitation, with snow and freezing
precipitation being the most significant (32.8%) [6].

At the same time, icing is influenced by the size and the concentration of the water
droplets in the cloud. The icing risk increases when the SWD content is high and when
droplets with diameters greater than 30 µm are present (e.g., [3,7]). In general, the size of
the SWDs reported in clouds with continuous icing conditions is 40 µm in diameter and
is 50 µm for intermittent icing [8]. Tcn 50 µm is a serious threat to flight as they freeze
on the airframe [9,10]. In cumuliform clouds, SWDs tend to have a larger size than in
stratiform clouds, and clouds in continental areas have smaller droplets than maritime
areas. Droplet size as well as liquid water content generally increases with altitude in
single cloud layers. Studies have shown that, in warm subfreezing clouds, the cloud
top temperature (CTT) is below 0 ◦C but greater than −12 ◦C and the diameter of the
SWDs is usually large, sometimes greater than 100 µm, with the liquid water content
being greater than 0.5 g/m3 [8]. The liquid water content is generally in the order of
<0.5–0.7 g/m3 in convective clouds, although it can reach higher values in deep convective
clouds (~2.4 g/m3) and <0.3–0.5 g/m3 in stratiform clouds [10]. The type of icing (clear,
rime or mixed) is determined by the size of the cloud droplets (e.g., [1]). Pilot reports
(PIREPs) have also shown that the maximum probability of icing formation is at altitudes
of approximately 10,000 ft, with more than 50% of the cases laying between 5000 ft and
13,000 ft [1].

Hence, in-flight icing formation is a multi-scale problem as it involves processes
that take place in cloud scale and mesoscale and control the amount and distribution of
water droplets, while synoptic weather patterns produce the necessary meteorological
conditions that govern the location and motion of icing areas [10]. Such weather conditions
are associated with frontal zones and the development of cumuliform and/or stratiform
clouds. Especially in the case of convective conditions, meteorological factors such as
vertical updrafts and/or embedded convection are known to be important conditions for
icing accretion [11]. This complexity makes the diagnosis and forecasting of the icing events
a challenging problem, as it requires understanding the physical procedures governing
icing formation, quantifying accurately the severity of each meteorological condition that
can be attributed as a source of influence and analyzing the available data in order to
characterize and evaluate dynamic icing areas.

Forecasting in-flight icing formation and intensity is a challenging problem due to
the complexity of the physics procedures in different scales. In practice, high resolution
Numerical Weather Prediction (NWP) models are used to provide the necessary cloud
data resulting from their microphysical schemes, such as cloud liquid water, rainwater
and cloud droplet concentration, together with sophisticated precipitation and boundary
layer parameterization schemes. However, no NWP model may provide direct forecasts of
the specific areas, levels and intensity of icing. For this reason, the operational forecast of
icing involves NWP model outputs, remote sensing and ground observations all combined
through algorithms developed by various forecasting centers. These algorithms incorporate
ways to describe, as closely as possible, the physical processes associated with the presence
of SWDs and their effect on potential icing formation and severity (e.g., [2,12–15]).
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The diagnosis, rather than the prediction, of icing from these algorithms is mainly
evaluated using PIREPs, which provide trusted observations for statistical validation, while
remote sensing data are used in compliment to the PIREPs (e.g., [2,13,15,16]). However, it
should be noted that there are also non-meteorological factors that influence the in-flight
icing, namely the type of the aircraft, its speed, and the duration it spends in a potential
icing environment. These factors are not taken into account by the algorithms used and
consequently in the validation process [15].

This paper focuses on the study of the effect of a well-organized depression system
associated with occluded, cold and warm fronts on in-flight icing formation over Greece.
This is achieved with the development and application of the Icing Potential Algorithm,
applied for the first time over Greece. It must be noted that PIREP databases, which
are an important tool for providing weather information at flight levels, especially for
atmospheric conditions that cannot be easily observed from the ground, such as turbulence,
icing and cloud heights, are generally absent for retrieval over Greece. Hence, this study
performs a qualitative evaluation of the results through the available remote sensing and
ground observations. To the knowledge of the authors, this is the first application of an
icing algorithm over Greece, while the icing operational forecasting is based on the level
of the 0 ◦C isotherm that is taken from NWP models, which can provide some useful
information about icing conditions in the atmosphere, but it alone may not be adequate
for determining all icing conditions comprehensively. Understanding and forecasting
atmospheric icing potential helps reduce the risk of icing-related incidents and ensures
more efficient flight planning. This is particularly relevant for regions with significant
aviation traffic, such as Greece, where both commercial and general aviation operations
must navigate varying weather conditions. Hence, the application and evaluation of such a
method for predicting in-flight icing formation over this area is scientifically significant in
terms of identifying the effect of certain meteorological parameters for which in-flight icing
accretion becomes severe, especially for weather conditions, such as a low-pressure system
with the accompanied fronts, which may often occur in a region.

The following sections of this paper include a description of the proposed method,
presenting the Icing Potential Algorithm’s development and structure and the numerical
approach of its calculation and scenarios, incorporating the effect of the weather conditions
and the sensitivity of the algorithm on certain meteorological parameters, a brief description
of the NWP model used to extract the necessary forecasts for the algorithm’s input, as well
as the observations from the available sources of data employed to evaluate the outcome of
the algorithm (Section 2). It further discusses the meteorological synoptic conditions for
which the method is applied, presents the products of the algorithm (which are the cloud
presence, i.e., cloud mask, cloud base and top height, and the corresponding temperature
over the area of Greece) and analyzes the icing presence field that resulted by taking into
account the different meteorological scenarios investigated (Section 3). Section 4 makes
a qualitative evaluation of the results of the proposed method based on comparisons of
the algorithm’s outcome with the available observations, while the conclusions of the
work, together with suggestions for the use of the method in future work, are presented in
Section 5.

2. Data and Algorithm

This section describes the algorithm applied for the estimation of the icing potential
over Greece. The data used for this application include NWP data for the initiation and
calculations, while, in the absence of PIREP database retrieval over Greece, the analysis
and evaluation are based on available satellite, radar and point observations.

2.1. The In-Flight Icing Potential Algorithm

The Icing Potential Algorithm (IPA) developed for the present work to estimate the
in-flight icing is based on the Forecast Icing Potential (FIP) algorithm developed at the
National Center for Atmospheric Research (NCAR) [8,12]. In particular, the IPA calculates
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the capacity of the atmosphere to develop icing at a given flight level in favorable mete-
orological conditions. It uses the structure of the FIP algorithm, whichinvolves several
key components and steps, and a fussy logic method to handle the inherent uncertainties
and complexities in predicting in-flight icing conditions, as initially proposed by [4]. This
method enables the definition of the FIP in different possible icing conditions, starting from
the estimation of the formation of clouds and type of precipitation occurrence for various
mixed meteorological situations and scenarios.

Specifically, the IPA uses as input weather parameter predictions derived from the
NWP model COSMO-GR (COnsortium for Small-scale MOdeling), which consists of the
prognostic fields of air temperature (T) and relative humidity (RH) at different flight levels
from 1000 to 40,000 ft, the 2 m temperature (T2m), total precipitation (TP), convective
(CS) and long-range snowfall (LS), vertical wind velocity (ω), cloud liquid water content
(CLWC) and freezing level. Following [12], the IPA begins with analyzing the modeled RH
and T values in order to diagnose the presence of clouds in the atmosphere and to define
the highest cloud top (CTH) and its temperature (CTT) as well as the cloud base (CBH) and
the corresponding cloud base temperature (CBT).

All previous works estimating in-flight icing potential used membership functions,
producing interest maps showing the potential icing formation’s dependence on different
meteorological parameters, such as temperature (MT), relative humidity (MRH), cloud top
temperature (MCTT), accumulative precipitation rate (MP), vertical velocity (Mvv) and cloud
liquid water content (MCLWC), that are mainly based on cloud physics principles, forecast-
ing, research and PIREP observations (e.g., [8,12,13]). Here, the membership functions
applied are shown in Figure 1. The membership functions for MT, MRH, MCTT, 3-h MP and
Mvv were adopted from [12], while the membership of cloud liquid water content (MCLWC)
by Belo-Pereira [13] was used instead of the Supercooled Liquid Water Content of [12], as it
was not available in the COSMO model output. Additionally, it has been suggested that
the use of CLWC in the icing forecast may reduce the false rates as supercooled cloud water
is generally underestimated by the NWP models [8,13].

For the determination of the meteorological conditions favorable for icing formation
and possible meteorological scenarios, the IPA used the definitions by [12] Specifically, 3 h
total precipitation and convective and largescale snow forecasts were used to determine
the precipitation types as rain (RA), snow (SN), freezing rain (FZRA) and ice pellets (IP)
based on the model total precipitation and snow values combined with the model T and
the algorithm defined CTT. The determination of all types was based on the classification
by [17], as applied in [12]. Hence, situations of single-layer, non-precipitating clouds, single-
layer, precipitating clouds (no freezing rain), multiple cloud layers and classical freezing
rain structures were applied. Up to this point, an initial IPA was calculated depending on
the meteorological situation determined, as the product of the effects of T, RH and CTT
(where applied) and accumulative precipitation (AP), where applied.

Specifically for the effect of AP, if SN was forecasted and the temperature was below
freezing, the effect was negative and the IPA was decreased, as the presence of ice crystals
was expected to diminish the amount of supercooled liquid droplets, while the IPA was
also controlled by the effects of T, RH and CTT (at cloud top). If liquid RA was present
and the temperature was below freezing, the effect was added to the IPA. In the case of a
classical FZRA structure, (in which FZRA occurs as snow melts in a warm layer and then in
a layer below the cloud base at which T is below freezing and supercooled droplets exists),
then the IPA below the estimated cloud base was controlled by T and boosted by the AP
interest due to the potential presence of supercooled liquid water, while above the cloud
base the situation was treated as a single cloud case [12].

Finally, the vertical velocity and cloud liquid water content effects on IPA were added.
The first either added to or reduced the initial value, as upward motion (negative ω) lifts
the air, which then cools and increases its RH, leading to a larger amount of supercooled
droplets being formed at these levels. On the other hand, downward motion (positive ω)
leads to cloud dissipation and reduces the formation of supercooled liquid water [7,12]
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(Figure 1e), although in a newer study it is mentioned that close to the levels where in-flight
icing is formed, ω is positive in over 50% of moderate events and almost 30% of severe
events [16]; however, this remark has not been included in the present study. The inclusion
of the cloud liquid water content effect in the IPA was expected to increase the predicted
icing formation on the airframe as cloud liquid water droplets in temperatures below zero
freeze on the exposed surfaces of an airplane during flight [13,18] and this is reflected in
the MCLWC membership function (Figure 1f).
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Figure 1. The membership functions for (a) temperature; (b) cloud top temperature; (c) relative
humidity; (d) 3haccumulative precipitation; (e) vertical velocity and (f) cloud liquid water content.
Membership functions from (a–e) were adopted from [12], while membership function (f) was
adopted from [13].

Hence, taking into account the previously mentioned remarks, the IPA included the
calculation of an initial value of icing potential (IPinit), accounting for the influences of the
different meteorological parameters T, RH, CTT (where it applied) and AP (dependent on
the precipitation type) for the associated meteorological situation:

IPinit = MT × MRH[× MCTT] ± MAP. (1)

Equation (1) calculates IPinit, incorporating the influences of T, RH and CTT by multi-
plying the values of the related membership functions corresponding the values of tem-
perature and relative humidity to the icing potential, while the membership function of
CTT is taken into account only at the top of the cloud each time; for this reason, it was
included in brackets in the equation. Depending on the type of the precipitation, i.e., RA,
FZRA, SN or IP as described previously, the corresponding membership function was either
added or subtracted from the product of the other membership functions (±signal use in
Equation (1)). To this initial value IPinit, the effect of the vertical velocity and the cloud
liquid water content was included. Following the description of the simplified forecast
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Icing Potential Algorithm (SFIP) by [13], this work used also different weighting factors,
Wvv and WCLWC, respectively, to account for the effects of Mvv and MCLWC in the form
of five scenarios (S1 to S5), as shown in Table 1, and considered also IPinit as scenario S0.
The values used were arbitrary and, in the absence of the PIREP database over the IFR of
Greece, these values were applied in order to identify the sensitivity of the IPA on these
meteorological parameters to the final value of the icing potential (IP):

IP = IPinit + Wvv × Mvv + WCLWC × MCLWC. (2)

Hence, Equation (2) incorporates the effect of VV and CLWC by multiplying the related
membership functions corresponding to their values with the chosen weight and adding
their products to the initial IP value. It is noted that Mvv was either positive or negative for
upward or downward motion, respectively, as shown in Figure 1e. The structure of the IPA
is illustrated schematically as a flowchart in Figure 2.

Table 1. Scenarios applied for the contribution of vertical velocity and cloud liquid water content in
the calculation of IP.

Scenario Wvv WCLWC

S0 0 0
S1 0 1
S2 1 0
S3 0.25 0.75
S4 0.50 0.50
S5 0.75 0.25
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2.2. The NWP Model

For providing forecasts for severe weather conditions, direct model output products
are usually used from high-resolution Numerical Weather Prediction (NWP) systems. The
COSMO-GR NWP model, which is used in this paper in order to apply and evaluate the
recommended methodology, is a non-hydrostatic model developed within the framework
of the COSMO Consortium (Consortium for Small-scale Modeling) [19,20]. The COSMO
model was developed to provide high spatial resolution forecasts and serves as a versatile
tool for numerous research applications.

Recent improvements to the COSMO model at the convective scale have made it
capable of providing enhanced forecasts regarding the location, timing and severity of deep
convection, aiming to improve precipitation forecasts during the summer compared to
lower-resolution NWP models that use parameterized for deep convection [21]. To achieve
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this goal, a new dynamic core was developed, utilizing a reliable Runge–Kutta solver.
Additionally, several extensions and improvements to the physical parameterizations
were necessary.

At the convective scale, optimal parameterization of the boundary layer (BL) is crucial
for successful forecasts, especially in the initiation process of deep convection. Reducing the
asymptotic mixing height and assumptions related to cloudiness in the parameterization
of the BL scheme at the subgrid scale leads to significant improvements in the numerical
representation of physical processes. The microphysics of deep convection clouds is more
complex than that of stratiform clouds and requires more sophisticated parameterization.
As a result, the cumulative 12 h precipitation remains largely unaffected by changes in
cloud microphysics, while cases where convection is triggered by existing cells as secondary
convection are more sensitive to microphysical assumptions. Evaluations conducted on the
high-spatial resolution version of the model at the research level indicate that the COSMO
model at convective resolution has improved performance.

For the current study, the model was implemented with two one-way nested domains,
COSMO-GR1, the convective-scale-resolving version with a horizontal resolution of 0.01◦

(approximately 1 km), initialized from COSMO-GR4 with a resolution of 0.04◦ (approx-
imately 4 km) with parameterized convection. The coarse domain covered the broader
Mediterranean region, while the inner domain encompassed the greater geographical area
of Greece. In terms of the vertical axis, 80 vertical levels were utilized, extending up to
30 hPa, covering most of the atmosphere, with increased resolution near the boundary
layer, starting from a few meters above the surface (20.0 m) using a terrain-following ap-
proach [22]. The ECMWF IFS operational analyses served as the initial and lateral boundary
conditions for the coarse domain. For the present case study application, the model was
initialized at 12:00 UTC on 11 March 2019 and run for a 48 h forecast period. Model output
was available at hourly intervals. The integration areas of the models are shown in Figure 3.
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2.3. Observations

Remote sensing observations as well as point observations at specific airports were
used to discuss the meteorological conditions that occurred during the study period and at
the same time to qualitatively evaluate the results of IPA.

2.3.1. Satellite Data

As an attempt to identify icing conditions in the atmosphere, EUMETSAT’s Meteosat
Second Generation satellite data were used. The Spinning Enhanced Visible and Infrared
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Imager (SEVIRI) instrument has multiple spectral channels, including visible, near-infrared
and infrared wavelengths. The direct brightness temperature product was not sufficiently
definitive for determining in-flight icing conditions, thus postprocessed derived parameters
were used to enhance this study’s findings. These are the cloud phase and the cloud top
height products.

The cloud phase product provides critical information about the physical state of
clouds [23]. The primary goal of this product is to distinguish between different types
of clouds, which can significantly impact weather forecasting and aviation safety. The
cloud phase can indicate ice clouds, water clouds or multi-layer clouds. Ice Clouds are
composed primarily of ice crystals and are typically found at higher altitudes in subfreezing
environment. Water Clouds consist mainly of liquid water droplets and are usually located
at lower altitudes where temperatures are above freezing. Multi-layer Clouds contain both
ice crystals and liquid water droplets, indicating the presence of different cloud layers with
varying thermal and microphysical properties.

The cloud top height (CTH) product provides information on the altitude of the upper-
most layer of clouds. The retrieval of cloud top height involves several steps. The primary
method uses infrared (IR) radiances to determine the temperature at the cloud top. Cloud
top temperature data from EUMETSAT’s NWP SAF were used, as they serve an intermedi-
ate step for cloud top height calculation. This temperature was then converted to height
using atmospheric temperature profiles from NWP models. A key part of the algorithm
was the use of the EUMETSAT Numerical Weather Prediction Satellite Application Facility
(NWP SAF) (https://nwp-saf.eumetsat.int/site, accessed on 20 December 2023), which
provides accurate temperature profiles necessary for the conversion of radiances to cloud
top heights.

2.3.2. Radar Data

For the needs of the current study, data from the Hellenic National Meteorological
Service (HNMS) weather radar network were used, which provides near real-time spatio-
temporal monitoring of the atmosphere. Specifically, data from Larissa S-band (2.7 GHz)
Doppler weather radar located at latitude 39.6446◦ N and longitude 22.4603◦ E were
retrieved. The radars provide twelve elevation Plan Position Indicator (PPI) scans, with
a horizontal resolution of 400 m. These remote sensing observations were crucial for
identifying regions of intense convection and therefore, potential icing conditions.

2.3.3. METARs

In addition to the remote sensing observations that included information for the
structure and the characteristics of the atmosphere from above, surface stations METAR
(Meteorological Airport Report) data were employed to facilitate the comparison with the
presence of clouds or certain meteorological phenomena in the vicinity of a station that
may be associated with icing presence.

As METARs represent an accurate report of the weather conditions at the surface of a
fixed location and at a temporally continuous interval, they were used to determine icing
events and evaluate the predictions of aircraft icing conditions (e.g., [24]). For example,
when freezing rain or freezing drizzle was recorded, an SWD event was more likely to exist
between the surface and the lowest cloud base of at least “broken” coverage (i.e., 5–7/8 sky
coverage). Then the ceiling value was used to estimate the depth of the observed SWD
layer [25].

In our case study, METAR data were used to extract information on the precipitation
and cloud type, the cloud base height and its sky coverage in combination with the observed
temperature values. Specifically, half-hourly observations from Nea Aghialos (LGBL)
airport (39.2217◦ N, 22.7690◦ E) at the center of continental Greece were retrieved for the
meteorological conditions and analyzed below.

https://nwp-saf.eumetsat.int/site
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3. Results

As already mentioned, this is the first application of the IPA over Greece. At the
moment, the IPA is applied for research purposes. The IPA methodology application leads
to output information that includes (a) existence of single or multi-layer clouds, (b) cloud
base and top heights, (c) air temperature at the corresponding cloud base and top heights,
and finally (d) IP fields resulting from the various scenarios every 3 h at 12 different flight
levels from 1000 to 40,000 ft (resulting from the corresponding model levels from 305 m up
to 12,192 m) and at the horizontal resolution of the COSMO-GR NWP model inner domain
(1 km).

3.1. Case Study

The synoptic meteorological case chosen to be studied with the IPA was that of an
intense depression over Greece. The 12 March 2019 was characterized by an intense
low-pressure system moving over Greece from the northwest at 00UTC, followed by
an occlusion that was also associated with a cold and a warm front. These conditions
influenced the weather throughout the country from 12UTC and until after the 13 March
12UTC.Figure 4 shows the UK Meteorological Office (UKMO) analysis chart from 12 March
2019 12UTC to 13 March 2019 00UTC every 6 h. Specifically, the depression had its center
located in the marine area northwest of Greece with the pressure at 1003 HPa at 12UTC,
then it slightly deepened (1002 HPa) and moved to the continental Greece at 18UTC and
shifted slowly eastwards 6 h later. The occlusion mainly affected the maritime area west and
northwest of Greece until 12 March 2019 18UTC and then, as the center moved eastwards,
influenced a large part of the central and south Greek territory. The associated cold front
initially spanned over west Greece and then the largest part of Greece, expanding from the
north–central Greece to the south at 18UTC and 6 h later was shifted to the east, while the
warm front mainly affected the north–northeast part of Greece at all times. This synoptic
pattern was explicitly selected because it is dynamically significant in terms of aviation
safety as the meteorological phenomena associated with it are embedded convective clouds,
thunderstorms, turbulence and icing conditions. Specifically, in the context of this work, the
ascent of the air above a low-pressure system is usually associated with the development
of convective clouds that are dependent on the air temperature and are characterized by
the presence of supercooled liquid water and crystals at specific levels, constituents that,
as already discussed, are important for in-flight icing formation. Additionally, the fronts
that accompany a depression may be followed by unstable conditions in the warm air,
enhancing the possibility for the formation of clouds with large vertical extents, and may
be expected to include significant updrafts and large supercooled water droplets and thus
potential conditions for icing formation.
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In a case of precipitation formation by clouds developing on a frontal surface, thunder-
storms would be expected to develop from convective clouds, while in the case of stratiform
clouds, the presence of the cold air below could lead to the formation of precipitation types
that are associated with the presence of supercooled droplets, such as freezing rain, al-
though the METAR observations did not reveal such case on the surface of the selected
airdrome, as discussed in Section 4.

Figure 5 shows the COSMO-GR predicted temperature and relative humidity (RH)
levels at 20,000 ft (approximately 500 mb) on 12 March at 12UTC, presenting the forecasted
prevailing conditions at the upper level. It was suggested that there was a cold intrusion
with temperatures below −32 ◦C in the northwest part of Greece. At the same time, large
values of the predicted RH (more than 60%) were extended over the largest part of the
country. In the same figure, the 0 ◦C isotherm predicted by the NWP model is also shown
at the particular time. It showcases that subfreezing areas existed at lower levels (below
3000 ft) in the vicinity of the occlusion and behind the cold front (below 4000 ft) and in front
the warm front in northeast Greece (below 2000 ft), as expected, and over 6000 ft in the rest
of the regions. Additionally, the 24 h precipitation amount based on IMERG data [26] is
shown in Figure 6. Precipitation existed over the whole country, with several areas covered
by large amounts, such as Central Continental Greece around the Nea Aghialos airport
(LGBL) and the Aegean Sea located at the east.
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3.2. Cloud Presence Estimation with IPA
3.2.1. Cloud Mask

The IPA first defined the presence of one or multiple clouds as already discussed.
Here, the estimated cloud mask is shown on 12 March 2019 at 12UTC and 18UTC and
on 13 March 2019 at 00UTC (Figure 7). Comparing these graphs with the corresponding
UKMO analysis charts (Figure 4), it seems that the estimated cloud mask was in accordance
with the location of the low-pressure system and the associated fronts, while the large
horizontal extent of the clouds suggested potential precipitation events, as the IMERG data
indicated (Figure 6).
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Figure 7. Cloud mask field estimated by the IPA: (a) 12 March 2019 12UTC; (b) 12 March 2019 18UTC;
and (c) 13 March 2019 00UTC.

3.2.2. Cloud Base and Top Heights

In addition, the IPA estimated the height of the base (Figure 8) as well as the height
of the top of the clouds (single or multiple) as well as their corresponding temperatures
(Figure 9). The clouds over the area of Greece seemed to expand from less than 5000 ft, in
certain areas where the cold front was expected to be present, up to 40,000 ft, indicating
deep convectivity in those regions, if single clouds are present, with their temperature
ranging from positive values or close to 0 ◦C to −30 ◦C to −40 ◦C. Specifically, the cloud
base temperature exhibited positive values mainly at the location of the warm section
between the cold and the warm fronts, as shown in Figure 9. The cloud top temperature
was generally negative, apart from the areas where the height of the cloud top was small
and the clouds forecasted extended to less than 10,000 ft (Figure 8). The expected type of
the clouds is discussed in the following sections.
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Figure 8. Cloud base height: (a) 12 March 2019 12UTC; (b) 12 March 2019 18UTC; (c) 13 March
2019 00UTC, and Cloud top height on: (d) 12 March 2019 12UTC; (e) 12 March 2019 18UTC; and
(f) 13 March 2019 00UTC, as estimated by the IPA.
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3.3. Icing Potential Forecast Scenarios

Here, the icing potential estimations based on IPinit (hereafter referred to as IPS0) and
the use of the effects of vertical velocity and cloud liquid water content using different
weights vertically at different flight levels are shown for 12 March 2019 at 12 UTC. Figure 10
illustrates the values of IPS0 as a percentage of icing presence. It is evident that icingfor-
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mation was estimated to be significant from the lower levels of 1000 ft and 3000 ft, while
over 5000 ft and up to 10,000 ft icing covered the largest area over Greece, with percentages
of at least 70%, while above 15,000 ft IPS0 started decreasing over several regions. At
25,000 ft IPS0 was estimated to be significant, primarily over the Aegean Sea, whereas it fell
below 10% over continental Greece, and over Crete and the Eastern Mediterranean it was
reduced to values less than 60%. Finally, at heights from 30,000 ft and higher, IPS0was no
longer important.
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The various scenarios exploring the different weighting factors of MCLWC and Mvv
effects are presented here in terms of differences from the initial values of icing potential:

Diff = IPS0 − IPS1,2,3,4,5, (3)

where IPS1,2,3,4,5 is the resulted value calculated from Equation (2) after using each of the
scenarios S1 to S5 described in Table 1. The resulting values suggested that the differences
(positive indicating higher values of IPS0 or negative, i.e., lower values of IPS0) were
significant over Greece at flight levels between 5000 ft and 25,000 ft. The scenarios where
Mvv was taken into account had larger impacts in the resulting value than the effect of
MCLWC itself. When Mvv alone was considered (IPS2 in Figure 11) it either boosted (negative
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values) or decreased IP (positive values) at all flight levels where IP was significant, while
it is interesting to notice that the boosting attribution was almost the only effect at the level
of 20,000 ft and 25,000 ft suggesting that there was mainly upward motion of the air at
those particular cloud areas, indicating possibly convective conditions in those regions,
appearing at all forecasting times (here only the 12UTC on 12 March 2019 is shown).
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On the other hand, when the effect of vertical velocity was absent and the only
additional effect was the one that resulted from cloud liquid water content (IPS1) it seems
that the resulted IP value was not greatly affected by the impact of MCLWC alone at all
forecasting times, showcasing only a minor impact at certain locations, generally different
at each forecast time, with a positive impact of MCLWC; for this reason results of IP S1 are
not further discussed.

The resulting IPs from the other three scenarios (IPS3,4,5) were mainly influenced
to be greater or lesser by the Mvv depending on the weight given to the membership
function. Therefore, the IPA is sensitive, apart from its initial contributions (IPS0), also on
the vertical velocity. Figure 12 shows selected levels (5000 ft; 10,000 ft; 15,000 ft) for the three
remaining scenarios (IPS3,4,5), showcasing that the sensitivity of IP from Mvv increased with
increased Wvv.

To discuss the sensitivity of the IPA on vertical velocity, it is necessary to consider
that, based on the synoptic picture of the case study, it is expected that the presence of the
low-pressure system with the associated three fronts may provide convective conditions
that in regions is expected to be strong. This would imply, in unstable conditions, the
presence of deep convective clouds (cumulonimbus-CB or Towering Cumulus-TCU) or
altocumulus (AC) as middle-level clouds or cirrocumulus (CC) as high-level clouds on
the frontal surfaces. SWDs are commonly present in CB, TCU, AC and CC, depending
on the air temperature, with updrafts generally occurring within and below them (except
for CB, where both updrafts and downdrafts exist). Hence, this explains that in this
case study, vertical velocity was meteorologically important for specific cloud-types and
icing formation.
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4. Qualitative Evaluation of the Algorithm over Greece

It has been previously mentioned that there is no available PIREP database for the
FIR (Flight Information Region) of Greece to evaluate the IP scenarios of this study directly
by using the conventional statistical methods for evaluating dichotomic events (yes/no
icing on a certain level) as Probability of Detection (POD), False Alarm Rate (FAR), etc.
The statistical analysis conducted by [13] on the Simplified Forecast Icing Potential (SFIP)
algorithm, utilizing weights for different membership functions, demonstrated that the
SFIP0 scenario with weights for Mvv 0.2 and MCLWC 0.45 exhibited the highest overall
performance and SFIP3 with weights for Mvv 0.4 and MCLWC 0.0 were the second best for
certain statistical scores and icing intensity categories. Following a similar approach in this
study, although it does not directly employ the same technique as SFIP, as in IPA, MRH was
considered together with MT and MAP for various meteorological situations within S0; we
may assume that those scenarios partially correspond to our IPS3 and IPS2, respectively.
Additionally, our results indicated differences that were primarily attributed to the effect of
vertical velocity. Therefore, scenarios S2 and S3, which include the highest weight of Mvv
and the lowest weight of MCLWC, will be discussed alongside scenario S0, in which Mvv
and MCLWC were absent.

The use of remote sensing products for detecting icing is generally applied in the last
decades for nowcasting purposes. Nevertheless, it still remains in a relatively developing
stage of research as remote sensing is not designed to detect directly icing and is used
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mainly in combination with NWP results and/or surface observations to be analyzed and
produce information on the location and the intensity of icing (e.g., [2,7,10,15,16,27–29]).

Here, in the absence of other resources and databases over Greece, remote sensing data
were used not only ancillary to the IPA results, but also to provide some rate of qualitative
evaluation of the algorithm. The IPA was based initially on the estimation and identification
of clouds and their properties using COSMO prognostic fields. Therefore, firstly, we shall
discuss the performance of the algorithm with respect to the available satellite and radar
observations using them for comparison. Further, available METARs from selected airport
are used to enhance the discussion.

4.1. Comparison with Satellite Observations

The satellite products used for comparison were the cloud top height as well as
the cloud phase. Cloud top height (CTH) and cloud phase (CP) satellite products were
retrieved for the forecast hours of the IPA output, which covers the period from 1200 UTC
on 11 March 2019 to 1200 UTC on 13 March 2019. The IPA grid, which is the COSMO-GR
model grid (rotated latitude and longitude), was interpolated to the satellite data grid
to facilitate a direct comparison. Geostationary satellite projection with a resolution of
3 km × 3 km, was selected as a reference of the satellite data grid for evaluation. The
IPA output was interpolated to the reference grid using the nearest neighbor method in
MATLAB version 9.14 software. This method employs triangulation-based nearest neighbor
interpolation, supporting 2-D interpolation. Cells without clouds of the IPA output were
assigned a value of −999. The re-gridding procedure was applied both to the CTH and CP
satellite products.

The IPA forecasts were compared directly to the water and ice clouds using a Boolean
expression of yes or no, given that IP was calculated at specific heights. Since the CP
product was calculated using the cloud tops, an adjustment was made for comparison.
The IP was calculated as the maximum value at each atmospheric column of the vs. Each
run included outputs at 12 vertical levels at specific heights starting from 305 m (=1000 ft),
having the maximum value derived from all vertical levels. The CTH derived from IPA
was compared to the corresponding satellite CTH estimations. The IPA output was set
to provide values in 500-foot increments, initially derived in meters and subsequently
converted to feet. A mathematical conversion of the 500-foot increments was applied to the
satellite CTH data for a direct comparison.

Figure 13 illustrates (at the top) maps of the cloud top height, as observed by the
satellite, and (at the bottom) the corresponding height resulting from the IPA on 12 March
2019 at 12UTC and 18UTC and on 13 March 2019 at 00UTC. At first glance, it was shown
that the height of the cloud tops was generally underestimated by the algorithm (by at
least 5000 ft) at most of the locations, although there was a similarity in the presence of
the clouds and the general cloud mask, indicating the accordance with the low-pressure
system and the associated fronts captured by the IPA, as already discussed. In general, the
difference between satellite and the IPA CTH may lay in the fact that these two datasets
are not numerically equivalent, having different horizontal resolutions. They were forced
to be fitted in the same grid with interpolation and they both include possible errors in
calculating CTH; the satellite CTH involves calculations through the temperature values
estimated by the measured radiance and IPA values involve possible errors in the NWP
temperature and relative humidity forecasts. Despite those differences, from the icing
perspective, it was found that at heights generally greater than 30,000 ft, icing formation
is not significant due to the reduced presence of SWDs, hence the underestimation of the
height by the IPA compared to the satellite CTH was not as important as identifying the
location of the clouds.
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Figure 13. Cloud top heightfields as observed by the satellite (top): (a) 12 March 2019 12UTC; (b) 12 
March 2019 18UTC; (c) 13 March 2019 00UTC and calculated by IPA (bottom) on: (d) 12 March 2019 
12UTC; (e) 12 March 2019 18UTC; and (f) 13 March 2019 00UTC. 

 

Figure 13. Cloud top heightfields as observed by the satellite (top): (a) 12 March 2019 12UTC;
(b) 12 March 2019 18UTC; (c) 13 March 2019 00UTC and calculated by IPA (bottom) on: (d) 12 March
2019 12UTC; (e) 12 March 2019 18UTC; and (f) 13 March 2019 00UTC.

The optimal cloud analysis product for cloud phase was retrieved at 12UTC and 18UTC
on 12 March 2019 and at 00UTC on 13 March 2019 and compared with the corresponding
fields of IPS0, IPS2 and IPS3 (Figures 14–16, respectively) over Greece. The satellite CP
fields indicated single-layer water clouds (code 111-dark blue color), single-layer ice clouds
(code 112-yellow) and multi-layer clouds (code 113-light blue). At the same time, the
maximum IP fields were illustrated using threshold values similar to those generally used
for identifying the severity of icing, namely for IP < 42.5% corresponding to “none-light
icing”, 42.5% < IP < 75% corresponding to “moderate icing” and IP > 75% associated with
“severe icing” [30].

Based on the satellite images it was illustrated that water single-layered and multi-layer
clouds were present at all three times, with multi-layer clouds predominating generally
the areas affected by the fronts and the warm sector between the cold and the warm fronts.
Hence, both ice and water clouds seemed to exist with the water clouds that were expected
to include also supercooled liquid water as temperatures were below 0 ◦C, especially
behind the cold front and within the subfreezing areas.
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Figure 16. Comparison of (a) satellite cloud phase fields, with the maximum icing severity fields
corresponding to “none-light” (cyan), “moderate” (blue) and “severe” (light green) for (b) IPS0;
(c) IPS2; and (d) IPS3 on 13 March 2019 00UTC.

Looking at the IP fields at all times, moderate to severe icing existed in areas that
seem to coincide with satellite multi-cloud phases, with those areas being more extensive,
especially for the scenarios with the greatest Mvv influence (S2 and then S3). This general
picture was in accordance with previous studies that have shown that severe icing occurs
in the absence of high ice content (e.g., [16,31]).

It has been argued that cumuliform middle clouds and convective clouds are generally
mixed-phase clouds, while low-level stratiform clouds are liquid-dominant clouds [16].
Supercooled water is frequently observed near storm tracks. In fact, the dynamic forcing
plays a key role in the maintenance of the mixed phase in convective clouds. In that case
even moderate vertical velocities may be associated with the growth of supercooled water
and mixed-phase clouds [32]. Therefore, in the present synoptic case study, the satellite
multi-layer cloud phase is expected to correspond to mixed-phase clouds with the vertical
velocity having significant effect in the growth of SWDs and hence in icing formation,
which is captured by the IPA results. In addition, the large extent of icing severity coincides
with the multi-cloud phase, which is in agreement with other studies that have indicated
large number of cases with mixed cloud-top phase [16,33].

4.2. Comparison with Radar Observations

It has been found that satellites are unable to detect any supercooled liquid cloud
that may be located below thick ice clouds [15]. For this reason, the data resulted from
satellite images are often accompanied by ground remote sensing observations. In our
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case, radar data were retrieved and analyzed from Larisa radar located at the center of
mainland Greece (white dot in Figure 17) in order to investigate the developed convective
meteorological conditions around that area. Depicted radar data on 12 March 2019 at 1155
UTC (Figure 17a) suggest that there were several areas of thunderstorm events in various
locations over central Greece with the precipitation activity expanding over the whole area
at 1758 UTC (Figure 17b).
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Figure 17. Radar reflectivity images on 12 March 2019 from Larissa radar: (a)1155 UTC and
(b) 1758UTC. The bold lines indicate the cross sections 1 (left image) and 2 (right image) that were
used for extracting further discussion, while the colored dots indicate the location of Larissa radar
(white northern dot) and Nea Aghialos airport (black dot).

From these images two arbitrary cross sections were extracted, each for every time,
passing through convective cells, in order to analyze the vertical extent of the convective
activity and its association with possible icing presence. A radius of 25 km was selected
centered over the airport, suggesting a cone shaped atmospheric column up to 45,000 feet.
The same cone shaped area was selected for the IPA results (in model resolution). The
maximum value of each level was selected, both for radar data and the IPA results. The
IPA results used for comparison were initially the IPA CTH. At the same time, the satellite
CTH was still used for comparison with the radar data and the IPA forecasts. Figure 18
illustrated the data at the two cross sections. It seems that the radar reflectivity exceeded
lower height than the satellite CTH, a fact that may result from different factors such as the
different sensor resolution or the algorithms used to retrieve the cloud height observation
by the satellites [34]. It was argued that the detection of cloud tops for passive satellite
sensors was influenced by the type of the cloud and cloud overlapping (e.g., [35,36]). In our
case, it was revealed that a large fraction of the clouds included multi-layer clouds, hence
this may explain the differences between the two observation datasets and where and when
they exist; however, the comparison of remote sensing tools is not within the scope of this
paper. Figure 18a shows that along the cross section 1 the IPA CTH was relatively close
to the vertical extent of the radar data, while at the location of the greatest convectivity
(near the center of the cross section) it followed generally the increase in the dBz intensity
(greater than 37 dbz), where probably CB clouds with thunderstorms were present [37]. At
cross section 2 on 12 March 2019 at 18UTC (Figure 18b), the radar reflectivity maxima were
exhibited at lower levels and the general picture was more uniform compared with that
at cross section 1 at 12UTC when the convective cells were more isolated and stronger in
intensity. IPA CTH seemed to agree with the higher extent of the radar data also at that
time, as their difference from satellite CTH was less than 5000 ft at locations across the line.
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Figure 18. Cross section of radar reflectivity fields (in dBz) from Larissa radar, the corresponding satel-
lite CTH (purple line) and the estimated CTH from IPA (black line) on 12 March 2019 at (a) 12UTCand
cross section 1 and (b) 18UTCand cross section 2.

In order to further add to our discussion, the IP values for the selected three scenarios
(IPS0, IPS2, IPS3) were plotted in the same way as the radar reflectivity in the previous
graphs at the same cross sections, having still in the graph the satellite CTH just for keeping
the comparison. In Figure 19, the results at cross section 1 at 12UTC are presented for the
three scenarios. It was shown that the highest IP intensity was mainly between 5000 ft and
10,000 ft throughout the cross section, with some exceptions where the extension of the
clouds was predicted lower or where the base of the clouds was estimated to be higher.
It is also suggested that at the northeast part of cross section1, where the most intense
convectivity was observed by the radar data, the algorithm predicted icing to extend to
higher levels up to 20,000 ft and 25,000 ft, with the possible appearance of multi-layer
clouds, for the S0 scenario with values between 10–30% and of the same order for S3
scenario, while when accounting for the greater effect of vertical velocity (scenario S2)
reaching higher values (more than 60%).

Looking at cross section2 at 18UTC (Figure 20), the three IP scenarios showed in
general similar behavior as at cross section 1 at 12 UTC, with the IPS2 being slightly
different than IPS0 and IPS3 regarding the location and the areas covered by the icing rather
than its intensity, especially at the northeast part of the section.

As the results of the IPA are based on the COSMO-GR NWPs, it is worth exploring the
behavior of vertical velocity at the selected cross sections. Figure 21 illustrates the vertical
velocity in the form of omega (ω), as was implemented by the membership function, at
cross sections 1 and 2 on 12 March 2019 at 12UTC and 18UTC, respectively, together with
the corresponding satellite cloud top height. It is reminded that negative ω corresponds
to upward air motion, thus at 12 UTC (Figure 21a) COSMO-GR predicted upward and
downward air motion alongside to each other (mainly from point 250 to 550) at cross
section 1 within the first 10,000 ft from the surface and the values of ωexceeded −1.5 Pa s−1

or +1 Pas−1. This pattern is indicative of local convective cells within these areas. On
the other hand, at 18 UTC (Figure 21b) ω exhibited higher negative values exceeding
−1.5 Pa s−1 that expanded over the largest part of cross section 2 (from point 200 to point
850), suggesting more intense convectivity over the region. This is in accordance with
the radar reflectivity observed showing the phenomenon expanded and was more active
over that part of central Greece (Figure 17b), suggesting vertically developed clouds (up
to approximately 25,000 ft) associated with icing formation, as already discussed. Hence,
since vertical velocity seems to be a key parameter in the simulations of the particular
synoptic situation, its effect on in-flight icing and its relationship with various cloud types
and convectivity needs further investigation and is one of the future plans of our research.
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Figure 19. IP images at cross section 1 together with the corresponding satellite CTH (purple line on
12 March 2019 at 12UTC for (a) IPS0, (b) IPS2 and (c) IPS3.

For further investigating the similarities or differences in the behavior of the estimated
IPs with the radar reflectivity, point direct comparison was made between the IPA different
scenarios and the maximum reflectivity resulting from the Larissa radar over the LGBL
airport (located south of the Larissa airport as presented in Figure 17) in a radar radius of
25 km. The vertical profiles with the three IP scenarios seemed to be identical over LGBL
at the times chosen to be presented (12 March 2019 12UTC and 18UTC), although there
are differences at 06UTC, 09UTC on 12 March 2019 and 06UTC, 09UTC and 12UTC on
13 March 2019. For that reason, only the IPS2 was selected to be presented here. Figure 22
illustrates the vertical profile of the Larisa radar data over LGBL on 12 March 2019 at
1155UTC (Figure 22a) and at 1758UTC (Figure 22c), together with the profile of IPS2 at
the same times. At 12UTC there was intense convective activity over the area around the
airport with values greater than 40 dbz below 5000 ft with persisting large values (of the
order of 30 dbz) up to 20,000 ft indicating presence of thunderstorms and hence extensive
CBs around LGBL. At 18UTC, the reflectivity was slightly diminishing, although it was still
around 40 dbz at the lower levels. At these hours, the IP estimates taken within the same
radius of 25 km were highest between 5000 ft and 10,000 ft and 20,000 ft and 30,000 ft at
12UTC, indicating the presence of two-layer clouds existing in this area and between 5000 ft
and 20,000 ft at 18UTC, all corresponding to the heights with the largest radar reflectivity.
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12 March 2019 at 12UTC and (c) radar data and (d) IPS2on 12 March 2019 at 18UTC within a radius of
25 km. The horizontal axis of the radar data is in dBz and of the IP in percentage, while the vertical
axes are in feet.

4.3. Comparison with METARs

In the present case study, the METARs were also used as an additional source to
retrieve information on the height of the cloud base as well as the type of cloud. All METAR
observations at Nea Aghialos airport (LGBL) on 12 March 2019 for the period between
1150UTC and 2350UTC are included in Appendix A. It should be noted that no radio data
are available for this site. It is shown (Table A1) that during all relevant hours on 12 March
2019, the cloud base was as low as 1000 ft to 1500 ft with the convective clouds (CB and/or
TCU), having their bases at 1500 ft–2000 ft covering 1–2/8 of the sky (FEW in Table A1)
and most of the time being accompanied by thunderstorms, thus no freezing rain was
recorded. These clouds are possibly embedded within layered low and middle clouds
with “broken-BKN” or “overcast-OVC” sky coverage, as announced in the METARs. Air
temperature at the surface was initially as high as 14 ◦C, falling rapidly to 8 ◦C at around
1600 UTC as the cold air of the cold front passed through the area of the airport and the
day progressed. Hence, the IPA predictions of cloud base heights and the large potential
presence of icing at heights as low as 5000 ft was in accordance with these observations at
the selected times.

4.4. The Dynamics of IPA in Investigating In-Flight Icing

The IPA method was mainly based on the FIP method by [12] identifying different
meteorological situations and effects and was further expanded by implicating weights
on certain membership functions based on the general idea by [13] on the SFIP, which is
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in turn based on a simplified version of FIP, but in the IPA these weights were used to
further form scenarios to investigate the sensitivity of the IPA on meteorological conditions
influencing the icing formation.

The IPA method was applied to investigate the in-flight icing formation during a low-
pressure system passage over Greece. Although the results described are dedicated to one
meteorological synoptic case, the weather conditions that are associated with this case can
be generalized to similar case studies. This well-organized depression system accompanied
by an occlusion and a cold and a warm front exhibited a development and motion similar to
several low-pressure weather systems passing through Greece during autumn, winter and
spring time (e.g., [38,39]). The results of the IPA regarding the cloud top and base heights
associated with such a depression showed the development of cumuliform or convective
as well as stratiform clouds, with the cumuliform or convective being present at the areas
where upward vertical motion or unstable conditions were expected, i.e., at the location of
the occlusion, on the frontal surface of the cold front or in front of the warm front or due to
the vertical motion above its center.

The IPA showed the icing severity to increase in the vicinity of those areas due to the
possible presence of such vertically extended clouds that are generally associated with
the presence of SWDs within their depth. These results were supported by the satellite
multi-layer cloud phase images that revealed mixed phase clouds over those areas. In
addition, dynamic forcing played an important role in the maintenance of the mixed phase
in convective clouds, with even moderate vertical velocities promoting the growth of SWDs
and mixed-phase clouds and hence increasing the potentiality of icing formation; our result
indicated that the sensitivity of icing presence and intensity in the increase of vertical
velocity is an important outcome. At the same time, the agreement of the IPA results on
icing severity with the increase in radar dBz reflectivity supports this argument. Values
of reflectivity as large as 40 dBz at certain locations, indicating presence of thunderstorms
and hence extensive CBs and therefore significant vertical air motion, were associated with
large IP values within the same depth of the observed radar reflectivity, with the IP values
increasing when considering the effect of vertical velocity, indicating the sensitivity of icing
formation to the convective motion.

Although PIREPs were not retrievable for the studied area of Greece, making a general
comparison with the bibliography related with PIREPs values, the IPA method showed
that IP estimates and horizontal cover is greatest between 8000 ft and 15,000 ft (Figure 10),
which is in agreement with PIREPs stating that icing formation is important at altitudes
around 10,000 ft, with most of the reported cases to appear between 5000 ft and 13,000 ft [1].

Thus, the IPA method can provide some useful insight to the in-flight icing formation.
Certainly, the fact that this work is mainly based on qualitative evaluation with the available
remote sensing and ground-point measurements makes necessary expanding the investiga-
tion to regions for which PIREPs are available in order to extract a detailed conventional
quantitative statistical analysis, which will be a part of future work as described in the
next section.

5. Conclusions—Suggestions

Forecasting in-flight icing conditions is a critical component of aviation safety, par-
ticularly in regions with variable and complex meteorological patterns, such as Greece.
In-flight icing poses significant risks to aircraft performance, flight stability and passenger
safety. Accurate forecasting enables proactive measures to mitigate these risks, ensuring
safer and more efficient flight operations. This paper outlines a methodology of forecasting
icing conditions over Greece that takes into consideration the meteorological scenarios
related to such challenges, the advancements in NWP modeling and observation types that
reveal the structure of the atmosphere.

Specifically, the Icing Potential Algorithm (IPA) is presented, which is based on a
quantitative measure used to assess the likelihood of in-flight icing conditions. This index
integrates various meteorological parameters, employing COSMO-GR NWP forecasts
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and membership functions built in a fuzzy logic system to provide a comprehensive
evaluation of atmospheric conditions that may lead to the formation of ice on aircraft
surfaces. The IPA was applied to investigate the in-flight icing formation in a case of a
well-organized depression system associated with occluded, cold and warm fronts during
its passage over Greece. Icing was predicted to be formed at flight levels between 3000 ft
and 25,000 ft over Greece, with the strongest IP values and extended IP field appearing
in the range between 8000 ft and 15,000 ft. The scenarios tested indicated the importance
of the effect of various meteorological parameters, namely the cloud presence and the
associated precipitation types, the cloud liquid water content and the vertical velocity,
either alone or in combinations among them. Hence, among the six scenarios investigated,
it was suggested that apart from the cloud presence and the precipitation type (S0), the
vertical velocity (S2) was largely significant in influencing IP values over Greece in this
particular meteorological situation, for which convectivity was a dynamic condition leading
to significant vertical airflows with direct effects on vertically extensive cloud development
and thunderstorm occurrence.

In the absence of a PIREP retrieval database over Greece, the evaluation and discussion
performed in this work cannot be fully quantified with statistical analysis. The direct
qualitative comparison of CTH diagnosed by the IPA with satellite extracted indicated
underestimation by IPA. However, these datasets originate from numerically different
methods and characteristics and their direct comparison was expected to give differences.
The IPA was structured mainly to account for the effects of clouds whose presence possibly
enhances icing formation, while the satellite-based retrievals were influenced by the type
of the cloud and cloud overlapping, and their passive sensors were unable to detect
supercooled liquid cloud that may be located below thick ice cloud, hence the CTH values
were expected to be different among the two datasets. The use of satellite CP fields and
their connection with IP severity resulting from the different IP scenarios, especially for S2,
revealed that the greatest IP intensity was associated with single-layer ice and multi-layer
clouds that were comprised of both ice and supercooled water.

On the other hand, comparison with radar reflectivity showed that the IPA results
were closer to the vertical extent of the reflectivity, when considering cross sections passing
from convective activity, or above a point of increased convection. The interrelation of the
radar reflectivity with the IP scenarios showed that the greatest IP intensity appeared at the
locations with higher reflectivity, especially for the S2 scenario, dependent significantly on
the vertical velocity. This may be related to the fact that the mixed phase convective clouds
present near the storms developed in the particular synoptic situation, as also pointed out
by the point ground measurements, were characterized by thermal and dynamic instability,
which in turn influenced the presence of supercooled water and hence icing formation.

The sensitivity of the presence and intensity of in-flight icing to the vertical velocity,
the convective activity and the various cloud types requires further investigation and is
part of future work. The IPA method has been so far used for research purposes and one big
effort is performed with the present work. The scope of applying it over Greece is that this
geographical region is topographically complex with weather conditions influenced also
by local effects and with notable aviation traffic of both commercial and general aviation
operations, and this was the first comprehensive attempt to apply an icing code over
the region. Although the case study investigated is characteristic of the area of Eastern
Mediterranean and similar case studies are expected to result in similar outcomes, if this
method is to be used operationally, it requires expanding its employment to other case
studies. For this reason, various meteorological synoptic conditions potentially associated
with icing formation will be examined. For example, other organized depressions of
different origins will be investigated over Greece in the autumn, winter and early spring
time when the atmosphere exhibits low temperatures and/or significant convective activity.
On the other hand, the necessity to expand the evaluation of the IPA to include PIREPs that
are not retrievable over Greece makes it essential to apply the method to other geographical
regions. In this way, the verification of the method will be reinforced with the conventional
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quantitative statistical analysis by applying the IPA over areas where retrieval of PIREP
databases is available.
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Appendix A

The METAR observations from Nea Aghialos airport (LGBL) are presented here during
the period 1150UTC to 2350UTC on 12 March 2019 (Table A1). An example of METAR
decoding is given here, that at 1220UTC (121220Z), e.g.,

METAR LGBL 121220Z 09009KT 9999 VCTS FEW018CB FEW020TCU SCT030
BKN080 14/09 Q1004=

in which it is mentioned that in the vicinity of the airport thunderstorms were observed
(VCTS) with the clouds above the airport being convective cumulonimbus with base at
1800 ft and 1–2/8 sky cover (FEW018CB), convective towering cumulus with base at
2000 ft and 1–2/8 sky cover (FEW020TCU), possibly “hidden” by layered low clouds at
3000 ft with 3–4/8 sky cover (SCT030)and middle clouds at 8000 ft with 5–7/8 sky cover
(BKN080), while air temperature was 14 ◦C. These types of clouds remained over the
airport during the whole period and at several times thunderstorms developed (TSRA).
The lowest cloud base was observed from 1550 UTC–1650 UTC at 1000 ft and 1–2/8 sky
cover (FEW010). Temperature fell progressively after 1350 UTC down to 7 ◦C at 1720UTC,
remaining approximately constant until the end of the selected period.

Table A1. METAR observations at Nea Aghialos (LGBL) airport between 1150UTC and 2350UTC on
12 March 2019 every half hour. Thunderstorm and clouds are highlighted in bold. Dataset retrieved
from mesonet.agron.iastate.edu/ accessed on 24 January 2024.

LGBL METAR OBSERVATIONS

METAR LGBL 122350Z 01010G20KT 9999 FEW020TCU BKN025 OVC080 08/03 Q1011=
METAR LGBL 122250Z 35018G28KT 9999 -RA FEW020TCU BKN025 OVC080 07/03 Q1010=
METAR LGBL 122150Z 35012KT 9999 -RA FEW020TCU BKN025 OVC080 08/03 Q1009=
METAR LGBL 122050Z 35017G27KT 6000 -RA FEW020TCU BKN025 OVC080 07/03 Q1008=
METAR LGBL 121950Z 01012KT 6000 -RA FEW020TCU BKN025 OVC080 07/04 Q1008=
METAR LGBL 121850Z 33013KT 6000 -RA FEW020TCU BKN025 OVC080 07/03 Q1007=
METAR LGBL 121820Z 02010G20KT 6000 -TSRA FEW018CB FEW020TCU BKN025 OVC080 07/04 Q1007=
METAR COR LGBL 121750Z 02016KT 6000 -TSRA FEW018CB FEW020TCU BKN025 OVC080 07/04 Q1006=
METAR LGBL 121720Z 02017G27KT 9999 FEW020TCU BKN025 OVC080 07/04 Q1005=
METAR LGBL 121650Z 02017KT 7000 -RA FEW010 FEW020TCU BKN025 OVC080 08/05 Q1004=
METAR LGBL 121620Z 35009KT 5000 -RA FEW010 FEW020TCU BKN025 OVC080 09/06 Q1004=
METAR LGBL 121550Z 27008KT 5000 -RA FEW010 FEW020TCU SCT030 BKN080 11/06 Q1004=
METAR LGBL 121520Z 34009KT 9999 -RA FEW020TCU SCT030 BKN080 11/06 Q1004=
METAR LGBL 121450Z 01009KT 9999 -RA FEW020TCU SCT030 BKN080 11/06 Q1004=
METAR LGBL 121420Z 10009KT 9999 -RA FEW020TCU SCT030 BKN080 12/08 Q1004=
METAR LGBL 121350Z 10014KT 9999 FEW020TCU SCT030 BKN080 13/07 Q1004=
METAR LGBL 121320Z 10012KT 9999 FEW020TCU SCT030 BKN080 14/08 Q1003=
METAR LGBL 121250Z 11010KT 9999 VCTS FEW018CB FEW020TCU SCT030 BKN080 14/08 Q1004=
METAR LGBL 121220Z 09009KT 9999 VCTS FEW018CB FEW020TCU SCT030 BKN080 14/09 Q1004=
METAR LGBL 121150Z 06006KT 9999 FEW015 SCT030 BKN080 13/08 Q1004=

mesonet.agron.iastate.edu/
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