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Resumo

O presente estudo analisa um conjunto de 115 eventos de formacdo de gelo em aeronaves na
Europa Ocidental e Nordeste do Atlantico, utilizando relatos de pilotos (PIREPs) e produtos de satélite.
Quatro destes eventos foram analisados com maior detalhe, considerando também a temperatura, a
humidade relativa e o conteldo de agua da nuvem (CWC), provenientes de previsdes do European
Centre for Medium-Range Weather Forecasts. A maioria dos PIREPs de severidade moderada e severa
(> 70%) ocorreram nos meses de Outubro a Fevereiro e Outubro a Margo, respetivamente. Também
foram relatados eventos de formacado de gelo na primavera e verao. A maioria dos eventos ocorreu
entre FL100 e FL250, com uma percentagem de 82.7% e 78.6%, respetivamente, para a severidade
moderada e severa. Os produtos de satélite revelaram que a maioria dos eventos moderados ocorreram
em nuvens com um topo composto por gelo, seguido de topos com mistura de fases e agua liquida.
Quanto aos eventos severos, a maioria esteve associada a presenca de gelo e mistura de fases no
topo das nuvens, sendo o Ultimo o mais frequente. A maioria das ocorréncias esteve associada a
nuvens média/altas, com temperaturas de brilho de 10.8 um (BT10.8) entre os —40°C e os —8°C'. Por
ultimo, os quatro casos analisados revelaram valores baixos de CWC (< 0.18g/kg) e valores elevados
de humidade relativa (> 74.8%). Ademais, em dois eventos o fenémeno de formacao de gelo ocorreu

abaixo do topo da nuvem e nos outros dois perto do topo (com uma temperatura préxima da BT10.8).

Palavras-chave: formacao de gelo nas aeronaves, PIREP, produtos de satélite, modelo do
ECMWEF, conteddo em agua liquida
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Abstract

A sample of 115 aircraft icing events in the Western Europe and Northeastern Atlantic sector is
studied, using pilot reports (PIREPs) and satellite observations and products. A detailed study of four
events is performed, using also temperature, relative humidity and cloud water content (CWC) provided
by the European Centre for Medium-Range Weather Forecasts model. Most of the moderate and severe
icing PIREPs (> 70%) occurred between the months of October and February, and October and March,
respectively. Icing events were also reported during final spring and summer months. Most of the events
occurred between flight level (FL) FL100 and FL250, with a percentage of 82.7% and 78.6%, respectively,
for moderate and severe icing. Moreover, the satellite products revealed that a great amount of the
moderate icing events occurred in a cloud-filled environment with ice cloud-top phase, followed by mixed
and water. For severe icing events, the majority of the cases were associated with ice and mixed cloud-
top phases, the latter being the most frequent. Most of the icing events were associated with medium
and high opaque clouds and 10.8 um brightness temperatures (BT10.8) between —40°C and —8°C.
Lastly, the four cases analyzed were associated with small values of CWC (< 0.18¢/kg) and high values
of relative humidity (> 74.8%). Moreover, in two events, aircraft icing happened below the cloud-top and

two other occurred near the cloud-top (with a temperature close to the BT10.8).

Keywords: aircraft icing, PIREP, satellite products, ECMWF model, liquid water content
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Chapter 1

Introduction

The purpose of this first chapter is to introduce the phenomenon of aircraft icing and, given its un-
questionable impact on flight safety, justify the motivation for its study. Furthermore, the ongoing section
will describe the thesis objectives and deliverables, and briefly explain the contents of the different chap-

ters.

1.1 Motivation

Since the earliest days of aviation industry, weather has been recognized to have a major impact on
air transport safety. Due to the progress made in technology throughout the years, airborne, satellite
and instrument landing systems have evolved, and together with Numerical Weather Prediction (NWP)
forecasts [1, 2], the absolute number of casualties due to aircraft disasters has decreased notably.
Regardless of the improvements made, according to the Aviation Weather Accidents Database (AWAD),
the percentage of casualties in accidents due to the weather shows a modest increase between 1967
and 2010 [3]. Also, meteorological conditions are still one of the most significant causes of incidents and
accidents in aviation [3].

Aircraft icing may occur throughout flights in the presence of supercooled liquid water clouds or
mixed-phase clouds [4]. Icing is one of the meteorological phenomena that contributes for air transport
accidents associated with weather conditions. Aircraft icing is of significant concern for aviation safety
to the extent that, between 1998 and 2009, not less than 565 aircraft accidents were associated to ice
accretion, in both commercial and non-commercial airplanes, in the United States [5]. Worldwide, aircraft
icing is accountable for approximately 7%, 10% and 9% of the meteorological-caused accidents in the
climb, approach and landing phases, respectively [3].

To better understand the severity of this threat, wind tunnel and flight tests made by the Air Safety
Foundation AOPA [6] have shown that icing accretions on the wing can lead to a decrease of 30% in lift
and an increase up to 40% in drag. Furthermore, a NASA study demonstrated that almost 30% of the
total drag derived from an icing event persisted even after the protected areas were cleared [6].

To prevent icing disasters, the airplane system can be designed and developed with icing tolerant



characteristics, or the aircraft route can avoid icing prone areas. Although the latter would heavily in-
crease aviation safety, this task is more difficult to perform in commercial aircraft, due to schedules
constraints. Therefore, ice tolerance is an essential attribute of the airplane [7]. It is important to note
that the influence of in-flight icing will vary with the type of aircraft. Jet aircraft are usually less vulnerable
to icing because of their bigger propulsion power, which allows them to perform escaping maneuvers
much more easily. Whereas medium and small sized aircraft are more vulnerable to icing because they
generally operate at medium flight levels where the icing potential is higher, making them to completely

depend on their deicing and anti-icing equipment [8].

As such, it is obvious that aircraft icing endures as a serious risk to aviation. Therefore, monitoring
and forecasting the icing phenomenon, areas of risk and its severity, is a major challenge to meteorolo-
gists and is of undeniable relevance [9]. This is why conducting a detailed study about aircraft icing is of

the utmost importance.

Note that a significant part of the accidents due to the weather occurs in latitudes between 12°
and 38° in both north and south hemispheres [3], which includes part of the Portuguese Flight Infor-
mation Regions (FIRs): Lisbon and Santa Maria Oceanic. This is of significant importance, since the
Aeronautical Meteorology Division (DivMA) at the Portuguese Institute for Sea and Atmosphere (IPMA)
as a Meteorological Watch Office (MWO), is responsible for maintaining constant watch and providing
the necessary information for the safety, regularity and efficiency of air navigation for the two Portuguese
FIRs [10]. Moreover, DivMA is also responsible for regularly providing meteorological information when
severe - Significant Meteorological Information (SIGMETSs) - or moderate - Airman’s Meteorological In-

formation (AIRMETS) - aircraft icing events have occurred, or are expected to occur [11].

1.2 Objectives and Deliverables

Over the years, several studies were devoted to aircraft icing over North America [7, 12—-17], how-
ever, over the western Europe only few studies addressed this topic [9, 18]. The current study aims to
characterize the aircraft icing environment in Western Europe and Northeastern Atlantic sector, using
pilot reports (PIREPs) and satellite observations. A sample of 115 PIREPs is considered, where 86 of
the reports are of moderate icing and 29 are of severe icing. The analyzed cases took place between
January 2019 and March 2022. Besides, a more detailed analysis of four events is performed, using also
forecasts of temperature, relative humidity and cloud water content provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF) model. These data are important to improve icing al-
gorithms based on NWP forecasts, such as that currently used operationally at the Portuguese MWO
[9]. As a result of this study, an article was written and submitted to Atmospheric Research journal in

Elsevier (Casqueiro et al. [19]).



1.3 Thesis Outline

This thesis consists of five chapters. The second chapter presents a succinct description of aircraft
icing and the related phenomena in order to provide the foundations utilized to characterize this meteo-
rological event, like the atmospheric conditions that lead to its formation and the aircraft characteristics
that impact the occurrence of icing. The third chapter will focus on the data involved in the current work,
such as the pilot reports’ database, the satellite observations and the forecast data, and the methodology
applied. The fourth chapter provides results from the PIREPs, satellite products and ECMWF model. A
statistical analysis of the overall view and a few cases studies are presented. At last, the fifth chapter

will recapitulate the main conclusions of the thesis and provide some suggestions for future research.






Chapter 2

Background

This chapter begins by describing the aircraft icing phenomenon. A description of the classification
system of icing severity and its different physical types is presented. A characterization of the atmo-
spheric conditions that lead to its formation and aircraft features that impact the occurrence of icing then

follows. Lastly, notable aircraft icing effects and icing detection are briefly described.

2.1 Theoretical Overview

At temperatures below —36°C to —40°C, liquid water droplets freeze spontaneously through homo-
geneous nucleation, depending on the diameter droplet [20]. In contrast, at sub-freezing temperatures
above these values, the freezing of liquid water droplets usually requires the presence of ice nuclei
[21, 22]. However, the availability of ice nuclei in the atmosphere is small, especially at temperatures
above —10°C [23]. Therefore, liquid droplets at sub-freezing temperatures, known as supercooled water
droplets, have been observed in several types of clouds [20, 24—-26]. In-flight icing is defined as the
accretion of ice on the airframe during flight, caused by the presence of supercooled water droplets [27].
These droplets are unstable and once hitting a cold object, they can freeze and form a thin coat of ice.

This is the elementary mechanism for the icing phenomenon [27, 28].

2.1.1 lIcing Severity

Although there are three types of aircraft icing - structural, instrument and induction -, weather fore-
casters are only concerned with structural icing, which corresponds to the ice accretion on the exterior
surfaces of the airframe [29]. It is important to note that there are several factors that influence the rate
of ice accumulation in structural icing, which can make it difficult to correctly identify the icing threat
to any particular airplane [29]. Therefore, it is important to classify the icing phenomenon into severity
categories, which describe the impact of accreted ice on the flight of an aircraft [9]. Over the years, icing
severity has been a matter of debate. In the 50s and 60s, icing severity has been classified into five or

four classes [30], as illustrated in the tables depicted in Figures 2.1 and 2.2.



Descriptive Aircraft performance criteria Liquid water content Ice collection rates on small probes

terminology (g/m*) Inches per 10 miles Miles per 1/2 inch
Trace Barely perceptible formations on unheated aircraft components 0 to 0.125 0 to 0.09 56 or more
Light Evasive action unnecessary (no perceptible effects on performance) 0.125 to 0.25 0.09 to 0.18 28 to 56
Moderate Evasive action desirable (noticeable effects on performance) 0.25 to 0.60 0.18 to 0.36 14 to 28
Heavy Eventual, evasive action necessary (aircraft is unable to cope with icing 0.60 to 1.0 0.36 to 0.72 7 to 14

situation and extended operation is not possible)
Severe Immediate evasive action is required (aircraft uses climb power to hold 1.0 or more 0.72 or more 0to7

altitude, and continued operation is limited to a few minutes)

Figure 2.1: 1956 US Air Force standards of aircraft icing severity [30].

Icing severity level Light Moderate Heavy Severe
Icing intensity <0.6 0.6-1.0 11-2.0 >2.0

Figure 2.2: Icing severity level [30].

Today, according to the Weather Meteorological Organization (WMOQ) the severity of aircraft icing [31]

is classified as:

* light - Accumulation rate may create a problem if flight in this environment exceeds 1 hour;

» moderate - Rate of accumulation is such that even short encounters are potentially hazardous.

Anti-icing equipment must be used;

 severe - Rate of accumulation is such that use of anti-icing equipment fails to reduce or control the

hazard. Immediate diversion from the region is necessary.

While the first level does not represent a problem, the last two categories pose a threat to flight safety
[12, 27, 30]. Although in North America the icing severity is reported for 8 different icing categories,
including no icing [32], in Europe only moderate and severe icing events are usually reported, since this
is mandatory according to the International Civil Aviation Organization (ICAO) [11]. As such, only these

two categories will be analyzed here.

2.1.2 Types of Icing

Normally, aircraft icing can be divided into three physical types: rime, glaze and mixed ice, the
latest being a combination of the first two types [17, 23, 27, 30]. Rime ice may be formed when tiny,
supercooled liquid droplets collide on the wing of the airplane and freeze instantly, before having time to
spread away [23]. Although this type of ice can redistribute the stream of air over the wing in a greater
way than glaze ice can, it has a lower weight and is easier to remove with deicing equipment [23]. Glaze
ice, also known as clear ice, can be formed when the aircraft flies through an area of large supercooled
droplets [17]. Upon impact on the airplane, the drops break apart and flow along the airframe before
freezing into a smooth and transparent ice [27]. Therefore, clear ice can possibly flow to unprotected
areas and accrete there [27], hampering the removal of icing. Hence, glaze ice has a greater impact
on the performance of the aircraft when compared to rime and mixed ice [30, 33], as confirmed by the

results from five icing research flights by Mikkelson [34].



2.1.3 Atmospheric Variables and Type of Clouds that contribute to the occur-

rence of Icing

In general, aircraft icing occurs in extensive layers of clouds, where considerable amounts of lig-
uid water are available and the temperature is below freezing. Moreover, the severity of aircraft icing
depends on three atmospheric parameters: the liquid water content (LWC), the mean effective droplet
diameter (MED) and the ambient temperature [35-37]. Since water in the liquid state tends to exist in
larger concentrations in warmer air and diminishes with decreasing temperature, icing generally occurs
at temperatures between —40°C and 0°C, being more frequent between —20°C and 0°C [27, 28, 38, 39].
Moreover, severe icing takes place normally between —15°C and 0°C [30, 35]. Therefore, aircraft icing
conditions tend to form below 8000 meters (26000 feet) [27, 33, 40]. The altitude at which aircraft icing
occurs varies with the latitude: Politovich et al. [27] showed that at lower latitudes in the Northern Hemi-
sphere (e.g., around 15°N) the favorable temperatures for icing in January take place between flight
level (FL) FL160 and FL260, and at higher latitudes (like 70°N) below FL045. For mid-north latitudes like
45° N, the favorable temperatures for icing take place below FL160 [27]. In essence, lower latitudes in
the Northern Hemisphere are associated with warmer temperatures, so the altitudes conducive to icing
are higher, and higher latitudes are associated with colder temperatures, so the altitudes conducive to

icing are lower.

The first parameter, LWC, which is liquid water per unit volume, is one of the most crucial variables
with impact on aircraft icing. The greater the LWC, the more significant is the icing risk [30]. In convective
clouds the LWC is generally < 0.5 — 0.7g/m?® (~ < 0.366 — 0.511g/kg), and in stratiform clouds <
0.3 —0.5g/m? (~ < 0.219 — 0.366 g/kg) [27]. More specifically, Curry et al. [41] showed that, in the mid-
latitude regions of the North Atlantic Ocean, the average value of the cloud’s LWC was approximately
0.095g/m3 (~ 0.069g/kg) for low-level clouds and 0.043 g/m3 (~ 0.031g/kg) for mid-level clouds (the
definition of low, mid and high-level clouds is presented at the end of this section). Also, maximum
values of cloud’s LWC were 0.63 g/m? and 0.40 g/m? (~ 0.46 g/kg and 0.29 g/kg, sequentially) for low
and mid-level supercooled clouds, respectively. For the unit conversion, the air density at —15°C was

used.

Finally, the greater the MED, the higher is the impact on the airplane since the thickness of the ice in-
creases [30]. Furthermore, for a water droplet’s diameter between 15 m and 40 um, the larger the MED,
the greater the inertia, which complicates the deviation of the water droplets from the initial trajectory,
and increases the chance of the wing leading edge to be iced. For diameters below 15 um, the droplets
will stay in the free-stream and will not interfere with the surfaces of the airplane, contributing less for ice
accretion [30, 40]. The most dangerous icing events occurred in situations where supercooled droplets
of 40 — 300 um diameter were present [33]. Note that the icing severity depends on the relationship be-
tween LWC and MED [37, 39, 42], so that larger MED requires smaller LWC values and vice versa. LWC
greater than 0.2g/m? and MED greater than 30 um represent the conditions impacting most heavily on
aircraft performance [35, 37]. Moreover, the presence of large droplets is normally associated to fairly

warm cloud-top temperatures (> —15°C) and low LWC [43, 44]



The risk of this phenomenon increases with large concentrations of supercooled liquid water and/or
with the presence of large droplets [35]. Aircraft icing can be caused by cumuliform and stratiform
clouds [33]. Cumuliform clouds have a considerable vertical extent, are unstable and more energetic
than stratiform clouds and therefore, usually produce higher LWCs and MEDs [30], which increases
its impact on icing formation. Conversely, stratiform clouds have a smaller vertical depth but a larger
horizontal extent, and in general, a lower LWC and water droplet diameter [30, 40]. Nevertheless,
Marwitz et al. [42] showed that in situations of temperature inversion, stratiform clouds could also contain
large droplets. In single cloud layers, water drop diameter and LWC normally increase with height, which
makes the cloud top the most notable icing potential region [27]. The type of cloud also influences the
duration of the aircraft icing. Bearing in mind that the impact of this phenomenon cannot be neglected
during the climb and descent phases in commercial aircraft [3] and cumuliform clouds have a larger
vertical extent, the airplane will remain for a longer period of time inside the cloud which will increase
the duration of the aircraft icing event.

Clouds are generally classified into four main groups taking into account the height of the cloud’s
base above the surface, namely: low-level clouds, mid-level clouds and high-level clouds, and clouds
with vertical development [45]. Low clouds are generally composed of water droplets, being able to also
contain ice particles in cold weather. Middle Clouds are mainly composed of water droplets and some
ice crystals, when the temperature gets sufficiently low. For higher altitudes, the air is extremely cold
and dry which explains the composition of high clouds, almost uniquely ice crystals. Finally, clouds with
vertical development generally have a lower and warmer region composed of water droplets, a higher
and colder part composed only of ice crystals, and a mixed phase in between. Note that clouds cannot
be precisely identified only based on elevation, since the corresponding altitude of each group overlaps

and varies with latitude (see Table 2.1).

Table 2.1: Approximate Height of Cloud Bases for Different Latitudes [45].

Cloud Group Tropical Region Middle Latitude Region Polar Region

High 6-18 km (19685 - 59055 ft) 5-13 km (16400 - 42650 ft) 3-8 km (9840 - 26240 ft)
Middle 2-8 km (6560 - 26240 ft) 2-7 km (6560 - 22970 ft)  2-4 km (6560 - 13120 ft)
Low 0-2 km (0 - 6560 ft) 0-2 km (0 - 6560 ft) 0-2 km (0 - 6560 ft)

2.1.4 Aircraft Characteristics that impact the occurrence of Icing

There is a vast number of aircraft characteristics that may impact differently the occurrence of icing,
such as the speed of the aircraft, the aircraft size and the type of deicing and/or anti-icing equipment
employed [28].

The aircraft speed may impact the ice accretion through kinetic heating [28]. The greater the speed,
the larger the kinetic heating, which consequently increases the temperature, decreasing the accumula-
tion of ice and the risk of aircraft icing. For example, for a velocity around 460km/h (250kt), the kinetic

heating is fairly +10°C. This increment of temperature takes place at the leading edge of the airplane,



shielding it from the icing phenomenon, considering that the air temperature is above —10°C [28]. For
a true airspeed greater than 981km/h (530kt), at sea level, or 1074km/h (580kt), at 6096m (20000 ft),
the kinetic heat can melt the ice entirely. Hence, it is possible to eliminate the anti-icing equipment,
according to the US military standard (MIL-A9482) [30, 46].

In general, smaller aircraft fly at lower altitudes where icing conditions are more frequent which,
along with their diminished reserve power and de-icing capabilities, makes them more vulnerable to
aircraft icing. On the other hand, for larger aircraft cruising at altitudes above icing-prone layers, icing
conditions are only found during the ascent and descent maneuvers [27].

Moreover, depending on the location of the aircraft where the icing phenomenon forms, different
effects may occur. One of the main characteristics that airframes must be designed with is smooth areas
to facilitate the airflow, so that the greatest lift force can be produced. When ice is formed on the wings
or fuselage, the airflow may be disturbed and turbulence may be established, increasing the drag (which
increases with the exposure time to the icing event) and decreasing the lift capability of the airplane,
as shown by the performance data on a wing, acquired by Nasa Glenn Research Center at Lewis Field
(Figure 2.3). At some airports, a layer of frost may be formed during night time, contributing to a more
turbulent and thicker boundary layer, and decreasing the angle of attack at which flow separation occurs
[27, 28]. Additionally, when formed at the intake of the engine, the ice decreases the power of the

aircraft, since it diminishes the available oxygen to burn [23, 30].
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Figure 2.3: Icing effects on aircraft performance variables: lift, angle of attack and drag [47].



2.1.5 Icing Effects and Icing Detection

The icing phenomenon can affect the performance of an airplane in multiple ways. While it decreases
lift and the rate of climb, it increases drag since it disturbs the smooth flow of air [6, 18]. Consequently,
the aircraft may stall at lower angles of attack and higher velocities [6]. To counterbalance the additional
drag, power is added to the engines, which increases fuel consumption [30]. The total weight of the
airplane increases due to the additional weight of the ice accumulated, but in an insignificant way when
compared to the airflow disruption caused. Besides these main effects, icing can also obstruct the
engine’s air intake in a fuel-injected engine and ice up the carburetor, which may cause engine stoppage
[6, 18].

It is then possible to conclude that the icing phenomenon has numerous effects on an aircraft: de-
crease of lift and stall angle of attack, increase of drag and critical stall speed, decline of performance
due to iced air intake on the engines, and reduction of control efficiency [30, 47].

Generally, pilots have a defective view of the airplane’s wings so they normally use the ice accreting
on wipers, windshields, and/or pitot tubes near the nose of the aircraft to evaluate the presence and
quantity of ice [27]. There are also onboard icing detectors that alert the pilot when ice is accumulating
on the airplane, which may provide a premature warning of ice accreting to the pilot. The benefit of in
situ instruments is that they give a positive detection of aircraft icing conditions. Nonetheless, they have
the downside that the airplane must be immersed in the icing environment which is not a preferable

place to be [27].
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Chapter 3

Data and Methodology

This third chapter is mostly dedicated to the description of the data and methodology used in the cur-
rent work. Three types of data will be used to study the icing phenomenon. The pilot reports’ database
is described, from the information included in the reports to the time range considered. Satellite obser-
vations and products are also taken into account, and the forecast data is described. Finally, a brief

explanation of the methodology applied is presented.

3.1 Pilot Reports

As expected, PIREPs are more recurrent during the day and more often find near significant airports
and flight routes with hefty traffic [9]. Additionally, the reported severity of the icing event is determined
by the pilot and will vary with the type of airplane, so different aircraft will observe and report different
icing intensities in the same icing environment [48]. Consequently, PIREPs tend to be subjective and
dependent on the pilot and the airplane. Furthermore, reports of 'no icing’ may not happen since pilots
are not required to do so [12], delays may occur in providing the icing report that will lead to a notable
error in time and location [49], and areas of deep convection which are typical of cumuliform clouds
and are often associated with icing events are normally avoided. Hence, the PIREPs are sporadic,
non-systematic and their distribution is biased [50]. Due to these limitations, PIREPs are not suitable to
perform a climatology of the aircraft icing. Nonetheless, this type of data is very useful in providing icing
information and verifying icing forecasts.

This work uses a sample of 115 PIREPs provided by IPMA through the Regional OPMET (Operational
Meteorological) Centres of Toulouse (for the region of Spain) and London (for the regions of Ireland,
Wales and England) and IPMA itself (for the Santa Maria and Lisbon FIRs) [51]. From the reports, 86
are of moderate intensity and 29 are of severe intensity. Each report contains information on severity,
date, time, latitude, longitude and flight level. A flight level is the height, expressed in hundreds of feet,
above the standard mean sea level pressure of 1013.25hPa at which that pressure occurs in the ICAO
standard atmosphere [11].

The location of the icing reports includes the western Europe and Northeastern Atlantic sector and
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is shown in Figure 3.1. The analyzed cases were reported between January 2019 and March 2022.
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Figure 3.1: Location of icing pilot reports.

Regarding the PIREPs spatial distribution, it is evident that there were more icing occurrences north
to the 45° N parallel than south, 72 and 43 cases, respectively (see Figure 3.2). This would be expected
as the region north to 45° N generally comprises lower temperatures associated to icing events. Most of
the reports collected north (south) of 45° NV, approximately 70% of the events, occurred in October and
between the months of December and March (most of them occurred between October and January for
the reports collected south of 45°N).

Concerning the selected PIREPs, the most frequent reports were of moderate icing. This would be
expected since more extreme icing conditions are normally avoided, such as cumulonimbus or thun-
derstorm clouds (cumuliform type of cloud) which interfere with aircraft flights in various ways. Most of
the moderate and severe icing reports (> 70%) occurred between the months of October and February,
and October and March, respectively (see Figure 3.3). Even though at first sight aircraft icing would
be expected more frequently during the cold months of the year (since the meteorological conditions
associated to icing are more common during wintertime), as shown in the previous graph, icing events
were also reported during final spring and summer months, which is coherent with previous studies like
in Sand et al. [33] and Politovich [44]. Approximately 10% of moderate events were reported between
July and August and 14% of severe events between May and June. The seasonal and inter-annual
atmospheric variability explains this.

Once again, regarding the reports’ spatial distribution, it is evident that most of the events north and
south of 45° N occurred between FL100 and FL250 and between FL150 and FL> 250, respectively (see
Figure 3.5), which is consistent with the altitude range at which aircraft icing was found in other studies
like in Politovich et al. [27] and Sand et al. [33]. It should be noted that north of 45° N there were more

icing events between FL100 and FL150 (20.6%) than above FL250 (2.9%), while south of 45° N there were
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more icing events above FL250 (16.7%) than between FL100 and FL150 (11.9%). This would be expected
as the region north of 45° N generally gets lower temperatures at inferior altitudes than the region south
of 45° N. Note that the lapse rate, the rate at which the temperature decreases with altitude, is normally
6 to 7 degrees per km [52]. Hence, it will be assumed a lapse rate of 6.5°C/km and that, for example,
in December, the average temperature in Lisbon, a region south of 45°N, is 11°C, while in London, a
region north of 45° N, is 5.6°C [53]. Therefore, it is possible to infer that the majority of the icing events
north of 45° N, accordingly with the average temperature in London, occurred between the temperatures
of —14°C (FL100) and —44°C (FL250), while south of 45°N, accordingly with the average temperature
of Lisbon, occurred between the temperatures of —18°C (FL150) and —38°C (FL250).

Regarding to Figure 3.5, most of the events occurred between FL100 and FL250, with a percentage
of 82.7% and 78.6% for the moderate and severe events, respectively. In contrast, about 7% and 10% of
the moderate events took place below FL100 and above FL250, while 18% and 3.5% of the severe events

occurred below FL100 and above FL250.
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Figure 3.2: Distribution of icing PIREPs located north and south of the 45°N parallel respectively, by
months.
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Figure 3.5: Distribution of moderate and severe icing PIREPs by altitude (flight level).

3.2 Satellite Observations

Aircraft icing conditions occur in regions where the top cloud temperature is below freezing, cloud
depth is larger than 1000m and where significant amounts of liquid water exist [41]. Thus, although
the icing phenomenon cannot be directly observed from satellite data, some satellite products provide
information about cloud properties that may help identifying areas which favor icing conditions [38, 41].
There are two types of weather satellites: Polar-orbiting, which orbit nearly parallel to the earth’s meridian
lines, and Geostationary (or geosynchronous), which can observe a fixed area (or disc) of the earth,
since they orbit the equator at the same earth’s rotation rate [45].

In this study, the satellite data was obtained through the geostationary Meteosat Second Gen-
eration (MSG) satellite from the European Organization for the Exploitation of Meteorological Satel-
lites (EUMETSAT). The Meteosat satellite provides full disc imagery every fifteen minutes over Europe
and Africa [54]. MSG satellites carry on board a primary instrument, the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI), that has the ability to observe the Earth atmosphere using 12 different
spectral channels. Eight of these are thermal infrared channels (3.9, 6.2, 7.3, 8.7, 9.7, 10.8, 12.0 and
13.4um), which provide information both day and night [55]. The remnants are three channels in the so-
lar spectrum (0.6, 0.8 and 1.6 um) and a broadband high-resolution visible channel, which are available
only during daytime. The high-resolution visible channel has a spatial resolution at the sub-satellite point
of 1km, while the other have a spatial resolution of 3km [55].

The satellite data and products employed in this study include brightness temperature (BT) for the
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channel centred at 10.8 um, cloud mask, cloud-top phase and cloud type. The 10.8 um brightness tem-
perature, a channel in the thermal infrared window, gives a good estimate of the cloud top temperature,
although the exact value depends on cloud characteristics [56]. The cloud mask product identifies cloudy
and cloud free areas, flagging also the presence of snow/sea ice on the ground [57]. An example of a
cloud mask product used in this work is shown in Figure 3.6. The cloud-top phase product allows iden-
tifying cloud tops composed of water, ice or both (mixed) (example shown in Figure 3.7). The cloud
type product (see example in Figure 3.8) classifies clouds into several classes: high, medium, low and
very low clouds (including fog), fractional clouds and semitransparent clouds [57]. These products rely
on the fact that, on a given spectral range, brightness temperatures and reflectance of clouds depend
on their characteristics, such as height (low, medium or high-level clouds), amount (semi-transparent
or opaque) or phase (water or ice clouds), among others. For instance, the visible channels are useful
to distinguish thick clouds, which have a higher albedo (reflectivity) from thin clouds. The brightness
temperature difference (BT10.8 um - BT12.0um) is usually higher for cirrus clouds than for thick clouds.
Cloud free areas covered by snow or ice are identified at daytime with their very low reflectivity at 1.6 um
or 3.8um and high reflectivity at 0.6 um, whereas oceanic cloud free areas affected by sun glint are
identified by their very high reflectivity at 3.8 um. Water clouds usually have a low difference BT8.7um
- BT10.8um and ice clouds rather high values. This knowledge together with other information is used
to estimate the cloud phase of the cloud top. Note that satellite observations allow the classification of
the cloud phase at the highest levels of identified clouds, consequently, the presence of liquid water at
lower altitudes within the cloud may be under-detected. It is also important to mention that warm objects
radiate more energy than cold bodies. Thus, since the top of low clouds are warmer than high clouds,

infrared channels can distinguish warm low clouds (higher BT) from cold high clouds (lower BT) [45].

clear sky  partially cloudy cloud filled snow/ice undefined

Figure 3.6: Example of a Cloud Mask satellite product.
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Figure 3.7: Example of a Cloud Phase satellite product. The white areas correspond to cloud free areas.
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Figure 3.8: Example of a Cloud Type satellite product.
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Figure 3.9: Example of a Brightness Temperature satellite product.

This analysis is focused in the region extending from 31°N to 57°N and 3° E to 32°W, encompassing
part of the paths of most flights to or from Portugal (mainland and islands), Spain, Britain and Ireland.

The images captured on the same day and approximate hour of the PIREPs were considered.

3.3 Forecast Data

The forecast data is provided by the ECMWF deterministic model. Briefly, this model resolves a
set of basic prognostic equations that describes the time evolution of the horizontal wind components,
surface pressure, temperature and the water vapour content of the model atmosphere [58]. Besides, the
model solves equations that describe physical processes within the atmosphere, such as changes in the
hydrometeors (rain, snow, liquid water, cloud ice content, etc.). These model equations are discretized in
space and time and solved numerically by a semi-Lagrangian advection scheme. The model uses also a
cubic-octahedral spectral transform discretization, which corresponds to a grid spacing of approximately
9km [59].

The present model contains 137 vertical levels, the lowest level having a height of approximately
10m above the ground. In the troposphere, the vertical distance between vertical levels ranges from
20m close to the surface and 290m for altitudes above 6 km. In this work, three meteorological variables
were considered, temperature (T), relative humidity (RH) and cloud water content (CWC), which consists
of liquid water and ice. The model data of each variable was extracted to the nearest grid-point to the

PIREP corrected location.
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3.4 Methodology

As mentioned before, PIREPs are very useful in providing aircraft icing information, but they may
contain errors in time and location attribution. Hence, considering that aircraft icing only occurs when
clouds are present [17, 39], the satellite cloud mask was used to confirm the PIREPs location. Thus,
at the pixel(s) nearest to the icing PIREP coordinates, cloud mask should be “partly cloudy” or “cloud
filled”. After applying this verification, it was found that for 1.2% and 3.5% of the cases reported as
moderate and severe icing, respectively, the satellite cloud mask was clear sky (see Figure 3.10). The
PIREPs position errors can explain this. Thus, the PIREPs coordinates were slightly modified, so that
the cloud mask of the corrected coordinates would be either partially cloudy or cloud filled. Two different
statistical analysis were then made, one using the original coordinates of the icing PIREPs and other
using the modified coordinates (see Tables 3.1 and 3.2). The lowest location error was 5km and the

highest location error was 58 km.
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Figure 3.10: Distribution of the different types of cloud mask, for the aircraft icing pilot reports, for the
original data.
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Table 3.1: Characterization of the PIREPs that were slightly modified ('Orig.’ - Original, '"Mod." - Modified,
‘Lat. - Latitude, and 'Long.” - Longitude).

Severity Date (yy.mm.dd) Time (hh:mm) Orig. Lat. (°) Orig. Long. (°) Mod. Lat. (°) Mod. Long. (°)
moderate 2019.08.24 10:10 52.00 -8.00 51.95 -7.94
moderate 2020.08.28 18:15 39.78 -1.18 39.86 -1.14
moderate 2020.10.02 13:00 38.83 -0.35 38.91 -0.40
moderate 2020.10.03 06:00 41.02 -2.37 41.37 -2.48
moderate 2021.05.22 23:53 37.70 -24.55 37.60 -24.22
moderate 2022.03.01 10:30 38.73 -9.35 38.70 -9.30
severe 2020.02.26 10:48 51.83 -1.83 51.80 -1.74
severe 2021.05.13 08:35 40.37 -4.23 40.35 -3.54

Table 3.2: Characterization of the PIREPs that were slightly modified: location error (in distance, km)

between the original and the modified coordinates (calculations made on [60]).

Severity  Date (yy.mm.dd) Time (hh:mm) Distance (km)
moderate 2019.08.24 10:10 7
moderate 2020.08.28 18:15 10
moderate 2020.10.02 13:00 10
moderate 2020.10.03 06:00 40
moderate 2021.05.22 23:53 31
moderate 2022.03.01 10:30 5
severe 2020.02.26 10:48 7
severe 2021.05.13 08:35 58
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Chapter 4

Results and Discussion

This chapter begins by characterizing the overall results of this work, taking into account an overview
of the studied region with the location of the selected PIREPs and the corresponding satellite products
(cloud mask, cloud-top phase, cloud type and brightness temperature). Additionally, a statistic analysis
of the satellite parameters associated to the aircraft icing reports will be considered. Moreover, a few

case studies will be analyzed in detail.

4.1 Statistical Analysis

In this work, by matching up PIREPs and satellite products, i.e., satellite and meteorological fields for
the same day and time of the reported aircraft icing events, the associated atmospheric conditions were
studied.

4.1.1 Cloud Mask Analysis

Since clouds must be present for aircraft icing occur, it is expected that the selected PIREPs would be
issued in a cloudy environment (i.e., with a cloud mask classification of partially cloudy or cloud-filled),

which was verified, as mentioned before.

Besides the differences between the original and the screened events, explained by the position
errors in PIREPs, the majority of the severe icing events occurred in a cloud-filled environment: 93.1%
for the original data (Figure 3.10) and 96.6% for the modified data (Figure 4.1). The percentage of
cloud-filled prevails also for the moderate icing events, but with lower percentages, 86.1% and 88.4%,
respectively, for the original and modified data (compare Figures 3.10 and 4.1). This result is coherent
with former studies (Politovich [44] and Cober et al. [35]), revealing that even though most of the aircraft
icing cases occur in a cloud-filled environment, partially cloudy conditions may also lead to aircraft icing

phenomena.
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Figure 4.1: Distribution of the different types of cloud mask, for the aircraft icing pilot reports, for the
modified data.

4.1.2 Cloud-top Phase Analysis

Figure 4.2 (a) displays the geographical distribution of the cloud-top phase product associated with
each aircraft icing event in the studied region. In the Iberian Peninsula, most of the PIREPs are asso-
ciated with a cloud-top phase of ice, followed by mixed-phase and water (see Figure 4.2 (b)). In the
regions of England, Wales and Republic of Ireland, the percentage of water cloud-top phase is higher
than in Iberia (compare with Figure 4.2 (c)), probably because the icing events in Iberia tend to occur at
higher heights (see section 3.1). Figure 4.3 shows that almost 60% of moderate icing events occurred
in a cloud environment with ice cloud-top phase, followed by 30.2% and 11.6% with mixed and water, re-
spectively. On the other hand, for severe icing events, the cases of ice and mixed cloud-top phases have
a similar prevalence, approximately 38% and 41%, respectively. It should be noted that the cloud phase
identified in the satellite products is most likely the phase of the upper cloud layers, while the PIREPs
may have happened at lower altitude. The temperature and, hence, the cloud phase at the reported
altitude may be different than the “cloud-top” phase. The high number of cases with mixed cloud-top

phase is consistent with previous studies like in Korolev et al. [22].
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Figure 4.2: Cloud-top Phase satellite product at the locations of the aircraft icing reports (circles and
triangles refer to moderate and severe icing, respectively), at Western Europe and Northeastern Atlantic

sector (a), Iberian Peninsula (b) and England, Wales and Republic of Ireland (c).
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Figure 4.3: Relative frequency of different types of Cloud-top Phase for the aircraft icing events.

4.1.3 Cloud Type Analysis

The geographical distribution of the cloud type associated with the aircraft icing events is depicted
in Figure 4.4. The majority of the aircraft icing events occurred under the presence of medium and
high opaque clouds (see Figures 4.4 (b) and (c) for a more detailed view). Few cases were associated
with low clouds and high semitransparent clouds. As expected there were no cases in the presence of

fractional clouds or in a cloud-free environment (pre-screened).

The histogram presented in Figure 4.5 reveals that for moderate icing almost 40% of the events
occurred under high opaque clouds, followed by 26.7% and 10.5% in medium and very high opaque
clouds, respectively. For severe icing, most events were associated with medium and high opaque
clouds, accounting for about 78% of total cases, while 10.3% were associated with low clouds. Figure
4.5 also shows a small percentage of aircraft icing events associated with high semitransparent clouds.
This result is not surprising, since the temperatures in these clouds are much lower than the typical
temperatures prone to aircraft icing conditions [30, 33, 35]. Nevertheless, supercooled water droplets
may be present in cirrus clouds [61]. Moreover, the icing events associated with high clouds may have
occurred within other types of clouds that may have been formed beneath these clouds but cannot be
detected by these satellite products [39, 57].

Resorting to the classification system mentioned in section 2.1.3, it was possible to calculate an ap-
proximate range of temperatures associated to each cloud group for middle latitudes, where the studied
region is inserted (see Table 4.1). These scenarios were constructed for a standard atmosphere, which

assumes a two-meter temperature (T2m) of 15°C' and for the months with greater icing PIREPS’ fre-
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Figure 4.4: Cloud Type satellite product at the locations of the aircraft icing reports (circles and triangles
refer to moderate and severe icing, respectively), at Western Europe and Northeastern Atlantic sector
(a), Iberian Peninsula (b) and England, Wales and Republic of Ireland (c).

quency, namely October (the average T2m is 11°C in London and 18°C' in Lisbon) and December (the
average T2m is 5.6°C in London and 11°C' in Lisbon [53]), assuming a lapse rate of 6.5°C'/km. Note
that the categories of very low and very high opaque clouds derived from the satellite cloud type product

are assumed to be included in the low and high clouds groups, respectively. Referring to Table 4.1, it is
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noticeable that middle and high clouds develop in an environment with temperatures where theoretically
aircraft icing may form (between —40 and 0°C [27, 28]); furthermore, middle clouds temperatures fall in
the range where aircraft icing is mostly likely to occur (between —20 and 0°C [27, 28, 38, 39]). Therefore,
it is expected that most of the icing events are associated mainly with middle clouds, followed by high
clouds. Also, for warmer climates (see the last two rows from Table 4.1), aircraft icing can occur at higher

altitudes.

05 I | [ I
— Moderate
. Scvere
0.4 | -
>
(&)
C
803} .
o
o
LC
o
=
EO.Z— -
[}
o
01 | .
0 H .ﬂ |
S5 2 % 4 X % % % 3
2 58225555
2 °
) () 3 D 2 ® ® ® ® >
= % o 8 % 2 02 3 02 02
o % 5 < fe) Zz = Z 7 o
[ [ @) [ 2 2 2 2 z
% $ 3 % % 2 3 3 o3
¢ 2 % R v s R ¢
% 2 % 2 9
> 8 %
2
A
>,
Cloud Type 2

Figure 4.5: Relative frequency of different types of Cloud Type for the aircraft icing events.

Table 4.1: Approximate range of temperatures associated to each cloud group. The months with greater
icing PIREPs’ frequency were used: October (the average T2m is 11°C in London and 18°C' in Lisbon)
and December (the average T2m is 5.6°C in London and 11°C' in Lisbon). The standard atmosphere
was also used (T2m: 15°C) and a lapse rate of 6.5° /km.

Cloud Group Low Middle High

Cloud’'s Base Height 01to 6560 ft 6560 to 22970 ft 16400 to 42650 ft
Average T2m 5.6°C 5.61t0-7.4°C -7.410-39.9°C  -26.910-78.9°C
Average T2m 11°C 1110 -2°C -210-34.5°C -21.5t0-73.5°C
Average T2m 15°C 1510 2°C 210 -30.5°C -17.5t0 -69.5°C
Average T2m 18°C 18to 5°C 5t0-27.5°C -14.510 -66.5°C
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4.1.4 Brightness Temperature Analysis

It should be emphasized that it is considered the cloud top temperature to be closely represented
by the 10.8 um (within the thermal infrared atmospheric window) brightness temperature provided by the
MSG satellite. This assumption has some limitations and the following aspects should be contemplated
[62]:

1. The greater the cloud top height, the scarcer will be the atmosphere between the cloud top and
the satellite sensor, i.e., the transmissivity of the atmosphere in the atmospheric window becomes
very high (acting as a transparent means between the cloud top and the sensor) and, therefore,
the more reliable is the approximation. This is the case for, e.g., cloud tops with an altitude above
approximately 7km = 23000 ft (corresponding to a FL230). Conversely, for lower altitudes the cloud
top temperature may be underestimated. However, the thermal infrared channel used, 10.8 um, is
less sensitive to the effect of atmospheric gases (the absorption of water vapor, CO5 and Og in
this band of the electromagnetic spectrum is relatively low), so the approximation remains valid for

medium cloud tops.

2. The problematic situations occur in the presence of semi-transparent or/and fractional clouds. In
these cases, part of the received signal by the satellite is emitted and reflected by the surface, so
there will be likely an overestimation of the cloud top temperature. However, these cases are not
of interest in this work. Also in the case of low warm clouds, an atmospheric correction may be
necessary to apply, since a thicker atmosphere above (longer optical path) reduces transmissivity.
Nevertheless, even in these cases, the correction should be small and only above 5°C for very

moist above-cloud atmospheres.

3. The cloud top emits radiation, following the Planck’s law, with an emissivity below 1 (but very close
to 1, in the 10.8 um), since it is not a black-body. Here the emissivity effect is ignored, assuming
that the brightness temperature in the 10.8 um channel corresponds to the cloud top temperature.
Nevertheless, the errors introduced are marginal, validating the use of the brightness temperature

of the thermal infrared 10.8 um channel as an approximation of cloud top temperature.

Figure 4.6 (a) displays the geographical distribution of the 10.8um brightness temperature (BT10.8)
at the time of each aircraft icing event within the studied region. This figure suggests that a significant
amount of the icing occurrences took place with BT10.8 between —40°C and —19°C, followed by BT10.8
in the range of —19°C and —2°C (see Figures 4.6 (b) and (c) for a more detailed view). The histogram
depicted in Figure 4.7 reveals that the majority of the icing events (=~ 70%) occurred with BT10.8 between
—40°C and —8°C. Moreover, nearly 19% of moderate icing and 10% of severe icing were associated with
BT10.8 between —56°C and —40°C. Previous studies, as in Curry et al. [41], have shown that 99% of
the icing occurrences associated with medium clouds fall in the temperature range of —36°C and —2°C.
Two facts may explain the difference between these results. First, in the present study, over 40% of the
icing occurrences were associated with high or very high opaque clouds. Secondly, Curry et al. [41]

estimated the cloud temperature using satellites products and NWP analyses, whereas, in the present
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study, BT10.8 is a proxy of the cloud top temperature, which may be lower than the temperature where
the aircraft icing occurred.
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Figure 4.6: BT10.8 satellite product at the locations of the aircraft icing reports (circles and triangles

refer to moderate and severe icing, respectively), at Western Europe and Northeastern Atlantic sector
(a), Iberian Peninsula (b) and England, Wales and Republic of Ireland (c).
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Figure 4.7 also reveals that one moderate icing event occurred with a positive BT10.8 (1.4°C). This
result can be associated with two scenarios. First, if an aircraft has been in below-freezing temperatures
and then traverses an environment with above-freezing temperatures, the surface temperature of the
aircraft may remain below freezing for some time. Therefore, aircraft icing can occur at slightly positive
temperatures. Another possible scenario is the presence of a temperature inversion. After resorting
to its pilot report and temperature data from the ECMWF model, a temperature inversion was indeed
identified in the ECMWF profile associated with a very low cloud (according to the cloud type product
classification), where the ECMWF temperature was —0.8°C at FL070 (see Figure A.1 in Appendix A).

Figure 4.7 also shows that for BT10.8 within the range between —4 and 0°C and —28 and —12°C,
severe icing (accounting to 66%) is more frequent than moderate icing. The higher frequency for temper-
atures below —4°C' is consistent with previous studies showing that the liquid water content decreases
as temperatures decreases, while the concentration of ice particles increases as the temperature de-
creases (Hu et al. [63]). Furthermore, the formation of large supercooled droplets is favored for clouds
with relatively warm tops (warmer than —15°C), since high ice concentrations, which can deplete super-
cooled liquid water, are not fostered in this environment [44].

Lastly, comparing Figures 4.7 and A.2 (presented in Appendix A), it is noticeable that, using the data
with the uncorrected coordinates, there are a few icing occurrences with BT10.8 above 0°C. After the
slight correction of the PIREPs coordinates (see section 3.1) this was not verified (except for one case

previously mentioned). This is consistent with prior studies (Kane et al. [64]).
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Figure 4.7: Relative frequency of different values of BT10.8, for the aircraft icing events, for the modified
data.
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4.1.5 Relation between Cloud Phase and Brightness Temperature

For a better comprehension of the atmospheric conditions present during the studied icing events, it
was performed a statistical analysis of the BT10.8 distribution associated with cases where the cloud-top
phase was classified as water (Figure 4.8) and ice (Figure 4.9). For aircraft icing events with a cloud-top
phase classified as "water”, the moderate cases show a broad distribution with BT10.8 values ranging
between —34 and 2°C. For severe icing, BT10.8 reveals a bi-modal distribution with one maximum
frequency (almost 70%) between —26 and —18°C, and a second peak (approximately 32%) between
—6 and 2°C. For events with a cloud-top phase classified as ”ice”, the majority of the moderate icing
occurrences (> 70%) are associated with BT10.8 between —56 and —8°C and, more specifically, almost
66% between —52 and —24°C'. For severe icing, almost 64% of the cases took place in an environment
characterized by BT10.8 ranging from —40 to —24°C. These results are consistent with other studies,
which have shown that the fraction of ice particles is low for temperatures between —10°C and 0°C' (Hu
et al. [63]) and that the fraction of water particles decreases for colder temperatures down to —40°C
(Korolev et al. [22]). Moreover, Isaac et al. [24] found that cumulus clouds with tops warmer than —8°C'
did not contain ice. Comparing Figures 4.8 and 4.9, it is clear that clouds with a cloud-top composed
of water are characterized by higher BT10.8 (minimum of —34°C) than clouds with a cloud-top phase of

ice (minimum of —64°C), as suggested by previous works [23, 24].
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Cloud Phase = ICE
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Figure 4.9: BT10.8 distribution associated with the events where the cloud-top phase was classified as
ice.

4.2 Specific Cases Analysis

To better understand the meteorological conditions associated to the sample of aircraft icing events,
a more exhaustive and detailed study will be realized. Accordingly, four case studies will be considered,
3 of severe and 1 of moderate icing. Note that the PIREPs of each case are represented in the following
maps with the red solid circle for the severe icing events, and orange and magenta solid circles for the

moderate icing occurrence.

4.2.1 Severe icing Case - 1 March 2019

Figure 4.10 displays the geographical distribution of cloud type, BT10.8 and cloud-top phase at 1930
UTC on 1 March 2019, when a PIREP of severe icing was issued in Ireland. High opaque clouds are
noticeable in the region (Figure 4.10 (a)), with ice near the cloud top and a BT10.8 of around —47 to
—48°C (Figure 4.10 (b) and (c)). A band of very low clouds with warmer (> 0°C) cloud tops can be seen
to the west of the former. These clouds are also characterized by the presence of water-phase at the
cloud top (Figure 4.10 (c)).

Figure 4.11 shows the vertical profile of temperature, RH and CWC from the ECMWF model at
the nearest grid-point of the PIREP location. Bearing in mind the temperatures at which aircraft icing
may happen (between —40°C and 0°C), this icing event could have occurred between FL60 and FL260

(see Figure 4.11 a)). The reported flight level of the icing event was FL230 which corresponds to a
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temperature forecast of about —33°C, while the flight level corresponding to the BT10.8 observed value
is approximately FL284. The vertical profiles of CWC and RH (Figure 4.11 b)) suggest the presence of
three layers of clouds when this PIREP was issued (a threshold of 0.02g/kg was used for the CWC, and
a threshold of 90% was used for the RH [9]): one layer of high clouds between FL200 and FL310, and
two layers of lower clouds underneath it. Thus, the highest cloud layer predicted by the ECMWF model
overlaps the clouds identified in the satellite observations and the region where the PIREP was issued
(FL230). Furthermore, the comparison between model and satellite data suggests that the aircraft icing
event occurred in a cloud located between FL200 and FL284 and that the model overestimates the cloud
top. The icing event was associated with a CWC of 0.06¢/kg and a RH of 92.7%, according to the
ECMWF model.
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Figure 4.10: Satellite products valid at 1930 UTC on 1 March 2019. The location of the pilot report of
severe icing is represented with a red solid circle in the cloud type (a) and cloud-top phase product (c),
and with the FL value in the BT10.8 product (b). The white areas correspond to cloud free areas in the
cloud-top phase product (c).
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reported altitude of the icing PIREP) and (b) CWC and RH. The black solid line represents the FL230.
The profiles are obtained from the European Centre for Medium-Range Weather Forecasts (H+7) from
1930 UTC on 1 March 2019.
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4.2.2 Severe icing Case - 7 June 2019

Figure 4.12 displays the geographical distribution of cloud type, BT10.8 and cloud-top phase at 0600
UTC on 7 June 2019, when a PIREP of severe icing was issued south of England, in the English Channel.
High opaque clouds are noticeable in the region (Figure 4.12 (a)). These clouds have a BT10.8 of about
—24 to —25°C (Figure 4.12 (b)) and a cloud-top composed of ice (Figure 4.12 (c)). South of this region,
over Biscay Gulf, medium, low and very low clouds with warmer cloud tops are visible. These clouds are
also characterized by the presence of mixed and water-phase in the cloud top (Figure 4.12 (c)).

Figure 4.13 shows the vertical profile of temperature, RH and CWC from the ECMWF model at the
nearest grid-point of the PIREP location. Considering the temperatures that favour aircraft icing, this
icing event could have occurred between FL073 and FL275 (see Figure 4.13 a)) and most likely between
FLO73 and FL195, where temperature varies between —20°C and 0°C. The reported flight level was
FL160, corresponding to a temperature forecast of about —13°C, considerably warmer than the BT10.8.
The corresponding flight level of the BT10.8 is approximately FL216. The ECMWF vertical profiles of
CWC and RH (Figure 4.13 b)) indicate the presence of one thick cloud layer when this PIREP was
issued (a threshold of 0.02¢g/kg was used for the CWC, and a threshold of 90% was used for the RH
[9]) between FL035 and FL320. Thus, the comparison between model and satellite data suggests that
the icing event occurred within a thick cloud, beneath the cloud top (FL216) and that again the model
overestimates the cloud top. The icing event was associated with a CWC near 0.18¢g/kg and a RH of
almost 100%, according to the ECMWF model.
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Figure 4.12: Satellite products valid at 0600 UTC on 7 June 2019. The location of the pilot report of
severe icing is represented with a red solid circle in the cloud type (a) and cloud-top phase product (c),
and with the FL value in the BT10.8 product (b). The white areas correspond to cloud free areas in the
cloud-top phase product (c).
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reported altitude) and (b) CWC and RH. The black solid line represents the FL160. The profiles are
obtained from the European Centre for Medium-Range Weather Forecasts (H+6) from 0600 UTC on 7
June 2019.
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4.2.3 Severe icing Case - 26 February 2020

Figure 4.14 displays the geographical distribution of cloud type, BT10.8 and cloud-top phase at 1045
UTC on 26 February 2020, when a PIREP of severe icing was issued in England. Low clouds are
noticeable in the region (Figure 4.14 (a)), with a BT10.8 of about —4°C (Figure 4.14 (b)) and a cloud-top
composed of water droplets (Figure 4.14 (c)), as expected from other studies [43] at these temperatures.
Near these clouds, very low clouds, some with warmer (> 0°C) cloud tops, are visible.

Figure 4.15 shows the vertical profile of temperature, RH and CWC from the ECMWF model at the
nearest grid-point of the PIREP location. This temperature profile suggests that this icing event could
have occurred between FL023 and FL220 (see Figure 4.15 a)). The flight level of the icing PIREP was
FL035 which corresponds to a temperature forecast of about —3°C. The corresponding flight level of
the BT10.8 is approximately FL040, closely above the FL of the PIREP, suggesting that this icing event
occurred near the cloud top. The vertical profiles of CWC and RH (Figure 4.15 b)) show the presence of
one low cloud layer between FL040 and FL060, where RH is above 90% and CWC reaches a maximum
value of 0.09¢g/kg. Below FL040, the CWC is zero and RH decreases to values between 80 and 60%.
Thus, although the model was able to predict the presence of a low cloud, it overestimated its cloud-top
height by about 204 ft.
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Figure 4.14: Satellite products valid at 1045 UTC on 26 February 2020. The location of the pilot report of
severe icing is represented with a red solid circle in the cloud type (a) and cloud-top phase product (c),
and with the FL value in the BT10.8 product (b). The white areas correspond to cloud free areas in the
cloud-top phase product (c).
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Figure 4.15: Vertical profile of (a) temperature (the red solid circle represents the temperature at the
reported altitude) and (b) CWC and RH. The black solid line represents the FL035. The profiles are
obtained from the European Centre for Medium-Range Weather Forecasts (H+11) from 1045 UTC on 26
February 2020.
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4.2.4 Moderate icing Case - 3 March 2022

Lastly, Figure 4.16 displays the geographical distribution of cloud type, BT10.8 and cloud-top phase
at 1230 UTC on 3 March 2020, when a PIREP of moderate icing was issued in mainland Portugal. The
region is covered by medium clouds (Figure 4.16 (a)), with a BT10.8 of about —13°C (Figure 4.16 (b)),
mostly classified as being composed of ice (Figure 4.16 (c)). To the north of these clouds, low and very
low clouds with warmer (> 0°C) cloud tops are also visible. The latter are characterized by water and
mixed-phase cloud tops (Figure 4.16 (c)).

Figure 4.17 shows the vertical profile of temperature, RH and CWC from the ECMWF model at the
nearest grid-point with respect to the PIREP location. This figure shows that temperature ranges from
—20°C to 0°C between FL085 and FL200, where the environment is very favorable to aircraft icing.
The reported flight level was FL150, which corresponds to a predicted temperature of —11°C. The
corresponding flight level of the BT10.8 is approximately FL158. Thus, this icing event occurred near
the cloud top. The vertical profile of CWC shows the presence of two cloud layers (using a threshold
of 0.01g/kg): one thin cloud near FL200 and other lower cloud layer between FL70 and FL140. The RH
profile suggests the presence of one cloud layer between FL10 and FL140, using a threshold of 80%
(lower than in previous cases). At the level of the icing PIREP (FL150), the model predicted a CWC of
0.004¢/kg and a RH of 74.8%. Thus, the model underestimated the cloud top height, by nearly 20A ft. It
is also interesting to note that for this event of moderate icing the values of CWC and RH were lower than
those obtained in the previous cases (of severe icing), which is coherent with previous studies (Curry et
al. [41] and Cober et al. [35]).
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Figure 4.16: Satellite products valid at 1230 UTC on 3 March 2020. The location of the pilot report of
moderate icing is represented with a magenta solid circle in the cloud type (a), an orange solid circle
cloud phase product (c), and with the FL value in the BT10.8 product (b). The white areas correspond
to cloud free areas in the cloud-top phase product (c).
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Figure 4.17: Vertical profile of (a) temperature (the red solid circle represents the temperature at the
reported altitude) and (b) CWC and RH. The black solid line represents the FL150. The profiles are
obtained from the European Centre for Medium-Range Weather Forecasts (H+12) from 1230 UTC on 3
March 2022.
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Chapter 5

Conclusions and Future Research

The current study aims to characterize the environment favorable for aircraft icing the in Western
Europe and Northeastern Atlantic sector, using PIREPs, satellite data and forecasts from the ECMWF
deterministic model. The studied sample comprises 115 icing events, 86 reports of moderate icing and
29 of severe icing, in the region extending from 31° to 57°N and 3°F to 32°WW. Each report contained
information on severity, date, time, latitude, longitude and flight level. Satellite products including bright-
ness temperature for the channel centred at 10.8um, cloud mask, cloud type and cloud-top phase were
employed.

Most of the aircraft icing events occurred north to the 45° N (72 cases) and during the end of autumn
and wintertime (~ 70%). Besides, 43 cases happened south of 45° N, mainly in the vicinity of airdromes,
with a higher prevalence in December and October. The prevalence of aircraft icing during autumn and
winter months is coherent with the higher frequency of frontal systems and relatively cold temperatures
during these months. Nevertheless, icing events were also reported during the spring and summer
months, in agreement with Sand et al. [33], who also found summer icing encounters. Regarding
altitude, most events occurred between FL100 and FL250, with a relative frequency of 82.7% and 78.6%,
respectively, for moderate and severe icing events. In contrast, below FL100, the frequency of occurrence
is 7% and 18%, respectively, for moderate and severe icing. Above FL250, the frequency of icing events
is 10% and 3.5%, respectively, for moderate and severe icing. It should be noted that north of 45° N
there were more icing events between FL100 and FL150 (20.6%) than above FL250 (2.9%), while south
of 45° N there were more icing events above FL250 (16.7%) than between FL100 and FL150 (11.9%),
which is coherent with higher temperatures at equatorward latitudes.

The preliminary analysis of the cloud mask product showed that nearly 1.2% and 3.5% of the events
reported as moderate and severe icing, respectively, were associated with a cloud mask of clear sky.
The PIREPs errors in time and location attribution can explain this. Therefore, the PIREPs coordinates
were slightly modified, so that the cloud mask of the corrected coordinates would be either partially
cloudy or cloud filled. The lowest location error was 5km and the highest location error was 58 km.

The analysis of the cloud mask product revealed that the vast majority (96.6%) of severe icing events

occurred in a cloud-filled environment, whereas the remaining happened in partially cloudy conditions.
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The percentage of cloud-filled cases is slightly lower (88.4%) for moderate icing. Moreover, most of
the icing events occurred in medium and high opaque clouds, with BT10.8 between —40°C and —8°C
(=~ 70%). On the other hand, nearly 19% of moderate icing and 10% of severe icing were associated
with BT10.8 between —56 and —40°C', which is not propitious for icing formation. Furthermore, a small
percentage of aircraft icing events was associated with high semitransparent clouds. This may reflect
the presence of thin cirrus layers overlying medium clouds, where icing may have formed. Finally,
nearly 12% of the severe icing events were associated with low clouds and BT10.8 ranging from —4
to 0°C. Concerning the cloud-top phase product, 60% of the moderate icing events corresponded to
a cloud phase of ice, followed by 30.2% and 11.6% with mixed and water. For severe icing, the cases
of ice and mixed cloud-top phases had a similar prevalence, approximately 38% and 41%, respectively.
As expected, the clouds with tops composed of liquid water droplets were related to higher BT10.8

(minimum of —34°C') than clouds tops composed of ice particles (minimum of —64°C).

To better illustrate the favorable environment for icing formation in different situations, four case
studies were presented: three cases of severe icing and one of moderate icing. For these cases,
the forecast profiles of the ECMWF model were examined. The combination of BT10.8 and model data
suggest that the first case was associated with a high-level cloud (FL200-FL284) and although the model
was able to predict a cloud layer (with RH ~ 92% and CWC = 0.06¢/kg) intersecting the PIREP level,
apparently it overestimates the cloud-top altitude. In the second case, the model predicts a thick nearly
saturated subfreezing layer above FL080 and results suggest that the icing event happened within a
thick cloud at nearly —13°C' underneath the cloud top (at nearly —26°C'). The third severe icing event
was associated with low clouds with a BT10.8 of —4°C and the presence of liquid water droplets at the
top. The last case was a moderate icing event that took place near the top of a cloud with a subfreezing
layer from approximately FL08O0 to FL160, where the BT10.8 was ~ —13°C. In this case, the cloud-top
phase was ice. In general, the ECMWF model was capable to predict the cloud layers associated to the
aircraft icing events, although with errors on the order of 20h ft (and 100hft in one case). In addition,
the maximum predicted CWC and RH values were 0.18¢/kg and 100%, respectively, in a case of severe

icing. Also, the four case studies analyzed were associated with high values of RH: > 74.8%.

As discussed early, PIREPs may contain errors in time and location. Moreover, in Europe only mod-
erate and severe icing events are mandatory to report [11] and consequently PIREPs do not provide
information about the absence of icing. Therefore, PIREPs are inappropriate to compute standard mea-
sures of over forecasting, such as the false-alarm (number of events that were forecast but were not
observed) ratio [65]. For these reasons, it is important to use other sources of information to validate or
calibrate icing algorithms. The satellite products used in this study can only observe the highest level of
clouds and therefore cannot detect icing conditions beneath the cloud top. Nevertheless, these satellite
products can provide useful information on the non-icing events, because they can identify the cloud-
free areas and areas where subfreezing clouds are absent. In addition, matching satellite data with icing
PIREPs can be used to correct the location errors of PIREPs. Then, these validated PIREPs together
with information of non-icing events provided by satellite products become very useful for the validation

and calibration of icing algorithms, such as that currently used operationally at the Portuguese MWO [9].
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This will be the subject of future work. Lastly, other satellite products could also be considered, such as
cloud optical thickness and effective droplet radius, so the icing potential could be derived from satellite
data [66].
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Appendix A

Supporting Figures

The ECMWF temperature profile for the moderate icing event with a positive BT10.8 (1.4°C) is de-
picted in Figure A.1.
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Figure A.1: Vertical profile of temperature (the red solid circle represents the temperature at the reported

altitude). The black solid line represents the FL070. The profiles are obtained from the European Centre
for Medium-Range Weather Forecasts from 2345 UTC on 22 May 2021.
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Figure A.2 shows the distribution of the different values of BT10.8, for the aircraft icing events, for the

original data.
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Figure A.2: Relative frequency of different values of BT10.8, for the aircraft icing events, for the original
data.
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