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Abstract

In- ight icing poses a signi cant threat to aircraft safety, potentially leading to the distortion

of air ow over wings, loss of lift force, reduced speed, and even stall. While current aircraft
are equipped with protection systems against icing, supercooled large droplets (SLDs) still
present a safety hazard as they can impinge behind the protected surfaces of an aircraft.
To detect and understand the characteristics of SLD conditions, airborne in-situ measure-
ments provide a comprehensive examination of cloud microphysical properties using sensors
mounted on an aircraft. One well-established instrument for measuring cloud particles is the
Cloud Imaging Probe (CIP), which has been widely used for cloud measurements. However,
it is associated with measurement uncertainties. A newer 2D imaging probe, the High-Speed
Imager (HSI), is designed to address some of the limitations of the CIP.

The CIP and HSI probes were integrated into SAFIRE's research aircraft ATR-42 during
the SENS4ICE ight campaign conducted in Southern France in April 2023. These in-situ
measurements served as reference data for the validation of new ice detection sensors. The
primary objective of this study is to develop a methodology aimed at evaluating CIP mea-
surements, particularly in nding out SLDs and large droplet icing conditions following the
criteria outlined in Appendix O of aircraft certi cation standards. The processed data and
images from a selected icing encounter are then compared with the HSI data to discrimi-
nate their measurement characteristics. The ndings can provide support for future ight
campaigns to choose the suitable instrument.

The presented data evaluation procedure is then demonstrated on an observational ight
of the SENS4ICE campaign. An incoming warm front system with a high likelihood of
containing SLD is sampled throughout the ight. Cloud measurements were conducted at
temperatures ranging from 0 to -15C and altitudes below 5 km. The proposed methodology
e ectively detected large droplet icing conditions, which extended for nearly an hour. Ad-
ditionally, the in-situ cloud data collected was used to characterize atmospheric conditions
conducive to SLD formation. The results were subsequently cross-validated with Meteosat
Second Generation (MSG) satellite products to enable a comprehensive analysis. The tool
utilized predominantly categorized the cloud-top of the sampled clouds as mixed-phase. How-
ever, the con dence level in these classi cations is relatively low due to the obstruction caused
by higher-level clouds, limiting the satellite's observation of the cloud system.
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1 INTRODUCTION

1 Introduction

1.1 In-ight aircraft icing and SLD

Figure 1: Aircraft icing has always been a threat to safety in aviation, both on the ground
and in-ight. This issue is depicted by war artist Eric Ravilious in his 1942 watercolour
painting titled "De-Icing Aircraft" [1]. Aircraft icing is still a topic that requires a profound
understanding of atmospheric conditions.

In- ight aircraft icing is the formation of ice on the aircraft's surface during ight due to

the impingement of supercooled droplets, which can pose a signi cant threat to ight safety.

It can disturb the wing pro le, reduce the lift force, increase drag force, and create con-
trol problems. Moreover, ice accretion hampers the function of control surfaces, propellers,
windscreens, canopies, radio antennas, pitot tubes, and air intakes [2]. Despite remarkable
technological safety improvements, aircraft icing remains a topic that needs ongoing investi-
gation. For instance, IATA reported that icing conditions had an 11% contribution to fatal
aircraft accidents between 2017 and 2021 [3].

To ensure the safety of ight in icing conditions, typical icing environments have been de ned
in the American and European Aviation Regulations. The icing environments were de ned
in Appendix C of the respective documents and are hence known as Appendix C icing con-
ditions [4]. These icing environment characterizations have been used in the certi cation of
commercial aircraft since the 1950s [5]. However, larger droplet sizes were not taken into
account due to limited measurement capabilities. Subsequent reports by pilots documented
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the hazards associated with larger droplets.

On October 31, 1994, an ATR-72 departed from Indianapolis for Chicago O'Hare Interna-
tional Airport with ight number 4184. After a holding pattern at 10,000 ft in icing conditions

due to tra c at O'Hare, the aircraft started descending after air tra c control cleared to
8,000 ft. Shortly after that, the right-wing stalled and the control column de ected fully
right. Despite pilots pulling back the control column to recover from the dive, the right-wing
stalled a second time and the aircraft crashed near Roselawn, Indiana, resulting in the death
of 67 people. After investigations of the crash, the reason was found to be "supercooled
large droplet (SLD) icing” [6]. Additionally, the National Transportation Safety Board de-
scribed the cause of the accident as "FAA's failure to establish adequate aircraft certi cation
standards for ying in icing conditions" [7].

Supercooled large droplets are de ned as liquid droplets in clouds with diameters larger than
100 pm that exist in subfreezing temperatures. Accretion of SLD can reach behind the
protected surfaces of the aircraft due to their high inertia and create a ridge of ice, resulting
in severe aerodynamic disturbances. Since SLD conditions are not covered in Appendix
C icing, a review of existing regulations and further study was proposed by the FAA and
EASA upon the ATR-72 crash. Field projects were performed with newer instruments and
a large database of SLD icing conditions was built [5]. As a result, new additional icing
envelopes were de ned under Appendix O standards. Nevertheless, the scienti ¢ knowledge
on SLD formation remains incomplete. Further investigation is also needed with advanced
instruments to improve anti-icing and deicing systems.

1.2 Measurement of cloud particles

Airborne instruments are used for the microphysical characterization of clouds. One of the
most known and used probe types for cloud parametrization is Optical Array Probes (OAP).
They were developed in the 1970s and have been extensively used for cloud particle spec-
trum measurements. The Cloud Imaging Probe (CIP) by Droplet Measurement Technologies
(DMT) is an OAP that can measure particle shape, size, concentration, and hence the lig-
uid water content. However, the evaluation of OAPs is challenging due to uncertainties in
the measurement. For instance, particles measured outside of the focal plane are arti cially
enlarged due to variations in di raction [8].
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To overcome this problem, new 2D imaging probes were developed, such as the High-Speed
Imaging (HSI) probe. The probe bene ts from CMOS sensors and multi-beam illumination
methods to control the depth of eld and minimize the number of out-of-focus particles. On
the other hand, OAPs still have the advantage of a large sample volume and proven correction
methods.

The other method to observe icing conditions is spaceborne measurement via satellites. Pas-
sive instruments such as SEVIRI aboard the Meteosat Second Generation (MSG) investigate
cloud tops to provide information about their phases. MSG's geostationary orbit and ade-
guate spatial resolution of SEVIRI provide continuous observation of cloud tops unless they
are hidden by higher-altitude clouds.

1.3 SENS4ICE airborne test campaign

Figure 2: ATR-42 aircraft operated by SAFIRE before an observational ight for the
SENS4ICE-EU project, with instruments onboard.

The SENS4ICE (Sensors for Certi able Hybrid Architectures for Safer Aviation in Icing Envi-
ronment) project is dedicated to developing and testing new sensors for detecting Supercooled
Large Droplets (SLD) conditions in ight. These newly developed sensors underwent testing
in two simultaneous ight campaigns: one on the Embraer Phenom 300 in the United States
and the other on the ATR-42 in Europe.

The Institute of Atmospheric Physics at DLR is responsible for providing accurate and precise

3
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reference data on cloud and icing conditions encountered during these campaign ights. This
data is crucial for validating the performance of the new sensors. Additionally, the collected
data is used to characterize atmospheric conditions related to SLD icing. To achieve this,
underwing cloud probes with established and tested capabilities are employed to measure
cloud microphysical properties.

Table 1 lists relevant instruments onboard the ATR-42 aircraft during the campaign. The
CDP, CIP, and HSI were mounted under the wings, whereas Nevzorov was mounted on the
right-front side of the fuselage. The focus of the study is on atmospheric SLD conditions and
temperatures below OC. The challenge of detecting and classifying SLD conditions lies in
the measurement of a few large droplets in the presence of many more small droplets. It is
the case, particularly for the droplet size range of 5am to 500 um [9].

The goal of the data evaluation from the reference instruments is to provide measurements
that extend over the entire size range of Appendix C and Appendix O conditions. The CCP
(probe combining the grayscale CIP and CDP) is used as the main measurement instrument
because it covers the required measurement range. The HSI is aimed to image particles at
high resolution for the determination of particle phase. Additionally, the Nevzorov hot-wire
probe is used in the campaign as a reference LWC and TWC measurement instrument. As
a result, data with a wide range of particle size distribution (PSD) is reached with other
essential cloud parameters like the LWC, TWC, MVD, and cumulative size distribution,
which are explained in the following chapter.

Instruments
Name Method Measured pa- Range Units
rameter
Cloud Droplet Forward Droplet number 2-50 pHm
Probe (CDP) scatter- and size
ing
Cloud Imaging Grayscale Droplet number 15-960 Hm
Probe (CIP) OAP and size
High-Speed 2D Droplet and ice 20-2000 pHm
Imaging (HSI) CMOS size and com-
imaging plexity
Nevzorov Hot-wire LWC and TWC 0.03-3 gm 3

Table 1: In-situ reference instruments of the SENS4ICE-EU ight campaign
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1.4 Thesis structure

This study, presented as a case study based on one ight of the SENS4ICE campaign, focuses
on the measurement of SLD cloud conditions and their characterization. The gathered data in
the ightis processed and icing encounters throughout the ight are identi ed. A comparative
analysis of the CIP and HSI probes is performed based on a selected icing encounter to nd
out the di erences in measurement characteristics of the two imaging probes. Combined data
of the CIP and CDP are then used to investigate cloud microphysical properties to understand
the formation and characterization of SLD icing conditions. Finally, the in-situ measurements
are compared to the results of the ProPS tool that provides a cloud top thermodynamic phase
by using Meteosat Second Generation's SEVIRI products. This comparison aims to evaluate
passive satellites’ e ciency in detecting SLD icing conditions.

The opening chapter is designed as an introduction, aiming to clarify the concept of in-
ight icing, the potential threat posed by supercooled large droplet (SLD) icing to ight
safety, the important role of cloud measurement probes in understanding SLD conditions, the
SENS4ICE airborne campaign dedicated to advancing technologies for SLD icing prevention,
and the speci c objectives of this study.

The following two chapters are literature studies. Chapter 2, is an introduction to the SLD
icing from a meteorological perspective. General terms and parameters needed to measure
a cloud, cloud phases and types of aircraft icing conditions, the formation mechanism of
supercooled large droplets, and aircraft standards to ensure a safe ight against icing are
explained. On the other hand, Chapter 3 shows state-of-the-art cloud measurement probes
and their working principle, together with their pros and cons. The measurement principles
of the SEVIRI instrument and the ProPS tool are also presented and explained.

Chapter 4 presents the data evaluation procedure for the CIP data collected during the
SENS4ICE ight campaign. The chapter begins by introducing the dataset and explaining
the methods used for data correction and evaluation. It proceeds to describe the lters
used for detecting SLD particles and icing encounters. The outcomes of this evaluation are
then reviewed and compared with the results obtained from the HSI probe. In the nal
chapter, the methodology introduced in Chapter 4 is applied as a case study to one of the
ights conducted during the SENS4ICE campaign. The chapter aims to characterize the
atmospheric conditions during the ight and o ers an analysis of the obtained results in
comparison with SEVIRI products from the MSG satellite.
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