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Abstract

During the High Altitude Ice Crystal -High Ice Water Content (HAIC-HIWC) project, instrumented
aircraft were flown in the vicinity and inside deep tropical convective clouds. Among the probes
installed on one of these aircraft, were the Isokinetic Probe (IKP2), to retrieve the cloud total water
content (TWC) and the AMPERA (Atmospheric Measurement of Potential and Electric field on
Aircraft) system to provide information on the electrostatic state of the atmosphere and the aircraft.

AMPERA is an electric field mill network which locally measures the electrostatic field at the aircraft
fuselage. The distribution and amplitude of the electrostatic field on the aircraft skin depends on the
atmospheric electrostatic field around the aircraft and the net electric charge of the aircraft. This
latter parameter depends on the balance between the triboelectric current due to the impact of the
cloud particles on the aircraft fuselage, the current due to the charged particles emitted by the
engines, and the corona current emitted by the aircraft.

Based on the flights of the HAIC-HIWC campaigns, which were conducted almost exclusively in cloud
composed of ice particles, a comparison between the total water content recorded by microphysical
sensor and the aircraft net charge has highlighted the possibility of deducing an estimate of the TWC
from the aircraft electrical potential. In contrast to conventional TWC probes which sample a local
area of the atmosphere, the AMPERA system uses the aircraft as a sensor and provides an overall
estimation of its net TWC exposure. This study provides the first results of the efficacy of the
electrostatic method through comparisons with direct in-situ bulk TWC measurements in ice clouds.

1. Introduction

Since the 1990s, jet aircraft engine power-loss and damage events have been linked to exposures to
high ice particle mass concentrations in convective clouds (Lawson et al. 1998, Mason et al. 2006,
Flegel, 2018). Such conditions have also been recognized to adversely affect the measurements of air
data probes. Engine studies have shown that ice crystals entering the propulsion system’s flow path
can alter the thermodynamics and result in internal ice accretion, sometimes resulting in surge,
flame-out, or rollback (Mason et al. 2006). Shedding of accreted ice can damage engine internal
components. Engine events have usually occurred in conditions that appear benign to pilots,
including light-moderate turbulence, low on board weather radar reflectivity, only occasional
lightning, and the absence of airframe icing. The typical event is at relatively high altitude and
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warmer than a standard atmosphere. These types of icing conditions are mostly outside the long-
standing Title 14 Code of Federal Regulations, Part 25 Appendix C conventional cloud icing
certification envelope. In the early 2000s, an Aviation Rulemaking Advisory Committee was
formed to study mixed/phase glaciated icing with the intention of updating icing certification
standards if appropriate. The efforts led to the definition of new standards for icing certification in
Supercooled Large Droplet (SLD) and high ice water content (IWC) conditions, the latter of which
led to the new Title 14 Code of Federal Regulations Part 33 Appendix D (FAA) icing envelope at its
EASA CS-25 Appendix P equivalent (hereafter Appendix D/P). The task of defining the engine
problem, and forming a technical plan for advancing knowledge of the poorly understood ice
crystal icing phenomenon was assigned to the Engine Harmonization Working Group (EHWG), an
association of industry, government and regulatory icing experts.

Appendix D/P was developed based on a combination of theoretical calculations and in-situ
measurements taken during the 1950s (Mazzawy and Strapp, 2007). The EHWG agreed that there
were limited cloud measurements to corroborate the Appendix, and recommended new in-situ
measurements of the types of clouds that caused engine events for assessment. In anticipation of
these regulation changes, the European High Altitude Ice Crystals (HAIC; Dezitter, 2013) and North
American High Ice Water Content (HIWC; Strapp et al. 2016) projects formed the international HAIC-
HIWC collaboration to make new in-situ measurements with modern instrumentation and
techniques. The HAIC-HIWC project performed two measurement campaigns, one in Darwin
Australia in 2014, and a second in Cayenne, French Guiana in 2015. Additional independent
measurements were made by HIWC in Florida in 2015, and by HAIC in Darwin and Reunion Island in
2016". The projects aimed to characterize microphysical parameters near convective cores of deep
tropical convective clouds, using common idealized flight plans described by Strapp et al. (2016). The
data have been analyzed and compared to Appendix D/P (Strapp et al. 2019), and will be used in
future ARAC (Aviation Rulemaking Advisory Committee) discussions assessing the suitability of
Appendix D/P.

Most HAIC-HIWC measurements (around 92%) were made within mesoscale convective systems of
oceanic origin (Strapp et al. 2019), targeting suspected regions of high Ice Water Content (IWC). In
order to simulate commercial aircraft high IWC exposures, transects across the entire cloud width
were made if possible, passing close to or through convective updraft regions using conventional safe
distances employed by pilots if required. Although there has been no common definition used by the
HAIC-HIWC research team of a high IWC region, Leroy et al. (2017) used a threshold of 1.5 gm™ in
their study of ice particle size distributions (PSDs) observed during the HAIC-HIWC flights. Yost et al.
2018 used a nominal threshold of 1 gm™ in their study of satellite detection of high IWC regions.
Overall characteristics of the Darwin-2014, Cayenne-2015, and Florida-2015 flight campaign clouds
have been summarized by Strapp et al. (2019). In this study, only the Darwin and Cayenne campaign
data are discussed, because the combination of instruments of primary interest were installed only
for these two projects. The data collection aircraft was the Service des Avions Francais Instrumentés
pour la Recherche en Environnement (SAFIRE) Dassault Falcon 20. Although common flight plans
were used, the campaigns differ somewhat in the temperatures at which data were collected. The
Darwin campaign was successful in collecting data at the primary flight levels of -30°C and -40°C (10-

! The HAIC project included a focus on, and additional independent flights for the detection of high IWC
conditions using new innovative instrumentation concepts.
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11 km AMSL), but collected limited data at the other primary levels of -10°C and -50°C, partially due
to the early termination of the flight campaign. The Cayenne flight campaign collected data at all 4
primary flight levels, but specifically targeted the -10°C and -50°C levels in order to collect the data
missed in Darwin. Both campaigns targeted oceanic mesoscale-convective systems (MCSs), with the
Cayenne campaign also targeting afternoon continental convection.

In both campaigns, the clouds were mostly glaciated, although in Cayenne-2015 a small increase in
mixed-phase cloud was observed due to the greater time spent around the -10 C temperature level.
Overall, mixed-phase cloud comprised less than 5% of the in total in-cloud distance, with narrow
mixed-phase events always less than about 6.2 Nm and with event-average liquid water content
(LWC) less than about 0.32 gm™. The probability of mixed phase cloud decreased with altitude.
Consequently, the comparisons of this article refer almost exclusively to the correlation of the
electric field properties to ice water content (IWC), although small amounts of liquid may also be
present for short periods, which would also be included in the TWC measurement. Further details on
features of the clouds and analyses of the datasets can be found in other HAIC-HIWC articles and
reports (e.g. Leroy et al., 2017; Strapp et al. 2019).

One of the goals of the HAIC project was the improvement of methods to detect icing conditions to
reduce the risk of aircraft incidents in such weather conditions (Dezitter, 2013). Different techniques
have been used to retrieve the LWC and/or IWC and/or TWC based on direct measurement, among
them hot wire, flow-through evaporator methodologies, the latter using differential hygrometry
(Brenguier et al., 2013; Baumgardner, 2011) and the ice accretion methodology. A number of sensors
based of one more of these principles were installed on the SAFIRE Falcon-20 for the HAIC-HIWC
campaigns, including the Isokinetic Probe (Davison et al., 2008), the Science Engineering Associates
Robust probe (Strapp et al.,, 2008; Grandin et al.,, 2014), the Rosemount Icing Rate Sensor
(Baumgardner, 2011). Other techniques estimate water content through indirect measurements of
the cloud Particle Size Distribution or radar reflectivity. Particle imaging probes, capable of providing
an estimate of the IWC through size to mass conversion (Stratton Park Engineering Co. (SPEC) 2D-
Stereo probe (2D-S), Droplet Measurement Technologies (DMT) Precipitation Imaging Probe (PIP),
Leroy (2016) and the multi-beam Radar SysTem Airborne (RASTA) 95GhZ Doppler cloud radar
providing reflectivity, doppler velocity and an estimation of the IWC as a derived product (Protat et
al., 2009; Delanoe et al., 2013), were also installed on the Falcon 20.

In the framework of the HAIC project, ONERA proposed a new concept for the estimation of the
TWC, based on the measurement of the electrostatic field on the aircraft fuselage. During the HAIC-
HIWC campaigns, a network of electrostatic field meters, called AMPERA (Atmospheric Measurement
of Potential and Electric Field on Aircraft), was installed on the SAFIRE Falcon 20 aircraft. This system
supplies information on the electrostatic state of the atmosphere (Laroche, 2012). The ONERA
approach is based on the concept that the aircraft itself can be used as a sensor to provide
information on cloud TWC through its correlation to electrostatic charging of the aircraft and the
surrounding cloud particles. A charge measurement single sensor developed by the National
Research Council (NRC) of Canada has also been tested within HAIC, although not on the Falcon-20.
Details can be found in Davison et al. (2018).

For each flight of the HAIC-HIWC campaigns, a wide variety of sensors has been installed on the
aircraft to sample the microphysical, dynamical and electrostatic characteristics of the atmosphere.
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In the framework of our study, our interest was focused on microphysical sensors implemented on
the same aircraft as the AMPERA system (the Falcon 20 aircraft). Unfortunately, not all data recorded
by the different sensors were available. Consequently, in this study, comparisons were restricted
between the TWC estimated with the Isokinetic Probe (IKP2) bulk TWC evaporator (Davison et al.
2008, Davidson et al. 2016, Strapp et al. 2016) and the measurements of the AMPERA system.

2. Airborne estimation of total water content

2.1 Airborne probes for the retrieval of the total water content on research aircraft

Sensors which are currently used worldwide on research aircraft for the estimation of liquid and ice
water content during flight have been reviewed exhaustively elsewhere. Different perspectives can
be found in Baumgardner et al. (2011), Brenguier et al. (2013), and Korolev et al. (2017), and only a
brief summary relevant to this study will be given here. The measurement of IWC will be emphasized,
due to the rarity of mixed-phase measurements in the HAIC-HIWC dataset (section 1).

A first instrument category estimates ice (or liquid) water content based on the integration of the
particle size distribution and a size to mass conversion. This method requires knowledge of the
effective density variation as a function of the particle size. Uncertainties associated with this
method for IWC come from the wide variety of crystal shapes and densities in nature, and
fundamental uncertainties in the PSD accuracy, such as depth of field uncertainty and out-of-focus
particle sizing corrections (Korolev et al., 1998a; Baumgardner et al., 2011; Abel, 2014; Leroy et al.,
2016). Furthermore, accurate separation of liquid and ice particles in mixed-phase situations is a
largely un-resolved problem for size less than approximately 100 um.

A second category includes the estimation of IWC from combined retrievals of radar reflectivity, the
terminal fall speed of hydrometeors and the Particle Size Distribution (Protat, 2016).

A third and more direct technique relies on the measurement of the power used for melting and
evaporating ice particles impacting the surface of a heated hot wire sensor. The Nevzorov probe
(Korolev et al., 1998b) and the SEA Robust probe (Strapp et al., 2008; Grandin et al., 2014) are based
on this principle. One of the main difficulties of these probes for IWC measurement is the relatively
low efficiency for capture and evaporation of ice particles, of the order of 30-50% by some estimates
(Strapp et al., 2008; Grandin et al., 2014; Korolev et al., 2013; Leroy et al., 2017), and the lack of
comprehensive characterization of this efficiency. Furthermore, the LWC efficiency is typically close
to unity, so the deconvolution in mixed-phase conditions requires two sensing wires with differing
LWC and IWC efficiencies (Korolev et al., 1998b; Brenguier et al., 2013), and the accuracy of this
method has not been evaluated in a wide variety of conditions. A single TWC wire can provide very
misleading results in mixed phase conditions due to this LWC vs. TWC efficiency difference.

A fourth category relies on the evaporation of hydrometeors and differential hygrometry.
Hydrometeors enter an inlet exposed directly to the air stream. TWC is deduced from the vapour
concentration of evaporated hydrometeors, measured by one or more hygrometers. Among the
probes based on this technique are the Counterflow Virtual Impactor (CVI: Noone et al., 1993; Twohy
et al. 1997), the UK Met Office Total Water probe (Nicholls et al. 1990, Baumgardner et al., 2011;
Abel 2014), the Fast In Situ Stratospheric Hygrometer (FISH: Schiller, 2008; Zéger, 1999), and the
Isokinetic Probe (IKP2; Davison et al. 2008). One potentially large advantage of this technique is that



161 it is possible to obtain near unit efficiency for hydrometeor sampling if the flow is controlled to

162 isokinetic values; however, liquid and solid phase cannot not be differentiated with this technique.

163 A further technique employed during HAIC-HIWC for the estimation of LWC used the Rosemount
164 Icing rate sensor, which is mainly responsive to only the supercooled water droplets (Baumgardner

165 and Rodi, 1989; Cober et al., 2001; Baumgardner, 2011). The measurement is based on changes in

166  the natural frequency of an oscillating cylinder due to accretion of ice on its surface. Although this

167  technique is open to uncertainties, it can be useful in mixed-phase situations when separating the

168 LWC and IWC components of the PSD is often difficult using other probes.

169 Table 1 contains a simple and non-exhaustive list of the possible methods for estimating airborne
170  TWC during flights with the SAFIRE Falcon-20. As mentioned before, among listed probes, not all data

171 are available for our investigations, as the Nevzorov, the CVI and the RICE probe.

172 Table 1 : Summary of methods and sensors used to estimate airborne total water content on the SAFIRE Falcon-20

Sensor basing on the

Method Measurement campaign Reference article

method

Estimation of the TWC

based on the integration . Leroy, 2016;
Megha-Tropiques, HAIC-

of the particle size 2D-S, PIP Baumgardner et al.,

HIWC, HYMEX

distribution and the mass 2017; Fontaine, 2014

size conversion

Measurement of the
power used for melting

Strapp, 2008 ; Leroy,

and evaporation of SEA Robust HAIC-HIWC

. . . 2017
particles impacting a
heated hot wire sensor
Nevzorov HYMEX Korolev, 2013
. . Noone, 1993; Twohy,
Differential hygrometry Ccvi POLARCAT
1997
Davidson, 2008; Strapp,
IKP2 HAIC-HIWC
2016
Estimation of the total
HYMEX, MEGHA Protat 2009, 2016
water content from RASTA
. . TROPIQUES
combined retrievals
Change in the natural
frequency of an RICE HAIC-HIWC Baumgardner et al., 2011

oscillating cylinder (LWC)

173
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Table 1 lists the probes that were installed on the SAFIRE Falcon-20 during the HAIC-HIWC campaigns
that provided estimates of TWC. During the HAIC-HIWC campaigns, the Isokinetic Evaporator Probe
(IKP2) has been chosen as the reference TWC probe. That’s why this probe has been chosen to
investigate the results supplied by the AMPERA system. The Isokinetic Evaporator Probe was
developed by the NRC and Environment Canada specifically for the measurement of the high-
altitude, high speed, high IWC environment (up to 20 hPa, 200 ms™, -50°C, and 10 gm™) with a target
TWC accuracy of 20%, after the EHWG concluded that instruments existing at the time were either
too unreliable or contained uncertainties that could not be sufficiently accurately determined. The
development of the original IKP probe has been extensively documented in the literature (Davison et
al. 2008, 2009, 2010a, 2010b, 2011). The downsizing effort to the IKP2 probe, required for
installation on the Falcon-20, and its extensive wind tunnel testing has been described by Strapp et
al. (2016). System accuracy estimates and equations governing the TWC calculation have been
provided by Davison et al. (2016). The principle of operation of the IKP and IKP2 probes has been
described in the references above, and is repeated briefly here. Cloud particles are ingested in an
inlet facing the incoming air stream. The flow through the inlet system is throttled with a butterfly
value to approximate the isokinetic value, so that hydrometeors entering the probe have a
concentration and distribution, as close as possible to the concentration and distribution present in
the free atmosphere. The hydrometeors melt and evaporate inside the probe in a spiral evaporator
section. The basic measurement of the probe is then made by sampling the vapour concentration in
the flow path after hydrometeor evaporation. Since that measurement includes contributions from
both the hydrometeors and the pre-evaporation background water vapour (BWV), a separate
measurement of BWV must be made and subtracted from the IKP2 flow path vapour concentration.
For HAIC-HIWC, this background measurement was made off the fuselage of the aircraft with an
independent rear-facing inlet, intended to sample the humidity of the air without ingesting
hydrometeors. Licor-840a hygrometers were used for both the IKP2 and background measurements.

System uncertainty estimates for the IKP2 have been provided by Davison et al. (2016) for three
temperature intervals of focus in the HAIC-HIWC flight campaigns. At higher TWCs, uncertainties are
of the order of 2-3%. But the subtraction of BWV becomes increasingly important with increasing
temperature and decreasing TWC, as saturation BWV levels increase exponentially, and typically
exceed 2 g.m” at -10°C. Relatively small fractional errors in the BWV levels thus become important,
particularly at low TWC values. Consequently, system uncertainty calculations increase to of the
order of 50% at -10°C and 0.1 g.m>, and can be further exacerbated by poor synchronization or
differing time response of the IKP2 and BWV measurements. For this reason, the use of the IKP2 is
practically limited to temperatures colder than about 0°C in turbulent tropical atmospheres (Strapp
et al. 2016).

During the HAIC-HIWC campaigns, difficulties were experienced measuring BWV due to wetting of
the air sampling lines, and ingestion of ice particles that erroneously enhanced the measurement in
high TWC conditions. Due to the observation that HAIC-HIWC clouds were mostly glaciated, the
decision was made to assume ice saturation concentrations in cloud for all IKP2 TWC calculations.
Some errors could be expected from this assumption. The decision received some support from an
Environment and Climate Change Canada (ECCC) analysis of in-cloud ice supersaturation
measurements on the National Research Council Convair-580 during the only 4 flights with reliable
BWV measurements during HAIC-HIWC, which showed that the average BWV concentrations were
only slightly supersaturated with respect to ice. By randomly injecting BWV errors implied from the
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above measurements into the HAIC-HIWC dataset, Strapp et al. (2019) first showed that the ice
saturation assumption had little effect on the 99" percentile TWC values of most interest to the
EHWG. Furthermore, there was almost no effect overall in the -40°C and -50°C temperature intervals
due to the very low BWV concentrations. The effects were largest in the warmest -10°C temperature
interval, where an overall low-bias was observed for TWCs < 0.6 g.m” (e.g. 20% at 0.1 gm™), and a
high bias for TWCs > 0.6 g.m™, maximizing at about 6% at 1.2 g.m>. In addition to these average
biases however, noise with a standard deviation of approximately +0.13, £0.07, +0.03, and +0.004
g.m'3 was added to the IKP2 TWC estimate for the -10, -30, -40, and -50°C intervals respectively,
roughly independent of TWC. Consequently, the ice saturation BWV assumption is expected to
introduce small biases and some scatter, as described above, into the IKP2 TWC and AMPERA
comparisons, particularly for the -10 and -30 C intervals. Scatter is also expected due to the vast
differences in the sample volumes being sampled between the IKP2 and AMPERA, which are typically
about 10 m’s™ for the IKP2 versus probably greater than 2.10° m’s™ for exposed particle impact
regions on the Falcon-20 which would contribute to the AMPERA measurements.

3. The AMPERA system
3.1 Field Mill

Since the 1940s, there have been many studies estimating the atmospheric electrostatic field in fair
weather conditions, but also in the vicinity and inside thunderstorms. In this framework, different
kinds of airborne sensors have been developed. Design of these sensors depends on the airborne
platforms that carry the instruments (Mac Gorman and Rust, 1998). These include, for example, the
electric field meter (Gun, 1948; Winn, 1993), the rocket borne field meter (Winn and Moore 1971),
the airborne rotating vane field mill (Jones, 1990), the cylindrical field mill (Kasemir, 1972; Mac
Gorman and Rust, 1998) and the rotating field mill on balloons (Chauzy, 1991; Marshall and Rust
1991; Stolzenburg, 1998). In contrast to the rocket or the balloon, the use of aircraft allows a more
comprehensive temporal and spatial analysis of the electrostatic field. Aircraft platforms have
provided the only way to measure the horizontal cross-section of a cloud to date (Christian, 1976;
Merceret et al., 2008). From this perspective, airborne field mills have been adopted for atmospheric
research by ONERA for decades (Laroche, 1986) and tested on different kinds of aircraft (e.g. C160
Transall, Delannoy, 2012; Gloster Meteor NF11, Boulay, 1982; Falcon 20).

An illustration of the field mill used during HAIC-HIWC is shown on the left panel of figure 1. The field
mill designed by ONERA differs from other field mills, such as those of Bateman (2007) in that there is
an external grid in front of the measurement electrode. As illustrated on figure 1, there are only
three sectors in the grid of the ONERA field mills through which the external electrostatic field
reaches the measurement electrode.
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back of PMS probe
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Figure 1: AMPERA system. On the left panel: a picture of the field mill. On the right panel: lllustration of the
implementation of the AMPERA system on the Falcon 20 aircraft during the HAIC-HIWC campaigns. The locations of the
field mills comprising the AMPERA system are indicated by arrows.

Each rotating-vane field mill measures the electrostatic field at its location on the aircraft. The
rotating-vane alternately shields and exposes the sensing plate to the external electric field. The
variation of the charge induced on the measurement electrode is tied to the electric field (Bateman,
2007). Each field mill on the aircraft skin continuously records the electrostatic field during flight,
which depends on the atmospheric electric field around the aircraft and the net electric charge of the
aircraft. The aircraft electrical potential V, is equal to the net charge divided by the aircraft
capacitance C,.

The characteristics and performance of one field mill, determined from laboratory tests, are detailed
on table 2. Field mills need to detect both weak electrostatic field as in fair weather (typically, the
magnitudes are less than 100 and 20 V.m™ near the ground and near 5 km respectively) and strong
electrostatic fields (typically more than 100 kV.m™) inside thunderstorms (MacGorman, 1998). Fair
weather measurements are used during the calibration phase. For these reasons, the field mills have
a large dynamic range, as indicated in table 2. Furthermore, field mills have been designed to the
environment of the aircraft. Most of the time, during the HAIC-HIWC campaigns, the flight envelope
was from ground level (ca. 1000 hPa and 26°C) to about 12 km (ca. 200 hPa, -50°C). These thresholds
are consistent with the AMPERA operating environment limits.

Table 2 : Performance and characteristics of each field mill of the AMPERA system

Physical Mass 0.870 kg
Power 28V (DC) ; 25 W max
Size 120 mm x 115 mm
Dynamic range +/-5V/mto +/- 1 MV/m
Threshold of detection Below 5 kV/m 5V/m
Above 5kV/m 20V/m
Sampling rate 10 Hz
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Operating environment Temperature -55°Cto 60 °C

Pressure min 44.4 hPa (70 000 ft)
Relative Humidity 5% to 100 %
Shock protection Acceleration peak value 6G

. Alimentation and Ethernet
Operating mode .
connection

3.2 AMPERA during HAIC-HIWC

In order to obtain an estimate of the three components of the atmospheric electrostatic field and the
aircraft potential, the use of multiple field mills on the same aircraft is required. AMPERA is a field
mill network (Laroche, 2012) installed on the fuselage of the aircraft, requiring a minimum of four
field mills. Each field mill is flush mounted in order to reduce electrostatic distortion by the aircraft
and the sensors. The locations of the field mills have been chosen for symmetry, the sensitivity of the
potential dependency, and redundancy of measurement.

Each field mill brings local information of the electrostatic state on the aircraft surface. All data from
each field mill of the AMPERA system are synchronized.

During the Darwin-2014 and the Cayenne-2015 campaigns, the AMPERA system consisted of a
network of five field mills. These sensors were installed on window blanks at the rear central fuselage
and the back of under-wing Particle Measuring System (PMS) probes of the SAFIRE Falcon 20 aircraft.
The locations of field mills on the Falcon 20 aircraft, used during both campaigns, are identified on
the right panel of figure 1 and in table 3.

Table 3 : Location of the five field mills of the AMPERA system for the HAIC-HIWC campaign.

Field Mill . . . .
Field mill location of the aircraft
number
1 At the rear central fuselage
2 On a right window blank
3 On a left window blank
4 At the back of the PMS probes — under the starboard wing
5 At the back of the PMS probes — under the port wing

3.3 Calibration

Each field mill of the AMPERA system continuously measures the local electrostatic field on the
aircraft surface during aircraft flight. The estimation of the atmospheric field components and the
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aircraft potential are deduced from the signal recorded by the field mill by applying the calibration
method of Winn (1993). Almost all other methodologies used by the research community (Koshak,
1994, 2006) rely on the same principle as that used for AMPERA.

Based on the assumption of a uniform atmospheric electrostatic field around the aircraft (Laroche
1986), a linear relationship can be established between the electrostatic field on the aircraft skin and
the three components of the atmospheric electrostatic field and the aircraft potential (Bateman,
2007; Jones, 1990; Laroche, 1986, 2012; Koshak 2006; Mach, 2007, 2015). This relationship can be
expressed by:

E; = a;Eox + B;Eoy + y;Eoz + A;V, (1)

where E; is the electrostatic field recording by an individual field mill; Eo, Eo, Eo, are the three
components of the atmospheric electrostatic field; V, is the aircraft potential; a;, Bi, A, y; are
constants. Each constant is a function of the form factor of the aircraft and can be inferred by in-
flight calibration and by numerical computations.

Nowadays, there are two field mill calibration methodologies commonly used by the research
community. The first is based on flight calibrations in fair weather, with roll and pitch maneuvers
(Koshak, 2006; Mach, 2007; Winn, 1993). The second is based on a numerical calculation using a 3D
mesh shape model of the aircraft (Mazur, 1987).

For the HAIC-HIWC project, a Poisson equation solver has been used to numerically compute the
value of E; based on the three-dimensional shape model (Figure 2) of the Falcon 20 aircraft for four
following configurations detailed in table 4.

Figure 2 : Three dimensional shape model of the Falcon 20 aircraft.

Table 4: The four configurations used to compute the value of E; on the three dimensional model of the Falcon 20
aircraft.

Configuration Eox (V/M) Eoy (V/m) Eoz (V/m) V, (V)
1 1 0 0 0
2 0 1 0 0
3 0 0 1 0
4 0 0 0 1
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Results of the four configurations provide estimates of the a;, B;, A, vi coefficients for each field mill
location. The values of the a;, B;, A, y;coefficients for each field mill are combined to form the transfer
matrix Mj,. The M;, matrix obtained for the HAIC-HIWC campaigns is contained in table 5.

Table 5 : The M;, Matrix used

E, E, E, v

MAC 1 0.1 0 -1.65 0.15
MAC 2 2 -1.4 0.6 0.2
MAC 3 2 1.4 0.6 0.2
MAC 4 1.1 2.7 4.4 0.6
MAC 5 0.55 5 4.5 0.65

The linear equation (1) is applied to the HAIC-HIWC field mill configuration (five field mills as
described previously — see figure 1). The five linear equation system can be expressed as the
following:

Em = MjaA (2)

where E, is an array of measurements recorded by field mills, M, is a transfer matrix, which contains
all constant coefficients, and A is the desired array of the three components of the local electrostatic
(Eox, Eoy, Eo;) field and the aircraft potential (V,). The A matrix is found by inverting equation (2),
which is least square determination of the matrix A (Laroche, 1986). The A matrix resolved is
expressed as the following:

A= (MjaT-Mja)_leaTEm (3)

Mazur (1987) and Mach (2009) have shown that there are different sources of error associated with
this methodology.

The accuracy is dependent on two causes: the Mja coefficient matrix which reflects the airplane form
factor, i.e. the link between ambient and local field and the measurement of electrostatic on aircraft
surface.

The total error on the evaluation of the aircraft potential V, are computed by considering a random
error on each measurement (E,) and on each computed element of the matrix M;, . Despite a careful
sensors calibration in laboratory and on the aircraft, we consider an overall relative error in the
measurement of 2 %. For the matrix coefficient, Mj,, the considered error was +/- 5%.

The errors on V, depends on the electrical state of the atmosphere (E,, E,, and E,) and the relative
magnitude of the aircraft potential. The relative error computation has been calculated with an
atmospheric field of 1 V/m in the aircraft referential. Each components of the atmospheric
electrostatic field are fixed to 1 V/m. For this state of the atmosphere, the error on the aircraft
potential has been estimated for different value of aircraft potential. Results are presented on figure
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3. The figure 3 shows the evolution of the error on V, versus V, magnitude weighted by the norm of
the atmospheric electrostatic field.
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Figure 3 : Relative error on the computation of Va versus the ratio V ,/E, for +/- 2 % error on measurement of electric field
on the aircraft and +/-5 % error on computation of matrix M), elements.

When magnitude of the atmospheric field is between 10 and 20 times lower than the magnitude of
the aircraft potential, the relative error on the evaluation of the potential range between +/- 15 %
and +/- 10 %.

For the SAFIRE Falcon-20 in HAIC-HIWC, due to this error, the minimum detectable atmospheric
electrostatic field is about 1000 V.m™ when the aircraft potential has a magnitude of 100 kV.

3.4 Recording by the AMPERA system

An example of the methodology and results obtained with the AMPERA system is given on figure 4,
for flight FS14019 (02/09/2014) of the Darwin-2014 campaign. The measurements are in ice clouds
with no LWC present, initially at a temperature of -37 C, and in the later part of the sequence at -47
C. The take-off and landing times of this flight were 20:48 and 00:14 UTC respectively. The figure
contains separate plots for the individual measurements from the five field mills used during the
Darwin-2014 campaign, with locations of each numbered field mill detailed in table 3. The decrease
of the electrical field, below -2000 V.m™ is associated with the presence of the cloud. The differences
between the measurements are due to the sensitivity of each field mill to the aircraft potential, the
atmospheric electrical field and the form factor of the aircraft. The methodology described above is
next applied to the data. The time history of the module of the aircraft potential retrieved after the
inversion of equation (2) is plotted in figure 5a, with the IKP2 TWC overlaid. The temporal variations
between the two parameters are strongly correlated.
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Figure 4 : Measurements from the five field mills of AMPERA system for Flight FS140019 of the Darwin-2014 campaign
(2/9/2014). Each curve represents the measurements of one field mill. Plot E1 (first from the top) is for the field mill on
the rear fuselage. Plots E2 and E3 (second and third from the top), are for the field mills on the left and right windows,
respectively. Plots E4 and E5 (fourth and fifth from the top), respectively E5 (fifth plot for the plot) is for field mill, are for
field mills at the back of PMS probes, on the port and starboard side respectively.

At the beginning of the time sequence, the aircraft flies through an isolated cloud at 11 km AMSL,
identified by the letter A on figure 5a. A zoomed illustration of the results for cloud A is included in
figures 5b and 5c. In figure 5b, the recording from the field mill at the back rear fuselage and TWC
from IKP2 have been plotted. This field mill has been chosen for its relatively high sensitivity to
electrical potential variation. The comparison of TWC and IKP2 data, plotted in figure 5b, highlights
the generally good agreement in time evolution when the aircraft flies through an isolated cloud.
Previous studies have noted that the electric field on the aircraft, recorded by a field mill, may be
dominated by the aircraft potential (Bateman, 2007; Mach, 2007). In figure 5c, the retrieved aircraft
potential is plotted with the IKP2 TWC overlaid. Local maxima of TWC are observed at 78160 s, 78190
s, 78200 s, 78220 s and 78260 s. Maxima are found at the same times in the aircraft potential.
Moreover, when the TWC is above about 0.1 g.m>, a significant variation of aircraft potential is
detected.

The aircraft potential sign is linked to the kind of cloud crossed by the plane. It comes from the
aircraft charging due to the triboelectric effect. Several authors (lllingworth, 1986; Keith, 1990;
Laroche, 1986; Tanner, 1961) reported negative charging of metal target impacted by ice crystal; this
observed in laboratory experiment as well as in flight experiment; whereas droplet observed in warm
clouds or in mixed-phase region of convective cloud produces a positive charging of the aircraft. In
this article, our focus was on the time variation of the module of the aircraft potential but not its
sign.
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5a: Time history of the norm of the aircraft potential (black curve- units: V) deduced from AMPERA, and TWC (grey curve —
units: g.m'3) from the IKP2 probe.
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5b: Zoomed time history for cloud A identified in figure 5a. Plots are for the electrostatic field (V.m'l) at the rear fuselage
(black curve) and the TWC (g.m_3) from IKP2 probe (grey curve).
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5c: As in figure 5b, but for the norm of the aircraft potential rather than the electrostatic field (black curve). IKP2

Figure 5 : Example of field mill and TWC measurements for flight FS14019 (2/9/2014) of the Darwin-2014 campaign from
HAIC-HIWC project. The top panel (figure 5a) contains cloud measurements from the entire flight, including the time
evolution of aircraft potential (black curve) in V deduced from the AMPERA system, and the TWC (grey curve) in g.m™
from IKP2 probe. Time is indicated on x-axis in seconds since UTC midnight. Figures 5b and 5bcontain zoomed field mill
and TWC results from cloud A identified in figure 5a. Figure 5b contains time histories of the electrostatic field results
(V/m) for the rear back fuselage field mill (black curve), and TWC from the IKP2 (grey curve). Figure 5c is as in figure 5b,
but for the aircraft potential (V) rather than the electrostatic field (black curve).
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4. Results
4.1 Analysis methodology

All data from the Darwin-2014 and Cayenne-2015 have been sorted in order to have the same
temporal basis for the IKP probe and AMPERA results and to only use relevant data for our study.

In order to calculate the regression coefficient and study the correlation between parameters,
common time-averaging has been used. Due to an observed Licor hygrometer high-frequency
overshoot/undershoot problem in large step changes, IKP2 data have been provided to the HAIC-
HIWC research team as 5-second centered averages at 1 second spacing. The AMPERA system
supplies information on the electrostatic field at a resolution of 100ms. In order to be consistent with
IKP2 time resolution, the same averaging method and scale has been applied to the field mill data.

Furthermore, in order to remove the aircraft potential signature, which will not be relevant for this
study, and to take into account the detection limit of the IKP2 probe, data have been sorted based on
the following points for each flight of both campaigns:

- Periods when the IKP2 TWC was below 0.1 g.m™ have been excluded due to the limitation in
the accuracy of the IKP2 probe at low TWC and the warmer temperatures (Davison et al.
2016, Strapp et al. 2016).

- Take-off and landing periods have been excluded. During these times, fluctuations in aircraft
potential are dominated by electrostatic charge induced at high power by engine exhaust.
This phenomenon is reproducible from one flight to another. An example of the take-off
period of flight FS140019 (Darwin-2014) and flight FS150015 (Cayenne-2015) is shown in
figure 6. For both flights, the take off period was in fair weather. None of the microphysical
probes detect the presence of TWC. Each plot shows the aircraft potential recorded by the
rear field sensor and the TWC measured by the IKP 2 probe during take-off period. Both plots
reveal a quick decrease of the aircraft potential, followed by a steady signal increase. This
evolution of the aircraft potential is consistent with observations made by Nanevicz (1975).
For these cases, no data before 75540s and 59480s have been used in the statistics
calculations for flights FS14019 and FS150015 respectively.
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6a - Flight 19 of the Darwin-2014 campaign.
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6b - Flight 15 of the Cayenne-2015 campaign.

Figure 6 : Time histories of aircraft potential (V) (black line) and TWC (gm'a) from the IKP2 probe (grey line), for flight 19

of Darwin-2014 (6a — top panel) and flight 15 of Cayenne-2015 (6b — bottom panel). Time is in seconds from UTC
midnight.

4.2 Comparison between the electrostatic field on the aircraft and the Total Water Content.

The previous section has highlighted the general agreement between the time variations of the local
electrostatic field on the aircraft recorded by the field mill at the rear fuselage on the Falcon 20
aircraft and the TWC measured with the IKP2 probe, while flying in glaciated clouds at -37 and -47°C.
When the IKP2 probe detects the presence of ice particles, a correlated response is observed on each
field mill. Based on this observation, the local electrostatic field measured by the field mill at the rear
fuselage location has been plotted as a function of the TWC estimated by the IKP2 probe in figures 6
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(flight 19 of Darwin-2014 and flight 15 of Cayenne-2015) and 7 (Darwin-2014, all data, and Cayenne-
2015 all data).

HAIC-HIWC flight campaign clouds were highly dominated by ice crystals (section 1), with only
occasional short mixed-phase cloud with low LWC. The electrostatic field recording from the rear
fuselage field mill for flight 19 of the Darwin-2014 campaign (measurements at two flight levels of -
37°C and -47°C ) and flight 15 of the Cayenne-2015 campaign (measurements at four flight levels of
approximately -35, -22, -12, and -10°C) have been plotted on figure 7. For Darwin-2014 flight 19,
there were no mixed-phase or liquid regions identified. For Cayenne-2015 flight 15, there were a
total of 71 seconds in four brief mixed-phase cloud periods, with maximum period-average cloud
liquid water content of about 0.1 g.m™. The response of the field mills appears to be almost
exclusively associated to ice clouds. For each case, linear regressions of the form E;=coefficientxTWC
have been fit to the data, and are represented as grey lines on the plots. The characteristics of each
flight and the regression statistics are summarized in table 6.
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7a: Flight 19 of the Darwin-2014 campaign.
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7b: Flight 15 of the Cayenne-2015 campaign.

Figure 7 : Electrostatic field measurements versus TWC for Darwin-2014 flight FS14019 (7a — top panel) and Cayenne-
2015 flight FS150015 (7b- bottom panel). Electrostatic measurements (on y-axis — Unit : V.m'l) are from the rear back
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454 fuselage field mill in function of the TWC (on x-axis — Unit: g.m'3- black dots). The linear best fit through the origin is

455 shown as the grey line in both plots.

456 Table 6 : Features of flight FS140019 (Darwin-2014) and flight FS150015 (Cayenne-2015).

Information FS140019 FS150015
Date 02/09/2014 05/16/2015
Take-off/ landing (UTC) 20:48 / 00:14 16:01/18:33

Flight altitude (km)

Temperature (°C)
True airspeed (ms™)
TWC maximum (gm™)

Regression gain coefficient
(V/m)/(gm?)

Regression Correlation
coefficient

Number of points for the

Two flight levels.
11 km and 12.3 km
-20,-30
185

3.0

-50 000

0.83

4224

Around four flight levels.
11km;9km;7.5km ;7 km
-35,-20, -10
160-180

3.5

-37 000

0.91

4053

regression
457
458 Results deduced from sixteen Darwin-2014 and sixteen Cayenne-2015 flights are plotted in figure 8,
459  which includes linear regressions represented in the grey curves as in figure 7. Further information
460  on these flights is given in table 7. The gain of the linear regressions is 47000 (V/m)/(g.m?) for
461  Darwin-2014, and 33000 (V/m)/(g.m?) for Cayenne-2015.
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Figure 8 : Same as figure 6 for all flights of Darwin-2014 (8a - top panel) and Cayenne-2015 (8b - bottom panel). The linear
best fit through the origin is shown as the grey line in both plots.

In order to estimate the dispersion of these results, separate fits have been derived for each
individual flight. A mean value and a standard deviation based on the results for each flight, has been
calculated and compared to the gain found with all campaign flights. For the Darwin-2014 campaign,
the mean of the individual gain coefficients is 50 000, which is similar to the overall gain of 47 000
(V/m)/(gm™). Similar results were found for the Cayenne-2015 campaign. For both campaigns, the
standard deviation is small. The Darwin-2014 and Cayenne-2015 correlation coefficients for all flights
are also include in table 7, both being about 0.8, and confirming a good correlation between the
electric field and TWC. Within each campaign, the relationship between the electric field and the
TWC seems reasonably reproducible. However, there is clearly a stronger electric field response to
clouds in Darwin-2014 than in Cayenne-2015, an observation that will be discussed further below.
The Cayenne gain coefficient is approximately 32% lower than that for Darwin. Furthermore, for a
given TWC, there is a fairly large scatter in the possible electrostatic field values. This is at least
partially due the expected scatter in the IKP2 due to the assumption of ice saturation BWV, and also
due to the very large differences in the sample volumes of the two parameters.

Table 7 : Statistics on electrostatic field versus TWC for both campaigns.

Darwin-2014 Cayenne-2015

Number of flights used
16 16
(noted Nb)

Mean of individual gain
coefficients (Nb flights) -50 000 -34 000

(V/m)/(g.m?)

Standard deviation on Nb flights 7000 6000

19




479

480

481
482
483
484
485
486
487
488
489
490
491
492
493

(V/m)/(g.m?)
Number of point in the statistics 70000 80 000

Gain coefficient estimated using
all data from Nb flights -47 000 -33 000
(V/m)/(g.m?)

Correlation coefficient on the

Nb flights 0-86 083
Conclusion Esp ~-47 000 x TWC Esp ~-34 000 x TWC

TWC maximum (g.m) 3.57 4.29

TWC mean (g.m>) 0.74 0.74

Standard deviation (g.m™) 0.6 0.7

4.3 Comparison between the aircraft potential and the Total Water Content.

The magnitude and variation of the electrostatic field on the aircraft skin depends on the
atmospheric electrostatic field around the aircraft and the net electric charge of the aircraft. This
latter depends on the balance current on the aircraft fuselage and is tied to the particle
concentration. Indeed, charge will mainly accumulate on the aircraft by the triboelectric effect and
by the engine exhaust. This accumulation will induce an increase of the aircraft potential. It is
assumed here that the aircraft potential variation comes mainly from the triboelectric effect and the
corona effect. As in section 4a, statistics have been calculated following the same principle, but this
time for the module of the aircraft potential versus TWC. Figure 9 contains results from all flights of
Darwin-2014 (9a) and Cayenne-2015 (9b). The grey line on the figures represents the linear
regression fit for each dataset. The gain coefficient is 520 000 V/(gm™) for Darwin-2014 and 190 000
V/(gm™) for Cayenne-2015. The mean and standard deviation of the TWCs obtained from the flights
of each campaign are similar. The correlation coefficients for all flights, by campaign, are 0.8 for
Darwin-14 and 0.7 for Cayenne-2015.
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Figure 9 : Module of the aircraft potential versus TWC, for Darwin-2014 (9a-top panel), and Cayenne-2015 (9b-bottom
panel). Data are from all flight described in table 7. The linear best fit through the origin is shown as the grey line in both
plots

Finally, if we merge the information from all flights of both campaigns (Darwin-2014 and Cayenne-
2015), an overall gain coefficient and correlation coefficient is found between the aircraft potential
and the TWC. Based on this result, we can establish the following general relationship:

V,=g*TWC (4)

where V, is the aircraft potential, TWC is the total water content and g is the regression gain
parameter. As in the previous section for electrostatic field, there is a fairly large scatter in expected
aircraft potential for a given TWC.

The quantiles (15 %, 50 % and 85 %) of aircraft potential for each 0.2 g.m™ TWC interval have been
calculated to complete the results shown on figures 9. Results are plotted in figure 10 for both
campaigns (Darwin-2014 in black lines and Cayenne-2015 in grey lines). This plot highlights the
differences between the two campaigns and quantifies the variability of results within a campaign.
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For each campaign, for a fixed aircraft potential, the range of observed TWC values is very large. For
example, for Darwin-2014, the 15-85% quantile TWCs for a 500kV are 0.5 to 1.5 g.m™. For Cayenne-
2015, this 500kV is reached 15% of time only for TWCs greater than about 2.25 g.m™.

The wide range of IWC values for a given aircraft potential, within a campaign, could in part be
explained by scatter in the IKP2 measurements and sample volume differences. However, this cannot
explain the overall scale differences of the aircraft potential response to TWC observed between the
two campaigns.

At 1.5 g.m>, the 15-85 % quantile aircraft potential is 100 - 500 kV for Cayenne-2015 versus 500-1000
kV for Darwin-2014.

In spite of the fact that a similar distribution of TWC values was observed in both campaigns, only a
small percentage of aircraft potential values greater than 500 kV, was found in Cayenne-2015, where
such values were common in the Darwin-2014 data.

The form of equation (4) implies that outside cloud, in fair weather conditions, the aircraft potential
should be zero. In real flight condition, others effects than those inducing by particles collisions must
be taken into account. Indeed, the corona effect or the engine exhaust (as illustrated before with
figures 6) would be considered. Concerning the Falcon 20 aircraft potential due to engine charging,
Figure 6 shows that this charging effect occurred from take-off to about 11 km altitude; the
maximum effect is observed around 4 km altitude (Va ~ -50 kV); then, as the aircraft altitude
increases, the potential magnitude decreases and reaches a value as low as 2 kV, closed to the
AMPERA network threshold. When the aircraft is flying inside iced clouds, its potential reaches
hundreds of kV, a magnitude much larger than the network threshold.
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Figure 10 : Quantiles of aircraft potential in 0.2 gm’3 TWOC intervals (Darwin-2014 black, Cayenne-2015 grey). The quantile
15% is in solid line; the quantile 50% is in solid line with circle and the quantile 85 % is in dashed line. Aircraft potential
on x-axis (Unit : V). Total Water content on y-axis. (Unit : g.m'3).

Figure 10 underscores the limitation of our methodology in estimating TWC. Despite these
limitations, the collective data from all flights of both campaigns has consistently established a
relationship between the aircraft potential and the IWC for every flight. In its current state of
development, the methodology gives a realistic estimation of TWC.
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5. Discussion
5.1 Relationship between the total water content and the aircraft potential.

The starting point in understanding equation 4 and in defining parameters related to the gain
parameter g, lies in the electrical charging and discharging processes of the aircraft during flight. A
cloud is composed of multiple hydrometeors. During the HAIC-HIWC campaign, the aircraft flew
through convective cloud dominated by ice particles that impacted the fuselage of the aircraft.
These impacts led to electrical charge exchanges between the aircraft fuselage and the particles by
the triboelectric effect. It produced a charging process equivalent to a charge current (the charge
current is noted Ic). This charging phenomenon is a known process, observed by Nanevicz and Tanner
(1961, 1974), Boulay and Laroche (1982), and Laroche (1985). From 1940 to 1980, the phenomenon
was noted as a source of radio-electric disturbance for navigational systems (Stimmel, 1946). The
mitigation of this phenomenon consists of installing passive potential dischargers for corona
discharge, which act to decrease the aircraft potential. Many measurement campaigns have been
conducted worldwide to study electrical parameters during aircraft flight. These campaigns have
revealed that the charge (Q) transferred by impact of a hydrometeor on the aircraft fuselage was on
the average 10 to 20pC (Tanner, 1961; Naneviecz, 1974; lllingworth, 1986). The amount of the charge
deposited on the aircraft varied considerably from cloud to cloud and even from particle to particle
in the same cloud (Tanner, 1961). The amount appeared to be a function of the aircraft speed
(lingsworth, 1986; Tanner, 1961), the shape and the size of the particles and environmental
parameters such as the temperature (Saunders, 2004).

The intensity of the charging current (l.) is proportional to the product of the average particle charge
transferred at each collision and the number of particles striking the aircraft per unit of time. This
second parameter is proportional to the particle concentration (N) in cloud, the aircraft speed (V,)
and the effective impact surface of impingement (Sex; Tanner, 1961). The charging current increases
the net electrical charge of the aircraft and the aircraft potential (lllingsworth, 1986; Larigaldie, 1980;
Boulay, 1982). The expression for the charging current is given by:

Iczvp*seff*Q*N (5)

The increase of the aircraft potential is limited by the ignition of electrical corona discharges from the
sharpest points of the aircraft. A corona discharge initiates when the electrical field on the aircraft
skin reaches the air breakdown field (Boulay, 1982). The discharge current (l4) associated with the
corona depends on the aircraft potential (V,), the air density and the aircraft geometry. Using a first
order approximation, the corona current can be represented by equation (5) below, with k being a
scale coefficient. As mentioned in Boulay (1982), the temperature, pressure and the aircraft
geometry play important roles on the manifestation of the discharged current, and more precisely in
the k coefficient.

Ig=k*V, (6)

In Boulay and Laroche (1982), a Gloster Meteor aircraft (with a cross-section of 8.32 m?) was
instrumented with field mills sensors, triboelectric current measurement on instrumented dielectric
panel. The aircraft was flown in various atmospheric conditions. As part of their results, they
measured the discharge current as a function of the aircraft potential. Based on these results, the k

23



577
578

579

580

581
582

583

584

585
586

587

588
589
590

591

592
593
594
595
596
597

598
599
600
601
602
603
604

605

606
607

608
609
610

coefficient for an aircraft of this size and a potential of approximately 100 kV, flying at 200m.s™, was
estimated at 400 pA.kv™.

The variation of the aircraft potential V, is given by the following relationship:
1t
V,(t) = afo (1. = 14(Vy, ..))du (7)

The relationship between charging and discharging current is obtained by taking the time derivative
of equation (7),

av,
Io=14+ Ca? (8)

. . dav, . .
Calculation of the displacement current (C, d—ta) shows that this parameter remains small compared

to the charging and discharging current. If the charge equilibrium is reached quickly relative to the
time variation of the measurement, a steady state can be assumed leading to:

Ie = 1q(kVg, ...) (9)

Based on the assumption of the electrostatic equilibrium (equation 9) and using approximations
detailed previously for the charging current (equation5) and the discharging current (equation 6), the
aircraft potential can be linked to the particle concentration N by the following formula:

_ (k+Vq)
- Vp(z2)xQ(Dmclass of hydrometeor)XSerr(Dm,Sa)

(10)

where V, is the aircraft velocity (typically a function of altitude during flight); Q, the charge
transferred by collision (a function of the median diameter, Dm, and class of hydrometeors); S., the
effective impingement surface (dependent on the impingement coefficient, the size of particles and
the aircraft cross-sectional area); k, the correlation scale parameter; C,, the aircraft capacitance and
V, , the aircraft potential. The implicit assumption associated with equation (9) is that the charging
conditions are representative of the average conditions existing on all the aircraft surfaces.

TWC can be estimated from the particle concentration, N (detailed in equation 10), taking into
account the particle size distribution. In the section 4, it was contended that aircraft potential and
TWC were related through a linear coefficient g (equation 4). Based on equation 10, the parameters
determining g can be defined. The coefficient g depends mainly on the particle charge transferred at
each collision, the effective impingement surface, the aircraft velocity, the aircraft electrical
capacitance, and the particle diameter (D,,). A more detailed relationship between the TWC and the
aircraft potential can be formulated as follows:

1
Vo = g (N, Q. Serr Yy Car D) X TWC (D, N) (11)

5.2 Discussion of the difference of correlation gain coefficient found between the two
campaigns.

In section 4, the aircraft potential, inferred from the electric field measurements recorded by the
field mills was compared to the independently measured TWC. Linear fits between these parameters
highlighted a strong positive correlation, with dependent factors that are described in equation (11).
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Based on the equation (11) and the flight conditions met during the Darwin-2014 and Cayenne-2015
campaigns, investigations have been conducted in order to try to explain the difference in terms of
gain coefficient discussed in section 4.

During the Darwin-2014 and Cayenne-2015 campaigns, the same Falcon-20 aircraft with the same
probe configuration was used. Consequently, of those parameters listed in equation (11), the
effective impingement surface (Ser), the aircraft speed (V,) and the aircraft capacitance (C,) are the
same for both measurements campaigns. The aircraft true airspeed was about 190 m.s™ during each
flight of the Darwin and Cayenne campaigns. The aircraft capacitance deduced from the Poisson
calculations for the Falcon-20 mesh, was around 500 pF.

The effective intercepting area of the aircraft, i.e. the cross-sectional area of the aircraft weighted by
the impingement coefficient, is typically 60% of the aircraft projected frontal area (Tanner, 1961). For
the Falcon 20 aircraft, the cross-sectional area is 12.3m2. The impingement coefficient depends on
the size of particles and a capture coefficient. This coefficient reflects that the larger particles (larger
than 50 um) have more chance to impact the fuselage because of their ballistic trajectory. In
contrast, smaller particles tend to be diverted away by the airflow streamlines (Tanner, 1961).
Experimental investigations have been performed on the impingement efficiencies, taking into
account cloud parameters such as the LWC, the size of particles, aerodynamic characteristics such as
the airfoil shape and the angle of attack (Papadakis, 2000). Examples of the magnitudes of
impingement efficiencies and the link to particle size have been given in Papadakis (2000), who found
impingement efficiencies of 0.4, 0.6 and 0.7 for particles with 11.5 um, 21 and 92 pum median
volumetric diameters respectively.

As mentioned before, the impingement coefficient but also the charges of the particles depend on
the particles spectra dimension. Equation (11), deduced from equation (4), formulates a linear
relationship between Va and TWC but does not demonstrate it: if N, the concentration of cloud
particles can be considered as producing a mean elementary charge Q, with a mean effective impact
area Seff, then the charging current Ic can be described by equation (5). It is important to take into
account the whole spectra of particles. The relationship put in advance in this article comes from the
best fit between the two set of data. We do not propose a rational to predict a simple linear
relationship between potential and TWC.

Other parameters such as the aircraft accelerations, wind direction, wind speed and internal
parameters of the field mill (temperature, motor current) have been compared. These parameters
were similar during both campaigns.

The difference in the magnitude of the regression gain coefficient, g, could possibly be explained by
differing meteorological conditions. During both campaigns, similar MCSs were sampled at a variety
of altitudes. Consequently, it is contended here that gain coefficient differences between the two
campaigns might be explained by differences in the particle size distribution and/or the atmospheric
conditions (temperature and pressure), which play a role in the charging of the aircraft through the
tribo-electric effect and the discharging through the k coefficient.

The aircraft configuration and maintenance have also been checked in order to understand the gain
differences between Darwin-2014 and Cayenne-2015 campaigns. Between both campaigns, the
aircraft and probes configuration on the Falcon 20 aircraft have been the same. Nevertheless,
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changes on aircraft maintenance occurred before the beginning of the Cayenne-2015 campaign.
Among them, the painting and the static wings on the nose of the plane have changed. These
changes may have an impact on the charging (for the painting) or the discharging (for the static
wings) of the aircraft.

The Influence of temperature

There were some differences in the flight environments between Darwin-2014 and the Cayenne-
2015 campaigns. The former campaign collected data primarily in the -30 and -40°C temperature
intervals, while the latter additionally focused on the -10 and -50 temperature intervals in order to
achieve the desired HAIC-HIWC data collection at all 4 temperature intervals. The higher occurrence
of mixed-phase clouds in Cayenne (section 1), although still rare, may have contributed somewhat to
differences in the particle microphysical characteristics, for example for dense particles due to
riming. Furthermore, the differences in the temperature levels flown in the two campaigns may have
contributed to net differences in the atmospheric pressure and true airspeed that could affect
equation (11), although the campaign differences were not abundantly different. Perhaps the most
notable difference in Cayenne-2015 was the large fraction of data from the -10°C level. Leroy et al.
(2017) have shown that the median mass diameter (MMD) of particles increased significantly with
temperature, implying that the Cayenne-2015 dataset could be composed of particle collectively
larger than Darwin-2014.

The impact of the air temperature and consequently the pressure and altitude are exemplified
through the study of Cayenne-2015 flight 13 (FS150013) and based on statistics from all flights. Time
history measurements of flight 13 (05/18/2015) are shown in the four panels of figure 11, including
aircraft potential (top left), TWC (top right), altitude (bottom left), and static air temperature (bottom
right). During this flight, the aircraft flew at three different level (approximately 7 km, 10 km and 12
km), corresponding to approximately -10°C, -30°C and -45°C in air temperature. The magnitude and
the fluctuations of the retrieved aircraft potential do not seem to be linked to the changes of air
temperature. This point is further supported by the following analysis. TWC and aircraft potential
measurements have been sorted into three 10°C intervals, centered on -20°C, -30°C, and -40°C. Then
quantiles (15 %, 50 % and 85 %) of aircraft potential have been calculated for each 0.2 g.m™ TWC
interval. Results are presented for -20, -30, and -40°C in figures 11b-11d respectively. On each figure,
Darwin-2014 and Cayenne-2015 results are shown as black and grey curves. The numbers of points
used for the statistics for each campaign are contained in figures 11e and 11f. Note that the Darwin-
2014 aircraft potential results are consistently higher than Cayenne-2015 for all temperature
intervals. Furthermore, there is no obvious change in the magnitude of the aircraft potential for the
same TWC with changes in temperature for either campaign. These results suggest that the pressure
level, and consequently the temperature and altitude have no obvious impact on the linear
regression gain coefficient between the aircraft potential and the TWC, obtained for both campaigns.
Variations of temperature and pressure cannot alone explain the gain difference in aircraft potential
versus TWC observed between the two campaigns.
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Figure 11e : Number of point used for the statistics.
Cayenne-2015.

Figure 11f : Number of point used for the statistics.
Darwin-2014.

Figures 11(a-f) : (a) Time histories of the aircraft potential (top left), the TWC (top right), the altitude (bottom left), and
the temperature (bottom right), for flight FS150013 of the Cayenne-2015 campaign; (b)quantiles of aircraft potential in
0.2 gm’3 TWC intervals (Darwin-2014 black, Cayenne-2015 grey), for the -20 C temperature interval; (c) as in (b) but for
the -30 C temperature intervals; (d) as in (b) for the -40 C temperature interval; (e) number of points used in the
Cayenne-2015 statistics, and (f) number of points used in the Darwin-2014 statistics. Times in (a) are seconds after UTC
midnight. Quantiles for (b), (c), and (d) as follows: (15% in solid line, 50% in solid line with circle, 85% in dashed line).

The reason for the gain differences between the electric field measurements versus TWC during
Darwin-2014 and Cayenne-2015 remain an unresolved question. There is nothing in the IKP2 TWC
measurements to suggest an overall TWC scale factor difference between the two campaigns. The
statistics of the IKP2 TWC measurements in Cayenne-2015 were similar to those of Darwin-2014,
with Cayenne-2015 TWGCs in fact being a little higher than those of Darwin-2014, in the opposite
direction as that required to explain the higher aircraft potential readings in Darwin-2014. An overall
30 % TWC measurement error between Darwin and Cayenne is not considered possible. Further
work is required to investigate other possible influences. Ice particle properties such as morphology,
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and PSD bulk properties such as median and other percentile mass diameters may have an effect on
the charge transfer on impact with the fuselage.

6. Conclusions

During the HAIC-HIWC campaign, airborne instrumentation including microphysical probes and
electric field probes have been used to sample mostly glaciated high TWC convective cloud with only
rare occurrences of mixed-phase. The data were collected during the Darwin-2014 and the Cayenne-
2015 flight campaigns. The comparison of data recorded by a network of field mills installed flush on
the aircraft fuselage (the AMPERA system) and on PMS canisters under the aircraft wings, and the
TWC estimated by the IKP2 probe revealed a good agreement in terms of temporal variation.
Statistical analysis confirmed the good correlation between the aircraft potential and the TWC. The
linear regression gain and correlation coefficients for a fit through the origin have been calculated for
each flight of each measurement campaign Gain coefficients (V per gm™) were similar from one flight
to another within the same measurement campaign, but were about 63% lower for Cayenne relative
to Darwin. It was speculated that the main impact affecting the gain difference could come from the
particle size distribution (morphology, median mass diameter etc.) and possibly the temperature.

Based on these results, a new approach for estimating TWC is proposed based on the data delivered
by the AMPERA system, and using the empirical gain coefficients derived from the HAIC-HIWC
dataset. Through this new approach, the whole aircraft acts as the sensor. Thus, for flights with the
same type of aircraft and the same AMPERA configuration, the coefficients reported here could be
applied as a first-order approximation for estimating TWC from the aircraft potential. Nevertheless,
the methodology does not allow obtaining an IWC value at a high degree of accuracy. This method
would be useful for real-time detection on commercial aircraft as a first guess for TWC. This new
concept could deliver a first order of IWC conditions and provide a warning to pilots of commercial
aircraft.

This study has brought evidence of the relationship between the electrical potential and the total
water content. Future studies have to be performed in order to analyse the correlation between the
aircraft electrical charging and microphysical parameters as the size spectrum of the impacting cloud
particles or the properties of ice crystals and the aerosol types.
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