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Abstract. Air traffic affects cloudiness, and thus climate, by
emitting exhaust gases and particles. The study of the evolu-
tion of contrail properties is very challenging due to the com-
plex interplay of vortex dynamics and the atmospheric envi-
ronment (e.g. temperature, supersaturation). Despite substan-
tial progress in recent years, the optical, microphysical, and
macrophysical properties of contrails and ambient cirrus dur-
ing contrail formation and subsequent ageing are still subject
to large uncertainties due to instrumental and observational
limitations and the large number of variables influencing the
contrail life cycle. In this study, various contrail cases cor-
responding to different aircraft types and atmospheric con-
ditions are investigated using a statistical method based on
the in situ optical measurements performed during the Con-
trail and Cirrus Experiments (CONCERT) campaigns 2008
and 2011. The two aircraft campaigns encompass more than
17 aircraft contrail cases. A principal component analysis
(PCA) of the angular scattering coefficients measured by the
polar nephelometer is implemented. The goal is to classify
the sampled ice cloud measurements in several clusters rep-
resentative of different contrail development stages (primary
wake, young contrail, aged contrail, and cirrus). Extinction
and asymmetry coefficients, nitrogen oxide concentrations,
and relative humidity with respect to ice and particle size
distributions are analysed for each cluster to characterize the
evolution of ice cloud properties during the contrail to cirrus
evolution. The PCA demonstrates that contrail optical prop-

erties are well suited to identify and discriminate between the
different contrail growth stages and to characterize the evo-
lution of contrail properties.

1 Introduction

Aircraft exhaust plumes have a significant impact on climate
and tropospheric chemistry (Lee et al., 2010; IPCC, 1999).
The Intergovernmental Panel on Climate Change IPCC Spe-
cial Report on Aviation (1999) estimates that NO, emis-
sions from subsonic aircraft increase ozone concentrations
at cruise level. Short- and long-lived pollution species have
different impacts on atmospheric chemical composition de-
pending on the flight level (Fromming et al., 2012). Emis-
sions of water vapour, black carbon (BC) or soot particles,
sulfate (SO4) aerosols, and nitrogen oxides (NO, ) contribute
to the modification of the chemical composition of the upper
troposphere on shorter timescales (Lee et al., 2010; Gettel-
man and Chen, 2013; Liou et al., 2013). The long-term cli-
mate impact is mainly driven by CO, emissions. Modelling
studies have shown that the direct radiative forcing from avi-
ation is expected to represent 3—4 % (50-60 mW m~2) of
the anthropogenic forcing (Lee et al., 2010; De Leén et al.,
2012) and could reach 87 mW m~2in 2025 (Chen and Gettel-
man, 2016). Aircraft-induced cloudiness also has an impor-
tant impact on climate, although the quantitative assessment
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of the radiative forcing remains a major source of uncertain-
ties (Lee et al., 2010).

1.1 Contrail formation and evolution

Contrail formation is mainly controlled by the thermody-
namic properties of the ambient air and by the aircraft emis-
sions. The conditions for contrail formation can be deter-
mined by the Schmidt—-Appleman criterion (SAC) (Schu-
mann, 1996). Contrail chemical composition can have a sig-
nificant impact on the contrail formation (Kircher and Yu,
2009). Indeed, contrail microphysical properties such as the
total number densities and ice crystal diameters are directly
linked to the emission index (e.g. soot emission index in
kg fuel~!). Several studies in the past have been dedicated to
the evolution of concentrations of nitrogen oxide (NO) and
sulfur dioxide (SO,) and their oxidized forms (Kércher and
Voigt, 2006; Voigt et al., 2006; Schiuble et al., 2009; Jurkat
etal., 2011).

Two different processes of contrail formation have been
studied: combustion condensation trails and aerodynamic
condensation trails. Different studies (Gierens and Dilger,
2013; Jansen and Heymsfield, 2015) have illustrated char-
acteristics of aerodynamically controlled contrail formation
associated with warmer temperatures (observations at tem-
peratures above —38 °C). Contrails primarily initiated by the
combustion processes result from the mixing of hot and hu-
mid exhaust gases with cooler and dryer ambient air. This
increases the local relative humidity in the exhaust plume
leading to the formation of contrails when the saturation with
respect to liquid water is reached. In this case, soot and sul-
fate aerosols emitted by the aircraft (Moore et al., 2017) may
act as condensation nuclei to form liquid droplets. Homoge-
neous ice nucleation of the liquid droplets can occur when the
exhaust cools down through mixing with the ambient temper-
ature, while preserving ice saturation. Small ice crystals are
then formed in the jet phase within some tenths of a second
(Kiércher and Yu, 2009).

The life cycle of contrails depends on their interaction
with the wake vortices behind aircraft and the ambient at-
mosphere (Irvine et al., 2012; Graf et al., 2012; Duda et
al., 2013; Carleton et al., 2013; Schumann and Heymsfield,
2017). The ice crystals in the young contrails are captured
within two counter-rotating wake vortices in the downwash
behind the aircraft induced by the aircraft lift; these vortices
induce adiabatic compression, heating, and partial sublima-
tion of the ice crystals within the primary wake (Lewellen
and Lewellen, 2001; Sussmann and Gierens, 2001; Unter-
strasser et al., 2008, 2016; Kéarcher and Voigt, 2017). This
primary wake may soon disappear if ambient air is subsatu-
rated with respect to ice. In the case of supersaturation, the
secondary wake becomes visible, thereby detraining ice par-
ticles from the primary wake at a higher level (Sussmann and
Gierens, 1999; Kaufmann et al., 2014). Quasi-spherical ice
crystals become increasingly aspherical and grow by the up-
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take of water vapour as long as saturation with respect to ice
prevails. In ice-saturated conditions, contrails can persist af-
ter the vortex breakdown, spread, and evolve into contrail cir-
rus (Schumann and Heymsfield, 2017). The associated cloud
cover (larger than for linear contrails alone) increases the
radiative forcing of contrail cirrus (Burkhardt and Kircher,
2011; Schumann et al., 2015).

1.2 Optical and microphysical properties of
contrail phases

The assessment of the contrail radiative forcing requires, in
particular, an accurate estimation of the cloud cover, the vis-
ible optical depth, the single-scattering characteristics, and
the ice crystal effective size and habit (Yang et al., 2010;
Spangenberg et al., 2013). Satellite observations provide a
comprehensive dataset to study the contrail to cirrus evolu-
tion statistically. The combined contrail tracking algorithms
on the Spinning Enhanced Visible and Infrared Imager (SE-
VIRI) on board the Meteosat Second Generation (MSG)
satellites with properties inferred by the Moderate Imag-
ing Spectroradiometer (MODIS) on board the Terra satellite
were used by Vazquez-Navarro et al. (2015) to character-
ize the properties of 2300 contrails. Properties included the
lifetime (mean values of 1h), the length (130km), the op-
tical thickness (0.34), the altitude (11.7 km), and the radia-
tive forcing (—26 W m~2 for shortwave forcing over land) of
these contrails.

However, detailed in situ optical and microphysical mea-
surements are still needed to evaluate satellite products and to
develop a more appropriate retrieval algorithm. Distinguish-
ing contrails from natural cirrus from satellite observations
remains extremely challenging. Although the optical and mi-
crophysical properties of young contrails (linear contrails)
differ from natural cirrus properties, the contrail properties
are highly time dependent, and persistent contrail cirrus can
be embedded in thin cirrus clouds. Recent in situ measure-
ments (Voigt et al., 2017) show that the microphysical prop-
erties of contrail cirrus can still be distinguished from natural
cirrus at contrail cirrus ages up to several hours.

Most of the previous studies (JeBberger et al., 2013;
Lewellen, 2012; Schumann et al., 2013) divide the contrail
analysis into the two wakes phases. Primary and secondary
wake properties depend strongly on atmospheric conditions
and aircraft type (emission index, vortex, flight level, ambient
humidity, temperature, etc.). In the primary wake, contrail ice
crystals are quasi-spherical with values of the effective diam-
eter (Deff) typically lower than 4 um (Schumann et al., 2011,
2017b; Gayet et al., 2012; Jarvinen et al., 2016). The total
number concentration of ice particles is typically larger than
1000cm™> a few seconds after contrail formation (Baum-
gardner and Gandrud, 1998; Petzold et al., 1997). Then, it de-
creases by dilution to concentrations below 200 cm ™3 within
less than 1 min after contrail generation (Poellot et al., 1999;
Schroder et al., 2000; Gayet et al., 2012). Gayet et al. (2012)

www.atmos-chem-phys.net/18/9803/2018/



A. Chauvigné et al.: Statistical Analysis of Contrail to Cirrus Evolution

reported mean values of ice water content of 3mgm™> and
maximum extinction coefficients close to 7km~!. In agree-
ment with these results, the recent overview on contrail stud-
ies presented in Schumann et al. (2017b) reports several mi-
crophysical properties at different stages, for different atmo-
spheric conditions as well as comparisons with the Contrail
Cirrus Prediction (CoCIP) model simulations. Their study
highlights the large variability (which increases with contrail
age) in contrail properties.

Several studies reported findings on the secondary wake
and its evolution into contrail cirrus. Detrained from the pri-
mary wake and submitted to saturated ambient air with re-
spect to ice, ice crystals grow rapidly, while crystal concen-
tration decreases. Within the first minutes after formation,
measurements exhibit aspherical ice crystals with effective
sizes up to 6 um, ice water content (IWC) between 2.5 and
10 mg m~3, extinction between 2 and 3km™!, and crystal
concentrations typically lower than 100cm™ (Goodman et
al., 1998; Voigt et al., 2010; Kiibbeler et al., 2011; Gayet et
al., 2012; JeBberger et al., 2013; Schumann et al., 2013; Poel-
lot et al., 1999; Febvre et al., 2009; Kaufmann et al., 2014).
Aged contrails can persist and evolve into contrail cirrus if
the ambient air is saturated with respect to ice. After a few
minutes, tracking contrails by visual navigation is challeng-
ing as contrail and contrail cirrus spread in the free tropo-
sphere. Aged contrails are often difficult to identify unam-
biguously (Schumann et al., 2017a).

Observations of the ice crystal shape and their growth over
several tens of minutes and up to an hour illustrate that effec-
tive crystal sizes can easily exceed 20 pm, with number con-
centrations ranging from 1 to 5cm™ (Lawson et al., 1998;
Schiuble et al., 2009), extinction of less than 0.5 km™! (Feb-
vre et al., 2009), and IWC up to 10 mg m3 (Schroder et al.,
2000; De Leon et al., 2012). At this stage, within a sustained
ice-supersaturated environment, contrail microphysical prop-
erties may still differ from those of natural cirrus (Voigt et al.,
2017) with concentrations of ice crystals larger than 100 um
in the order of 0.1 cm™3. These crystals typically show bullet
rosette type habits (Heymsfield et al., 1998, 2010). Optical
depth values can reach 2.3 (Atlas and Wang, 2010), corre-
sponding to an extinction of 0.023 km™!. Nevertheless, the
transition from contrails to cirrus highly depends on the am-
bient saturation conditions. Modelling studies with typical
atmospheric conditions show a temporal evolution of the op-
tical and microphysical properties when contrails evolve to
contrail cirrus clouds (Burkhardt and Kércher, 2011; Unter-
strasser et al., 2016; Schumann et al., 2015).

In this study, we report on a powerful alternative to clas-
sifying cloud events into young contrails, aged contrails,
and cirrus. The method is applied to aircraft data of the
CONCERT campaigns (Voigt et al., 2010, 2011, 2014). The
methodology consists in implementing a principal compo-
nent analysis (PCA) of the angular light-scattering data mea-
sured by the polar nephelometer. The PCA patterns are clas-
sified to yield different clusters representing specific con-
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trail types. Corresponding optical, microphysical, and chem-
ical properties are derived for each contrail phase (from
young contrails to contrail cirrus). This paper starts with an
overview of the properties of contrails and cirrus clouds ob-
served during two specific CONCERT flights (19 Novem-
ber 2008 and 16 September 2011) encompassing a series of
different contrail evolution stages. These two flights contain
a variety of contrails. The results from these flights can be
regarded as an analytical framework which then can be com-
pared to contrails properties of other flights.

2 CONCERT projects and data processing
2.1 CONCERT campaigns

The CONCERT-1 and CONCERT-2 campaigns took place
in October/November 2008 and August/September 2011, re-
spectively. Both campaigns deployed the Deutsches Zentrum
fiir Luft- und Raumfahrt (DLR) Falcon 20 E research aircraft
from Oberpfaffenhofen, Germany, and sampled contrails and
cirrus at midlatitudes over Europe. The overall objective was
to reduce uncertainties on the microphysical, chemical, and
radiative properties of contrails behind aircraft of different
types and to improve the evaluation of contrails’ impact on
climate. A few CONCERT flights were also dedicated to
study emissions of the Etna and Stromboli volcanos (Voigt
et al., 2014; Shcherbakov et al., 2016). A few stratospheric
intrusions were also observed during the flight missions. In
total, 23 flights were recorded during the two measurement
campaigns, wherein 12 flights were entirely focused on air-
craft contrail chasing. Overall, more than 17 different aircraft
exhausts plumes have been probed. The CONCERT-2 cam-
paign mainly focused on the observation of persistent con-
trails and hence on the evolution of contrails to contrail cir-
rus.

During both CONCERT campaigns, the DLR research air-
craft Falcon was equipped with a set of instruments to mea-
sure the optical and microphysical properties of cloud parti-
cles and also the trace gas composition in the UTLS (upper
troposphere—lower stratosphere) region. Voigt et al. (2010)
provide a detailed description of the aircraft instrumentation.
We briefly introduce the instruments used in this study.

2.2 Aircraft instrumentation

The microphysical and optical particle properties of contrails
and cirrus presented in this study were mainly derived from
the Particle Measuring Systems (PMS) Forward Scattering
Spectrometer Probe 300 (FSSP-300), the polar nephelome-
ter (PN), and the PMS 2D-C hydrometeor imaging probe.
The combination of these independent techniques character-
izes cloud particles within a range of diameters varying from
0.5 um to 2 mm.

The PN (Gayet et al., 1997) measures the angular scatter-
ing coefficients (non-normalized scattering-phase function)

Atmos. Chem. Phys., 18, 9803-9822, 2018
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of an ensemble of water droplets or ice crystals or a mixture
of those particles ranging from a few micrometres to approx-
imately 1 mm in diameter. These particles intersect a colli-
mated laser beam, at a wavelength of 804 nm, near the fo-
cal point of a parabolic mirror. The light scattered at angles
from 3.49 to 172.5° is reflected onto a circular array of 56
near-uniformly positioned photodiodes. In this study, reliable
measurements were performed at 30 scattering angles rang-
ing from £15 to £162°. Particle phase (water droplets and/or
ice crystals) can be assessed as well as single-scattering prop-
erties such as the extinction coefficient and the asymme-
try coefficient with uncertainties of 25 and 4 %, respectively
(Gayet et al., 2002; Jourdan et al., 2010).

Particle size distributions and corresponding microphys-
ical and optical integrated properties (IWC, Deff, N, and
extinction) were derived from both FSSP-300 and 2DC
(two-dimensional cloud probe) measurements. The FSSP-
300 (Baumgardner et al., 1992) measures the intensity of
forward-scattered light from cloud particles passing through
the laser beam, with cloud particles in the diameter range
0.35-20 um. In the forward angular region (from 4 to 12°),
scattering is mainly described by the particle diffraction pat-
tern and therefore depends on the refractive index, the shape,
and the size of the particles. The method of data processing
and size calibration used during the CONCERT campaigns
has been presented in Gayet et al. (2012). We briefly recall
that the asymmetry parameter derived from the PN was used
to distinguish nearly spherical particles (g > 0.85) from non-
spherical ones (g < 0.85) at 804 nm. For spherical ice parti-
cles, Mie calculations were used to derive the size bin lim-
its and the corresponding extinction efficiency. Results were
adjusted to the calibrated probe response. Additionally, to
minimize Mie ambiguities related to the FSSP-300 size re-
sponse, 31 channels were rebinned to 13 channels with a di-
ameter ranging from 0.5 to 18 pm (upper channels 30 and 31
were excluded from the data analysis). For non-spherical par-
ticles, the size of the contrail particles is expressed in terms
of an equivalent surface or area diameter, i.e. the diameter of
a sphere that has the same area as the projected area of the
measured non- spherical particle image (Mishchenko et al.,
1997; Schumann et al., 2011). The particles were assumed
to be rotationally symmetric ice ellipsoids with an aspect ra-
tio of 0.5. Accordingly, and contrary to the method used for
spherical particles, 15 size bins ranging from 0.5 to 18 um
were defined based on T-matrix calculations following Bor-
rmann et al. (2000).

The bi-dimensional optical array spectrometer probe
(2DC) provides information on the crystal size and shape
within a nominal size range of 25 to 800 um by recording
cloud particle shadow images with a 25 um resolution. The
method of data processing used in this study is described in
detail in Gayet et al. (2002) and Febvre et al. (2009). Re-
construction of truncated particles has been considered for
the particle size distribution (PSD) calculations and the sam-
pling surfaces have been derived according to Heymsfield
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and Parrish (1978). To improve the statistical significance of
low particle concentrations, a 5 s running mean was applied.
As the sensitivity of the probe to small particles decreases
with airspeed (Lawson et al., 2006), particles smaller than
100 um may not be detectable at the Falcon airspeed of typi-
cally 180 ms~!. This may result in larger uncertainties of up
to 100 % in the derived microphysical parameters such as the
IWC (Gayet et al., 2002, 2004).

For spherical and non-spherical particles, the extinction
coefficients are calculated from the following equation:

Ext= 7> FuNiD}, O]

where B, is the extinction efficiency (values depend on
spherical or aspherical particle characterization), D; the
mean diameter in channel i, and N; the number concentra-
tion.

Different approaches are used to retrieve ice water con-
tent from spherical and non-spherical particles (Garret et
al., 2003; Gayet et al., 2004, 2012). For spherical parti-
cles (asymmetry parameter (gPN) > 0.85), IWC is computed
from the following equation:

T
IWCspherical = gpicezi Ni D,'3» 2)

with pjce being the bulk ice density (0.917 g cm ™).

For non-spherical ice crystals (gPN < 0.85 and for particle
diameters larger than 50 pm), an equivalent diameter method
is used (Gayet et al., 2004). For an ice crystal with an area
A, the particle equivalent diameter Degy (in mm for Egs. 3
and 4), the equivalent mass xequ (in mg), and the ice water
content (IWC in mg m_3) are defined as

A <0.049 mm? Dequ = 0.824%48 3)
A > 0.049 mm? Dequ = 0.56A%32, 4)
Xequ = %pwaterDSqu, Q)
TWCaon-spherical = ) NiXequ, (6)

with pwater being the bulk water density (1 g cm™3).

These equations do not account for the possible shattering
of large ice crystals on the probe inlets. This effect is minor
in young contrails but can lead to an underestimation of large
ice crystal concentration (diameters greater than 100 um) and
thus an overestimation of small ice crystal concentration in
contrail cirrus clouds (Febvre et al., 2009).

Trace gas measurements were also performed. NO / NO,,
concentrations can be significant in young tropospheric air-
craft plumes. The NO and NO, mixing ratios were calcu-
lated using the chemiluminescence technique (Schlager et
al., 1997) with a time resolution of 1s. Instruments used for
CONCERT campaigns are described in several studies (Ju-
rkat et al., 2010, 2011, 2016; Voigt et al., 2014). The accu-
racy (and precision) of the NO and NO, measurements is
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estimated with 7 % (and 10 %) and 10 % (and 15 %), respec-
tively (Ziereis et al., 2000).

Relative humidity with respect to ice (RHI) is also a
key parameter to understand contrail formation and micro-
physical properties. Water vapour was measured with the
chemical ionization mass spectrometer AIMS-H20 during
CONCERT-2 (Kaufmann et al., 2014, 2016). Hygrometers
using the Lyman-« technique (FISH, Zoger et al., 1999;
Meyer et al., 2015) and frost point hygrometers (CR-2, Heller
etal., 2017) were deployed on the Falcon during CONCERT-
1 and 2.

3 Results

3.1 Overview of the cloud properties sampled during
the reference cases

The purpose of this section is to give an overview of the con-
trail optical properties and more interestingly to evaluate the
ability of the polar nephelometer measurements to identify
contrails. Two flights, performed on 16 September 2011 dur-
ing CONCERT-2 (flight 16b) and on 19 November 2008 dur-
ing CONCERT-1 (flight 19b), were selected for their vari-
ety of ice clouds sampled during these two flights. The two
flights are considered as a benchmark to illustrate the poten-
tial of the PCA methodology described in Sect. 3.2.

Figure 1 displays the time series of the extinction coef-
ficient (ExtPN) and gPN at a wavelength of 804 nm, RHI,
the NO concentration, the temperature 7, and the altitude
for flights 19b and 16b. RHI measured with the AIMS mass
spectrometer is shown for both flights. For flight 19b, RHI
instrument shortcomings are discussed in details in Kiibbeler
etal. (2011), Gayet et al. (2012), JeBberger et al. (2013), and
Schumann et al. (2013). For both flights, air traffic control
(ATC) provides information on the flight tracks and on the
chased aircraft (aircraft type, engine type, fuel flow, weight,
engine power setting). From this information, the Falcon
measurements were attributed to the exhaust plume of indi-
vidual aircraft with an estimated plume age. Time series are
colour-coded according to ATC information. When no ATC
information is available, the cloud segment is called “uniden-
tified ice cloud”.

The PN extinction coefficient coupled with the asymme-
try parameter seems to be a reasonable proxy to detect con-
trails and cirrus clouds (see, amongst other references, Voigt
et al., 2010). ExtPN values, by definition, depend on the
cloud particle concentration and size. Values typically be-
yond 0.1km™! correspond to cloud events that are well cor-
related to environmental conditions supersaturated with re-
spect to ice (RHI > 100 %). Figure 1 shows that relatively
high values of extinction can be found in flights 19b and
16b that are linked to the presence of contrails or ice clouds.
Moreover, the temporal distributions of these values are in
accordance with ATC information for both flights. For in-
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stance, most of the contrails induced by commercial air-
craft exhaust plumes are associated with significant extinc-
tion coefficient values. The ExtPN values are between 0.2
and 10 km~! for contrails induced by A346, A340, and A380
commercial aircraft.

The last cloud event (unidentified ice cloud) during flight
16b is not a contrail because it is measured at tempera-
tures significantly above the Schmidt—Appleman tempera-
ture (—38 °C; Schumann, 1996). This is an ice cloud with
high extinction (>0.5km™!) and low asymmetry values
(< 0.75), characteristic of ice particles (Jourdan et al., 2003;
Febvre et al., 2009). Relative humidity and NO mixing ratio
data are not available for this cloud.

Most of the aircraft-induced contrails are detected by the
PN except for the ones stemming from the E170 airplane. At
15:50 UTC during flight 16b, ATC identified the E170 posi-
tion close to the Falcon flight trajectory; however, the ExtPN
and the NO mixing ratio remained low. Hence, the E170 con-
trail was not probed by the Falcon. In the following, we as-
sume that only periods with ExtPN values above 0.1 km™!
are considered to be a reliable signature of contrails.

The absolute values of the asymmetry parameter gPN pro-
vide additional information on the cloud particle shape. In-
deed, gPN is a good indicator of the degree of sphericity of
ice crystals (Gayet et al., 2012). Ice clouds with gPN values
higher or equal to 0.85 are typically composed of spherical
ice crystals, whereas lower values are indicative of aspherical
ice particles. In a supersaturated environment, crystals grow
by water vapour deposition and become increasingly aspher-
ical with time. However, in very young contrails, spherical
ice crystals with an asymmetry coefficient of around 0.85
prevail. gPN decreases when water vapour diffusion gener-
ates more and more aspherical crystal shapes at ice supersat-
uration. This can be observed for A321 chasing during flight
16b where gPN decreases to a value of 0.75 whilst RHI re-
mains around 100 %. This is not the case during B777 chas-
ing where no gPN decrease is observed when RHI < 100 %.
However, it is important to note that the RHI measurements
during the CRJ-2 chasing events do not show supersatu-
rated conditions, whereas the contrail seems persistent. In-
deed, RHI measurements should be discussed carefully for
this campaign due to potential calibration issues.

A good example of the evolution of gPN is the CRJ-2 con-
trail observed between 11:40 and 11:45 during flight 19b.
The sequence illustrates the potential of the gPN measure-
ment to characterize the evolution of contrail properties. The
evolution of the ice crystal shape is reflected in the decrease
in the asymmetry parameter from 0.88 to 0.79 (uncertainties
around 0.04) after only 5 min and down to 0.77 after 20 min.
A weaker decrease in gPN values (around 0.78 £0.02) is
then observed until 12:10 corresponding to 30 min of con-
trail ageing. During this period, ice crystals are expected to
grow by water vapour diffusion. A similar decrease in gPN
values has been reported by Gayet et al. (2012) in the ageing
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Figure 1. Time series at 1s resolution for flights (a) 19b (CONCERT-1) and (b) 16b (CONCERT-2). From top to bottom: extinction co-
efficient (in km~!) and asymmetry parameter measured by the polar nephelometer at 804 nm (dashed line corresponds to a 0.85 value),
concentration of nitric oxide (in nmol mol_l) measured by chemiluminescence technique, temperature (in °C), relative humidity with re-
spect to ice (in %), and altitude a.s.l. (in m). Temporal series are coloured according to time and aircraft chasing information from air traffic

control (ATC).

contrail from an A380 aircraft, and it is also visible in the
present study for the B767 and the A321 contrails.

NO concentration measurements can also be used to dis-
tinguish natural cirrus clouds from clouds influenced by air-
craft traffic. At the typical altitude of 10 km, NO environmen-
tal concentrations are close to background values. In contrast,
NO concentrations in young contrails may reach several tens
of nmol mol~! (Voigt et al., 2010). Figure 1 shows a good
correlation between the expected localization of young con-

Atmos. Chem. Phys., 18, 9803-9822, 2018

trails and NO concentrations. The dilution effect in the upper
troposphere causes an important decay of chemical concen-
trations. For instance, the first few seconds of the A380 chas-
ing during flight 19b are characterized by a high NO con-
centration (up to 40 nmol mol~") followed by a fast decrease
to 10 nmol mol~! in the next 15 min of observation time and
less than 5nmolmol~! later. NO concentrations finally de-
crease to background levels within hours (e.g. Voigt et al.,
2017). This decrease in the NO concentration is in accor-
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dance with the decrease in the extinction coefficient (from 10
to 0.2km™!) and asymmetry parameter (from 0.88 to 0.77).
NO is mainly used as an additional contrail indicator. How-
ever, during some aircraft chasing events, NO concentrations
were near background levels, while mass spectrometric mea-
surements (not shown here) indicate elevated concentrations
of HONO, HNO3;, and SO, representative of contrail chemi-
cal species.

Flights 19b and 16b clearly show that the optical prop-
erties can be used to discriminate between different cloud
events. A first-order analysis of these parameters (supported
by the ATC information) can be used to roughly distinguish
young contrails (mostly quasi-spherical ice crystals) from
aged contrails (mostly aspherical ice crystals). This analysis
is mainly qualitative and based solely on a few typical pa-
rameters (Fig. 1). A more robust statistical method should be
used to accurately separate the different contrail phases. In
the following section, scattering properties are investigated
more extensively to assess whether the information content
of the PN scattering measurements is sufficient to document
changes in the contrail microphysical properties.

3.2 Statistical method

In this section, we present a methodology based on a statis-
tical analysis of the optical signature of the cloud measure-
ments. The goal is to classify the contrail properties accord-
ing to the aircraft origin and evolution stage. The main ob-
jective of the PCA is data reduction to allow a better physical
interpretation of the light-scattering patterns derived from the
polar nephelometer measurements (Legendre and Legendre,
1998; Jourdan et al., 2003). In this study, optical properties
of ice crystals in the evolving contrail environment are exam-
ined to evaluate contrail evolution. This statistical analysis
was already successfully applied to distinguish mixed-phase
clouds (Jourdan et al., 2003, 2010) from liquid clouds and
ice clouds and to identify porous aerosol in degassing plumes
(Shcherbakov et al., 2016).

3.2.1 Reference definition

The PCA is first applied to the PN angular scattering coef-
ficient measurements performed during flights 16b and 19b,
which are here considered as our reference dataset. Initially,
a correlation matrix is calculated to characterize the link be-
tween each scattering angle. The PCA is designed to generate
anew limited set of uncorrelated parameters, called principal
components Cj;, representative of the original dataset vari-
ability.

A first implementation of the PCA is performed to de-
tect unreliable data or out of order photodiodes. For instance,
seven photodiodes presented a low signal-to-noise ratio and
were excluded from the dataset. Flight sequences character-
ized by ExtPN < 0.1 were also removed. Finally, flight se-
quences dedicated to aircraft chasing and ice cloud sampling
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Figure 2. First three eigenvectors for the flights 16b and 19b.

were considered to perform a second PCA. The analysis is
performed on the remaining angular scattering coefficients
(4669 angular scattering coefficients (ASCs) representing PN
measurements of flights 16b and 19b) restricted to 25 an-
gles 0 ranging from 15 to 155°. The new set of variables or
coordinates, Cj;, can be expressed by the scalar product of
the vector of reduced angular scattering coefficients o ; ()
for the jth measurements, expressed on a log scale, and the
Ith eigenvector & (0) (i.e. principal component) of the total
dataset correlation matrix (Jourdan et al., 2010):

Cij = (Ino; — (Ina)"&;, (7

where (Ino) represents the average ASC of the dataset.

The first three eigenvectors &;(0) of the correlation matrix
are displayed in Fig. 2 along with their normalized eigenval-
ues A;, representing more than 99 % of the variability in the
PN ASCs.

The first eigenvector &1(0) is approximately constant ac-
cording to the scattering angle and represents 95.7 % of
the total variance. It means that this principal component is
representative of changes in the magnitude of phase func-
tions without any changes in their global shape. This be-
haviour means that 95.7 % of the ASC variations are linked to
changes in the cloud particle extinction. Results show a good
correlation (r2 =0.98) between the first eigenvector and the
extinction derived from the PN measurements (ExtPN).

The second eigenvector & (0) reverses sign twice at scat-
tering angles equal to 50 and 140° with an extremum around
90°. Accordingly, 3.6 % of the angular scattering variabil-
ity corresponds to a redistribution of scattered energy from
the angular region (50-140°) to scattering angles lower than
50° and higher than 140°. Light-scattering modelling studies
demonstrate that the scattering behaviour in the angular re-
gion between 60 and 140° is sensitive to the particle shape
and thermodynamic phase (Jourdan et al., 2010). A strong
linear correlation (r2 =0.97) between the second eigenvec-
tor and the asymmetry coefficient (gPN) at 804 nm is found.

Atmos. Chem. Phys., 18, 9803-9822, 2018
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Figure 3. Expansion coefficient diagram for flights 16b and 19b: third versus second principal component for (a), (¢), and (d) and first versus
second principal component for (b). Data points are colour-coded according to ATC information for (a) and (b), by NO concentration for (c),

and by RHI values for (d).

The third eigenvector represents only 0.3 % of the total
variance. However, this eigenvector provides additional in-
formation in scattering regions which are not well described
by the first two principal components. It has opposite signs
in the angular region (30-90° and 90-155°) with maximum
extremal values at 60 and 120°. The shape of the third eigen-
vector describes the forward/backward hemisphere partition-
ing of the scattering. Baran et al. (2012) and Xie et al. (2006,
2009) showed that the scatter pattern for angles between 120
and 160°, corresponding to ice bow-like effects, is sensitive
to quasi-spherical particles. Moreover, these backscattering
angles (@ > 120°) and scattering angles around 22 and 46°
(corresponding to halo features) can also be linked to the par-
ticle habits and surface roughness (Xie et al., 2009; Jourdan
et al., 2010).

Each phase function (or ASC) measured by the PN can
be expressed with good accuracy as a linear combination
of the three principal components (Jourdan et al., 2010).
The PN data are projected into a new space defined by the

Atmos. Chem. Phys., 18, 9803-9822, 2018

three principal components (3-D space) instead of the 25-
dimensional space of the ASC. The scatter plots of the Cj3
and C;; expansion coefficients versus the Cj, coefficient
are presented in Fig. 3a and b, respectively. Figure 3a illus-
trates the features of the ASC measurements in one of the
most comprehensive ways. Each point corresponds to a mea-
sured phase function documented over 25 angles. The vari-
ability in Cj; coefficients is significant, with values ranging
from —1 to 1.5. The angular variation in the second principal
component indicates that large values of Cjp (Cjz > 0.75)
correspond to the ASC with low side scattering (60—130°)
and higher forward scattering (15-40°) and somehow higher
backscattering (145-155°). This behaviour is connected to
an increase in the asymmetry parameter with an increase
in Cj> values. Thus, the fraction of spherical particles in-
creases with increasing Cj;. In the region defined by neg-
ative values of Cj;, the density of points is relatively high.
These cloud events exhibit optical properties characterized
by a large side-scattering and low asymmetry parameter.

www.atmos-chem-phys.net/18/9803/2018/
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Therefore, specific cloud sequences sharing similar scatter-
ing properties can be identified based on this second principal
component. Young contrails characterized by quasi-spherical
ice crystals have high positive values of Cj, while cirrus
clouds and contrail cirrus exhibit high negative values.

In the space of the third principal component, high posi-
tive values of Cj3 imply that less energy is scattering in the
forward hemisphere and thus more energy is scattered in the
backward hemisphere. The variability in the expansion coef-
ficients is less pronounced as ASCs are distributed between
—0.4 and 0.6. Most of the measured ASCs do not signifi-
cantly differ from the average ASC in the angular ranges (30—
90°) and (90-155°). However, some specific clusters linked
to scattering behaviour can be identified for values of Cj3
greater than 0.1 and lower than —0.1. These threshold val-
ues also depend of the position of the ASC on the second
principal component. Finally, the first principal component
is directly linked to the extinction coefficient. High values of
C 1 are representative of optically dense cloud sequences.

Figure 3c shows an increase in Cj, for an increasing NO
mixing ratio. This clearly indicates that the contrails are
evolving in space and/or time along the Falcon flight track.
Hence, contrails characterized by a low side scattering due to
the presence of spherical ice crystals correspond to a high NO
concentration. This behaviour can be a signature of young
contrail properties. Older or aged contrails composed of a
higher fraction of non-spherical crystals or growing more as-
pherically are expected to exhibit an enhanced side-scattering
and a lower asymmetry parameter associated with lower NO
concentrations. RHI measurements also give relevant infor-
mation on the capacity of the cloud to be persistent. Thus,
Fig. 3d shows higher RHI values with decreasing gPN val-
ues.

3.2.2 Clustering analyses

The new representation of each measurement in the space of
the first three principal component reveals different clusters,
characteristic of specific scattering behaviour. The clustering
k-mean method (Seber, 1984; Spath, 1985) is applied to the
reference dataset (flights 19b and 16b) to partition the obser-
vations into k clusters to minimize the variance within each
cluster (i.e. to minimize the distance between each data point
and the centre of the cluster it belongs to). The number of the
cluster k is an adjustable parameter. Then, in a first step, each
observation is assigned to a specific cluster whose mean has
the least squared Euclidean distance (i.e. nearest mean). In a
second step, the position of each cluster is set to the mean
of all data points belonging to that cluster (i.e. the centroids
of each of the k clusters become the new means). These two
steps are repeated until convergence is reached when the as-
signments no longer change.

Sixteen clusters were found to encompass all points of the
two flights and to partition each aircraft chasing identified
from ATC information (Fig. 3a and b). For clarity and bet-
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ter understanding of the variability in contrail properties, we
choose to limit the number of clusters to 6. Nine of the orig-
inal clusters are merged into two clusters (clusters 3 and 5)
presenting similar NO concentrations and optical properties.
Four of the original clusters are combined into one new clus-
ter containing the A321/A380 contrails (referred to as clus-
ter 2 hereafter). In addition, only data points within the 10 %
of the maximum Mahalanobis distance (De Maesschalck et
al., 2000) to the respective cluster’s centre are kept for further
analysis.

Clusters are defined by their means (or centres), standard
deviations (or widths), and cross correlations (or tilts). The
Mahalanobis distance is given by the equation

D) =/ (x — )7 (= ), (8)

with Dy being the Mahalanobis distance between point
and the ith cluster centre, u; the N-dimensional mean of this
cluster, and §; its covariance matrix.

Figure 4 shows the partitioning of the dataset into the six
new clusters (clusters O to 5). In the following, we use data
from chemical tracers and optical measurements and aircraft
type information to support and discuss the results of the k-
means clustering method.

Clusters 3 and 5 are characterized by very low NO con-
centrations (Fig. 3c). These cloud events have similar opti-
cal properties, in particular a low asymmetry parameter, high
side-scattering behaviour, and often supersaturated ambient
conditions with respect to ice. According to ATC informa-
tion, these clusters both contain parts of the measurements
in the B767, A343, A346, and CRJ-2 contrails. In addition,
the unidentified ice cloud event from flight 16b is fully in-
cluded in cluster 5. Unpolluted natural cirrus was rarely ob-
served during the CONCERT campaigns (Voigt et al., 2010).
Since we have no objective way of discriminating natural cir-
rus from contrail cirrus region, these clouds are referred to as
polluted cirrus, or PC, and cluster 3 is referred to as aged
contrails.

Clusters 0, 1, 2, and 4 correspond to higher NO concentra-
tions representative of a significant aircraft exhaust influence.
Contrail data for the A380 aircraft are included in clusters O
and 2 while the ones corresponding to the B777 are assigned
to clusters 1 and 4. Pictures from an onboard camera reveal
that the data in cluster 0 come mainly from the contrail in the
primary wake of the A380.

The contrail and cirrus classification based on ASC mea-
surements appears to be consistent with the independent trace
gas measurements. Each cluster represented in Fig. 4 can
be linked to a distinct cloud event. Therefore, the combina-
tion of flights 16b and 19b can provide a relevant test-bed
database to discriminate between contrail properties. Young
contrails (spherical ice crystals) are associated with clusters
0, 1, or 2, whereas aged contrails (aspherical ice crystals and
high RHI values) with more pristine ice are categorized in

Atmos. Chem. Phys., 18, 9803-9822, 2018
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Figure 4. Clustering results of the k-mean method applied to the base (flights 16b and 19b). Third versus second principal component for (a),
and first versus second principal component for (b). Only data within 10 % of the maximum Mahalanobis distance to the respective cluster’s

centres have been considered for this analysis.

Table 1. Cluster definitions according to ATC information and
tracer measurements (NO concentrations and RHI values).

Cluster number Definition Name
0 Primary wake PW
1 Young contrail 1 YC1
2 Young contrail 2 YC2
3 Aged contrail 1
4 Aged contrail 2
5 Polluted cirrus PC

clusters 3 and 4. Table 1 summarizes the cluster definitions
and names used in this work.

One should keep in mind that some points are still at-
tributed to a particular cluster without strong physical jus-
tification.

3.2.3 Merging other CONCERT flights

In this section, we complement the previous analysis with ad-
ditional cloud optical measurements performed during other
CONCERT flights to increase the robustness of the method.
The ASC measured during other flights can be projected in
the space of the principal components established with flights
16b and 19b dataset. The coordinates of the data points cor-
responding to the other flights are calculated from Eq. (4).
An example of this data projection is illustrated in Fig. 5,
where flight 17a is represented in the C;,—C 3 space. Each
data point can be attributed to one cluster previously defined
by the k-mean clustering method based on the flight 16b and
19b dataset (black points). In other words, the ASC mea-
sured during another flight can be merged (projected) into
the expansion coefficient diagram displayed in Fig. 3. Data
points sharing similar optical properties will be close to each
other on such a plot. Figure 5 shows that different contrail
phases are observed during flight 17a. Data points are mostly
grouped into cluster AC1 but are also present in clusters AC2,
YC2, and PW. Finally, cloud data gathered during this flight
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08

+ Flight17aC-1
*+  Flight 19b C-1 and 16b C-2

06

02

st

021

04t .

06 L 1 L L 1 |

Figure 5. Example of data projection in the Cj5~C ;3 space where
data from flight 17a (blue data points) are superposed on the data
from the benchmark flights 19b and 16b (black data points).

are mainly categorized as young and aged contrails. We fol-
low this methodology to project and classify each additional
contrail event performed during both CONCERT campaigns
with minimum Mahalanobis distance (see Eq. 5).

The assignment of the data points to the six clusters shown
in the expansion diagrams is summarized in Table 2. Eight
flights (six additional flights) representing 4426 ASC mea-
surements were processed. The lengths of the bars in Table 2
represent the distribution of the data points within the differ-
ent clusters: (a) black bars correspond to the fraction of cloud
events within a specific flight (with an extinction coefficient
higher than 0.1 km™1), and (b) blue bars represent cases of
individual contrails within the flight. Data points with extinc-
tion coefficient lower than 0.1 km~! are not shown in the ta-
ble. More than 30 % of the data points are located in clusters
AC1 and/or PC, meaning that they correspond to aged con-
trail and sometimes polluted cirrus. Flights clearly performed
in well-visible contrails outside cirrus (earlier development

www.atmos-chem-phys.net/18/9803/2018/
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Table 2. Classification relative to the six clusters on the Cj,~C ;3 representation of the PCA of all data points for each flight of the two
CONCERT campaigns (C-1 in November 2008 and C-2 in September 2011). The legend of the bars represents the relative contribution of
data points of individual contrails (blue bars) and also entire flights (black bars) to the six individual clusters.

stage and/or intensified persistent older contrails) exhibit a
significant fraction of data points associated with clusters
PW, YCI1, and YC2 (young contrails) for both CONCERT-1
and CONCERT-2 campaigns. However, within these flights
data points are also gathered in cluster AC1 (aged contrails)
and to a lesser extent in cluster AC2 (mostly corresponding to
measurements performed during two different B777 contrail
chasing events).

These results are in reasonable agreement with previous
conclusions (this subsection) drawn for the cluster defini-
tions and associated contrail or ice cloud characteristics. Very
young contrails were mostly chased during CONCERT-1
(flights 19a and 19b). Another interesting result is related
to flight 17 during CONCERT-2 (flight 17 C-2), where no
aircraft information was provided by ATC. Still, ATC data
indicate measurements in exhaust plumes, and the Falcon ap-
parently flew in visible contrails (ExtPN > 0.1 km~!) which
were probably too old for ATC recognition. Our analysis
shows that these data points can mainly be attributed to clus-
ter PC and AC1. This observation suggests that significantly
aged contrails were sampled. However, crystal formation and
growth processes in contrails and polluted cirrus suggest that
very old contrails resemble natural cirrus properties more and
more.

www.atmos-chem-phys.net/18/9803/2018/
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8 l0c1 TOTAL | 1434
B737-300 | 64 90-290
16b C-2 TOTAL [] 1511
A340-600 128 100-132
B777 - o 378 120-160
A321 135 70-95
17C-2 TOTAL 2904
NC1 498
NC2 233
24C-2 TOTAL 1380
B777 371 112-178

ATC information on exhaust plume ages was also col-
lected during each chasing. Some chasings were performed
less than 100 s after contrail formation. This is the case for
the A340 contrail during flight 19a and for the CRJ-2 contrail
during flight 19b of CONCERT-1 and for the A321 contrail
during flight 16b of CONCERT-2. One can see that the con-
trail ages are well correlated to the chosen cluster definitions,
revealing that contrail data relative to the A340 are included
in cluster PW and YC2 (young contrails) for more than 90 %
of the data points and nearly 63 % for the CRJ-2 and 84 %
for the A321. According to our cluster classification, only
5 % of the data points gathered during these three flights cor-
respond to aged contrail (clusters AC1 and AC2) categories
in contrast to other CONCERT-1 and CONCERT-2 flights
(with more than 30 % of data points associated with AC1
and AC2). Even though it is still difficult to associate con-
trail ages with measurement points, the “contrail age” ranges
agree with the cluster definitions.

4 Evolution of contrail properties
4.1 Optical and chemical cluster properties

In the previous section, we showed that cloud events can be
separated according to their light-scattering properties. Six

Atmos. Chem. Phys., 18, 9803-9822, 2018
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Figure 6. Normalized histograms of (a) asymmetry coefficient (dashed line corresponds to a value of 0.85), (b) phase function, (c) extinction
retrieved by polar nephelometer, (d) NO concentration for all flights, and (e) RHI conditions for CONCERT-2 flights.

clusters were defined based on two flights having a signifi-
cant number of data points distributed in each cluster. In this
section, we present the mean optical, chemical, and micro-
physical properties for each cluster. The average properties
are calculated for all data points associated with the six indi-
vidual clusters (all flights, both CONCERT campaigns). Fig-
ure 6a, c, and d show the normalized frequency distributions
of the asymmetry parameter (gPN), the extinction coefficient
(ExtPN), and NO concentrations for the six clusters, respec-

Atmos. Chem. Phys., 18, 9803-9822, 2018

tively. Figure 6b represents the mean normalized scattering-
phase functions of each clusters. However, it should be noted
that the number of data points could differ significantly from
one cluster to another (from 141 measurements for cluster
YC1 to 8950 measurements for cluster AC1).

The asymmetry parameter gPN statistics shown in Fig. 6a
provide the most striking evidence of the relationship be-
tween contrail evolution stage and optical properties. In
agreement with findings of Gayet et al. (2012), aged con-

www.atmos-chem-phys.net/18/9803/2018/
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trails (clusters AC1 and AC2) and polluted cirrus (cluster
PC) correspond to gPN values ranging from 0.72 to 0.80.
Younger contrails (clusters YC1 and YC2) have gPN values
of 0.80 to 0.86. Values of the asymmetry parameter in the
primary wake (cluster PW) are typically above 0.86. These
features are a consequence of the time evolution of ice crystal
shapes from quasi-spherical ice particle after exhaust to non-
spherical particle (e.g. column, needle, bullet, and bullet—
rosette-type crystals) as the contrail evolves. In the primary
wake, the pressure increases in the descending vortex. This
leads to adiabatic heating and subsequent sublimation of the
ice crystals (Lewellen and Lewellen, 2001; Unterstrasser et
al., 2016) that can explain the spherical shapes of ice crystals
and thus the high values of the asymmetry coefficients.

Figure 6b shows the normalized phase functions. Primary
wake phase functions (cluster PW) are clearly different from
the young contrail phase functions (clusters YC1 and YC2),
which are themselves different from aged contrails (clusters
ACI and AC2) and polluted cirrus (cluster PC) phase func-
tions. The main difference can be seen in the side-scattering
region (50-140°). This region is sensitive to the ice parti-
cle shapes and to the fraction of spherical ice crystals within
the contrails. This behaviour is as expected and agrees with
the position of clusters PW, YC2, and YC1 on the expan-
sion coefficient diagram (Fig. 2). Indeed, the decrease in the
C > coefficient is associated with a side-scattering enhance-
ment. Therefore, very young contrails are composed mainly
of spherical ice crystals for which the phase functions in-
dicate a substantial scattering at forward angles and much
lower scattering at sideward angles. As the contrails evolve,
these features smooth out leading to phase functions with a
featureless flat behaviour at side-scattering angles. Finally,
the averaged normalized phase functions of aged contrails
and polluted cirrus are similar to each other. This also ex-
plains that they are difficult to distinguish within the PCA.

Figure 6¢ presents the extinction coefficient statistics. All
the aged contrails (clusters AC1 and AC2) exhibit extinction
coefficients lower than 2km~!. Also, 80 % of the sampled
polluted cirrus (cluster PC) show such low extinction coef-
ficients. For younger contrails (clusters YC1 and YC2), the
extinction coefficients can reach 5km~!. Largest extinction
coefficients are found in primary wake measurements (clus-
ter PW) with values of up to 8 km~!. Still, the main fraction
(more than 50 % of data points) of young contrail data yields
extinction coefficients from 0 to 1 km™!.

Concentrations of chemical species can also be used to
characterize contrail or cirrus properties. The concentration
depends strongly on the type of the tracked aircraft. Fig-
ure 6d shows the mean concentration of NO for the six in-
dividual clusters. Young contrail NO concentrations (clusters
PW, YCI1, and YC2) can reach values of up to 10 nmol mol~!
(corresponding to 10 % of measurements). For primary wake
measurements (PW in black), a higher concentration can be
reached. Approximately 1 % of the data have concentrations
close to 60 nmol mol~! in the primary wake. In contrast, in
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aged contrails and in polluted cirrus (clusters AC1, AC2,
and PC) NO concentrations higher than 2 nmol mol~! do not
exceed 1% of cases. Indeed, after exhaust, concentrations
of NO and SO, created by combustion reactions decrease
rapidly due to the dispersion in the upper troposphere and
reactions with other molecules.

Finally, Fig. 6e shows the saturation conditions with re-
spect to ice for all clusters. The median ambient relative hu-
midity of all clusters is near 95 %. Clusters AC1 and PC (yel-
low and blue lines, respectively) exhibit median RHI values
close to 110 and 120 %, respectively. These higher values are
suitable for the persistence of the contrail and the formation
of cirrus clouds. Supersaturated conditions are not reached
for the measurements gathered in the primary wake cluster
(PW). Low humidity values may well occur in primary wakes
with non-persisting contrails.

These results highlight that the principal component anal-
ysis, based on the ASC measurements described in Sect. 3,
can be used to discriminate between contrail phases. Specific
optical and chemical properties can thus be derived for each
contrail phase and can be related to their evolution.

4.2 Microphysical cluster properties

Microphysical properties are assessed using the combination
of FSSP-300 and 2DC measurements. The data cover hy-
drometeor diameters ranging from 0.5 to 800 um, but with
an instrument gap in the size range of 17 to 50 um. Figure 7
shows the averaged number PSDs for each cluster and for all
flights of the study (eight flights from CONCERT-1 and 2).
In the instrument gap of the PSD, we use linear interpolation
in logarithmic space. Therefore, the derived microphysical
properties are to be treated with caution.

PSD measurements in cirrus and contrails differ signif-
icantly depending on ambient air conditions and measure-
ment methods (instrument limitation — Gayet et al., 2002; air
speed — Febvre et al., 2009). Previous studies show thata 3 h
old contrail cirrus with an effective diameter close to 20 um
(Voigt et al., 2017) and a number concentration larger than
0.1cm™3 (Schumann et al., 2017) can be composed of ice
crystals with sizes of up to 100 um (blue dashed line, contrail
cirrus, Fig. 7). This differs from the PSD of the natural cirrus
presented by Voigt et al. (2017) (dashed black line), which
has a 1 order of magnitude lower particle number concen-
tration. In natural cirrus at midlatitudes, ice crystals with a
size of up to 1600 um were observed during the ML-CIRRUS
campaign (dark dashed line Fig. 7; Voigt et al., 2017).

Figure 7 shows that the mean number PSDs of each cluster
are mainly consistent with the cluster definition and previous
studies (Schroder et al., 2000; Voigt et al., 2017). Indeed, two
categories of PSD can be observed. Within the FSSP-300 size
range, PSD relative to old contrails (clusters AC1 and AC2)
and polluted cirrus (cluster PC) exhibit a number concentra-
tion of small ice particles 1 order of magnitude lower than
young contrails (clusters YC1 and YC2) and primary wake
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Table 3. Optical and microphysical properties for each cluster according to interpolated particle size distributions from FSSP-300 and 2DC
measurements. Values in parentheses correspond to number concentrations for sizes larger than 3 pm.

Extinction (km™) Mean SD Median prctile 25 prctile 75
PW  [AZ30REmEN 3.820 3.308 1.104 6.485
vc1  |6f20 0.410 0.680 0.351 1.026
g veo  |oomom 2.655 1.017 0.271 2.836
a 0.212  (0.204)| 0.465 (0.456) 0.037/(0.033) 0.008 (0.005) 0.152 (0.138)
2  |[b114  (0.090) 0.163(0.149) 0.060 (0.038) 0.007 (0.003) 0.135 (0.094)
pc  [D.207  (0.197) 0.363(0.360) 0.072 (0.062) 0.032 (0.026) 0.178 (0.160)
IWC (mg m'3) Mean SD Median prctile 25 prctile 75
PW [T 10.586 5.573 1.665 11.363
. vc1  [b.191 0.107 0.168 0.111 0.281
2| vco  |digsonem 8.918 1.235 0.218 6.604
2 BI7070N(5.705) | 25.120(25.120) | 0.124(0.122) 0.007 (0.004) 1.126 (1.123)
Ac2  [0.310  (0.304)| 1.103(1.103) 0.112 (0.093) 0.005 (0.002) 0.290 (0.285)
pc (316240 (3.022)| 8.845(8.845) | 0.218(0.214) | 0.080(0.079) | 0.641(0.639)
NTOTAL (cm‘3) Mean SD Median prctile 25 prctile 75
114.497 152.398 95.564 223.374
. OO 205.625 405.127 230.907 603.187
g 188.139 199.736 125.344 52.584 236.100
3 (0.372)| 24.646(2.103) | 1.688(0.086) 0.027 (0.027) 3.311(0.179)
(0.427)| 44.723(1.005) | 8.021(0.128) | 0.0120(0.020) | 46.762(0.290)
(0.360)| 7.237(0.864) 4.602 (0.213) 0.110(0.110) 8.354 (0.394)
1w0f 7 (cluster PW). Differences in this size range may reflect un-
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Figure 7. Number particle size distribution for each cluster includ-
ing all data points of all flights. FSSP-300 measurements are from
0.5 to 17 pm and 2DC measurements from 50 to 800 um. The data
are linearly interpolated in logarithm space in the gap between 17 m
and 50 pm.
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certainties of the FSSP-300 number concentration measure-
ments. The statistical uncertainty is close to 30 % for typical
concentrations of 5cm™> but can reach 75 % for concentra-
tions of approximately 0.5cm™3 (Gayet et al., 2002). How-
ever, we can still distinguish primary wake measurements
(cluster PW) from secondary wake measurements (clusters
YC1 and YC2) in the 3 to 10 um size range. Differences ob-
served between the PSD of PW, YC1, or YC2 and AC1, AC2,
or PC can be explained by the production of small ice crys-
tals (from 1 to 10 um) in fresh exhaust plumes followed by
rapid dilution during subsequent minutes after the exhaust.

Higher concentrations of ice crystals with diameters larger
than 100 um are observed for polluted cirrus (cluster PC)
and for well-developed contrails (cluster AC1). The average
PSD of the AC1 cluster shows much larger ice concentra-
tions (around 10 times) compared to the YC1 cluster within
the 2DC size range.

It is important to note that shattering effects can signif-
icantly influence the PSD measurements, especially when
particles with diameters greater than 100 pm are present. Pol-
luted cirrus or aged contrail measurements could be subject
to such artefacts even though the concentrations of large ice
particles were low in the aged contrails and in the polluted
cirrus cases during these two campaigns. Shattering effects
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are likely to be small for the measurements in young con-
trails.

Table 3 presents IWC (in mg m~3) and total number con-
centrations of ice crystals (NTOTAL, in cm™) derived from
the measured PSD for each cluster. The extinction coefficient
(in km~!) obtained from the PN measurements is also dis-
played. The aged contrail clusters (AC1 and AC2) and the
polluted cirrus cluster (PC) include some data points at tem-
peratures higher than —38 °C. These values cannot be con-
trails and are excluded from this analysis. Ice particles with
diameters greater than 3 pm are considered for aged contrails
and polluted cirrus to exclude possible contributions from
large aerosol particles, as in the earlier studies of Kramer et
al. (2009) and Voigt et al. (2017), and these values are shown
in parentheses. These results again show that each cluster can
be related to a specific contrail phase, and their properties can
be compared to previous studies.

In terms of cluster mean values, the microphysical and op-
tical properties of cluster PW agree with the cloud proper-
ties expected in the primary wakes. The extinction coefficient
has a mean value of 4.23km™!, IWC is close to 8 mg m_3,
and the number concentration yields a typical value of
173 particles cm ™. These properties are in agreement with
previous measurement reported by Gayet et al. (2012), with
particle number concentrations close to 200cm ™ for con-
trails less than 60 s after their formation. Their work also re-
ports an extinction coefficient of around 7km™!, represent-
ing the highest values of the contrail lifetime.

Young (clusters YC1 and YC2) and aged contrails (clus-
ters AC1 and AC2) exhibit distinctive differences in their ex-
tinction coefficients and their concentrations of ice particles.
Compared to aged contrails, young contrails have higher
extinction coefficients and ice number concentrations, with
values larger than 0.7 km~! and 170 cm ™3, respectively. In-
deed, the averaged extinction and number concentration val-
ues of aged contrails do not exceed 0.4km™! and 30 cm™3
(0.5 cm 3 for diameters greater than 3 um), respectively. The
ice number concentrations are in agreement with previous
results, with values between 200 and 100 cm ™3 for contrail
ages of between 60 s and 3 min and around 5cm~3 for con-
trail ages of around 10 min (Goodman et al., 1998; Lawson
et al., 1998; Schroder et al., 2000; Schauble et al., 2009;
Gayet et al., 2012; Voigt et al., 2017). For aged contrails,
concentrations of ice particles with sizes greater than 3 um
are below 0.5 cm™3, which agrees with concentrations pre-
sented in other contrail studies (close to 1 cm~3 in Lawson et
al., 1998; Schumann et al., 2017). Also, aged contrail IWC
and extinction coefficient mean values lie between 0.3 and
5.7mgm~3 and 0.09 and 0.2km~!, respectively. These val-
ues are only weakly sensitive to the cut-off size used (below
or above 3 pum) and are in accordance with previous stud-
ies where IWC values of up to 10mgm™> and an extinction
coefficient below 0.5km~! were measured (Schroder et al.,
2000; Febvre et al., 2009; De Le6n et al., 2012).
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Our results also show that differences greater than
5mmg~> can be found within young contrail (YCI and
YC2) and aged contrail (AC1 and AC2) clusters. This vari-
ability could be attributed to a small number of large par-
ticles with a diameter greater than 20 um in YC1 and AC2
compared to YC2 and AC1 clusters.

Polluted cirrus properties are analysed for ice particles
with a size larger than 3 um. The mean ice particle con-
centration of 0.36 £ 0.9 cm™3 is in agreement with previous
cirrus studies where values are retrieved between 0.5 and
0.005 cm™3 (Heymsfield et al., 2017), and a typical average
value of 0.1 cm ™3 was found by Voigt et al. (2017). IWC and
extinction coefficient values (3.02mgm~> and 0.20km™!,
respectively) are significantly higher than the value found
in clean cirrus cases (0.055 mg m~3 and 0.023km~!; Schu-
mann et al.,, 2017; Atlas and Wang, 2010) but are more
consistent with median values reported from Kridmer et
al. (2016) and Heymsfield et al. (2017) (1.85mgm~> for
temperatures between —60 and —50 °C). Optical and micro-
physical properties of the polluted cirrus are closer to the
ones obtained for aged contrails. As mentioned in Sect. 4.1,
cirrus clouds observed during CONCERT campaigns are
largely influenced by high-density air traffic over Germany,
and it is thus still difficult to separate aged contrails from
natural cirrus based on their scattering properties.

5 Conclusions

In this study, a new form of statistical analysis of contrail
to cirrus evolution is presented, based on two intensive con-
trail measurement campaigns: CONCERT-1 and CONCERT-
2. The data are used to study optical and microphysical prop-
erties of contrails during their evolution from young contrails
to contrail cirrus clouds. The combination of optical, micro-
physical, and chemical airborne measurements with aircraft
chasing information from ATC provides an extended view of
cloud properties.

A PCA methodology was applied to the measured po-
lar nephelometer scattering-phase function data to facili-
tate the division of cloud properties into different contrail
phases. The PCA results were derived first for two refer-
ence flights that sampled contrails and cirrus in various de-
velopment stages, including the primary wake, the young
secondary wake, old contrails (a few minutes after forma-
tion), and polluted cirrus. For these flights, the PCA clearly
demonstrates its potential to discriminate between different
groups of clouds, justifying the use of these two flights as a
benchmark. Thereafter, the scattering-phase functions mea-
sured during other CONCERT flights were projected into the
space of principal components obtained from the two refer-
ence flights. Individual data points were assigned to the pre-
defined cluster with minimum Mahalanobis distances. From
the entire dataset, the cloud properties in the various contrail
development stages can be analysed separately.
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The analysis demonstrates that the clearest separation be-
tween clusters is derived from particle shape, which impacts
the scattering-phase function and the derived asymmetry pa-
rameter gPN. The asymmetry parameter clearly separates
young contrails (gPN of 0.72 to 0.80) from contrail or cir-
rus with gPN ranging from 0.80 to 0.88. Since the exact con-
trail age was not always known, young and aged contrails are
classified also by their optical and chemical properties. The
measured NO concentrations are also useful to distinguish
cirrus from old contrails. However, no strictly clean cirrus
has been observed during these two campaigns due to strong
influence from dense air traffic over Germany.

Particle size spectra and mean ice particle number concen-
tration, extinction, and ice water content have been also de-
termined for each cluster. The various clusters clearly show
different size distributions. In good agreement with previous
findings, we find that young contrails have number concen-
trations of small ice crystals that greater by more than a factor
of 10 (with diameters lower than 20 um) than aged contrails.
On the other hand, aged contrails and polluted cirrus contain
larger ice crystals, with diameters larger than 75 um. The op-
tical and microphysical properties of the aged contrails are
often similar to those found in ambient cirrus, which may
be polluted cirrus. For polluted cirrus, the agreement with
previous cirrus data is better when considering only ice par-
ticles with a diameter greater than 3 pm. The results show
that the PCA method allows us to identify and discriminate
between different contrail growth stages and to provide an
independent method for the characterization of the evolution
of contrail properties.

In agreement with Shcherbakov et al. (2016), who char-
acterized volcanic and cirrus using optical measurements,
the PCA method has been clearly shown here to be suitable
for contrail studies. The additional use of microphysical and
chemical measurements can be added to the PCA method
in order to improve the selection of contrail phases. Differ-
ent ranges of extinction or asymmetric coefficients could be
also used for PCAs in this perspective. However, additional
parameters should be carefully selected to limit the bias in-
troduced by the limitations of the probes, and the optimal
selection may vary from one measurement campaign to an-
other.

Accurate modelling of cirrus or contrails’ single-scattering
properties is required for the interpretation of remote-sensing
measurements. Therefore, measurements of the optical char-
acteristics of ice crystals in natural conditions are still needed
for the validation of numerical techniques and for the deter-
mination of free parameters in light-scattering models. In this
context, the results from the PCA could be used to develop
representative parameterizations of the scattering properties
and the ice crystals’ shapes and sizes observed in the visible
wavelength range.
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