RC1

Review of
Statistical Analysis of Contrail to Cirrus Evolution during
the Contrail and Cirrus Experiments (CONCERT)

The manuscript presents a new form of statistical analysis, the Principal Component Analysis
(PCA), to investigate contrail to cirrus evolution based on two field campaigns. The observed ice
clouds are divided in six clusters representative of different development stages of the contrails
(primary wake, young contrail, contrail-cirrus and natural cirrus). Optical, chemical and
microphysical properties of the clusters are then characterized to describe the ice-cloud properties
during contrail to cirrus evolution.

Overall, the paper is very interesting and the topic is timely and suitable for ACP. Especially, the
new approach to distiguish contrail and cirrus clouds seems to be promising. The manuscript is well
structured and fluently to read. | found a number of minor points that | think needs claryfication
before publishing the manuscript, they are listed below.

Nevertheles, my overall rating is major revisions because of two points emphasized here:
— | strongly recommend to include the RHI measurements of flight 19b during CONERT 1. They
are published in Gayet et al. (2012), so the data are available — see comment 8).

— Some numbers in Table 2 needs to be checked, the mean and median IWC and, especially, the
mean and median of Ntotal for CC are too high for natural cirrus — see comment 20).

We would like to thank the reviewer for his interesting and constructive suggestions. We have tried
to follow every suggestion in order to improve the manuscript. Each reviewer's comments are
addressed and the manuscript has been modified accordingly.

A significant change in the paper concerns the implementation of an automatic clustering method
(k-mean method) to enhance the statistical significance of the contrail phase discrimination.
Subsection “3,2,2 Clustering analyses” has been added and gives details of the method. After some
tests we found that 16 clusters are necessary to classify the patterns revealed by the PCA analysis.
To be in accordance with ATC observations, clusters 8 to 16 deduced from the k-mean method
(Figure RC2.1.a.) were gathered into two clusters (A and B, Figure RC2.1.b.). Clusters 2 to 5 have
also been merged to one single cluster.
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Figure RC1.1.: Clustering analyses according k-mean method. a) First step using 16 clusters and b) second
step grouping clusters 8 to 16 to two clusters (A and B).



The following table summarizes the correspondence of the clusters defined by the k-mean methods
and the cluster’s definitions according to ATC information:

k-mean clusters | Cluster number definition name
1 0 Primary Wake PW
6 1 Young Contrail 1 | YC1
2,3,4and 5 2 Young Contrail 2 | YC2
A 3 Aged Contrail 1
7 4 Aged Contrail 2
B 5 Cirrus Cloud

Table RC1.1: Cluster definitions according the k-mean method.

Comments:

1) Introduction: | like the very detailed introduction, but recommend to introduce more subsections
(maybe even with titles), since now there are quite long paragraphs and the structure is not clearly
visible.

The structure of the introduction has been changed and two subsections were added, namely:
1.1. Contrail formation and evolution
1.2. Optical and microphysical properties of contrail phases

Moreover, the description of contrail chemical properties has been shortened.

Modifications:

1.55:” Several studies in the past have been dedicated to the evolution of concentrations of nitrogen
oxide (NO) and sulphur dioxide (SO) and their oxidized forms (K&archer and Voigt, 2006 ; Voigt et
al., 2006 ; Schauble et al., 2009 ; Jurkat et al., 2011).”

2) Page 5, Line 194-195: Particle size distributions and corresponding microphysical and optical
integrated properties (IWC, Deff, N, and extinction) were derived from FSSP-300 measurements
(Baumgardner et al., 1992).

FSSP measurements does not include the larger ice particle and is thus know to be not suitable for
calculations of at least IWC and Deff. The 2DC was also flown during the field campaign, so why
not combining the two probes for the calculations? The missing size range between the two probes
could be interpolated.

Optical and microphysical properties of contrail particles cannot be fully retrieved without the 2DC
measurements. In the present study, these properties are retrieved with both instruments, FSSP and
2DC, to consider as much as possible the full-size range of the particle size distribution. The data
are linearly interpolated in logarithm space between the two instrument ranges. The text has been
clarified according to this remark.

Modifications:
1.191: “Particle size distributions and corresponding microphysical and optical integrated
properties (IWC, Deff, N, and extinction) were derived from both FSSP-300 and 2DC
measurements.”

3) Shattering of large ice crystals is negligible in contrails since the maximum size of the crystals is
not large enough to cause this effect. | would mention that somewhere in the manuscript.



Indeed, the shattering of particles with size larger than typically 100pm on the probe inlet can affect
the measurements. In addition, this effect can also explain the high number concentrations observed
in natural cirrus (Table 3). It is now mentioned in the Manuscript.

Modifications:

1.235: “These equations do not account for possible shattering of large ice crystals on the probe
inlets. This effect is minimized in young contrails but can lead to an overestimation of small ice
crystal concentration in contrail cirrus clouds.”

1.647: “Besides to interpolation between the FSSP-300 and the 2DC measurements, the assumed
shape (spherical or aspherical), and shattering of large ice particles in cirrus and aged contrails
can also have a significant effect on the measurement of optical and microphysical properties
(Gayet et al., 2012).”

4) Page 5, lines 220-221: The bulk parameters were calculated assuming the surface-equivalent
diameter relationships of Heymsfield (1972) and Locatelli and Hobbs, (1974). Which bulk
parameters do you mean?

The bulk parameters referred to the IWC, Deff, and extinction. It should be integrated or derived
microphysical parameters. It was clarified in the text and, this sentence has been removed and the
paragraph modified.

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

s ,
Ext = ZZ BL.N;D? 1)

_ i
where f'ext IS the extinction efficiency (values depend on spherical or aspherical particle
characterization), Di the mean diameter in channel i, and N; the number concentration.

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

T
IWCspherical = gpice z NiDi3 )
i

with pice the bulk ice density (0.917 g cm™3).”

5) Page 6, line 234 - 238 : Calculation of IWC non-spherical : Is the validity of Equ. (6) ever
checked by comparison to bulk IWC measurements?

The method used to derive IWC from spherical and non-spherical particles with equivalent diameter
calculation, has been validated with different measurement techniques (FSSP-300 and polar
Nephelometer) in the work of Gayet et al. (2012). The IWC derived from the particle size
distribution is hindered by the uncertainties related to the size dependent enhancement factor for ice
crystals in the inlet of total water instruments. There is a strong particle size dependence of the
enhancement factor for bulk water instrument inlets in the small particle size range lower than 20
pum representative for young contrails. Further, there is little information on the particle shape effect
on the enhancement factor. Finally, the inlet position of bulk phase instruments near the fuselage of



the aircraft may introduce additional ambiguities in the IWC measured near the aircraft fuselage.
These uncertainties limit the quality of an assessment of the shape effect on the used mass
dimension relationship using a comparison to the IWC measurements derived from bulk phase
instruments.

6) Page 6, lines 254-256: In addition, hygrometers using the Lyman-alpha technique (FISH, Zoger
et al., 1999; Meyer et al., 2015), and frost point hygrometers (CR-2, Heller et al., 2017) were
implemented on the Falcon during CONCERT-1 and 2.

Please add the names of the hygrometers as indicated in blue.

The two hygrometers names have been added in the text.

Modifications:
1.248: “(FISH, Zoger et al., 1999; Meyer et al., 2015), and frost point hygrometers (CR-2, Heller et
al., 2017) were deployed on the Falcon during CONCERT-1 and 2.”

7) Figure 1:
a) Caption: Time series at 1 s resolution for flights a) 19b (CONCERT 1) and
b) 16b (CONCERT 2).
Please add the names of the campaigns as indicated in blue.

b) Plot of gPN: it would be helpful if a line at 0.85 would be drawn in the figure to better see
if the particles are spherical or aspherical.

c) Plot of NO: a log scale might be better here, especially for Flight 19b from CONCERT 1.

All these suggestions have been considered. Figure 1 and its legend have been modified to improve
the reading of the figure.

8) Flight 19b from CONCERT 1: Why are the RHI measurements of that flight not included here?
They are published in Gayet et al. (2012), so the data are available.

RHI measurements performed during Flight 16b show typically values higher than (or close to)
100% when contrails are detected by the PN (extinction >0.1 km™). For Flight 19b, RHI values are
always higher than 75% but values higher or equal to 100% are scarce. Moreover, contrail/cirrus
events identified by the PN or chemical measurements do not seem to be correlated with RHI
values. RHI measurements during Flight 19b and CONCERT 1 in general should be taken with
caution. An additional bias in the temperature measurements of the Falcon may be responsible for
an offset in the RHI measurements inside and outside of contrails during the CONCERT 1. This
was not observed during CONCERT 2 where the temperature sensors have been extensively
calibrated and RHI peaks near 100% are found in contrails and natural cirrus (Kaufmann et al.,
2014). In addition, the descent of the primary wake within the wake vortices leads to an increase in
temperature and thus an altitude dependent RHI profile within the contrails as observed by Gayet et
al. (2012), Jel3berger et al. (2013) and Kaufmann et al. (2014). Thus, RHI measurements are shown
for both campaigns but had to be analysed carefully taking into account the altitude of
measurements and calibrations before flights.

Modifications:
RHI measurements for flight 19b (CONCERT 1) are added Figure 1 and Figure 3d.



I strongly recommend to include this data. It can be seen later in the paper that the number of RHI
data from only flight 16b from CONCERT 2 is too low to apply the PCA analysis, see Figure 3,
bottom right. Further, on page 8, lines 304-305 you write for flight 16 b: However, no accurate
ambient RHI data can retrieved for measurements in natural cirrus due to instrumental calibration
problems. but there are natural cirrus data available for 19b, CONCERT 1, yes?

We apologize for this possible misunderstanding. The PCA is solely based on light scattering
measurements performed by the Polar Nephelometer. Other parameters such as RHI or NO
concentration are used to validate or evaluate clusters/patterns revealed by the statistical analysis.
On the principal component plots (Figure 3), “Natural cirrus” measured during CONCERT 1 are
identified based on their scattering properties. Moreover, only one natural cirrus event was observed
during flight 16b (none during flight 17) between 17:00 and 17:30. Unfortunately, no RHI
measurements were performed during that time.

In addition, on page 6, line 252 you state the importance of RHI to characterize contrail ice crystals
and on page 8, 3 rd paragraph, you describe how RHI influences the sphericity of ice crystals. So |
think it is of importance not to leave out available RHI measurements!

RHI measurements during CONCERT 1 have been added to the manuscript. Instrumental issues
reported in previous works (Kubbeler et al. (2011); Gayet et al. (2012); Jessberger et al. (2013) ;
Schumann et al. (2013)) are also mentioned.

Modifications:

1.255: “RHI measurements during flight 19b as well as instrument shortcomings are discussed in
details in Kibbeler et al. (2011), Gayet et al. (2012), Jessberger et al. (2013) and Schumann et al.
(2013).”

9) Page 8, lines 294-297: In a supersaturated environment of contrails, crystals grow by water
vapor deposition and become increasingly aspherical with time. This is why spherical ice crystals
prevail in very young contrails with an asymmetry coefficient around 0.85 with RHI above 100%.

These sentences are a bit confusing. The reason that the ice crystals in young contrails are spherical
under supersaturated conditions is that the time was too short to become aspherical, yes ? Maybe
better: In very young contrails, not enough time has passed so that despite RHI is above 100%
spherical ice crystals with an asymmetry coefficient around 0.85 prevail.

Indeed, the previous sentence was not that clear. We have modified the sentence following the
reviewer suggestion.

Modifications:

I. 287: “In a supersaturated environment, crystals grow by water vapour deposition and become
increasingly aspherical with time. However, in very young contrails, spherical ice crystals with an
asymmetry coefficient around 0.85 prevail.”

10) Page 8, lines 305-309: A good example of the evolution of gPN is the CRJ-2 contrail observed
between 11:40 and 11:45 during flight 19b. The sequence illustrates the potential of the gPN
measurement to characterize the evolution of contrail properties, with decreasing crystal sphericity
documented by the decreasing asymmetry parameter from 0.88 to 0.79 (uncertainties around 0.04)
after only 5 min and down to 0.77 after 20 min.

Again, it would be very good to see the corresponding RHI measurements here.



RHI measurements for flight 19b are now added to Figure 1. We can see that despite the presence
of a persistent contrail probably due to a supersaturated ambient air, RHI values during this period
are too low. Thus, this example shows how the RHI measurements during CONCERT 1 cannot be
considered to understand or detect contrail formation.

Modifications:

I. 294: “However, it is important to note that the RHI measurements during the CRJ-2 chasing
events do not show supersaturated conditions, whereas contrail seems persistent. Indeed, RHI
measurements should be discussed carefully for this campaign due to calibration issues. ”

11) Page 8/9, last/first paragraph: Correlations between parameters are hard to recognize from
Figure 1. Scatterplots for the main correlating parameters (gPN, RHI - from both flights, NO,

extPN) would greatly improve the visualization of the discussed relations.
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Figure RC1.2.: Correlation between optical and chemical properties during CONCERT 1 and 2 measurement campaign. Colours

refers to ATC information for the different chasing and natural cirrus measurements.



The purpose of figure 1 is to illustrate the correlation/correspondence between the main contrail
optical and chemical composition trends with ATC information. The only objective of this figure is
to help the reader to understand how cloudy and clear sky conditions were determined and to show
that parameters like the extinction, the asymmetry parameter and NO concentration can used to
identify contrails and cirrus events.

To respond to the reviewer’s comment, correlations between extinction, RHI, NO concentration and
asymmetry parameter are shown on Figure RC1.2. for 19b and 16b flights. No clear correlations can
be seen from these representations since each contrail stages are mixed together. However, NO
concentrations and extinction coefficients seem to be linked for particular cases. For clarity, we
decided not to show these correlations as it might misguide the reader.

12) Page 12, last paragraph: For a better understanding of this paragraph, 1 recommend

— to make a table of the of the cluster numbers and the corresponding definitions (now listed at
page 13, lines 453 — 458) and refer to the table at the beginning of the paragraph. In the present
form, it is hard to follow the text without knowing the meaning of the numbers.

— Further, it would be good to note the abbreviations of the numbers (0: PW, 1: YC1, 2: ...) in one
panel of Figure 3, e.g. in 3a.

According to reviewer 2 suggestions the clusters have been redefined according Table RC1.1 and
abbreviations of the numbers were also added.

Modifications:
The table of cluster definition is added (Table 1). Legends for all subplots has been added in Figure
6 in order to recall each cluster definition.

13) Page 12, line 420-421:
Figure 3a suggests an increase of Cj2 and a decrease of Cj1 with increasing aircraft size.
In Fig. 3a Cj2 vs. Cj3 is plotted, in the text you refer Cj2 vs. Cj1 — please correct.

Because the correlation is not as clear as mentioned in the text, this discussion has been removed
from the text.

14) Definition of Clusters 3 (AC: Aged contrail) and 4 (ACC: aged contrail clean):

What is the difference between the two clusters? Does ,clean means low NO?

Please explain.

“Aged contrail” and “aged contrail clean” can be discriminated based on NO concentrations.
“Clean” refers to low NO concentrations compared to measurements corresponding to AC
conditions. AC and ACC have been replaced by AC1 and AC2 respectively without taking into
account NO concentrations.

15) Figure 4: It would be helpful if you would include the circles from Figure 3 (a) in this plot.

Due to the modification of the clustering method, circles in Figure 3 have been removed. Every
cluster’s centre is now added on the new Figure 4.

16) Page 14, line 479: attribuate — attribute

The recommendation has been added into the all text.



17) Figure 5: | found it difficult to recognize the message of the panels of Figure 5. Here are some
recommendation how this important figure can be improved:

a) in panel (a), a vertical line at gpN=0.85 would be helpful to distinguish between spherical and
aspherical.

b) in panel (c), when using a logarithmic scale for the frequency the effects you discuss in the text
will become better visible.

c) in panel (d), a logarithmic scale for NO and also the frequency would help to better see the the
differences between the clusters.

d) in panel (e), a vertical line at RHI=100% would be good.

Further, in the text it is mentioned that the most frequent value of RHI is 95%. Shouldn‘t that be
100% ? And, the histogram is divided into small RHI intervals (2% ?), but the accuracy of the
measurements is not better than 10-20%, | guess. | recommend to divide RHI in intervals
corresponding to the accuracy and center them around 100%.

e) How many data points does each cluster contain ? This can be indicated in the legend.

f) The legend could be included in each panel — this would make it easier for the reader to assign the
colors to the clusters when zooming the Figure on the screen.

Another idea could be to use more intuitive colors and sort the legend somehow into the stages of
development, here a suggestion:

PWYC1YC2 AC ACCCC

All these recommendations have been considered and included in Figure 6. RHI histogram has been
modified to include RHI measurements of CONCERT 1.

18) Page 18, line 592:
Figure 6 shows mean volume particle size distributions (PSD) for all six clusters.
I see mean number PSDs — dN/dlogD19)

We apologize for this mistake, “volume” has been replaced by “number” into the text 1.602.

19) Figure 6: The maximum sizes of PW and YCI are already close to 200 um, the maximum size
of YC2 is close to that of ACC and CC. | would have expected smaller maximum sizes in the PW
and YC categories, because ice crystals needs time to grow to larger sizes?

Further, the maximum size of CC is quite small — Voigt et al. (2017) show maximum sizes of
natural cirrus PSDs up to 1000 pm or more ? See also comment 19 (b).

Indeed, no particle measurements have recorded up to 1000 um during the two campaigns. Voigt et
al. (2017) show “natural cirrus” and “contrail cirrus” with mean concentrations higher than 0.01 cm’
3 for particles diameters around 100um whereas concentrations do not exceed 0.01 cm™ during
CONCERT flights at this particle size range. Because instruments are different between the two
campaigns, it can be explained by different shattering effects of largest particles, but also by air
speed issues as explained in Febvre et al. (2009). In addition, young contrail particles exhibit
diameters up to 200 um. This effect can also be explained by the detection limit of the 2DC
instruments which impacts the concentrations for very low signals (50% and 75% for
concentrations of 5 and 0.5 cm-3 respectively, Gayet et al., 2002).

This discussion has been added to the text.

Modifications:

PSD measurements from Voigt et al. (2017) and Atlas et al. (2005) have been added to Figure 7.

I. 593: “PSD measurements in natural cirrus and aged contrails differ significantly depending on
the location of the study, ambient air conditions, measurement methods (instrument limitation
(Gayet et al., 2002), and air speed (Febvre et al., 2009)). Previous studies show that a 3-hours old
contrail cirrus with an effective diameter close to 20 um (Voigt et al.,, 2017) and number



concentration larger than 0.1cm™ (Schumann et al., 2017) can be composed of ice crystals with
sizes up to 100 um (blue dashed line, contrail cirrus figure 7). This differs from the PSD of the
natural cirrus presented by Voigt et al. (2017) (dashed black line), which has an order of
magnitude lower particle number concentration. In natural cirrus at mid-latitudes, ice crystals with
size up to 1600 pum were observed during the ML-CIRRUS campaign (dark dashed line Figure 7,
Voigt et al., 2017).”

20) Table 2: (a) | suggest to sort the clusters like recommended under Point 16 f). A further
suggestion is to sort Ntotal in two size intervals, namely <~30um and >~30um, since the grouping
of the clusters change with size.

(b) The mean and median values of IWC does not fit to each other. For example, for PW / CC the
means are 15.46/28.69 mg/m3, but the medians are 6.26/0.96 mg/m3, i.e. the mean of CC is almost
twice the mean of PW, but the median of CC is much lower than that of PW ?

Please check all numbers.

(c) Mean/median of Ntotal for CC are 6.06/3.75 cm -3. This is too high for natural cirrus — from
Voigt et al. (2017), | would expect something around 0.1 cm -3 or even lower. Is that an
arithmetical error , shattering or could it be that contrails are accidentally attributed to CC ? Please
clarify!

(a). Table 3 has been sorted according to the development of contrails as proposed by the reviewer
in point 16.f).

(b). The new definition of the clusters does not allow to fit mean and median values. This
observation may be due to the hypothesis used for PSD definition such as particle sphericity and the
interpolation realized between 17 pum and 70 pm.

(c). As mentioned in the previous point, PSD of natural cirrus are significantly different according
to measurement location and the different probes used. Here, the new clustering method shows
lower number concentrations for the “natural cirrus”.

Modifications:

1.623: “Despite the large uncertainties associated to both instruments and the interpolation between
17 um and 70 um diameters, these results again show that each cluster can be connected to a
specific contrail phase, and their properties can be compared to previous studies.”

21) One last comment: could you discuss the possibility to use other/more parameters for the PCA?
For example, could Ntotal be included in the PCA ? Or in case no Polar Nephelometer is on board,
but PSD, IWC and NO is available, do you think the analysis would be possible?

The present paper demonstrates that the PCA method allows contrail classification from optical
properties only. Indeed, additional parameter could improve the performance of the PCA method as
PSD measurements, RHI values and NO concentrations. However, the additional parameter should
be carefully selected in order to limit the bias introduced by the limitations of the probes and can
vary from a measurement campaign to another.

It has been mentioned in the text.

Modifications:

I. 688: “The additional use of microphysical and chemical measurements can be added to the PCA
method in order to improve the selection of contrail phases. Different ranges of extinction or
asymmetric coefficients could be also used for PCA analyses in this perspective. However,
additional parameters should be carefully selected to limit the bias introduced by the limitations of
the probes and the optimal selection may vary from one measurement campaign to another.”



RC2

Interactive comment on “Statistical Analysis of Contrail to Cirrus Evolution during the Contrail
and Cirrus Experiments (CONCERT)” by Aurélien Chauvigné et al.

The authors present aircraft observations of the scattering properties of ice crystals and the trace gas
properties sampled inside 17 contrails during two phases of the CONCERT field experiment. While
the results presented here are relevant and interesting, the paper has several areas where more
explanation is warranted before I can recommend it for publication. For example, some parts of the
introduction need to be reorganized.

RC : The most major flaw of the paper which needs to be address is the selection of the clusters.
The authors base their cluster classification on a rough examination of the first three principal
components in the x-y plane and seem to draw ellipses around where they “roughly identify” where
the clusters are. However, with recent advances in machine learning, there are more objective
methodologies for classifying data into clusters, with the most applicable methodology for a feature
space of three variables to be k-means clustering. The authors should either better justify why their
current ellipses were chosen and why the feature space was used for the PCA, or use automated
clustering techniques.

Finally, I think a section on how their contrail cirrus observations fit in with past studies is
warranted, since the paper lacks much discussion on how their observations fit in with what is
already in the literature. | list some other comments below.

We would like to thank the reviewer for his interesting and constructive suggestions. We have tried
to follow every suggestion in order to improve the manuscript. Each reviewer's comments are
addressed and the manuscript has been modified accordingly.

A significant change in the paper concerns the implementation of an automatic clustering method
(k-mean method) to enhance the statistical significance of the contrail phase discrimination.
Subsection “3,2,2 Clustering analyses” has been added and gives details of the method. After some
tests we found that 16 clusters are necessary to classify the patterns revealed by the PCA analysis.
To be in accordance with ATC observations, clusters 8 to 16 deduced from the k-mean method
(Figure RC2.2.a.) were gathered into two clusters (A and B, Figure RC2.2.b.). Clusters 2 to 5 have
also been merged to one single cluster.

08 i Br

L B
06 T il
04t X »
ol 13 sl © ’ x

AZL XX, .

g o o SN 5o

NG e 1‘ 10 2 4 z A

04t 'y '14
t Al &

OB . a. b.

08 = L g s . ! -1 08 0B 04 02 0 0.2 0.4

Figure RC2.1.: Clustering analyses according k-mean method. a) First step using 16 clusters and b) second
step grouping clusters 8 to 16 to two clusters (A and B).



The following table summarizes the correspondence of the clusters defined by the k-mean methods
and the cluster’s definitions according to ATC information:

k-mean clusters | Cluster number definition name
1 0 Primary Wake PW
6 1 Young Contrail 1 | YC1
2,3,4and 5 2 Young Contrail 2 | YC2
A 3 Aged Contrail 1
7 4 Aged Contrail 2
B 5 Cirrus Cloud

Table RC2.1: Cluster definition according the k-mean method.

Comments:

Major comments:

Lines 51-91. This paragraph is too long and needs to be reorganized. For example, there is too much
detail on how NO from aircraft exhaust is converted into acids that does not really add to the major
point that NO interacts with OH to make nitr(ic)ous + sulfuric acid. I also feel that this can really be
3 paragraphs: one about NO interacting with OH to produce acids, one about the contrail production
process and one about the contrail aging process.

The structure of the introduction has been changed and two subsections were added, namely:
1.1. Contrail formation and evolution
1.2. Optical and microphysical properties of contrail phases

Moreover, the description of contrail chemical properties has been shortened.

Modifications:

1.55: ”Several studies in the past have been dedicated to the evolution of concentrations of nitrogen
oxide (NO) and sulphur dioxide (SO.) and their oxidized forms (K&archer and Voigt, 2006 ; Voigt et
al., 2006 ; Schauble et al., 2009 ; Jurkat et al., 2011).”

Line 109-146: | feel that a lot of the individual data points cited here are better suited for an extra
section in the paper comparing your contrail observations against past studies. Right now, no link is
made to how your categories compare against these past observations and | think such a comparison
is needed in order to justify that the range of values that you observe in your clusters correspond to
contrails properties that are observed in nature. Therefore, | recommend shortening this paragraph
to

just briefly explain how the microphysical properties of contrails evolve with time with leaving
specific numbers to a later comparison.

The paragraph has been shortened and we compared our contrail observations against past studies in
section 4.2. In particular, average microphysical properties of the clusters were compared with the
main findings of Voigt et al. (2017), Schumann et al. (2017) and Atlas et al. (2005). We also
discussed the shortcomings related to the interpolation of the PSD and its impact on the derived
microphysical quantities.



Modifications:

dN/dlogD [cm 3]

— Cluster P
Cluster¥C1
4 || m—Cluster YC2
Cluster AC1
Cluster AC2
w—Cluster CC
o == Natural cirus (¥ oigt etal., 2017)
= = Contrail cirrus (Yoigt etal., 2017)
+  Fresh Contrail (Atlas et al. 2005)
O > 15min[Ahlas etal. 2005) bt
© YoungCirus (Allas etal, 2005) | .

Oiﬁm]
Figure 7: Number particle size distributions for each cluster including all
data points of all flights. FSSP-300 measurements from 0.5 to 17 pm and

2DC measurements from 70 pum to 800 pm. The data are linearly
interpolated in logarithm space between 17 pm and 70um.

Voigt et al. (2017) and Atlas et al. (2005) PSD measurements have been added to Figure 7 to get a
better picture of previous results. It should strengthen the statements on contrail properties
discussed in this section.

1.591:”Because of this gap, the derived microphysical properties should be considered with caution,
but may be used to check the cluster definitions.”

I. 595: “Previous studies show that a 3-hours old contrail cirrus with an effective diameter close to
20 um (Voigt et al., 2017) and number concentration larger than 0.1cm™ (Schumann et al., 2017)
can be composed of ice crystals with sizes up to 100 um (blue dashed line, contrail cirrus figure 7).
This differs from the PSD of the natural cirrus presented by Voigt et al. (2017) (dashed black line),
which has an order of magnitude lower particle number concentration. In natural cirrus at mid-
latitudes, ice crystals with size up to 1600 um were observed during the ML-CIRRUS campaign
(dark dashed line Figure 7, Voigt et al., 2017).”

1.630: “These properties are in agreement with previous measurement reported by Gayet et al.
(2012) with particle number concentrations close to 200 cm™ for contrails less than 60 s after their
formation. Their work also reports extinction coefficient around 7 km™ presenting the highest
values of the contrail life time.”

1.638: “The ice number concentrations are in agreement with previous results with values between
200 and 100 cm™ for contrail ages between 60 s and 3 min, and around 5 cm™ for contrail ages
around 10 min (Goodman et al., 1998 ; Lawson et al., 1998 ; Schréder et al., 2000 ; Schauble et al.,
2009 ; Gayet et al., 2012 ; Voigt et al., 2017).”



1.645: “However, the ice number concentration and the extinction coefficient are higher than in
previous studies, with values around 0.1 cm™ and 0.023 km respectively.”

Line 223-225: You aren’t using the 2DC for calculating IWC though! I don’t see why this sentence
is needed. However, | think text here justifying why you are not using observations below 70
microns due to the 2DC’s limited response time and depth of field need to be here.

Optical and microphysical properties of contrail particles cannot be fully retrieved without the 2DC
measurements. In the present study, these properties are retrieved with both instruments FSSP and
2DC, to consider as much as possible the full size range of the particle size distribution. A linear
interpolation has been applied between the two instrument ranges. The text has been clarified
according to this remark.

Modification:

1.191: “Particle size distributions and corresponding microphysical and optical integrated
properties (IWC, Deff, N, and extinction) were derived from both FSSP-300 and 2DC
measurements.”

Section 3.2: | think more justification needs to be given for the choice of your feature space for the
PCA, since right now it is presented without really linking the feature space to looking for
quantities that we expect to vary in differing stages of contrail cirrus. For example, why did you
conduct a PCA on the entire scattering phase function instead of just apply clustering to the
asymmetry parameter?

Also, why were the clusters manually chosen instead of using automated techniques like k-means
clustering?

We thank the referee for this very interesting point and for the new perspective brought to the
interpretation of our results. The k-mean clustering method was applied to our dataset. We found
that this clustering method lead to an accurate (and more robust) classification of every contrail
phase and natural cirrus which agrees with ATC information.

The asymmetry parameter information is not sufficient to define the different clusters (Jourdan et
al., 2010). Indeed, gPN information cannot be used to separate the group YC1/YC1l and
AC1/AC2/CC, which represent the most interesting part of the study. Additionally, Jourdan et al.
2010 and 2003 showed that the asymmetry parameter alone cannot represent or mimic the
variability of the phase function. Indeed, the information content of a phase function measurement
can be used to discriminate ice clouds characterized by different ice crystal shape, size or degree of
surface roughness which is not the case with the g factor alone. Our study here clearly shows that
the first 2 principal components (which are correlated to the extinction coefficient and the g factor
respectively) cannot reproduce the whole variability of the optical (and microphysical) properties.
The third principal component adds additional valuable information on contrail type which is not
directly related to the asymmetry parameter.

Modifications:
The k-mean method has been applied to the dataset and an additional subsection has been added
(“3,2,2 Clustering analyses). The new clusters are thus defined as mentioned above.

Lines 505-512: How do you know that you flew in an aged contrail with no verification from ATC?
I think the important conclusion here is more that, microphysically, aged contrails and cirrus are
very similar and are difficult to distinguish with this data alone.



For flight 17 of CONCERT 2, ATC reports chasing but without any possibility to check which
aircraft is actually followed. This information indicates that measurements may correspond to very
aged contrails or natural cirrus. From in-situ measurements, aged contrails and natural cirrus are
very similar. In our case, the PCA method along with K-mean clustering method classifies the 17 C-
2 measurement in both aged contrail and natural cirrus (AC1 and CC) with both a significant
number of point. This can be explained by a limitation of the method to separate aged contrail and
natural cirrus due to quite similar optical properties, but also by a mixture of both natural cirrus and
aged contrails. Indeed, differences exist in the [60°-80°] range as well as in the forward and
backward scattering regions. These differences can be significant as they are detected by the PCA
and the clustering method.

Modifications:
1.505: “Still ATC data indicate measurements in exhaust plumes and the Falcon flew apparently in
visible contrails (ExtPN > 0.1 km™) which were probably too old for ATC recognition.”

Line 518-522: | think this analysis can be better supported by showing the distributions of contrail
ages from ATC.

Only an estimation of contrail age range is available. We couldn’t derive a precise age for each
individual contrail sampled during each flights. Table 2 shows the available age ranges for the
identified contrails.

Line 593-595: | would not interpolate data in this range since the interpretation of extrapolated data
could be quite dangerous. | would simply state that concentrations in this size range are too
uncertain to report due to the 2DC’s poorly characterized depth of field and response time.

We agree with this comment as the interpolation between the two instruments can induce large
uncertainties when calculating the microphysical properties. However, we choose to keep this
approximation in order to retrieve microphysical properties comparable to previous studies.

Modifications:

1.623: “Despite the large uncertainties associated to both instruments and the interpolation between
17 pum and 70 pm diameters, these results again show that each cluster can be connected to a
specific contrail phase, and their properties can be compared to previous studies.”

Lines 607-610: Your YCL1 contrails seem to have roughly similar 2DC number concentrations to the
aged contrails. Why is that?

The new clustering method refined the cluster definition. Consequently, it leads to a better
partitioning of contrail microphysical properties. Indeed, as shown by the new Figure 7, the mean
PSD from cluster YC1 displays significantly less particle in the 2DC measurement size range than
the one corresponding to AC1 and AC2 clusters.

As already discussed into the text, differences between each mean PSD should be taken carefully
due to uncertainties of both probes.

Modifications:

These discussion has been added into the text 1.616:”Within the 2DC range, the PSDs are also in
agreement with the cluster definitions. A higher concentration of large ice crystals with diameters
around 100 um and larger are expected for natural cirrus (cluster CC) and for significantly well-
developed contrails. This is particularly well illustrated by the mean PSD from cluster YC1 that



displays significantly less particles in the 2DC measurements size range than the one
corresponding to AC1 and AC2.”

Lines 640-667: | would convert this into a bulleted list of conclusions to make this paragraph easier
to read.

A summary of contrail property is more clearly presented in two separate paragraphs on the
conclusion.

Figures/Tables:

Figures 5c¢,d: A logarithmic x-axis would make the lines easier to distinguish.

Figure 6: I would advise removing the lines where you don’t have the PSD from the two probes in
the ~20 to 70 micron range. Can you also add size distributions from past studies and include them
in the comparison?

Table 2: I think some data from contrails sampled in past studies should be shown and
compared against here and in the paragraph discussing Table 2.

Figure 6 c,d : The suggested modifications have been taken into account.

Figure 7: Previous PSDs (Voigt et al., 2017 and Atlas et al., 2005) have been added to the Figure as
reported in previous comments of the reviewer. However, we believe that interpolation illustrations
at this stage of the paper is essential in order to understand microphysical properties retrieved from
this approximation.

Table 3: Results from past studies are now discussed in the text.
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(CONCERT)

Aurélien Chauvigné?, Olivier Jourdan!, Alfons Schwarzenboeck?, Christophe Gourbeyre?, Jean
Francois Gayet?!, Christiane Voigt?3, Hans Schlager?, Stefan Kaufmann?, Stephan Borrmann34,
Sergej Molleker®#, Andreas Minikin?°, Tina Jurkat?, Ulrich Schumann?

Laboratoire de Météorologie Physique, UMR 6016 CNRS/Université Clermont Auvergne,
Clermont-Ferrand, France.
2Institut fur Physik der Atmosphére, Deutsches Zentrum fiir Luft- und Raumfahrt (DLR),
Oberpfaffenhofen, Germany.
3Institut fur Physik der Atmosphére, Universitat Mainz, Mainz, Germany.
“Max-Planck-Institute for Chemistry, Department for Particle Chemistry, Mainz, Germany.
SNow at: Flugexperimente, Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), Oberpfaffenhofen,
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-Abstract:

Air traffic affects the cloudiness, and thus the climate, by emitting exhaust gases and particles.
The study of the evolution of contrail properties is very challenging due to the complex interplay of
vortex dynamics and atmospheric environment (e.g. temperature, supersaturation). Despite
substantial progress in recent years, the optical, microphysical, and macrophysical properties of
contrails and ambient cirrus during 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 corresponding to different
aircraft types and atmospheric conditions are investigated using a statistical method based on the in
situ optical measurements performed during the CONCERT campaigns 2008 and 2011. These 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 has—beenis
implemented-in—order. The goal is to classify the sampled ice cloud measurements in 6 clusters
representative of different contrail development stages ef-the-centratls-(primary wake, young contrail,
contrail-cirrus and natural cirrus). Based-en-the-information-derived-from-ai-traffic-control-extinction
coefficients Extinction and, asymmetry coefficients, nitrogen oxide concentrations, relative humidity
with respect to ice (RHI) and particle size distributions are analyzedanalysed for each cluster to

provide-a-characterization-ofcharacterize the evolution of ice-cloud properties during the contrail to
cirrus evolution. The PCA demonstrates that —contrail optical properties are well suited to identify

and discriminate the different contrail growth stages and to previde-an-thdependent-method-for-the
characterization-ofcharacterize the evolution 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 for Climate Change IPCC special report on
aviation (1999) estimates that NOx emissions from subsonic aircraft increase ozone concentrations
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by—up-—to—6%at cruise level. Short and long lived pollution species have different impact on
atmospheric chemical composition depending on the flight level (Fromming et al, 2012). Emissions
of water vapervapour, black carbon (BC) / soot particles, sulatesulphate (SO4) aerosols and nitrogen
oxides (NOx) contribute to the modification of the chemical composition of the upper troposphere on
shorter timescales (Lee et al., 2010, Gettelman and Chen, 2013; Liou et al., 2013). The long--term
climate impact is mainly driven by CO2 emissions. Modelling studies have shown that the direct
radiative forcing from aviation is expected to represent 3-4% (50-60 mW m-) of the anthropogenic
forcing (Lee et al., 2010; De Leon et al., 2012) and could reach 87 mW m2 in 2025 {Chen-and
Gettelman,—2016)-(Chen and Gettelman, 2016). Aircraft induced cloudiness has also an important
impact on climate, although the quantitative assessment of the radiative forcing remains a major
source of uncertainties (Lee et al., 2010).

1.1. Contrail formation and evolution

Contrail formation is mainly controlled by the thermodynamic properties of the ambient air
and by the aircraft emissions. The conditions for contrail formation can be determined by the Schmidt-
Appleman Criterion (SAC) (Schumann, 1996). Contrail chemical composition can have a significant

impact on the contrail formation (Karcher et al., 2009). Indeed, the emission-index-{e.g-—soet-emission
mde;em—kg—fueﬁ)—&éweeﬁy—kﬂked—te—th&contrall microphysical properties, 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 s&#a#&e*rde—@@@—%p@ly—e*rd&ed—by—@#%peskeembus&epmaen@n;

@mmmnget—al—%ﬁ—@eﬁel#uannand—@hen—%l%)—sulphur d|0X|de (SOz) and their OX|d|zed forms
(Karcher and Voigt, 2006 ; Voigt et al., 2006 ;: Schiuble et al., 2009 : Jurkat et al., 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
Heymstield,2015)Jansen and Heymsfield, 2015) have illustrated characteristics of aerodynamically
controlled contrail formation associated to warmer temperatures (observations at temperatures above
-38°C). For-Contrails primarily initiated by the combustion processes; result from the mixing of hot
and humid 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. Fhusln this case, soot and suHatesulphate aerosols emitted by the aircraft (Moore et
al., 2017) may act as condensation nuclei to form liquid droplets. Homogeneous ice nucleation of the
liquid droplets can occur when the exhaust cools down through mixing with the ambient temperature,
while preserving ice saturation. Small ice crystals are then formed in the jet phase within some tenths
of a second (Kaercher and Yu, 2009).

The-further life-cycle of contrails depends on the interaction with the wake vortices behind
aircraft and the ambient atmosphere (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, which induce adiabatic compression, heating, and partial sublimation of the ice crystals within
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the primary wake (Lewellen and Lewellen, 2001; Sussmann and Gierens, 2001, Unterstrasser et al.,
2008, Unterstrasser et al., 2016; Ké&rcher and Voigt, 2017). This primary wake may soon disappear if
ambient air is subsaturated with respect to ice. In the case of supersaturation, the secondary wake
becomes visible, thereby detraining ice particles from the primary wake at a higher level (Sussmann
and Gierens, 1999, Kaufmann et al., 2014). Fhe-initialy-akmestQuasi spherical ice crystals become
increasingly aspherical and grow by uptake of water vapervapour as long as saturation with respect
to ice is prevailing. Ferambient-humidity-above-ice-saturationlnice saturated conditions, contrails
can persist after the vortex breakdown, spread and evolve into contrail cirrus (Schumann and
Heymsfield, 2017). The associated cloud cover (larger than for linear contrails alone) increases thes

radiative forcing of contrail cirrus-then-shows-inereasing-Hnpact-on-theradiative-forcing (Burkhardt
and Kércher, 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 visible optical depth, the single scattering characteristics, the ice crystal
effective size and habit (Yang et al., 2010; Spangenberg et al., 2013). Satellite observations provide
a comprehensive dataset to study statistically the contrail to cirrus evolution. The combined contrail
tracking algorithms on the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on board the
Meteosat Second Generation (MSG) satellites with properties inferred by the Moderate Imaging
Spectroradiometer (MODIS) on board the Terra satellite was used by \azguez-Navarre—et—al;
{2015)Vazquez-Navarro et al., (2015) to characterize the properties of 2300 contrails. Properties
included lifetime (mean values of 1h), the width(8-km);—the-length (130 km), the optical thickness
(0.34), the altitude (11.7 km) and the radiative forcing (-26 W m for shortwave forcing over land)
of these contrails.

However, detailed in situ optical and microphysical measurements are still needed to evaluate
satellite products and to develop more appropriate retrieval algorithm. H—particular;
distinguishingDiscriminating contrails from natural cirrus from satellite observations remains
extremely challenging-from-sateHite-observations. Although the optical and microphysical 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 measurements (Voigt et al., 2017) show that the microphysical properties of contrail cirrus can
still be distinguished from natural cirrus at contrail cirrus ages up to several hours.

Most of the studres (Jessberger et al., 2013 Lewellen et al., 2012;—Sehumann-et-al—2013)

Schumann et al., 2013) separate
the contrarl analysrs between the two wakes. Prrmary and secondary wake properties depend strongly
on atmospheric conditions and aircraft type (emission index, vortex, flight level, ambient humidity,
temperatures—»-, ...). In the primary wake, contrail ice crystals are quasi-spherical with values of the
effective diameter (Deff) typically lower than 4 um (Schumann et al., 2011; Gayet et al., 2012;
Jérvinen et al., 2016; Schumann et al., 2017b). Adse-The total number concentration of ice particles
is typically larger than 1000 cm a few seconds after contrail formation (Baumgardner and Gandrud,
1998; Petzold et al., 1997)-and-subseguenthy). Then, it decreases by dilution to concentrations below
200 cmwithin less than a minute after contrail generation (Poellot et al., 1999; Schroder et al., 2000
Gayet et al., 2012). Gayet et al. (2012) reported mean values of ice water content of 3 mg m= and

maximum extinction coefficients close to 7 km™. Fherecent-overview-on-contrail-studiespresented
-Sehumann-etal-(2017b)reperts-several-microphysical-In agreement with these results, the recent

overview on contrail studies presented in Schumann et al. (2017b) reports several microphysical
properties at different stages, for different atmospheric conditions as well as comparisons with the
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Contrail Cirrus Prediction (CoCIP) model simulations. Their study also highlights a large variability

(which increases with contrail age) of contrail properties.-Comparing-primary-and-secondary-wakes;

Several studies reported findings on the secondary wake and its evolution into contrail cirrus.
Detrained from the primary wake and submitted to saturated ambient air with respect to ice, ice
crystals grow rapidly, while crystal concentration decreases. Within the first minutes after formation,
measurements exhibit aspherical ice crystals characterized by effective sizes up to 6 pm, IWC ranging
between 2.5 and 10 mg m3, extinction between 2 and 3 km*, with crystal concentrations typically
lower than 100 cm (Goodman et al., 1998; Voigt et al., 2010; Kibbeler et al., 2011; Gayet et al.,
2012; JeRberger et al., 2013; Schumann et al., 2013; Poellot 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, however those studies are limited by the lack of unambiguous
identification (Schumann et al., 2017a). Alse

After a few minutes, difficulties-appearfor-thepilotto-track-the-contrailtracking contrails by
visual navigation;—which is due-techallenging as contrail and contrail cirrus spreadingspread in the

free troposphere. Observations of the ice crystal shape and growth over several tens of minutes and
up to an hour illustrate that crystal effective size can easily reach 20 um and beyond with number
concentrations ranging from 1 to 5 cm3 (Lawson et al., 1998; Schauble et al., 2009), extinction less
than 0.5 km™* (Febvre 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
properties 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 cm3. These crystals typically show bullet rosette type
habits (Heymsfield et al., 1998; Heymsfield et al., 2010). Optical depth values can reach a-valuevalues
of 2.3 (Atlas and Wang, 2010), corresponding to an extinction of 0.023 km. Nevertheless, the
transmon from contralls to C|rrus hlghly depends on the ambient saturatlon condltlonsand—meelemng

with typical atmospherlc condltlons show a temporal evolutlon of the optlcal and microphysical

properties when contrails evolve to contrail cirrus clouds (Burkhardt and Karcher, 2011; Unterstrasser
et al., 2016 ; Schumann et al., 2015).

In this study, we report on a methedpresenting-a-powerful alternative ferelassiyingto classify

cloud events into young contrail, contrail-cirrus and natural cirrus. The method is applied to aircraft
data of the CONCERT (Contrail and Cirrus Experiment) campaigns (Voigt et al., 2010, 2011, 2014).
The methodology consists efin implementing a Principal Component Analysis (PCA) of the angular
light scattering data frem-a-measured by the Polar Nephelometer. The PCA results-efthe-patterns are

classified to yield different type—ofcontrals{different—clusters)—are—then—utitized—withcluster

representing specific contrail types. Corresponding optical, microphysical, and chemical properties
in-orderto-validate-hypothesis-onare derived for each contrail phase definitions{(from young contrails
to cirrus contrails). This paper starts with an Hustratienoverview of the properties of contrails and
cirrus clouds observed during two specific CONCERT flights (19 November 2008 and 16 September
2011) encompassing a series of different contrail evolution phasesstages. These two flights containing
a variety of contrail-cirrus information can be regarded as an analytical framework producing results
which then can be compared to contrail-cirrus properties of other flights.

2 CONCERT projects and data processing

2.1 CONCERT campaigns
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CONCERT-1 and CONCERT-2 campaigns took place in October/November 2008 and
August/September 2011, respectively. These two campaigns with the DLR Falcon 20 E research
aircraft were based in Oberpfaffenhofen, Germany, and sampled contrails and cirrus at mid-latitudes

n-the-Nerthern-Hemisphere-over Europe. The overall objective has-beenwas to reduce uncertainties
on the microphysical, chemical, and radiative properties of contrails behind aircraft of different types

and to improve the evaluation of contrail’s impact on climate. Bestdesthe-primary-ebjectivesfocusing
on-contrails;A few CONCERT flights were also dedicated to study emissions of Etna and Stromboli
volcanos (Voigt et al., 2014; Shcherbakov et al., 2016). Alse-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 aircraft contrail chasing. Overall, more than
17 different aircraft exhausts plumes have been probed. Partictarhy-—the-CONCERT-2 campaign
mainly focused on ebservingthe observation of persistent contrails, and hence on the evolution of
contrails inteto contrail cirrus.

During both CONCERT campaigns, the DLR research aircraft Falcon was equipped with a
set of instruments to measure the optical and microphysical properties of cloud particles 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 PMS Forward Scattering Spectrometer Probe 300 (FSSP-300), the
Polar Nephelometer (PN), and the PMS 2D-C hydrometeor imaging probe. The combination of these
independent techniques characterizes cloud particles within a range of diameters varying from 0.5
pm to 2 mm.

The PN (Gayet et al., 1997) measures the angular scattering coefficients (non-normalized
scattering phase function) of an ensemble of water droplets or ice crystals or a mixture of those
particles ranging from a few micrometers to approximately 1 mm in diameter. These particles
intersect a collimated laser beam, at a wavelength of 804 nm, near the focal 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 ranging from £15° to +162°. Fhe-measurementsatow-to-distinguish-Particle phase
(water droplets and/or ice crystals) and-te-derivecan be assessed as well as single scattering properties
such as the extinction coefficient and the asymmetry coefficient with uncertainties of 25% and 4%,
respectively (Gayet et al., 2002; Jourdan et al., 2010).

Particle size distributions and corresponding microphysical and optical integrated properties
(IWC, Deff, N, and extinction) were derived from both FSSP-300 and 2DC measurements. The FSSP-
300 (Baumgardner et al., 1992)—Fhis-tastrament) 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 pattern 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
have been presented in Gayet et al. (2012)-(Appendix-A). We briefly recall that the asymmetry
parameter derived from the PN was used to discriminate nearly spherical particles (g > 0.85) from
non-spherical ones (g < 0.85) at 804 nm. For spherical ice particles, Mie calculations were used to
derive the size bin limits and the corresponding extinction efficiency. Results were adjusted to the
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calibrated probe response. Additionally,-ir-erder to minimize Mie ambiguities related to the FSSP-
300 size response, 31 channels were rebinned to 13 channels with a diameter ranging from 0.5 pm to
18 um (upper channels 30 and 31 were excluded from the data analysis). For non-spherical particles,
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 than the projected area of the measured non- spherical
particle image (Mishchencko et al., 1997; Schumann et al., 2011). The particles were assumed to be
rotationally symmetric ice ellipsoids with an aspect ratio of 0.5. Accordingly, and contrary to the
method used for spherical particles, 15 size bins ranging from 0.5 pm to 18 um were defined based
on T-Matrix calculations following Borrmann et al., (2000).

The bi-dimensional optical array spectrometer probe (2DC) provides information on the
crystal size and shape within a nominal size range from 25 pum to 800 um by recording cloud particles
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). Reconstruction of truncated particles has been
considered for the PSD calculations and the sampling surfaces have been derived according to
Heymsfield and Parrish (1978). ln—erder—To improve the statistical significance of low particle

concentratlons a 5 -S running mean was applled Ihe—be“epatametem#e#e—e&teeﬂated—assem%g—the

the sensmwty of the probe to small partlcles decreases W|th alrspeed (Lawson etal., 2006) partlcles
smaller than 100 um may not be detectable at the Falcon airspeed of typically 180 m s. This may
result in larger uncertainties of up to 100% in the derived microphysical parameters such as the IWC
(Gayet et al., 2002 and 2004).

Depending-on-theFor spherical erand non-spherical shape-of-icecrystals—ice-watercontent
t—WG—partches the extmctlon eeetﬁetent—%et—arw—eﬁeetwe—damete#Deﬁ—weFe—e&leutated

M)—epﬁeai—aﬂd—miemphyﬁeal—pmpemescoefflments are calculated from the followmg
eguationsequation:

T .
Ext = ZZ BL. N,D? (1)

) l
where Blext IS the extinction efficiency (values depend on spherical or aspherical particle
characterization), Di the mean diameter in channel i, and N; the number concentration.

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

s
IWCspherical = gpice z Nt'Di3 )

wheFeq{%%'
D;—the—mean—dmnete#m—eh&nnel%—me—ne%beeeeneetmanen—anGW|th Pice the bulk ice denS|ty
(0.917 g cm™3).

For non-spherical ice crystals (PN < 0.85 and for particle diameters larger than 70 um), an
equivalent diameter method is used (Gayet et al., 2004). For an ice crystal with an area A, the particle
equivalent diameter Dequ (in mm for eq. (3) and (4)), the equivalent mass Xequ (in mg), and the Ice
Water Content (IWC in mg m®) are defined as-:
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-A <0.049 mm? Dequ = 00. 82-4048 3)
-A > 0.049 mm? Dequ = 0.56-4932 (4)

I8 5
Xequ = gpwaterDequ3 ®)
(6)

IWCnon—spherical = Wz Nixequ
i i

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

These equations do not account for possible shattering of large ice crystals on the probe inlets.
This effect is minimized in young contrails but can lead to an overestimation of small ice crystal
concentration in contrail cirrus clouds.

Trace gas measurements were also performed. NO/NOy concentrations can be significant in

young tropospheric aircraft plumes;—the-main-chemical-compeonent-to-be-measuredis-NO,—mainly
composed-of NO-and-NO-During CONCERT campaigns-trace-gas-meastrements-of. NO and NOy

mixing ratio were performed using the chemiluminescence technique (Schlager et al., 1997) with a
time resolution of 1 s. Instruments used for CONCERT campaigns are described in several studies
(Jurkat et al., 2010 ; Jurkat et al., 2011 ; Voigt et al., 2014 ; Jurkat et al., 2016). The accuracy (and
precision) of the NO and NOy measurements are estimated with 7% (and 10%) and 10% (and 15%),
respectively (Ziereis et al., 2000).

The-detection-efwatervaper-and-Relative humidity with respect to ice (RHI) is #mpertantalso
key parameter to eharacterizeunderstand contrail iee-erystals-formation and microphysical properties.

Water vaper-has-beenvapour was measured with the chemical ionization mass spectrometer AIMS-
H20 during CONCERT-2 (Kaufmann et al., 2014; 2016). {n-addition-Hygrometers using the Lyman-
e-o technique (FISH, Zoger et al., 1999; Meyer et al., 2015), and frost point hygrometers (CR-2,
Heller et al., 2017) were #mplementeddeployed on the Falcon during CONCERT-1 and 2.

3 Results

3.1 Overview of the cloud properties sampled during the reference cases

~
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Figure 1: Time series at 1 s resolution for flights a) 19b (CONCERT 1) and b) 16b (CONCERT 2). From top to bottom: extinction
coefficient (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™*) measured by chemiluminescence technique, temperature (in °C), relative
humidity with respect 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).

The purpose of this section is to give an overview of the contrail optical properties and more
interestingly to evaluate the ability of the Polar Nephelometer measurements to identify contrails.
Two flights, performed on 16 September 2011 during CONCERT-2 (flight 16b) and on 19 November
2008 during CONCERT-1 (flight 19Db), respectively, were selected for their variety of contrails and
cirrus sampled during these two flights. The two flights are considered as a benchmark to illustrate
the potential of the PCA methodology described in Sect. 3.2.
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Figure 1 displays the time series of the extinction coefficient (ExtPN) at-804-am;and the
asymmetry parameter (gPN) at a wavelength of 804 nm, relative humidity with respect to ice (RHI),
and-the nitric oxide (NO) concentration, the temperature T and the altitude for flights 19b and 16b.
RHI measured with the AIMS mass spectrometer is shown for flight 16b. Fer RHI measurements
enduring flight 19b wereferto-as well as instrument shortcomings are discussed in details in Klibbeler
et al. (2011);), Gayet et al. (2012);), Jessberger et al. (2013) ;and Schumann et al. (2013). For both
flights, Air Traffic Control (ATC) providedprovides information on the flight tracks and on the chased
aircraft Ghﬁ-F&GtEH—SI—I-GS—(aII’CI’aft type engine type fuel flow welght englne power settlng—)
he). Form
this mformatlon the Falcon measurements were attrlbuted to the exhaust plume of |nd|V|duaI aircraft
with an estimated plume age. Time series are eelorcolour coded according to the-ATC information

ﬁ . ling of dief s,

The PN extinction coefficient coupled with the asymmetry parameter seems to be a reasonable
proxy to detect contrails 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 beyond
0.1 km? correspond in—general—to cloud events that are well correlated to
supersaturationenvironmental conditions supersaturated with respect to ice eonditions-(RHI > 100%).
Figure 1 prevesshows that relatively high values of extinction can be found in flights 19b and 16b
whichthat are linked to the presence of contrails or cirrus clouds. Moreover, the temporal distributions
of these values are esherentin accordance with ATC information for both flights. For instance, most
of the contrails induced by commercial aircraft exhaust plumes translate-inteare associated with
significant extinction coefficient values. The ExtPN values are between 0.2 km™ and 10 km* for
contrails induced by A346, A340, and A380 commercial aircraft. Cirrus clouds are detected with
more variable extinction values mostly larger than 0.5 km-1. Most of the aircraft induced contrails are
detected by the PN with-the-exeception-ofexcept for the ones stemming from the E170 airplane. At
15:50 during flight 16b, ATC identified the E170 position close to the Falcon flight trajectory,
however the ExtPN and the NO mixing ratio remained very low. Hence, the E170 contrail was not
probed by the Falcon. In the following we assume that only periods with ExtPN values above 0.1 km-

Lare considered as a reasonably-reliable signature ferof contrails-sampled-duringthe flight campaigns.

The absolute values of the asymmetry parameter gPN provide additional information efon the
cloud particle shape. Indeed, 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-of-centratls, crystals grow by water vapervapour deposition and become increasingly
aspherical with time. Fhis-is-whyHowever, in very young contrails, spherical ice crystals prevat-in
very—young—eentralls—with an asymmetry coefficient around 0.85 with—RHI—abeve—100%-
Subseguenthyprevail. gPN is decreasing when water vapervapour diffusion is generating more and
more aspherical crystal shapes at ice supersaturation. This can be observed for A321 chasing during
flight 16b withwhere gPN is decreasing to a value of 0.75 whilst RHI remains around 100%-whereas
for-%. This is not the case during B777 chasing; where no gPN decrease is observed atwhen RHI <
80%—Adse-100%. However, it is important to note that the RHI measurements during the CRJ-2
chasing events do not show supersaturated conditions, whereas contrail seems persistent. Indeed, RHI
measurements should be discussed carefully for this campaign due to calibration issues.

Natural cirrus clouds are mainly composed of non-spherical ice crystals,—pessibly—with
hexagenal-shapes. These clouds can be easily discriminated from young contrails as they exhibit a
much lower asymmetry parameter typically below 0.75 (see amongst others Jourdan et al., 2003b,
Febvre et al., 2009). However, no accurate ambient RHI data can be retrieved for measurements in
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natural cirrus due to instrumental calibration problems. A good example of the evolution of gPN is
the CRJ-2 contrail observed between 11:40 and 11:45 during flight 19b. The sequence illustrates the
potential of the g°PN measurement to characterize the evolution of contrail properties-with-decreasing
erystal-sphericity-documented-by-the-decreasing. The evolution of the ice crystal shape is reflected in
the decrease of 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 meore-stable-variation-weaker decrease of gPN values (around
0.78 £ 0.02) is then observed until 12:10 aftercorresponding to 30 min of contrail ageing-assoctated
with-erystal-growth. During this period, ice crystals are expected to grow by water vapervapour
diffusion. A similar decrease #of gPN values has been netedreported by Gayet et al. (2012) in the
ageing contrail from an A380 aircraft, and is also visible in the present study for the B767 and the
A321 contrails.

NO concentration measurements can also be used to discriminate natural cirrus clouds from
ice clouds influenced by aircraft traffic. At the typical altitude of 10 km, NO environmental
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 contrails and NO concentrations. The dilution effect intein the upper
troposphere causes an important decay of chemical concentrations. For instance, the first few seconds
of the A380 chasing during flight 19b are characterized by a high NO concentration (up to 40 nmol
mol?) followed by a fast decrease to 10 nmol mol in the next 15 min, and less than 5 nmol mol*
beyond 15 min. NO concentrations finally decrease to background levels within hours (e.g. VVoigt et
al., 2017). This decrease of the NO concentration is in accordance with the decrease of the extinction
coefficient (from 10 to 0.2 km™) and asymmetry parameter (from 0.88 to 0.77). Thus-NO wasis
mainly used as_an additional contrail indicator. However, during some aircraft chasing events, NO
concentrations were near background levels, while mass spectrometric measurements (not shown
here) indicate elevated concentrations of HONO, HNO3, and SO> representative for contrail chemical
species.

Fhe-above-case-studies—of-Flights 19b and 16b clearly show that the optical properties of
contrail-type-tce clouds (supported by the ATC information) in conjunction with specific trace gas
concentration measurements can be used to discriminate contrails from natural ice cloud events. A
first order analysis of these parameters can be used to roughly distinguish young contrails (mostly
quasi-spherical ice crystals) from aged contrails (mostly aspherical ice crystals) and natural cirrus
(background NO concentrations). This analysis is mainly qualitative and based solely on a few
integratedtypical parameters (Fig. 1). A more robust statistical method should be used to accurately
separate the different contrail phases and—alsefrom natural cirrus. In the following section,
relationships between contrail and ice cloud properties-and-their 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 the statistical analysis of the optical
signature of ice-clouds—and-in—particular  contrails_and cirrus. The goal is to classify the contrail
properties according to the aircraft origin and evolution stage. The main objective of the Principal
Component Analysis (PCA) is data reduction #r-orderto 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 anahyzedexamined to evaluate contrail evolution. This statistical analysis
was already successfully applied to discriminate mixed phase clouds (Jourdan et al., 2003 ; Jourdan
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et al., 2010)) from liquid clouds; and ice clouds, (Jeurdan—et—al—2003)}—-as—wel—-asand to
charaeterizeidentify porous aerosol in degassing plumes (Shcherbakov et al., 2016)}-using—tHght-

scattering properties measured by the Polar Nephelometer.).

3.2.1 Reference definition

The PCA is first applied to the PN angular scattering coefficients measurements performed
during flights 16b and 19b which are here considered as our reference datasetsdataset. Initially, a
correlation matrix is calculated to characterize the link between each scattering angle. The PCA is
designed to generate a new limited set of uncorrelated parameters, called principal components C;;
representative of the original data set variability.

A first implementation of the PCA is performed to detect 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 characterized by ExtPN<0.1 were also removed. Finally, flight sequences
dedicated to aircraft chasing and ice cloud sampling were considered to perform a second PCA.

TFhen—The analysis is performed on the remaining angular scattering coefficients (4669
Angular Scattering Coefficients (ASC) representing PN measurements of flights 16b and 19b) rew
restricted to 25 angles 6 ranging from 15° to 155°. The new set of variables or coordinates, Cj;, can
be expressed with the scalar product of the vector of reduced angular scattering coefficients—a; (6)
for the j™ measurements, expressed in log scale, and the I" eigenvector &,(8) (i.e. principal
component) of the total data set correlation matrix (Jourdan et al., 2010).

where (W} represents the average ASC of the dataset.
The first three eigenvectors &;(6)-of the correlation matrix are displayed in Fig. 2 along with

their normalized eigenvalues 4;, representing more than 99% of the variability of the PN angular
scattering coefficients (ASC).

s
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Figure 2: First three eigenvectors for the flights 16b
and 19b.

The first eigenvector &, (0) is approximately constant versus scattering angle and represents
95.7% of the total variance. It means that this principal component is representative of changes of the
magnitude of phase functions without any changes in their global shape. This behawierbehaviour
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means that 95.7% of the ASC variations are linked to changes of 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 &,{6)-(6)reverses sign twice at scattering angles equal to 50° and
140° with an extremum around 90°. Accordingly, 3.6% of the angular scattering variability
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 meodelingmodelling studies demonstrate
that the scattering behaviorbehaviour in the angular region 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 eigenvector and the asymmetry coefficient (gPN) at 804 nm is found.

The third eigenvector represents only 0.3% of the total variance. However, this eigenvector
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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 ), and by RHI values for d).

provides additional information 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 eigenvector describes the
forward/backward hemisphere partitioning of the scattering. Baran et al. (2012), Xie et al. (2006),
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and Xie et al. (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
(6>120°) and scattering angles around 22° and 46° (corresponding to halo features) can also be linked
to the particle habits and surface roughness (Xie et al., 2009, Jourdan et al., 2010).

Based-on-these-three-first-principal-components-Each phase function (or ASC) measured by

the PN can be expressed with a good accuracy as a linear combination of thesethe three principal
components (Jourdan et al., 2010). The PN data are projected into a new space defined by the three
principal components (3D-space) instead of the 25-dimensional space of ASC. The scatterplots of the
Cjz and Cj1 expansion coefficients versus the Cj> coefficient are represented on Fig. 3a and b
respectively. Fig. 3a illustrates the features of the ASC measurements in one of the most
comprehensive way. Each point corresponds to a measured phase function documented over 25
angles. The variability of Cj» coefficients is significant with values ranging from -1 to 1.5. The angular
variation of the second principal component indicates that large values of Cj> (Cj2 > 0.75) correspond
to ASC with low side scattering (60°-130°) and higher forward scattering (15°-40°) and somehow
higher backscattering (145-155°). This behavierbehaviour is connected to an increase of the
asymmetry parameter with an increase of Cj> values. Thus, the fraction of spherical particles increases
with increasing Cjo. In the region defined by negative 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. Therefore, specific cloud sequences sharing similar scattering 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 positive values of Cjs imply that less energy
is scattering in the forward hemisphere and thus more energy is scattered in the backward hemisphere.
The variability of the expansion coefficients is less pronounced as ASC are distributed between -0.4
and 0.6. Most of the measured ASC do not significantly differ from the average ASC in the angular
ranges (30°-90°) and (90°-155°). However, some specific clusters linked to scattering
behavierbehaviour can be identified for values of Cjs3 greater than 0.1 and lower than -0.1. These
threshold values 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 Cj; are
representative of optically dense cloud sequences.

a¥easepelﬂsterrquure 3c shows an mcrease of C.z for mcreasmq NO mlxmq ratlo %eﬁ%%%ﬁel%e

: Th|s clearly |nd|cates that the contralls are evolvmg in space

and/or tlme along the Falcon fllght track%b%haan&%respeetw&ee%ls#h&eveluﬂ%e&n

-. Cloud regions
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influenced by air traffic can be discriminated from clouds formed by natural processes based on the
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low side scattering due to the presence of spherical ice crystals correspond to high NO concentration.
This behawvierbehaviour can be a signature of young contrail properties. Elder or aged contrails
composed of a higher fraction of non-spherical crystals or growing more aspherically are expected to
exhibit an enhanced side scattering and a lower asymmetry parameter associated to lower NO
concentrations. RHI measurements also give relevant information on the capacity of the cloud to be
persistent. Thus, Fig. 3d shows higher RHI values with decreasing gPN values.

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 (fights 19b and 16b) to
partition the observations into Kk 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 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 becomes the new means). These two steps are repeated until convergence is reached
when the assignments no longer change.

16 clusters were found to encompass all points of the two flights and to partition each aircraft
chasings identified from ATC information (Fig. 3a and 3b). For clarity and better understanding of
the variability of contrail properties, we choose to limit the number of clusters to 6. 9 clusters are
merged into 2 clusters to define the group “natural-cirrus” and B767 / A343 / CRJ-2 contrails (referred
hereafter to Cluster 3 and 5 respectively). 4 clusters are also gathered in one new cluster
corresponding to A321 / A380 contrails (referred to Cluster 2 hereafter). In addition, only data within
the 10% of the maximum Mahalanobis distance (De Maesschalck et al., 2000) to the respective
cluster’s centre has been considered for this 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:
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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
the 10% of the maximum Mahalanobis distance to the respective cluster’s centers have been considered

for this analyse.
Figure 4 shows the partitioning of the dataset into the 6 new clusters (clusters 0 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.

While clusters 3 and 5 are characterized by very low NO concentrations (close to zero, Fig.
3c) above background, clusters 0, 1, 2, and 4 correspond to higher concentrations representative of a
significant aircraft exhaust influence. ATC information shows that cirrus clouds are gathered in
cluster 5. Most of the contrails induced by the B767, A343, A346 and CRJ2 aircraft are associated to
cluster 3 or 5. These cloud events share similar optical properties characterized by a low asymmetry
parameter, high side scattering behaviour, and supersaturated ambient conditions with respect to ice

for some cases. Contrails relative to the A380 aircraft are dispatched in cluster 0 and 2 while the ones
corresponding to the B777 are spread out between clusters 1 and 4.

The contrail and cirrus classification based on ASC measurements appears to be consistent
with the independent trace gas measurements. Each cluster represented on Fig. 34 can be linked to a
distinct cloud event. Therefore, the combination of flights 16b and 19b can provide a relevant test-
bed database to discriminate contrail properties. Young contrails (spherical ice crystals) are associated
to clusters 0, 1 or 2, whereas aged contrails (aspherical ice crystals and higherhigh RHI values) with
more pristine ice are categorized in clusters 3 and 4, and finally natural cirrus (low NO concentrations)
are found in cluster 5. A less precise analysis (using onboard camera) reveals that cluster 0
corresponds essentlally to the prlmary wake created below the secondary wake behind an alrcraft

and names used in this work.
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Cluster number definition name
0 Primary Wake PW
1 Young Contrail 1 YC1
2 Young Contrail 2 YC2
3 Aged Contrail 1 AC1
4 Aged Contrail 2 AC2
5 Cirrus Cloud CcC

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

One should keep in mind that some points are still arbitrarily attributed to a particular cluster
without strong physical justification.

3.2.2-Apphicationte3 Merging other CONCERT flights
In this section we—investigate—the—pessibiity—to complement the previous analysis with

additional cloud optical measurements performed during other CONCERT flights to increase the
robustness of the method.
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Figure 5: Example of data projection in the Cj/Cjs space where data
from flight 17a (blue data points) are superposed on the data from the
benchmark flights 19b and 16b (black data points).

projected en-thisin the space of the principal components established with flights 16b and 19b dataset.
The coordinates of these-the data points corresponding to the other flights are calculated from Eq. (4).
An example of this data projection is illustrated in Fig. 45 where flight 17a is represented in the Cj2/Cjz
space. Every-PCAEach data point can be attributed to one cluster previously defined by the PCA
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mplemented-withk-mean clustering method based on flights 16b and 19b datadataset (black points).
In other words, everythe ASC measured durlng another flight can be merged (prOJected) into the
expansion coefficient diagram
19b.displayed on Fig. 3. Data points sharlng 3|m|Iar optlcal propertles WI|| sHJrLbe cIose to each other-
Aceording-to-the-cluster-definition,Fig—4 on such plot. Figure 5 shows that different contrail phases
have-been-experiencedare observed during flight 17a. Data points are mostly grouped into cluster
ACCACIL, but are also present in clusters ACAC2, YC2, and PW. Finally, cloud data
enceounteredgathered during this flight are mainly categorized as young and aged contrails.

We follow this methodology to project and classify each additional “contrail” fHghtevent performed
durlng both CONCERT campalgns%mmmmm%pmﬂ%mehﬁm

he- with minimum

Mahalanobls dlstance (DeMaesseh&leKeP&l—Z@@Q)—G&wteP&&f%d%ﬂﬂed—bythekHﬂe&ﬂ&é%eeMem}
standard-deviations-(or-widths)-and-cross-correlations-(or-tilts)-see Eq. (5)).

Cluster
PW vea | ve2 | Ac2 cc Number of Age (5]
1st wake young contrails aged contrails Cirrus points
17aC-1 TOTAL [ ] 1435
A340-311 | I 359 61- 144
17b C-1 TOTAL I 2715
B737-500 || | 310 77-151
A340-642 || 100 82-139
NC 189 -
19a C-1 tota. |l ] 2152
A319-111 | 628 94- 129
A340-311 (I 175 63 - 90
19b C-1 TotaL ] 1647
£ B767-300 | 319 77-107
Q
£ cri-2 [ 151 80-95
> A380-341 | 677 109 - 240
&8 [20c1 TOTAL | 1434
B737-300 | 64 90- 290
16b C-2 TOTAL 1 1511
A340-600 128 100- 132
B777 || 378 120- 160
A321 135 70-95
17C-2 TOTAL 2904
NC1 498 -
NC2 233 -
24C-2 TOTAL 1380
B777 371 112-178

Table 2: Classification relative to the six clusters on the Cj2/Cj3 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 6 individual clusters.

The Mahalanoebis-distance-is—given-by-assignment of the equation:
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Fhe-classiicationrelativepoints to the six clusters shown on the Cjz-vs-Cjo-and-the-Cj1-and-Cje
expansion diagrams is summarized in Table 1-A-tetal-of2. 8 flights (6 additional flights) representing
4426 ASC measurements waswere processed. The lengths of the bars in Table 12 represent the
relative-contributionsdistribution of the data points tewithin the different clusters: a) black bar-merge
cloud—data—peints—bars correspond to the fraction of cloud events within a specific flight (with
extinction coefficient higher than 0.1 km™) fer-entire-flights-and b) blue bars present-represent cases
of individual aireraft-contrails within speem&ﬂﬁhts—An—bmpeﬁam—#aenen—(at—leastthe flight. Data
points with extinction coefficient lower than 0.1 km™ are not shown in the table. More than 30%)%
of the data points is-detectedare located in clusters AGEAC1 and/or CC fereach-flight duringthe-two
campaigns—Fhis—indicatesmeaning that these-data—peints—are-sampled—inthey correspond to aged
contrail and sometimes natural cirrus. Fer—fhghts—mereFlights clearly performed in well visible
contrails outside natural cirrus (earlier development stage and/or intensified persistent elder
contrailsy;) exhibit significant fractionsfraction of data points-are associated to clusters PW, YC1, and
YC2 (young contrails) for both CONCERT-1 and CONCERT-2 campaigns. However, within these
flights are-alse-characterized-by-a-significant-contribution-of-data points teare also gathered in cluster
ACCACI (aged contrails clean) and to a minerlesser extent in cluster ACAC2 (aged contrails, mostly
corresponding to measurements performed during two different B777 contrail chasing events).

These results are in reasonable agreement with previous conclusions (this subsection)
abeutdrawn for the cluster definitions and associated contrail / ice cloud characteristics. Very young
contrails have been mostly chased during CONCERT-1 (flights 19a;—19b and 20}—and—during
CONCERT-2{fhights-16b,—17-and-24).19b). Another interesting result is related to flight 17 during
CONCERT-2 (flight 17 C-2)—Ne-contral) where no aircraft information has-been-communicated
fromwas provided by ATC;-hewever-. Still ATC data indicate measurements in exhaust plumes and
the Falcon has—been—flyingflew apparently 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 cluster CC,—and-to—a—minorextent-to—cluster- ACC—and-cluster¥C2. and AC1. This
observation suggests that significantly aged contrails have been sampled;—+esembling—strikinghy
natural-cirrus—clouds—Indeed. However, crystal formation and growth processes in contrails and
natural C|rrus suggest that very old contralls more and more resemble natural C|rrus propertles —FFGFH

ATC information on eentralexhaust plume ages has—beenwas also collected during each
chasing. Some chasings have-beenwere 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 notice that the
contrail ages are well correlated to the chosen cluster definitions, revealing that contrail data relative
to the A340 are included in cluster ¥S1PW and YC2 (young contrails) for more than 5390% of the
data points, and nearly 6563% for the CRJ-2 and 8884% for the A321. According to our cluster
classification, only 425% of the data points gathered during these three flights correspond to aged
contrail (cluster ACCAC1 and ACAC2) categories in contrast to other —CONCERT-1 and
CONCERT-2 flights (with more than 30% of data points associated to ACEAC1 and ACAC?2). Even
though it is still difficult to associate contrail ages to measurement points, the “contrail age” ranges

are-tn-agreementagree with the cluster definitions.

4 Evolution of contrail properties

4.1 Optical and chemical cluster properties
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As-demenstrated-In the previous part;section we showed that cloud events can be separated
according to their light-scattering properties. Six clusters were defined based on two flights
withhaving a significant number of data points ferdistributed in each cluster. In this section we present
the _mean optical, chemical, and microphysical properties for each ef-the—six—¢clusters—Fhese
meancluster. The average properties have-beenare calculated everfor all data points associated to the
6 individual clusters (all flights, both CONCERT campaigns). Figure-5a-5¢Figures 6a, 6¢, and 5¢
Hustrate6d show the normalized frequency distributions of the asymmetry parameter (gPN), the
extinction coefficient (ExtPN), and NO concentrations for the six clusters, respectively. Figure 5b6b
represents the mean normalized scattering phase functions;-alse-for-the-6 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 fer-the-six-chusters-shown in Fig. 5a6a provide the
most relevantinformation-on—<cloud-charactersties—and-therelted-contexdsiriking evidence of the
relationship between contrail evolution/age- stage and optical properties. In agreement with findings
tof Gayet et al. (2012), aged contrails (cluster AGEAC1 and ACAC?2) and natural cirrus (cluster
CC) correspond to gPN values betweenranging from 0.72 ardto 0.80;. Younger contrails (cluster YC1
and Y C2) te-have values of gPN betweenof 0.80 andto 0.86;and-. Values of the asymmetry parameter
in the primary wake measurements-(cluster PW) te-gPNare typically above 0.86. Fhis-result-can-be
explatned-withThese features are a consequence of the time evolution of ice crystal shapes after
exhaust-from quasi-spherical ice particle after exhaust to;- non-spherical (e.g. column, needle, bullet,
and bullet-rosette type crystals-) as the contrail evolves. In the primary wake, the pressure increases
assoeiated-in the descending vortex. This leads to adiabatic heating and subsequent sublimation
precesses-of the ice crystals (Lewellen and Lewellen, 2001; Unterstrasser et al., 2016) and-explains-a
returp-tothat can explain the spherical shapes andof ice crystals and thus, the high values of the
asymmetry coefficients.
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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.

The normalized phase functions are presented in Fig. 5b6b. Primary wake phase functions
(cluster PW) are clearly different from_the young contrail phase functions (cluster YC1 and YC2),
which are themselves different from aged contrails (cluster ACCAC1 and ACAC?2) and natural cirrus
(cluster CC) phase functions. The main difference between-the-averaged-phasefunctions-is observed
forin the side scattering region (50°-140%)-whieh®). This region is related to changes of ice particles
shapes and to the prepertionfraction of spherical ice crystals within the contrails. This
behavierbehaviour is expected and alse-in-agreementagrees with the position of elusterclusters PW,
YC2 and YCL1 on the expansion coefficient diagram (Fig. 2)._Indeed, the decrease of the Cj.
coefficient is associated to a side scattering enhancement. Therefore, very young contrails are
composed ef-a-majoritymainly of spherical ice crystals are-characterized-by-for which the phase
functions withindicate a substantial scattering at forward angles asseciated—withand much lower
scattering at sideward angles. As the contrails evolve, these features smooth out leading to phase
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functions with a featureless behaviorand-a-mere-flat appearancebehaviour at side scattering angles.
Finally, the averaged normalized phase functions of old contrails and natural cirrus are
resembhingsimilar to each other. This also explains that they are difficult to discriminate withwithin
the PCA.

The extinction coefficient statistics are presented in Fig. 5¢6c¢. All the aged contrails (cluster
ACCACI and ACAC?2) exhibit extinction coefficients lower than 2 km™. Fhe-same-statement-applies
ferAlso 80% of the sampled natural cirrus (cluster CC).) show such low extinction coefficients. For
younger contrails (cluster YC1 and YC2)), the extinction coefficients can reach 5 km™. Largest
extinction coefficients are achievedfound in primary wake measurements serted-tnte-(cluster PW)

with extinetion-coefficientsreaching-values up to 8 km™. Still, the main fraction (more than 50% of
data points) of young contrail data yields extinction coefficients betweenfrom 0 andto 1 km™,

Concentrations of chemical species can also aHew-characterizingbe used to characterize
contrail/cirrus eloud—dataproperties. The concentration depends strongly on the type of the
pursuedtracked aircraft. Figure 5d6d shows the mean eoncentrationsconcentration of nitrogen oxide
NO datapeints-attributed-te-for the six individual clusters. Young contrail NO concentrations (cluster
PW, YC1 and YC2) can reach values up to 10 nmol mol? and—up(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 aged contrails and in natural cirrus (cluster AGC-ACACL, AC2 and CC) NO
concentrations higher than 2 nmol mol™ do not exceed 10-pmel-mel*—{which-is-truefor-more-than
97.5%-99.6%-and-99.71% of datapointsforclusters ACC-AC-and- CCrespectively).cases. Indeed,
after exhaust, concentrations of nitrogen oxide NO and suHursulphur dioxide SO2 created by
combustion reactions decrease rapidly due to the dispersion in the upper troposphere and reactions
with other molecules.

Finally, saturation conditions with respect to ice are presented in Fig. 5e6e for all clusters-and
for CONCERT-2flights-enhy.. The predominant measured ambient relative humidity rof all clusters
is around 95%. Cluster ACEAC1 and CC (yellow and blue and-red-lines}-shew respectively) exhibit
median RHI values close to 110% and 120% respectively. These higher RHH-values-{more-than-120%)

than-other-clusters—Fhus,-this-can-explain-values are suitable for the persistence of the contrail and
the formation of na%u%&l—cwrus and—pe.tﬂsten{—eemmls—fer—these—amblenmlouds Supersaturated

condltlons. a

phas&e#th&een#a&-lcluster (PW). Low humldltv values may WeII occur in primary Wakes Wlth non-

persisting contrails.

Fhe-abeveThese results highlight that the principal component analysis, based on the ASC
measurements described in Sect. 3, alewscan be used to discriminate different—types—of
eontraHs.contrail phases. Specific optical and chemical properties can thus be eharacterizedderived

for each contrall phase and can be related to thelr evolutlon—An—m!ee#eang—aspeet—Ls—that—the—FlGA

4.2 Microphysical cluster properties

Microphysical properties are assessed using the combination of FSSP-300 and 2DC
measurements—Fhey—have—been—analyzed—for—each—cluster—for or hydrometeor diameters
betweenranging from 0.5 um andto 800 um-, but with a gap in the size range 17 um to 70 um. Figure
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67 shows mean—velemethe averaged number particle size dlstnbutlons (PSD) for each cluster and for
all si
Fanges—fllqhts of the study (8 flights from CONCERT 1 and 2) A I|near mterpolatlon in Iogarlthmlc
space has-beenis applied for each PSD in-the-sizerange-from-17pm-te70-pmto cover the gap from
17 um to 70 um. Because of this gap, the derived microphysical properties should be considered with
caution, but may be used to check the cluster definitions.

PSD measurements in natural cirrus and aged contrails differ significantly depending on the
location of the study, ambient air conditions, measurement methods (instrument limitation (Gayet et
al., 2002), and air speed (Febvre et al., 2009)). Previous studies show that a 3-hours old contrail cirrus
with an effective diameter close to 20 um (Voigt et al., 2017) and number concentration larger than
0.1cm™ (Schumann et al., 2017) can be composed of ice crystals with sizes up to 100 um (blue dashed
line, contrail cirrus figure 7). This differs from the PSD of the natural cirrus presented by Voigt et al.

(2017) (dashed black I|ne) WhICh &n%eu%ate#ydeeume#ﬂed—by—theeﬁefmetwnems#hesepes%

AGGhas an order of maqnltude Iower partlcle number concentratlon In natural cirrus at mld-

latitudes, ice crystals with size up to 1600 um were observed during the ML-CIRRUS campaign (dark
dashed line Figure 7, Voigt et al., 2017).
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Figure 7: Number particle size distribution for each cluster including all data points of all
flights. FSSP-300 measurements from 0.5 to 17 um and 2DC measurements from 70 um to
800 um. The data are linearly interpolated in logarithm space between 17 um and 70 pm.

Figure 67 shows that the mean number PSDs ferof each cluster are consistent with the cluster
definition_and these previous studies. Indeed, two categories of PSD can be observed. Within the
FSSP-300 size range, PSD relative to old contrails (cluster ACCAC1 and ACAC?2) and cirrus (cluster
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CC) exhibit mere-than-number concentration of small ice particles one order of magnitude lower

numberconcentrations-of smallHee-erystal-compared-to-than young contrails (elusterclusters YC1 and
YC2) and primary wake (cluster PW). Within—the—two—groups—ne—sighificant—differences—can

Differences in this size range should be neticedcarefully considered due to uncertainties of the FSSP-
300 number concentration measurements—of-, which is close to 30% for typical concentrations
aroundof 5cm™ and-but can reach 75% for concentrations areundof approximately 0.5 cm™ (Gayet et
al., 2002). However, we can still discriminate primary wake measurements (cluster PW) from
secondary wake measurements (clusters YC1 and YC2) in the 3 to 10 um size range. In addition, it
is interesting to note that aged contrail measurements classified into AC1 cluster present significantly
lower ice particle concentrations than natural cirrus. The differences observed between these-tweo
groups-can-beenthe PSD of PW/YC1/YC2 and AC1/AC2/CC can be explained by the production of
small ice crystals (from 1 to 10 um) in fresh exhaust plumes followed by rapid dilution during
subsequent minutes after the exhaust.

Within the 2DC range, the PSDs are also in agreement with the cluster definitions. A higher
concentration of large ice crystals with diameters around 100 um and beyendlarger are expected for
natural cirrus (cluster CC) and_for significantly well-developed contrails. This is particularly well
illustrated enby the mean PSD from cluster YC1 that displays significantly less particles in the 2B-

€2DC measurements size range where—a-higher-concentration-of-large-ice-erystal-is-observedfor

elasterAGGthan the one correspondlnq to ACl and GGeempamd—te%lw—yeunge#emﬂaHs—Heweve#

Extinction (km™) Mean std Median | percentile 25| percentile 75
rw (IS 3320 3,308 1,104 6,485
vci [l o720 0,410 0,680 0,351 1,026
g vc2 (D70 2,655 1,017 0,271 2,836
2 I 0220 0,484 0,037 0,008 0,158
acz | 0,110 0,161 0,054 0,004 0,126
cc [@ o370 1,240 0,046 0,001 0,132
IWC (mg m"") Mean std Median | percentile 25| percentile 75
rw [ 8,173 10,586 5,573 1,665 11,363
0,191 0,107 0,168 0,111 0,281
g B 43600 8,918 1,235 0,218 6,604
2 B 7,072 35,765 0,124 0,000 1,151
0,295 1,079 0,094 0,003 0,286
IS 144,334 0,126 0,005 0,448
NTOTAL (cm"") Mean std Median | percentile 25| percentile 75
T, 065 114,497 152,398 95,564 223,374
INGS6| 205,625 405,127 230,907 603,187
g SR, 130 199,736 125,344 52,584 236,100
2 8,206 6,550 1,696 0,966 3,363
28,883 43,758 9,176 2,954 42,626
5,092 24,453 3,444 1,467 6,511

Table 3: Optical and microphysical properties for each cluster according

interpolated

particle size distributions from FSSP-300 and 2DC measurements.

Table 23 presents ice water content (IWC, in mg m™) and total number of ice crystals

(NTOTAL, in—particles cm?) derived from the measured PSD for each cluster. The extinction
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coefficient (in km™) obtained from the PN measurements is also displayed. Despite the large

uncertalntles assomated to both mstruments and the mterpolatlon methed—éfeHee—erstals—wmh

vﬂ%%lmgm%d%w&e%g@%hm@upemamme&eendm%between 17 ym and 70 ym

diameters, these results again show that each cluster can be connected to a specific contrail phase,
and their properties can be compared to previous studies.

In terms of cluster mean values, the microphysical and optical properties of cluster PW agree with

the cloud properties expected in the primary wakes. The extinction coefficient has a mean value of
4.23 km™, IWC is close to 28 mg m3, 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 200 cm™ for contrails less than 60 s after their
formation. Their work also reports extinction coefficient around 7 km™ presenting the highest values
of the contrail life time.

Young (clusters YC1 and YC2) and aged contrails (clusters AC1 and AC2) exhibit distinctive
differences in their extinction coefficients and their concentrations of ice particles. Higher extinction
coefficients and ice number concentration, more than 0.7 km™ and 170 cm™, respectively,
characterize young contrails compared to aged contrails, with less than 0.4 km™ and around 10
particles cm™, respectively. The ice number concentrations are in agreement with previous results
with values between 200 and 100 cm for contrail ages between 60 s and 3 min, and around 5 cm™
for contrail ages around 10 min (Goodman et al., 1998 ; Lawson et al., 1998 ; Schréder et al., 2000 ;
Schauble et al., 2009 ; Gayet et al., 2012 ; Voigt et al., 2017). The IWC values differ significantly
between clusters YC1 and YC2 which may be due to a lower number of large particles with diameter
higher than 20 pum in YC1 than in YC2. Cluster CC corresponds to natural cirrus clouds which
experienced strongly variable spreading and ice growth. Indeed, the IWC is significantly higher (28
mg m3) within this cluster than in other clusters. However, the ice number concentration and the
extinction coefficient are higher than in previous studies, with values around 0.1 cm™ and 0.023 km-
! respectively. Besides to _interpolation between the FSSP-300 and the 2DC measurements, the
assumed shape (spherical or aspherical), and shattering of large ice particles in cirrus and aged
contrails can also have a significant effect on the measurement of optical and microphysical properties
(Gayet et al., 2012).

Conclusions
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In this study, a new form of statistical analysis of contrail to cirrus evolution is presented
based on two intensive contrail measurement campaigns, CONCERT-1 and CONCERT-2. The data
are used to study optical and microphysical properties of contrails during their evolution from young
contrails to contrail-cirrus clouds, and of ambient natural cirrus clouds. The combination of optical,
microphysical, ard—chemical airborne measurement—data—measurements with aircraft chasing
information from ATC was used to presentprovide an extended view of cloud properties;and-to-merge

I TR okt inf Sy Lo 1o

A Principal Component Analysis (PCA) methodology has-beenwas applied to the measured

Polar Nephelometer scattering phase function data r-oerderto facilitate a—distinetion-betweenthe
discrimination of cloud properties rof different contrail phases. The PCA results were derived first
for two reference flights that sampled contrails and cirrus in various development stages, including
the primary wake, the young secondary wake, old contrails (few minutes after formation) and natural
cirrus. For these flights, the PCA clearly demonstrates theits potential to separatediscriminate
different groups of clouds, justifying the use of these two flights as a benchmark. Thereafter, the
scattering phase functions measured during other CONCERT flights were then-projected into the
space of principal components obtained from the two reference flights. Mahalanebis-distances-were
used-to-measure-the-separation-between-the—additionalIindividual data points and-the-data—+r-were
assigned to the predefined elusters.cluster with minimum Mahalanobis distances. From the entire data

set, the cloud properties in the various contrail development stages can be separated—and

anahyzedanalysed separately.

The analysis demonstrates that the clearest separation between clusters is related-toderived
from particle shape, which is-significanthyecentroliingimpacts the scattering phase function and the
derived asymmetry parameter gPN. The asymmetry parameter clearly separates young contrails (gPN
of 0.72 to 0.80) from contrail/cirrus with gPN ranging from 0.80 to 0.88. Since i-is-stith-difficult-to
evaluate-the exact contrail age ef-each-measurementwas 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 natural cirrus from old contrails.

Despite the impertantlarge size gap between the size ranges of the two instruments used-to
measure-particle-size-distributions, particle size spectra and related mean values of the ice particle
number concentration, extinction and ice water content have been determined for each cluster. The
various clusters clearly show different size distributions. In good agreement with previous findings
on optical and chemical properties, we find that young contrails have more than a factor of ten higher
number concentrations of small ice crystals (with diameters lower than 20 um) than aged contrails
and natural cirrus. On the other hand, aged contrails and natural cirrus contain larger ice crystals, with
diameters larger than 75 um. The optical and microphysical properties of the aged contrail cirrus are
often similar to those found in the ambient “natural” cirrus clouds. The results show that the PCA
method allows to identify and discriminate 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 characterised 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. Different ranges of extinction or asymmetric
coefficients could be also used for PCA analyses in this perspective. However, additional parameters
should be carefully selected to limit the bias introduced by the limitations of the probes and the
optimal selection may vary from one measurement campaign to another.




BS6
37
838
839

840

41
42

843

Ba4
845
846
47
848

849

850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881

Accurate medetingmodelling of cirrus or contrails’ single scattering properties is a-praary
cenditionrequired for the interpretation of remote sensing measurements. Therefore, measurements
of the optical characteristics of ice crystals in natural conditions are still needed for validation of
numerical techniques and for the determination 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 and-geemetrical-properties efand the ice crystals’ shapes and sizes observed in the visible

wavelength range-thatthen-haveto-be-exdrapelaledinto-the-nearbrared,
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