H Ref. Ares(2021)6132278 - 08/10/2021

Advancing the Science for Aviation and Climate

ACACIA

Deliverable 1.1
Title: Report on the observational climatology of cloud-active
aviation aerosol, including ice nucleating abilities of contrail
processed INPs

Lead partner: ETH Zirich

Project no. 875036

Instrument Research and Innovation Action (RIA)

Thematic Priority: H2020-MG-2018-2019-2020

Start date of project: 1 January 2020

Duration: 42 months

Date of report: 30/06/2020

Document authors: Zamin Kaniji, Andreas Petzold, Baptiste Testa, Christoph
Mahnke

Classification: PU (Public)

File name: ACACIA-Deliverable D1.1.docx

Disclaimer:

The information in this document is provided as is and no guarantee or warranty is given that
the information is fit for any particular purpose. The user thereof uses the information at its sole
risk and liability. The opinions expressed in the document are of the authors only and in no
way reflect the European Commission’s opinions.

Deliverable report 10f25



* *
* 5k

TABLE OF CONTENTS
1 INTRODUCTION 2
2 OBSERVATIONAL CLIMATOLOGY OF AVIATION AEROSOL 4
2.1 METHODS USED TO IDENTIFY AVIATION AEROSOL WITHIN THE IAGOS-CARIBIC DATA AND AEROSOL
PARAMETERS DETERMINED FROM EACH AVIATION AEROSOL PLUME ......ccccietieviitenieieseiessessessessessessesseseesessensens 4
2.1.1  Aircraft plume detection AIOFItAN .................ccccovivieiiiiiiiiiiiiees et 5
2.1.2  Individual pIUMe GRALYSIS..............c.coccviiiiiiiiiiiiiieeeeee e 6
2.1.3  Aerosol, trace gas and other atmospheric parameters determined for each aviation plume........... 7
2.2 DESCRIPTION OF THE AVIATION AEROSOL CLIMATOLOGY IN TERMS OF THE CLASSIFICATION OF THE
DETECTED AVIATION PLUMES ... .utitiiiiiiiiiiiiii ittt ettt st e s et s et s ta e eaa e ta s eas s aaseassaaseassansaaseanerasens 8
2.2.1  Geographical diStFIDULION ..................coccioiiiiiiiiiiiee ettt 8
2.2.2  Tropospheric/stratoSpheric CRAFACIEFISTICS ..........ccccoerieeieiiiiieieiit ettt 9
2.2.3  Clear sky or in-Cloud CONMILIONS .................cccociriiriiiiiiiiiiciiieest ettt 10
2.2.4  SeaSONAL dISIFIDULION............cc.oocueeieeeiiiiiee ettt et ettt eae e e ve e aneeaae e 10
2.3 FIRST ANALYSIS BASED ON THE AVIATION AEROSOL CLIMATOLOGY ...c.eeutrueruiniinienientenienieneeseseeeneenennenne 10
2.3.1  The aerosol particle nUMber MiXiNgG FALIO...............ccccerueeieoiiiiieiiiit it 10
2.3.2  The ROR-VOILALILE ACFOSOL.................c..cccveieeeeeeiiiieeeeece ettt 11
3 ICE NUCLEATING PROPERTIES OF AVIATION SOOT 14
3.1 ICENUCLEATION PATHWAY OF AIRCRAFT SOOT AND RELEVANT PARAMETERS ....c..ccocoueieieiereeneniennenne 14
3.1.1  Aircraft soot particles freeze via pore condensation and freezing................cccccoeceevvevceaveenceeeennn. 14
3.1.2  ReleVANE PAFAMEGICES ..ottt ettt bbbt 15
3.2 CHARACTERIZATION OF AIRCRAFT SOOT PROPERTIES FROM (IN-SITU AND GROUND-BASED) AIRCRAFT AND
LAB STUDIES ....iutititiiiiiteie ettt st s st a b s e a e b b sa e sb e b st a e ss et eneene e 16
3.2.1  Size and morphological CRAFACIEFIZALION. ...............c.cooevieiiiiiiiiiiiictitee e 16
3.2.2  Mixing State CRATACIETIZALION. ..............ccceriiiiiiiisiieeeeeeeeee ettt 16
3.3 EXPERIMENTAL PLAN ...ciiiiiiiiitiietieetenteteneetestesestesestesesteseete st eseseeteseeseseesesaesesaesesaesesaesesaeseeteseeseeesennenennes 18
4 CONCLUSIONS 20
5 LITERATURE 21

1 Introduction

Global civil aviation contributes to anthropogenic climate change via a complex set of processes which
are driven by the aircraft gas turbine emissions of carbon dioxide (CO,), nitrogen oxides (NOy), water
vapour, carbonaceous and sulphate aerosols, and a complex mixture of gaseous hydrocarbon (HC)
compounds. An overview of the current state of knowledge about the contributions of civil aviation to
climate change is given by Lee et al., (2021). In the context of this deliverable, the particulate matter
emissions, and their ability to form ice clouds are of particular interest since they have a strong
influence on the climate impact of aviation on cirrus clouds (Burkhardt et al., 2018; Kércher, 2018).

Aircraft gas turbine engines emit ultrafine particles with diameters below 100 nm, produced by the
combustion of hydrocarbon fuels. The emitted aerosol consists of primary carbonaceous particles
(composed of black carbon (BC) and organic carbon (OC), also referred to as soot; see Petzold et al.
(2013) for details of the used terminology) which are forming in the incomplete combustion process,
and of condensation particles nucleating and condensing in the cooling exhaust gas from gaseous
precursors, namely sulphuric acid and hydrocarbon vapours (see e.g. Petzold et al. 2005a for an
overview). According to their thermal stability, the emitted aerosol particles are classified into two
groups: non-volatile (which remain stable at temperatures above 250°C) and volatile (which evaporate
below 250°C). The non-volatile mode refers to the carbonaceous particles from fuel combustion,
whereas the volatile mode includes droplets composed of sulphur and organic compounds.
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The fraction of primary carbonaceous particles is characterised by one particle mode centred at a
particle diameter of 25 nm, and a second much weaker mode centred at 150 nm in diameter (Petzold
et al., 1999). The number of emitted particles per amount of fuel burned depends strongly on the
aircraft engine technology and has been reduced by about one order of magnitude from 1960’s
technology (2 x 10% particles per kg fuel) to today’s engine technology (less than 4 x 10 particles per
kg fuel); see Petzold et al. (2003).

The volatile mode is characterised by a modal diameter around 10 nm, depending on the age of the
exhaust plume. Its formation strength is determined by the fuel sulphur content. One fundamental
difference between sulphuric acid based volatile particles and aircraft soot particles is the ability of
volatile particles to grow by condensation of gaseous compounds in the early phase of the exhaust
plume. In contrast, aviation soot particles remain at the same size; see Figure 1, right panel. Detailed
studies by research aircraft at cruising altitude showed that the growth of volatile particles continues
up to a plume age of 10 s (Schréder et al., 2000).

Figure 1 illustrates the composition of the aircraft exhaust aerosol (left) and shows measurements at
cruise altitude immediately downstream the emitting aircraft.
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Figure 1: Left: Schematic of aircraft engine exhaust aerosol; adapted from Petzold et al. (2005a). Right: Aircraft
exhaust aerosol sampled at cruise altitude close to the emitting engine (distance < 100m); adapted from
Schrdder et al. (2000).

The interaction of volatile and non-volatile particles by coagulation during the early phase of the
aircraft exhaust plume may establish a sulphuric-acid coating on the otherwise hydrophobic aviation
soot particles. Detailed studies on aircraft soot proved the strong increase in the ability of soot particle
to serve as cloud condensation nuclei as a function of sulphuric acid coating (Petzold et al., 2005b).
Whereas the cloud condensation nuclei potential of aviation soot is relevant for the formation of ice
crystals in contrails but not in cirrus clouds, a corresponding process with respect to ice nuclei
activation is unclear. Nevertheless, aggregated aviation soot particles were found in contrail ice
crystals at an enriched level compared to natural cirrus (Petzold et al., 1998). One question we seek to
address in this work package is what is the fate of these aggregated aviation soot particles that are
released into the cirrus environment after contrails have dissipated via sublimation? We seek to
investigate their physicochemical properties after contrail activation and their role in cirrus cloud
formation.

Aircrafts operate mainly in the upper troposphere/lower stratosphere, altitudes at which cirrus clouds
form (Lee et al., 2009). In the cirrus regime, ice crystals can form via homogeneous freezing of aqueous
solution droplets if the T < -38 °C and relative humidity over ice (RH;) is > 140 %. At lower relative
humidity, ice crystals can from via heterogenous freezing, through vapor directly depositing as ice onto
the surface of solid particles or via a pore condensation and freezing mechanism (see section 3) where
liquid water condenses in particle surface pores at RH; < 140%, freezes in the pore if the temperature
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is sufficiently low and subsequently grows out of the pore to form an ice crystal. These solid particles
act as ice crystal nuclei and are referred as ice nucleating particles (INPs; Vali et al. 2015). Example of
INPs present in the upper troposphere are mineral dust (e.g., Murray et al., 2012 and reference
therein). The prerequisites for aerosol particles to nucleate ice are still not fully understood, but it is
thought that ice clusters form preferentially on specific surface sites where the energy barrier for ice
nucleation is lowered (Kanji et al., 2017); in other words, ice nucleation can occur at warmer
temperatures and lower RH; compared to homogenous freezing if aerosol particles contain these active
sites.

From the 1990’s and especially in the recent years, many efforts have been devoted to the
investigation of the ice nucleating abilities of soot particles (DeMott et al., 1990, 1999; Kaniji et al.,
2020; Mahrt et al., 2018, 2020a, b; Mo6hler et al. 20053, b; Nichman et al., 2019; Popovicheva et al.
2004, 2008; Suzanne et al., 2003). The results are sparse and depend highly on the type of soot and
size of the particles investigated. However, soot particles are now thought to be inefficient at
nucleating ice above the homogeneous freezing temperature of -38 °C (Kanji et al., 2020) but thought
to nucleate ice through pore condensation and freezing where water condensed in soot cavities and
confinements (pores) freezes homogeneously at conditions below -38 °C but also RH; << 140%. The
above experiments have been conducted with a variety of soot samples covering a wide range of
physicochemical properties. However, experiments with turbine engine soot have not thus far been
conducted. Given the wide range of soot properties used, we believe and hypothesize that aviation
soot particles are ineffective INPs in the mixed-phase cloud regime (i.e. for T > -38 °C), but might act
as INPs in the cirrus regime as has been suggested from some of the above mentioned studies that
have used proxies of aviation soot.

The relevant properties for soot particles to act as INPs in the cirrus regime are the morphology and
mixing state (see section 3.1.2). They both depend on the soot emission source and vary greatly from
wildfire to diesel or aircraft engine emission (Vander et al., 2010; Wentzel et al., 2003). Moreover,
changes on the morphology and mixing state can occur beyond emissions through several aging
processes such as surface oxidation, organic and/or inorganic coating or cloud processing (e.g., Mahrt
et al. 2020a, b; China et al., 2015; Friebel et al. 2019; Zhang et al. 2020). However, the impact of
atmospheric soot aging on their ice nucleating abilities is still unclear. Furthermore, the ice nucleating
ability of real aircraft soot has not been investigated so far and are thought to be different to
commercial and lab-generated soot particles, such as those investigated in past studies.

In recent publications, and also in the context of ACACIA, the magnitude of the climate effect of
aviation soot is investigated, and there are valuable arguments that this effect is small if aviation soot
particles are very inefficient ice nucleating particles (Karcher et al., 2021; Righi et al., 2021). In that
respect, both the state-of-the-art knowledge on the occurrence of aviation soot in at cruising altitude
(Chapter 2) and new knowledge on the ice nucleating ability of real aircraft engine exhaust particles
(Chapter 3) are of paramount importance for an improved understanding of the climate impact of
aviation.

2 Observational climatology of aviation aerosol

This section describes the aviation aerosol climatology extracted from IAGOS-CARIBIC data and first
analyses based on these data.

2.1 Methods used to identify aviation aerosol within the IAGOS-CARIBIC data and
aerosol parameters determined from each aviation aerosol plume

To be able to set up an observational climatology of aviation aerosol it is crucial to first identify the
aircraft exhaust plumes. This section describes the method used to identify aviation aerosol by
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identifying the time periods during which the IAGOS-CARIBIC flying laboratory was measuring within
aircraft exhaust plumes. Furthermore, we describe the methodology how each individual detected
aviation plume is analysed and which aerosol parameters, trace gas parameters, and other
atmospheric parameters were determined for them.

2.1.1 Aircraft plume detection algorithm

The basic principle used for the detection of aircraft exhaust plumes is to search for a simultaneous
enhancement of multiple aviation fuel combustion products like the total aerosol particle number
(concentration or mixing ratio) and the mixing ratio of the total reactive nitrogen (NO,), which are used
here. A visualisation of this principle is shown in Figure 2.
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Figure 2: Plume detection principle

Additionally, the used measurement data must have a high temporal resolution. This is necessary to
be able to resolve the short encounters with the aircraft plumes, which are typically only a few seconds
long. Because we are searching for a simultaneous enhancement of two species, the measurements
must also be synchronized as precise as possible.

The IAGOS-CARIBIC flying laboratory contains the IAGOS-CORE aerosol instrument (Bundke et al.,
2015a), which measures multiple aerosol particle parameters (see also Table 1) with 1 Hz temporal
resolution and also the NOy measurements by the DLR on IAGOS-CARIBIC (Stratmann et al., 2016a) are
provided with 1 Hz temporal resolution.

To be able to detect as many aircraft plumes as possible within a big data set, like the one provided by
the IAGOS-CARIBIC flying laboratory, a Python based automated plume detection algorithm was
developed. This algorithm searches for peaks within the time series of the aerosol particle number
mixing ratio (for particle diameters > 15 nm) and the NO, mixing ratio. For each of the two species the
peak detection was set up individually to avoid artefacts due to peaks which are e.g. to broad to be a
potential aircraft plume. In a next step the algorithm matches simultaneous occurring peaks between
the two species. Figure 3a shows an example how well this matching works for synchronized datasets.
But, as the synchronization was not perfect in all cases, the matching algorithm allowed a time-shift
between the peaks. This means, for two peaks to be matched, the aerosol and NO, peak limits must
overlap. To avoid mismatches, for bigger time-shifts (see Figure 3b) the peaks are not matched as
aircraft plumes. Multiple peak matches (shown in the red box in Figure 3c) were removed from the
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climatology. These peaks might possibly be multiple overlaying aircraft plumes, but it is not possible
to distinguish between them to perform profound further analysis. For this reason, the observational
climatology only includes the data for unique aircraft plumes.
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Figure 3: Example cases for the automated peak detection and matching: (a) well synchronized data with
matched unique aircraft plumes (green boxes); (b) non matched peaks due to a bigger time-shift; (c) unique

detected aircraft plumes (green boxes) and multiple matched peaks (red box).

1000 I

2.1.2 Individual plume analysis

As a next step, for some parameters, like the total aerosol particle mixing ratio and the NO, mixing
ratio (see the detailed parameter list in section 2.1.3), not only the mean value for the respective
parameter, but also the individual plume background was calculated within a window around each
peak (see red lines in Figure 4). Then, each plume’s individual mean excess for the respective
parameter was calculated by subtracting the plume’s individual mean background from the plume’s
total mean value. The plumes excess is thereby describing the additional contribution from the
aircraft’s exhaust to the background within an aircraft plume. Artefacts due to time-shifts between the
parameters were avoided by using the peaks width/time information based on the previous peak
detection from the individual parameters. This is shown in Figure 4 for an example aircraft plume with
the total aerosol particle mixing ratio and the NO, mixing ratio.
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Figure 4: Example visualisation of the automated individual plume analysis: For the total particle number
mixing ratio (black line) and the NO, mixing ratio (blue line). The black and blue vertical dotted lines represent
the individual peak width respectively. The individually determined background within a window around the
peak of each parameter is marked with the red lines. The green dots indicate that these peaks belong to a
matched unique aircraft plume.

2.1.3 Aerosol, trace gas and other atmospheric parameters determined for each aviation
plume

With the automated aircraft plume detection and analysis (see sections 2.1.1 and 2.1.2), each plume’s
individual excess and background mean values, peak maximum value, peak width as well as the
timestamps for each peak start, peak maximum, and peak end were calculated for all aerosol particle
parameters listed in Table 1, and also for the NO, mixing ratio. For Os;, NO, and CO (CO is not available
for all flights / aircraft plumes) the total mean values were calculated for the individual plumes.

parameter units property

total aerosol particles (mg air)!, cm? total number of emitted
(number concentration and particle mixing ratio) particles with diameter > 15
nm, including non-volatile
combustion particles and
volatile secondary particles
non-volatile aerosol particles (mg air)!, cm number of emitted

(number concentration and particle mixing ratio) combustion particles
containing a carbonaceous
core, with particle diameter >
15 nm, after being heated up
to 250 °C in a thermal
denuder

accumulation mode particles (mg air)!, cm number of large particles
(number concentration and particle mixing ratio) with particle diameter > 250
nm

non-volatile aerosol fraction fraction of combustion
particles (particle diameter >
15 nm, after being heated up
to 250 °C in a thermal
denuder)

accumulation mode / total aerosol fraction fraction of large particles
with particle diameter > 250
nm

3

3
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Table 1: Available aerosol parameters measured by the IAGOS-CORE aerosol instrument integrated in the
IAGOS-CARIBIC flying laboratory (Bundke et al., 2015a).

For the additional atmospheric and geographic parameters (listed in Table 2) the mean value for each
individual aircraft plume was calculated.

parameter units
barometric altitude m
longitude degree
latitude degree
static temperature K
potential temperature K
static pressure hPa
pressure level relative to the thermal tropopause hPa
total water (volume mixing ratio) * ppmv
gas phase water (volume mixing ratio) * ppmv
relative humidity over ice * %

Table 2: List of additional available atmospheric and geographic parameters. *: This parameter is not available
for all aircraft plumes.

2.2 Description of the aviation aerosol climatology in terms of the classification of
the detected aviation plumes

The aviation aerosol climatology contains the data for 1135 unique aviation exhaust plumes. These
plumes were encountered during 36 of the 42 flights conducted by the IAGOS-CARIBIC flying laboratory
between 29 July 2018 and 4 March 2020. This section describes this climatology in terms of the global
and seasonal distribution of its containing aviation plume data, as well as the classification between
their tropospheric or stratospheric characteristics, and if they were measured under clear-sky or in-
cloud conditions.

2.2.1 Geographical distribution

Because the IAGOS-CARIBIC flying laboratory is integrated aboard an in-service Lufthansa airliner, the
here discussed measurements were conducted within the main flight corridors between the aircraft’s
base airport in Munich (Germany) and destinations in North America, East Asia, and South Africa.

Figure 5 shows the global map with the analysed IAGOS-CARIBIC flights (flight tracks marked as blue
lines) and the detected unique aircraft plumes (marked as red dots).
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Figure 5: Global map with all analysed IAGOS-CARIBIC flights. Flight tracks represented by blue lines and all
detected unique aviation plumes marked with red dots.

2.2.2 Tropospheric/stratospheric characteristics

The aircraft plumes were vertically classified by their individual tropospheric/stratospheric
characteristics. For this purpose, the mean pressure level relative to the thermal tropopause (Apirop)
was calculated for each encountered aircraft plume. The strong increase of the ozone mixing ratio
(mean values for each individual aircraft plume) at the thermal tropopause, shown in the right panel
of Figure 6, confirms the agreement of the thermal tropopause hight (based on the operational
ECMWEF analysis data) with the observed chemical tropopause. A histogram analysis for all plume mean
values of Aptop, With Aptop as the vertical coordinate is shown in the left panel of Figure 6. Of all 1035
detected aircraft plumes, 720 (63%) were stratospheric (Aptrop < 0) and 415 (37%) tropospheric (Aptrop >
0). With in total 1015 (89%), most of the aircraft plumes were observed within a relative pressure
distance of + 100 hPa around the thermal tropopause (-100 hPa < Aptrop < 100 hPa).
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Figure 6: Left panel: Histogram analysis of the pressure level relative to the thermal tropopause for all detected
aircraft plumes. Right panel: Vertical profile of the mean ozone mixing ratio for each aircraft plume with the
pressure level relative to the thermal tropopause as vertical coordinate.
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2.2.3 Clear sky or in-cloud conditions

Furthermore, the detected aircraft plumes were classified by their occurrence under clear sky or in-
cloud conditions. For this purpose, the difference between total and gas phase water measurements
was used. This information is available for 488 of the 1135 detected aircraft plumes. Of these 488
plumes 58 (12%) were observed under in-cloud and 430 (88%) under clear sky conditions. An additional
seasonal classification of this information is shown in Table 3.

2.2.4 Seasonal distribution

Aviation aerosol related atmospheric processes like the formation of contrail cirrus and its radiative
forcing (Karcher, 2018), photochemical heterogeneous reactions, and atmospheric transport have a
seasonal dependency. Table 3Table 3 shows the statistical basis for the analysis of this seasonal
processes for all detected aircraft plumes as well as further classified by their
tropospheric/stratospheric and clear sky/in-cloud characteristics.

Season

total a/c plumes tropospheric stratospheric clear sky * in-cloud *
Dec-Feb 200 62 138 116 21
Mar-May 48 20 28 40 8
Jun-Aug 513 251 262 145 20
Sep-Nov 374 82 292 129 9

Table 3: Seasonal distribution of the observed aircraft plumes. *: This information is only available for 488 of
the 1135 detected aircraft plumes.

2.3 First analysis based on the aviation aerosol climatology

The previously described aviation aerosol climatology, with its 1135 unique aircraft plumes, provides
a solid basis for statistical analysis of the atmospheric aviation aerosol. In this section we present first
statistical analysis of the aviation aerosol’s properties in terms of number, size, and volatility.

2.3.1 The aerosol particle number mixing ratio

First, we look at the impact of the aviation aerosol on the total and the accumulation mode aerosol
number mixing ratio in relation to their atmospheric background values. For this a histogram analysis
over all 1135 aircraft plumes was done for the excess aerosol particle number mixing ratio and the
background. For the background all data points from the analysed flights were used, after the detected
aircraft plumes were removed from the data set. To account for the averaging over the individual
plumes, the 1 Hz resolved background data set was averaged with a 10-seconds running mean. Figure
7 shows this analysis for the total aerosol (diameters > 15 nm; left panel) and for the accumulation
mode particles (diameters > 250 nm; right panel).
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Figure 7: Histogram analysis of the aerosol particle number mixing ratio of the plumes excess and the
background for particles with diameters > 15 nm (left panel) and diameters > 250 nm (right panel).

As a next step the same histogram analysis was applied to the accumulation mode fraction
(accumulation mode particle number mixing ratio normalized by the total aerosol particle number
mixing ratio; see Figure 8). Here we see a peak at higher values for the plume excess compared to the
overall background. This implies that more larger particles, with diameters > 250 nm like soot, were
observed within the aircraft plume compared to the background aerosol.
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Figure 8: Histogram analysis of the fraction of the accumulation mode particle mixing ratio (diameter > 250

nm) normalized by the total aerosol particle mixing ratio (diameter > 15 nm) of the plume excess aerosol

(red) and the background aerosol (blue).

10°

2.3.2 The non-volatile aerosol

To get an information about the mixing state of the observed aviation aerosol, the same histogram
analysis principle described in section 2.3.1 was used for the non-volatile aerosol particle number
mixing ratio (see right panel of Figure 9) and also for the non-volatile aerosol fraction (see Figure 10).
The histogram of the non-volatile aerosol fraction peaks between 0.2 and 0.4 for aircraft plumes
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compared to 0.8 for the background. This means that even “aged” plume aerosol shows separate
modes of soot (non-volatile) and sulphuric acid (volatile) particles.
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Figure 9: Histogram analysis of the aerosol particle number mixing ratio of the plumes excess and the
background for particles with diameters > 15 nm; left panel: total aerosol; right panel: non-volatile aerosol.
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Figure 10: Histogram analysis of the non-volatile fraction of the plume excess aerosol (red) and the background
aerosol (blue).

The non-volatile fraction of the aircraft plume excess aerosol as a function of its particle number mixing
ratio (for particle diameter > 15 nm) shows no dependence (see Figure 11). This indicates that for the
observed plume ages (by means of the range of the excess particle number mixing ratio) no further
aging in terms of internal mixing of the aviation aerosol can be observed.
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Figure 11: Scatter plot of the excess aerosols non-volatile fraction as a function of its particle number mixing
ratio (for particle diameter > 15 nm).

This observational climatology of aviation aerosol includes aircraft plumes with a mean NO, excess

mixing ratio ranging from about 100 pptv to about 10 ppbv and mean excess aerosol particle number
mixing ratios (for particle diameter > 15 nm) ranging from about 100 to over 10000 (mg air)™.
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Figure 12: Scatter plot of the excess NO, mixing ratio as a function of the excess particle number mixing ratio
(for particle diameter > 15 nm).
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3 Ice nucleating properties of aviation soot

The section aims at presenting 1) state of the art of the abilities of soot particles to form ice crystals
and the relevant parameters associated to their ice nucleating abilities (section 3.1), 2) a review of the
morphological and mixing state properties of aircraft soot from aircraft measurements and
recent/ongoing laboratory studies (section 3.2), and 3) the experimental plan of the ice nucleation
measurements of aircraft soot that will be conducted in Oct-Nov 2021 and Apr-May 2022 at the Ziirich
aircraft turbine facility (section 3.3). We note that this section of the project had a 10-month delay in
starting due to the pandemic. As such the first set of measurements with aircraft turbine soot are only
planned for fall 2021 as indicated above. However, we have started conducting experiments on proxies
of turbine soot to investigate the effect of some ageing processes on cirrus cloud ice nucleation for
temperature (T) below -40 °C. The ageing processes include condensation of volatiles like sulphuric
acid (H,S04) and ozone (0s) ageing of soot particles, both processes relevant for aircraft corridors in
the upper troposphere.

3.1 Ice nucleation pathway of aircraft soot and relevant parameters

3.1.1 Aircraft soot particles freeze via pore condensation and freezing

There exists substantial evidence of the emission of soot particles by aircraft turbine in the upper
troposphere and their implication in the formation of contrail clouds and contrail cirrus clouds
(Karcher, 2018). Nevertheless, only few modelling studies investigated the potential of aircraft soot to
promote ice crystal formation after contrail sublimation and to trigger or alter the formation of cirrus
cloud (see review study from Lee et al., 2021). The modelling results are sparse and depend highly on
the aircraft soot properties and abilities to form ice (Righi et al. 2021). In the recent years, many
laboratory studies have been devoted to the ice nucleation mechanism of soot particles (Bhandari et
al., 2019; China et al. 2015; Kanji et al., 2020; Mahrt et al. 2018, 2020a, b; Nichman et al., 2019; Ullrich
et al., 2017; Zhang et al., 2020). Through the latest literature from 2018 onwards, it is now clear that
soot particles can cause ice crystal formation at cirrus relevant conditions (Mahrt et al. 2018, 2020a,
b; Nichman et al., 2019) via the pore condensation freezing mechanism through homogeneous freezing
of pore water (PCF mechanism, Marcolli 2014, 2020, 2021) for temperatures below -38 °C and below
water saturation (i.e. RHy < 100%; RH; < 140%), i.e. under conditions where the homogeneous freezing
of aqueous solution droplets is irrelevant due to droplet activation. The cavities and slits, formed
between soot primary particles, can be seen as pores (see Figure 13, primary particle outlined in blue),
where liquid water can condense below water saturation due to the inverse Kelvin effect (Christenson,
2013; Marcolli, 2014). Pore water condenses when the RH, is high enough for the pore-size and
composition (contact angle). If the temperature of the water is sufficiently low such that the
homogenous ice nucleation rate is large enough, the water in the pore freezes. For soot particles,
Marcolli (2020) showed that for typical pore shapes and sizes, this T threshold is ~ -45 °C. Finally, pore
ice must grow out of the confinement by vapor deposition in order to be able to spontaneously grow
to ice crystal size (see Figure 13). The pores must be narrow enough and the contact angle between
the soot surface and the condensed liquid water (3, measuring the surface wettability) must be <
90° to allow condensation below water saturation. On the other hand, the pore volume and the size
of the pore opening must be large enough to contain the critical ice germ growing from the liquid
phase and from the vapor phase, respectively. Hence, each of these steps can be limited by either the
pore size and/or shape, mainly driven by the soot primary particle size (e.g., its diameter d,p) and the
surface properties, namely the contact angle with the soot surface and liquid water or ice (9sw,). An
additional but implicit condition is that the arrangement of the primary particles in the soot aggregate
must allow cavities, i.e. pores, to form between the primary particles. The more the number of pores
in a soot aggregate, the higher the probability to find a pore with the right size and shape for PCF to
occur at a given Tand RH. The number of pores in a soot aggregate is driven by the number of primary
particles forming the aggregate (Nyp), by dyp and by the level of compaction of the aggregate, which
can be represented e.g., by the fractal dimension (Ds) of the soot aggregate. The number of pores in
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the aggregate is also related to the aggregate size or diameter often measured as the electrical mobility
diameter.

Soot particle RH, < 100%

Porous Pore fills Pore ice grows
., particle and out of pore
Primary particle freezes

Figure 13: Soot pore freezing leading to ice crystal formation through pore condensation and freezing (PCF)
mechanism. Figure adapted from David et al. (2019).

3.1.2 Relevant parameters

Recent studies have shown that commercial soot can freeze via PCF for aggregates > 200 nm; this
threshold can vary according to the soot type, i.e. according to their surface and morphological
properties (Mahrt et al., 2018: Zhang et al. 2020). Hence, the maximum size of the aircraft turbine soot
aggregate is an extremely relevant parameter. Soot aggregates are thought to compact when forming
hydrometeors, e.g. ice crystals in contrail clouds, hence increasing the number of pores available for
PCF to occur after contrail sublimation, and eventually leading to cirrus cloud formation (Bhandari et
al., 2019; Mahrt et al., 2020a). We refer to this process as “cloud processing”. The compaction might
be due to asymmetrical liquid water induced capillary forces on the soot structure during
evaporation/sublimation of the ice crystals containing the soot aggregates (China et al., 2015; Ma et
al., 2013). However, whether aircraft soot particles can induce freezing at cirrus conditions after cloud
processing is not clear (Marcolli, 2021; Mahrt et al. 2020) and will be therefore addressed by a series
of T and RH controlled experiments performed at the Zirich airport with real aircraft turbine soot
particles (section 3.3 presents the experiments plan).

The mixing state of soot has proven to influence its ability to form ice. Coating of soot particles with
H,S0,4 showed both increase and decrease of its ice nucleation onset RH; (DeMott et al., 1999; Mdhler
et al., 2005a; Mahrt et al. 2020b). On the one hand, directly condensed H,SO,4 might inhibit PCF due to
induced freezing temperature depression in the pores (Marcolli, 2014, 2021) but on the other hand,
H,S0,4 adsorbed at the soot surface increases the soot hydrophilicity (i.e., decreases its contact angle;
Mahrt et al., 2020b; Popovicheva et al., 2011) thus promoting condensation but also might cause
morphological restructuring (Zhang et al., 2008) that promotes pore formation. The affinity of soot
particles to H,SO4 might depend on the soot properties (e.g., do, and surface organic content), which
will influence how the acid interacts with the soot surface resulting in different ice nucleating abilities.
Surface organic content generally decreases the soot ice nucleating abilities (Mohler et al., 2005b;
Ullrich et al., 2017; Mahrt et al. 2020b). Surface oxidation is thought to facilitate the uptake of water
by the soot particles but has been shown to not necessary lead to enhanced soot freezing behaviour
(Nichman et al., 2019 and reference therein). Yet, the relative impact of chemical aging (e.g., coating,
surface oxidation) compared to morphological changes (e.g., during cloud processing) on the ice
nucleating abilities of aircraft turbine soot particles is not clear and will be also investigated.
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3.2 Characterization of aircraft soot properties from (in-situ and ground-based)
aircraft and lab studies

3.2.1 Size and morphological characterization

In general, the measurements of dy, of aircraft soot particles converge to values between 10 nm < dy,
< 40 nm for in-situ studies (e.g., Petzold et al. 1997, 1998; Posfai et al. 1999) and ground-based studies
(Bescond et al. 2014; Delhaye et al. 2017; Liati et al., 2014; Lobo et al. 2015; Moore et al., 2017), with
increasing sizes for increasing thrust (Delhaye et al. 2017; Liati et al., 2014; Lobo et al., 2015).

As mentioned above, large soot aggregates are more likely to freeze compared to smaller ones.
Ground-based studies have shown that diameter modes of aircraft soot agglomerate range from few
primary particles to ~ 80 nm, with few agglomerates up to ~ 120 nm (Liati et al., 2019; Lobo et al. 2015;
Popovicheva et al., 2004), consistent with in-situ studies that found most agglomerates below 200 nm
(Petzold et al. 1998, 1999, Posfai et al. 1999). However, few studies observed larger agglomerates, e.g.
about 400 nm in Twohy and Gandrud (1998), few agglomerates > 560 nm in Twohy and Poellot (2005)
(although the aircraft origin of the agglomerates is not certain) and up to 0.8 um interstitial contrail
soot particles with some metallic inclusions in Petzold et al. (1998). The fraction of this large
agglomerate is low and might have been biased by the lower detection limit of 100 nm in these studies.
Petzold et al. (1998) found soot agglomerates up to 1 um in contrail ice residuals and argue that such
large soot particles might have formed during ice crystal evaporation, where the smaller soot particles
deposited at the ice crystal surface would collapse with soot particles within the ice crystals. The large
agglomerates of ~ 1 um are substantially larger than the sizes measured at the ground (up to ~ 100-
200 nm). Such large agglomerate might have formed via coagulation of smaller soot cluster in aircraft
wing vortices, where the mixing volume are rather small and prior dilution in the jet plume (Miake-Lye
et al., 1993). However, measurements of the maximum size of aircraft soot particles and its relative
concentration in the jet exhaust plume are still sparse. Nonetheless as part of this work package
(section 2, Figure 7) we can see that the fraction of accumulation mode particles (> 250 nm) in aircraft
plume are non-negligible compared to the background particle concentration. This could hint at the
presence of larger soot particles being present in the aircraft or contrail plumes. But size distribution
measurements would be necessary to confirm this.

3.2.2 Mixing state characterization

The effect of jet fuel sulphur content (FSC) on aircraft exhaust particles and contrail properties has
been investigated by few studies in the 90’s (see review from Schumann et al., 2002). They show that
the number of ice crystals in contrail varies from no increase to about 10-fold increase from low to
high FSC (~ 3-3000 pg/g), suggesting an enhancement of soot activation as ice crystals, due to H,SO..
However, the diversity of the results as well as instrument limitations did not allow robust final
conclusions. Although the number of volatile particles was found to increase with increasing FSC (~10-
fold increase for a FSC of ~ 3 ug/g to ~ 3000 pg/g), soot properties are thought to be independent on
FSC (Schumann et al., 2002). Besides, for low FSC (e.g., ~ 3 ug/g), organic trace gases and oxygen-
containing volatile particles are thought to dominate over H,SO4 (Schumann et al., 2002). A significant
fraction of the volatile particles is deemed to be scavenged by contrail ice crystal, potentially affecting
the mixing state of soot particles that remain after contrail sublimation. Current regulations impose a
maximum sulphur content of 3000 ppm, although mean FSC is current jet fuel is about 600-800 ppm
(reduction of sulphur limits in aviation fuel standards (SULPHUR), Research project EASA.2008/C11).
However, information on the mixing state of contrail processed aircraft soot particles and its evolution
as the soot particles age, are lacking, but important regarding their nucleating abilities, as mentioned
above.
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3.2.2.1 Effect of H:SO4 coating on soot ice nucleating abilities

A recent study conducted at ETH Zirich (Gao et al. 2021, in preparation) investigates the effect of
H,S0,4 coating on the ice nucleating abilities of miniCast black soot (propane diffusion flame soot,
considered as a proxy for aircraft soot; Ess and Vasilatou 2019; Marhaba et al., 2019). Soot particles
were injected in a coating apparatus saturated with H,SO4and cooled down to lower temperatures,
allowing the condensation of H,SO4 onto the particles. The coated soot particles were then exposed to
ice-supersaturation conditions at cirrus cloud relevant temperature (T < -40 °C) in a continuous flow
diffusion chamber (HINC: Horizontal Ice Nucleation Chamber; see e.g. Lacher et al., 2017), allowing the
ice crystals to from. The fraction of soot particles forming ice crystals (activated fraction, AF) as a
function of RH, for uncoated and coated soot with different H,SO4 coating mass fractions is shown on
Figure 14 left panel for -45 °C. Bare soot starts to freeze at homogeneous freezing RH., (RH."*™) and
nucleation via PCF is not observed. As RH,, crosses the RH,,"°™ barrier, a steep increase in the AF signal
is observed which represents water uptake onto the soot particles followed by homogeneous freezing
(droplet freezing). When the soot particles are exposed to a small amount of H,SO4 (thin coating, Figure
14 left panel), H,SO4 vapor preferentially condenses into the pores (due to inverse Kelvin effect, pore
saturating vapor pressure is lower compared to over the soot surface). Partial or complete filling of the
pores induces a depression of their freezing temperature (lower water activity compared to pure
water; Koop et al., 2000) which would explain the observed delayed onset freezing and lower AF
compared to bare soot. If the soot particles are exposed to higher H,SO,4 partial vapor pressure
(medium and thick coatings), the soot surface starts to acquire a thin H,SO4 coating (10.96 and 28.12
wt% in Figure 14 left panel). As RH, increases, the soot particles take up more water due to their
enhanced hydrophilicity, induced by H,SO4 coating, and would behave as liquid H,SO4 droplets, which
would readily freeze as soon as RH, ™ is reached. Thick H,SO4 coatings have been shown to increase
the AF of organic-rich soot compared to bare uncoated particles (results not shown here). For organic-
rich aviation soot, the latter effect might explain the observed enhanced contrail ice crystal number
concentration while burning jet fuel with higher FSC (observations reviewed in Schumann et al., 2002).
In summary, thin H,SO,4 coatings inhibits miniCast black soot (organic-poor soot) ice nucleation by
inducing a depression of the pore freezing temperature, leading to delayed onset freezing and smaller
overall AF when only the pores are filled, and to acidic-like droplet freezing abilities, when the soot are
partially coated.

3.2.2.2 Effect of O3 ageing on soot ice nucleating abilities

Another atmospheric relevant soot ageing process is surface oxidation, which is thought to affect the
soot chemical surface functionalities and the soot surface nanostructure (i.e., generally resulting in
enhanced soot hydrophilicity, Grimonprez et al. 2018; Friebel et al. 2019), potentially leading to change
in the soot freezing abilities (Brooks et al., 2014; Lupi and Molinero, 2014). The most effective oxidants
in the atmosphere are OH radicals and Os (Finlayson-Pitts and Pitts, 1999). Therefore, a series of Os
ageing experiments of aircraft soot proxies (miniCast brown and black) is ongoing in our laboratory at
ETH. Figure 14 right panel shows preliminary ice nucleation results of 200 nm diameter miniCast brown
soot particles (organic-rich soot from propane diffusion flame; Moore et al., 2014) aged in O; (20ppm
at ambient pressure and temperature for ~2.5 min). These experiments were compared to unaged
soot particles of the same kind as well as particles that were Os aged and contrail processed (T =-45 °C
and RH,, = 104 %) before testing for ice nucleation. MiniCast brown soot is an organic-rich soot, making
it a good candidate for investigating aging with ozone, as oxidation is thought to be more effective on
soot particles with high surface organic content (Browne et al., 2104; Friebel et al., 2019). The blue
curve in Figure 13 right panel shows that unaged brown soot freezes homogeneously, meaning that
brown soot does not possess the optimal physicochemical properties (pores and contact angle) for
PCF. The later freezing and lower activated fraction of the fresh miniCast brown soot compared to
miniCast black soot (see black curve in Fig. 14 right panel) is attributed to surface organic species
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blocking the pores which renders the surface more hydrophobic or the pores inaccessible to
condensation of water (Mahrt et al., 2018). O3 aged brown soot and aged-cloud processed (red and
black curve in Fig. 14 right panel) show some enhancement in ice nucleation activity by activating ice
crystals at lower RH,, compared to the blue curve, however we do not consider this to be significant
given the overlap in error bars. That being said, the difference between the unaged and the aged-cloud
processed is statistically significant. Given that for all three scenarios shown in Figure 14 right panel,
the ice crystal activation only occurs at RH., > RH."™, this type of soot is not likely to influence cirrus
cloud properties, since the background aerosol in the upper troposphere freezes effectively at RHy"™.
The ageing time investigated here (~2.5 min) is very short even though conducted at high O3
concentrations. This method was used to mimic long ageing times with low Oz concentrations.
However, depending on the mechanism of O3 reacting with soot surfaces, such a simulation may be
too short to fully oxidise the soot particles and could explain why ageing soot with high Os;
concentration shows no effect on their ice nucleating abilities. Therefore, longer aging time (several
hours) will be investigated in the next experiments at lower Os; concentrations (200 ppb) as well as a
modified set-up that will allow us to age the soot particles in a T and RH-controlled environment, thus
more representative of real atmospheric aging conditions.
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Figure 14: Activated fraction (AF) as a function of RH,,. of (left panel) miniCast black soot, bare and coated with
different H,SO,4 coating mass fraction (left panel, percentage values stand for coated H,SO, mass fraction to
original particle mass, data: courtesy of Kunfeng Gao) and (right panel) miniCast brown soot, unaged; aged
with 20ppm O; for ~2.5 min, and aged with 20ppm O; for ~2.5 min & cloud processed (at -45°C and RH,, =
104%). O; ageing has been conducted at ambient pressure and temperature. Homogeneous freezing lines are
computed according to Koop et al. (2000) for a nucleation rate of 1 s (assuming 0.5 um droplet size) ice and
liquid water saturating vapor pressures have been computed according to Murphy and Koop (2005).

3.3 Experimental plan

The numerous and recent past studies investigating the ice nucleating abilities of soot have improved
our understanding of the freezing mechanism of soot particles, however, these studies used
commercial or laboratory soot particles and none conducted ice nucleation measurements of turbine
aircraft soot particles so far. Therefore, a series of experiments will be conducted at the aircraft turbine
engine facility SMARTEMIS (Swiss Mobile Aircraft Engines Emissions Measurement System) at the
Zirich airport, in order to quantify the ability of aviation soot to form ice at cirrus relevant T and RH,
after contrail processing.

A sampling probe will be attached 1.6 m behind the turbine exhaust and will be connected to a heated
sampling line, plugged to a 0.3 m3 stainless-steel reservoir built in-house where soot particles can
coagulate. Volatile species will be removed from the turbine exhaust gas with a high flow catalytic
stripper (Catalytic Instrument) downstream of the coagulation tank. The particles will then undergo a
first cloud in a first ice nucleation chamber, set at contrail conditions. i.e., T < -40 °C and RH,, > 104%
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to mimic the cold and highly water vapour supersaturated nature of contrails. After sublimation in a
temperature-controlled double-walled jacketed flow tube, the soot ice residuals will be resampled in
a second ice nucleation chamber, set at cirrus conditions (-40 °C < T < -55 °C) while ramping from RH;
=~100% to RH, slightly >100%. This set-up should mimic cloud processing of aircraft soot by contrail
cloud and the subsequent formation of cirrus clouds from cloud processed soot particles. Figure 15
shows the experimental set-up.

Cloud processing & chemical aging
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Figure 15: Experimental ice nucleation set-up mimicking the fate of aviation soot particles, from the emission,
contrail formation, to cirrus formation/perturbation. See text for more details on the set-up.

A first series of experiments will be performed on unprocessed soot particles (without contrail
processing, see experiments 1-5 in table 4), to understand how the ice nucleation properties change
(if at all) following cloud processing experiments (experiments 6-11 in table 4).

In addition to the ice nucleation measurements, characterization of the morphology and surface
properties of the soot particles will be performed. Shape, dy, and Ds will be inferred from transmission
electron microscopy (TEM) images (e.g., Wentzel et al., 2003), soot aggregate sizes with scanning
mobility particles sizer (SMPS), mass distribution and Dr with centrifugal particle mass analyser coupled
with a differential mobility analyser (DMA-CPMA, see e.g., Mahrt et al. 2018), mixing state with thermal
technics (e.g., ThermoGravimetric Analyser) and soot water affinity and pore size distributions with
water sorption and gas adsorption methods (e.g., DVS and BET).

RHy in T/RH in RHin
Experime | Soot Tin 1rst 1rst sublimatio Tin 2nd 2nd Flight Catalytic
nt size | chamber | chamb " section chamber chamb condition Stripper
er er
LUN; ) 400 - - - -40; -55 °C RH Cruise No
400nm nm ramp
2. UN; 200 ~ - - -40; -55 °C RH Cruise No
200nm nm ramp
3. UN; ) 100 - - - -40; -55 °C RH Cruise No
100nm nm ramp
4.UN;
Mixing A:r): -- - - -40; -55 °C r:r": Cruise Yes
state P
5.UN;
100% A:r): - - - -40; -55 °C r:r": 100% thrust No
thrust P
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6.CL; 400 -45 °C 104% 20 °C/<100 -40; -55 °C RH Cruise No
400nm nm o ramp
%
7.CL; 200 N o -20°C . . RH .
200nm am -45 °C 104% K/<100% 40; -55 °C ramp Cruise No
8.CL; R
Pre- 400 -45 °C 104% 20 CO -40; -55 °C RH Cruise No
activation nm K/<100% ramp
9.CL; 100 N o -20°C . . RH .
100nm am -45 °C 104% K/<100% 40; -55 °C ramp Cruise No
10.CL; °
Mixing 400 -45 °C 104% -20°C -40; -55 °C RH Cruise Yes
state nm K/<100% ramp
11.CL; .
100% 400 -45 °C 104% -20°C -40; -55 °C RH 100% thrust No
thrust nm K/<100% ramp

Table 4: Experiment plan. Experiments 1 to 5: Unprocessed (UN) aircraft soot. Experiments 6 to 11: Cloud
processed (CL) aircraft soot. Experiments 9 to 11 will depend on the results of experiments 3 to 5. A thermal
denuder removing the volatile fraction of soot particles and added downstream of the ice nucleation
chambers will allows to quantify the effect of mixing state. “RH ramp” means varying RH from RH; =
~100% to RH, slightly >100%, at a constant rate.

The experiments conducted at the airport will annex themselves to ongoing aircraft turbine engine
tests and will depend, therefore, on the engine test schedule. Experiments 1 to 5 will be conducted
from October to November 2021, while experiments 6 to 11 from April to May 2022.

4 Conclusions

The observational climatology of aviation aerosol, with its over 1100 unique aircraft plumes, is a solid
basis for statistical analysis. Furthermore, the climatology covers the global main aviation corridors
from Europe to North America, South Africa, and East Asia as well as all annual seasons. It is the first
collection of aviation aerosol data that makes statistical analysis of the physical state of aged aviation
aerosol within the atmosphere possible.

The first analysis could show that even the randomly observed and thereby already aged plume aerosol
shows separate modes of soot (non-volatile) and sulphuric acid (volatile) particles.

Although, the number of the smaller and the larger aerosol particles were generally enhanced within
the aircraft plumes compared to the background, the analysis of the accumulation mode fraction could
additionally show that relatively more larger particles, with diameters > 250 nm like soot, were
observed within the aircraft plume compared to the background aerosol.

In summary ice nucleation experiments involving turbine soot particles will be conducted in the next
phase of the project. During this time, cloud processing experiments will be targeted from the turbine
soot particles. Due to the large expense and limited sampling time of turbine soot particles, other
ageing influences like exposure to ozone and organic condensation experiments will have to be
performed with laboratory generated proxies of aviation soot particles. We have shown with some
laboratory experiments that the extent of H.SO,4 coating on the soot particles isimportant to determine
the contribution of these particles to cirrus cloud formation. Furthermore, we have shown that large
amounts of O; do not influence the soot ice nucleation ability at cirrus cloud relevant temperatures.
One caveat to the above experiments is that the particles were exposed to O3 under dark conditions.
A different experiment that can be targeted is potential changes if the experiment is done under UV
light representing the solar spectrum.
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However, we aim to quantify the influence of volatile organic carbon emissions on the ice nucleation
properties of turbine soot particles, by sampling the soot particles in the absence and presence of a
catalytic stripper, which will be responsible for removing all the organic carbon from the turbine
emissions. This will give us a clear indication of the role of VOCs on the cirrus forming properties of
aviation soot.
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