Response to egusphere-2023-2441 reviews for RC1

Referee comments are marked in black bold and are numbered as R1Cx with x the comment number.
Author (AC) responses are marked in black directly below the comments.

and corrected text in revised manuscript is typed in red. Previous line
numbers given in “()” following the updated line numbers.

The authors Testa et al describe a series of ice nucleation measurements conducted on authentic aircraft
engine soot and accompanied by chemical composition and morphology analyses for relation to INA.
The extensive chemical and physical characterization of aviation soot support plausible explanations for
observed INA and the results are important in the contexts of parameterizing atmospheric INA and
understanding the many prior studies on soot and soot proxy INA. | have two comments/questions
about the methodology and representativeness of the results and a few more minor comments below
and would likely suggest publication after these comments are addressed.

We thank Reviewer 1 for their time and comments and respond to the concerns individually below.

R1C1: The authors analyze soot produced by P&W and CFM International engines using Jet-A1l type fuel.
Approximately how large is the market/usage share for these engines and fuel type?

P&W and CFM International engines represented 68 % of the aircraft engine fleet in 2020 (52 % for CFM
engines and 16 % for P&W engines; FlightGlobal.com, 2021). Today, Jet A-1 and jet A fuel represent the
major part of fuel consumption with jet A largely used in North America and Jet A-1 in the rest of the world
(~30 % and >60 %, respectively; Jing et al., 2022; Pires, 2018), while SAF represents only 0.2% of global
production (IATA, 2023). We note that Jet A-1 and Jet A have very close chemical composition (Pires, 2018)
and presumably results in aviation soot with similar properties.

Following the comment, lines 83-85 (79) read as follow: s

(16 % and 52 % of global market share in 2020,
respectively; FlightGlobal.com, 2021) (> 60 % of global usage; Jing et al., 2022;
Pires, 2018)”

R1C2: Can the authors comment on how generalizable the INA trends might be to other engines or fuel
types?

The INA of aviation soot depends primarily on the presence of mesopores in soot aggregate to promote
ice nucleation via PCF. Relevant soot properties that affect the mesopore availability and hence their ice
nucleation ability are the aggregate morphology and size. Aggregate morphology refers to how fused the
primary particles are and the range of primary particle diameter within an aggregate. The aggregate size
scales with the number of primary particles per aggregate. In addition, water-soluble/water-insoluble
coatings (e.g., sulfur, organics) and soot surface functional groups also impact aviation soot INA.

P&W and CFM engines have different design but both engine types emit soot with highly fused primary
particles. Similar features have been observed for an IAE V2527 engine (Vander Wal et al.,, 2022;
manufactured by IAE International Aero Engines and designed namely by P&W and Rolls-Royce). However,
measurements of aviation soot primary particle properties are scarce, making it difficult for a
sophisticated, quantitative comparison with our results. The aggregate sizes for other engine, e.g., Rolls-



Royce and General Electric engines (respectively 7 % and 6 % of the global fleet; FlightGlobal.com, 2021)
are in the same size range as for P&W and CFM engines (Lobo et al., 2015; Wahl & Aigner, 2003). We
expect the presence of sulfur to inhibit soot pore ice nucleation for other engine types, if emitted sulfur
associated with soot is in amounts comparable to this study. We acknowledge however that the soot sulfur
content might vary for different engine types, as observed in our study. Overall, the above suggests that
extrapolation of our results to other engine types operated with Jet A1/A fuel (> 90 % jet fuel production)
is likely, in particular considering the small soot sizes (hence limited number of pores). Nonetheless, to be
completely quantitative, dedicated measurements of other soot properties for different engine types
would be needed.

Regarding the generalization to bio- and synthetic fuels, whose production is largely below that for jet
Al/Afuel to date (R1C1): to the best of our knowledge, small to no difference in aggregate size and primary
particle size has been found for alternative jet fuel soot (Huang & Vander Wal, 2013; Lobo et al., 2016;
Vander Wal et al., 2022) but differences in particle surface properties (Liati et al., 2019). More such studies
would be needed to be conclusive on the INA of soot emitted from alternative fuels.

R1C3: The soot particles used for INA analysis undergo coagulation prior to analysis and the authors
extrapolate results from coagulated particles to smaller particles that are more likely to be present in
the atmosphere. Based on the TEM analysis, are there any differences in overall particle morphologies
between uncoagulated and coagulated soot that may affect INA?

The soot shape analysis from the TEM images were conducted for the coagulated soot only. However,
primary particle properties (overlap, size, and oxidation) are fixed in the combustor (Dakhel et al., 2007),
hence we expect those properties to be the same for uncoagulated and coagulated soot. From size
distribution measurements (Fig. D1) we know that the coagulated soot particles are larger with
corresponding mass measurements (Table K1) showing that larger particles have a lower fractal dimension
and hence are lacier. This is also verified with the TEM images of the coagulated soot; smaller soot particles
are generally more convex (= compact) than larger ones. This is visible when plotting particle convexity as
a function of their Deq retrieved with TEM (the data shown as separate distributions on Fig. F1 are plotted
against each other in Figure 1 at the end of the present document). Compaction of particles generally
increases the INA (Mahrt et al., 2020). Yet, as uncoagulated soot have much smaller sizes than coagulated
soot and hence a limited number of primary particles, the probability for uncoagulated soot to have PCF
relevant pores is small. As such, we expect the INA of uncoagulated soot particles to be lower than that of
coagulated soot particles (as stated in the paper lines 508-511). The size dependency of soot particles has
been shown in numerous studies before, where for example 100 nm particles are poor at ice nucleation
compared to 400 nm particles of the same sample (K. Gao et al., 2022; Mahrt et al., 2018; Zhang et al.,
2020).

R1C4: The authors discuss that compaction of soot particle aggregates may decrease INA (lines 412-420).
Based on the TEM images in Figures C1 a-e and k-o, there appear to be some differences in particle
morphology (e.g., fractal dimension) between uncoagulated and coagulated particles. Can the authors
comment on any potential differences in particle morphology and INA as a result of coagulation?

In lines 425-433 (412-420) we compare coagulated soot from the CFM56-5B3/3 and PW4056-1C engines
and state that CFM56-5B3/3 soot appears very compact (more than PW4056-1C soot). High soot
compaction can result from a very fused primary particles network, limiting room for cavities between the
primary particles, which explains its poorer INA compared to the PW4056-1C. In other words, we postulate
that compaction leads to decreased INA in the case of highly fused primary particles, as for the CFM56-
5B3/3 soot discussed here.



We acknowledge that there appear to be differences between the uncoagulated and coagulated soot
shown in Fig. C1 a-e and k-0, namely soot shown on Fig. C1 k-o (CFM56-5B3/3) being very compact. We
note that despite their large aggregate sizes, CFM56-5B3/3 soot are very compact in comparison to all
other engine tested (high and narrow convexity, Fig. F1). Soot from this engine does not follow the near
linear relation between aggregate size and convexity verified for most engine types tested in this study
(Figure 1 at the end of this document). Hence, we hypothesized that the compactness of the coagulated
CFM56-5B3/3 soot originates rather from the engine type than the coagulation process. The overall
morphology difference between uncoagulated and coagulated soot and impact on INA are already
discussed in R1C3.

R1C5: Can soot morphology change during impaction and could this vary with particle size?

Soot aggregates can (partially) break apart upon impaction (Gao & Kanji, 2022), especially if the bonds
between soot monomers are fragile due to prior heating (as for our CS-soot samples). We however did not
detect any soot aggregate fragments with sizes similar to individual primary particles on the TEM images
that would indicate aggregate break-up. We also did not observe a morphology difference between unCS-
and CS-soot, ruling out fragmentation of the heated particles upon impaction. Other possible effects are
flattening of the particles, possibly more pronounced for large aggregates or bouncing of the particle on
the grid, causing structural change (Virtanen et al., 2010). Such effects are likely limited with the Partector
TEM sampler (4 out of 6 of samples) using electrostatic softer (than aerodynamic) impaction.

Second, multiple soot particles might aggregate on the TEM grid if impacting at the same position. This
can happen with our aerodynamic based TEM sampler (ZEMI) but is limited for samples collected with the
Partector TEM sampler as this technique uses electrostatic impaction. Nonetheless, we avoided imaging
particles that would be the result of aggregation on the grid upon compaction by carefully imaging clearly
isolated soot aggregates.

R1C6: Line 40: these are cavities and voids formed by soot spherule overlap, compaction, and
aggregation, correct? Clarify this, to make clear that cavities aren’t present on the surfaces of individual
spherules.

R1C7: Line 41: clarify that this initial freezing is step two in the list presented here.

This is correct.

Lines 40-41 (40-41) now read: (i.e., cavities
and voids between overlapping and aggregated soot primary particles)
followed by a second step where freezes

R1C8: Line 44: approximate size of the critical ice cluster?

From the CNT parameterization from Ickes et al. (2015) and Murray et al. (2010), Marcolli et al. (2021)
estimated the size of the critical ice cluster to range from 0.5 to 1.5 nm for 200 K < T< 235 K.

Lines 45-46 (44) now read:
with sizes of 0.5-1.5 nm for 200 K < T < 235 K (Marcolli et al., 2021).”

R1C9: Line 47: clarify “overlap:” the extent to which primary spherules are “pressed” together by
sintering and compaction?



Lines 48-51 (47) now read: Primary
particle overlap represents the extent to which spherical soot primary particles are fused due to surface
growth from soot precursor following primary particle coagulation, and pressed together by sintering and
compaction. By definition, primary particles in point contact are not overlapped.”

R1C10: Line 56: is the sulfur internally mixed with soot present as sulfuric acid? This line implies that it
is but is not explicitly clear.

Sulfur has been reported to be internally mixed with soot on the form of H,SO, coatings (Karcher et al.,
1998; Karcher et al., 2007; Schumann et al., 2002), but can also be associated with carbon (Popovicheva
et al., 2004), like in organic thiophene or thiophenol (Parent et al., 2016).

Now lines 59-60 (56) read:

as associated with
carbon (Parent et al., 2016; Popovicheva et al., 2004) and in the form of H,SO4 (Kércher et al., 1998; Karcher
et al., 2007; Schumann et al., 2002).”

R1C11: Lines 64-65: I'm a little confused by the phrase “averaged aggregate Dpp.” From the context, it
sounds like this sentence is saying that Dpp increases in size with increasing thrust, but I’'m not certain
what the modifier “averaged aggregate” means for Dpp.

The denomination “averaged aggregate D,,” was chosen because values for Dy, over single aggregate can
be variable (e.g., from 10-100 nm; Vander Wal et al., 2022), but the averaged or median aggregate Dy,
increase with thrust. Because the aggregate Dy, range is introduced only introduced later in the results
sections and to avoid confusion, we propose the following simplification:

Line 68-69 (64-65) modified: Dpp

R1C12: Line 98: could the size-dependency of particle losses impact the INA measurements in this work?
Might particles losses be significant for this analysis given the detection limits of the HINC and low INA
of the samples?

Particle loss (by coagulation and diffusion) can be significant between the engine probe and the aerosol
reservoir as particle concentration there is high (about 107 cm3). However, downstream of the tank,
particle concentration was reduced to about 100-500 cm3 with a dilution system for the polydisperse
measurements and by the DMA for the size selected measurements. What matters for the soot INA would
be particles losses between the CPC/SMPS and HINC. We expect this to be limited due to low flow in the
tubes (limiting inertial losses), the low particle concentration (100-500 cm3, limiting losses by particle
coagulation). The short and straight tubing and the particle sizes, i.e., limited small (< 10 nm) and large (>
100 nm) particles, limit diffusional and inertial/gravitational losses (Brockmann, 2011). Line 103 (98) was
referring to particle loss that might be important between the engine probe and the aerosol reservoir as
particle concentration in this line is high (107 cm3) but that we do not quantify as the study does not aim
at quantifying engine emissions.

R1C13: Line 105: to what extent is rapid coagulation of aircraft aviation soot is expected under ambient
conditions?



Airborne in situ measurement of soot sizes in young aircraft plumes are scarce. Petzold et al. (1999);
Petzold et al. (1998) and Twohy and Gandrud (1998) observed interstitial and contrail residual soot
aggregates of 0.15-1 um. Those large aggregates could result from the coagulation of soot aggregates
trapped in the wingtip vortices (Miake-Lye R. C. et al., 1993) due to the higher soot emission index for
older engine models (Lee et al., 2010; Masiol & Harrison, 2014). Coagulation of contrail ice crystals and
merging of embedded soot aggregates upon sublimation of the ice crystals could also lead to larger soot
aggregates. Yet, for current aircraft engines with lower emission indices, coagulation of the soot aggregate
is reduced or inhibited, as shown by Moore et al. (2017) that did not observe soot coagulation, and whose
measurements are similar to what would be measured at ground in engine maintenance and testing facility
(e.g., Durdina et al., 2021). Thus, under ambient conditions, coagulation is likely not expected. In our study,
soot particles undergo artificial coagulation in the aerosol reservoir, and we discuss the
implication/limitation of this in the Atmospheric implication section.

R1C14: Line 157: please include a description of how equivalent spherical diameter, convexity, and
circularity are calculated and/or defined.

In lines 162-166 (158), we have added:

the projected area equivalent diameter (D.q) defined as

Aa

Deq = /%, with A, the aggregate projected aggregate area; the convexity, defined as convexity =

convex

with Acnvex the area of the smallest convex polygon enclosing the aggregate; and circularity, as

circularity = :‘ﬁ with rins and rerc the radii of circles inscribing and circumscribing the soot aggregate
circ

(China et al., 2015; Mahrt et al., 2020). Convexity and circularity are indicators of how round and compact

aggregates are.

R1C15: Line 190: given the spot size, each measurement is expected to originate from an individual
particle? This is referenced later but should be clarified here.

We agree. Lines 200-201 (190) now reads: resolving single soot
aggregates, i.e., an individual spectrum corresponds to a single particle,
R1C16: Line 267: how many experiments, exactly?

Line 277 (267) now reads: 3outb

R1C17: Line 323: please clarify the meaning of the first sentence of this paragraph.

Lines 333-335 (323) and beyond now read: the CS-soot ice nucleation ability
shows a clear discernable onset RH between P&W and CFM56 engines. This outcome is similar when
we discern by thrust, where different thrust regimes lead to differentiable RH onset. Yet,

We also clarify in lines 323-325 (313-314): “The median ice nucleation onset for CS-soot is at or above
RHhom at all experimental conditions, comparable to unCS-soot ("All engine experiments" in Fig. 3).



However, the onsets for CS-soot spread to a wider RH; range compared to unCS-soot, and if we consider

R1C18: Line 372: Can sulfur be present in samples in forms other than sulfuric acid, for example bound
to carbon? What sulfur bonding environment presents an overlap at the 538 eV value? Are there any
signals clearly attributable to sulfur or is the expected signal (based on the atomic %, line 405) below
the limit of detection?

As mentioned in R1C10, sulfur on soot has been observed as associated with carbon (Popovicheva et al.,
2004), e.g., like in organic thiophene or thiophenol (Parent et al., 2016). The relative fraction of organic
sulfate versus H,SO4 cannot be inferred from our measurement. However, sulfur in soot pores that might
contain condensed water is expected to be found in the form of ionic sulfate (HSO4 and SO4%) and H,S04
(although water is thought to evaporate in the STXM and TEM vacuum).

Sulfur K- and L-edge are around 2470 and 160 eV respectively (Jalilehvand, 2006) but those energies were
not accessible with the STXM device that we used. However, oxygen associated with sulfur as S-O bonding
like in ionic sulfate and H,SO,4 should contribute to absorption at 538 eV (Zelenay et al., 2011) for the unCS-
soot sample. The concentration of oxygen and sulfur for the PW4056-1C and CFM56-5B4/3 engines are
about 0.11 and 0.26 atomic % for sulfur and 4 and 9 atomic % for oxygen. Assuming that most sulfur is
present as ionic sulfate and H,SO,, one sulfur atom is bonded to 2 oxygen with a single bond, hence atomic
fraction of oxygen in S-O represents about 0.06% (2 x 0.11/4 and 2 x 0.26/9) of total oxygen for both
engines. Hence, oxygen in S-0 represents only as small contribution to absorption compared to C=0 and
C-O for the unCS-soot sample (and do not contribute to the CS-soot sample).

Text has been added following lines 385-386 (374):

The sulfur contribution to oxygen spectra is however
expected to be insignificant given the low amount of sulfur, hence low amount of oxygen bound to sulfur
(Fig. 5c)”

R1C19: Line 405: are the H2SO4 wt % in Figure J1 relevant to the expected amount of sulfuric acid and
water based on the sulfur atomic %?

In order to estimate H,SO4 wt % in an aggregate pore, the total H,SO, wt % per aggregate needs to be
computed. From our measurement, this can be retrieved from sulfur atomic % measured with STEM-EDX.
For instance, for PW4056-1C soot: sulfur atomic % is 0.11 (Fig. 5¢). The conversion to wt % is computed as
follows:

wt % x atomic % x xatomic wt x 1)
0 = - . . X
> atomic % i xatomic wti

With i being the elements present on the sample. Assuming that only C, O and S are present on the
aggregate (i.e., ignoring hydrogen that cannot be quantified with STEM-EDX and other trace components),

with S atomic % = 0.11 %, O atomic % = 4 % and C atomic % = 100 — 4 — 0.11 % (Fig. 5C), from equation 1:

0.11 x32 .
sulfurwt% = - X 100 = 0.28 wt %. There are 4 oxygen atoms associated
0.11 X32+(100—4—0.11) X14+4 x16

with the sulfur atoms in H.SO4, hence the atomic % of oxygen associated with H,SO4 in the soot aggregates




is 4 x sulfur atomic % = 4 x 0.11 atomic % = 0.44 atomic %. Then again, using equation 1: total oxygen

o 4x16 _ 0 . . . _
wt% = 011 X327 (1004011 X174 16 X 100 = 5.25 wt %, which yields to oxygen wt % in H,SO4 =

5.25 wt % - 0.44 atomic ¢ L . . .
hid 4it0mici/omlc b _ 0.58 wt %. Again, ignoring the mass fraction of hydrogen in H,SO,, the H,SO4 wt
0

% =0.58 + 0.28 = 0.86 wt %, on average over soot aggregates for the PW4056-1C engine.

Next, pore volume per aggregate needs to be computed. This can be retrieved from the desorption
isotherm measured with the DVS (Fig. 4). The method has been detailed in Mahrt et al. (2020) and includes
several assumptions that are worth mentioning. One assumes that the adsorption of water is solely due
to pore capillary condensation, i.e., no water uptake due to soluble coating at the surface and that the
pores are cylindrical. Additionally, a single value of aggregate contact angle needs to be assumed. Then
pore volume V, per aggregate mass [cm? g!] is computed by integrating over given pore radius (r), i.e.,

__(rldvp
Vp =) ?dr

It follows that the volume fraction of H,SO, in a pore is:

MH2504,agg Wt %H2504,agg - magg
0,
H,SOs vol % = /H2S04age _ _ PHasos  _ PH2504 _ Wt%H2504,agg

Vpagg Vp' Magg Vp' Magg Vb PH2504

With Viasos, agg [€M3] and Muasos, ag¢ [g] the volume and mass of H,S04 per aggregate, respectively; Vi, ags [cm?3]
the pore volume per aggregate; puzsos = 1.0735 [g cm3] the density of H,SO4 in agueous solution (assuming
a solution with H2504 wt % = 10 % at 0 °C; Green & Perry, 2007). mag [g] is the aggregate mass and finally
Wt % n2s04, agg the H2SO4 mass fraction per aggregate calculated above.

Considering the desorption branch of the unCS mixed-thrust soot (Fig. 4), integrating V, over the entire
pore size range (0.1 to 10 nm for the PW4056-1C soot), and assuming a contact angle of 70°C (65° - 80°
suggested for aviation soot proxy in Kunfeng Gao et al., 2022), this yields an H.SO4 vol % = 1.32 %. Assuming
then the pores are entirely filled with water, it follows H,SOs wt % in pores = 1.41 wt %. As a comparison,
if we assume that only pore < 3 nm are filled (assuming for instance that H,SO4 condense is the smallest
pore first due to their lower equilibrium vapor pressure) this yield to H,SO4 vol % in pores = 3.32 vol % =
3.45 wt %.

Those values are below the 10-20 wt % range assumed in Fig. J1. Yet, those need to be considered very
carefully given the numerous assumptions made in the above. Given that H,SO, is thought to be present
at the surface, it should contribute to water uptake at low RH. Yet, the portion of the isotherm at low RH
determine the volume of micropores (r < 2 nm), hence the assumption that only micropore contribute to
water uptake at low RH leads to overestimation of their volume. In the derived pore volume distribution,
micropores represent 30 % of the total pore volume, reducing the overall H,SO, mass fraction in
mesopores. Next, the content of sulfur retrieved from EDX is likely underestimated due to sulfate
evaporation in the microscope vacuum. Moreover, soot pores, e.g., ring pores, are not cylindrical by rather
wedge-shaped (Marcolli et al., 2021), and are likely not described by single contact angle value.

All in all, given the large uncertainty associated with the derived pore volume distribution and H,SO4
content, one cannot be conclusive of the mass fraction of H,SO, in aviation soot pores. Targeted
measurements would be needed to give representative estimation. Nonetheless, the computed
concentration is in the order of magnitude of concentration assumed in Fig. J1 and likely contributes to
lowering the pore water activity, inhibiting ice nucleation.



R1C20: Lines 515-516: is this assumption on real-world coating extent based on SOA and sulfate that
condenses on particles after emission, or engine emissions condensing onto soot due to low
temperatures? The ambient atmosphere is also a much more dilute environment than the chamber,
which would disfavor thicker coatings.

We refer here to the interaction of soot with aircraft condensable vapors (mainly sulfur and organic vapor)
and with nucleation mode particles (H,SO4 and organic oil droplets) in the young aircraft plume, suggested
by multiple studies, despite some conducted at ground level, where ambient temperature and dilution
dynamic might differ from high altitude plume (Karcher et al., 2007; Onasch et al., 2009; Ungeheuer et al.,
2022; Wong et al., 2014; Yu et al., 2014).

Besides, aviation soot particles can also interact with ambient aerosols (SOA, sulfate) and semi-volatiles
during the residence time in the upper troposphere, i.e. days to weeks (Bond et al., 2013), adding to the
potential of reducing INA due to soot pore blocking.

R1C21: Figure C1: please add length scale labels that are more legible.

Figure C1 has been modified.
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Figure 1: unCS-soot (in black) and CS-soot (in red) aggregate convexity as function of Deq for the given
engines. Convexity and Deq density distributions are shown in the manuscript on Fig. F1 for the same
engines.
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