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Knowledge of the temperature dependent concentration of ice-nucleating particles (INPs) is crucial to
understanding the properties of mixed-phase clouds. However, the sources, transport and removal of
INPs around the globe, and particularly in the Arctic region, are poorly understood. Inthe Arctic winter
and spring, when many local sources are covered by ice and snow, it is not clear which INP types are
important. Inthis study, we present a new dataset of aircraft-based immersion mode INP measurements
and aerosol size-resolved composition in the Western North American Arctic from the 11" — 215t March
2018. Aerosol samples were collected on filters that were analysed using both a freezing droplet-based
assay and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS). The
measured INP concentrations were at or close to the limit of detection, with concentrations at -20°C of
1L* or below. The size-resolved composition measurements indicates that the aerosol concentrations
were low, dominated mostly by sea spray aerosol and mineral dust. Further analysis shows that mineral
dust is important for the ice-nucleating properties of our samples, dominating over the sea spray aerosol
particles in the four cases we analysed, suggesting that mineral dust is a relevant source of INPs in the
Alaskan Arctic. Furthermore, the INP concentrations are more consistent with fertile soil dusts that have
an ice active biological component than what would be expected for the ice-active mineral K-feldspar
alone. While we cannot rule out local high latitude sources of dust, the relatively small size of the
mineral dust implies that the dust was from distant sources.

1. Introduction

Clouds containing both supercooled liquid water and ice are known as mixed-phase clouds and they
reflect a substantial amount of the incoming solar shortwave radiation that reaches the Earth (Boucher,
2013). The lifetime, as well as the amount of radiation that these clouds reflect, is strongly affected by
the partitioning between liquid and ice (Storelvmo etal., 2015). When above temperatures required for
homogeneous freezing (below ~-35°C), ice formation in mixed-phase clouds is initiated by the presence
of asmall fraction of the aerosol particles known as ice-nucleating particles (INPs) (Murrayetal., 2012).
Once ice crystals nucleate, they can grow more rapidly than liquid cloud droplets since ice has a lower
equilibrium vapour pressure than supercooled water. This process can lead to the precipitation of the
ice crystals, removing liquid water from a cloud (Korolev et al., 2017;Vergara-Temprado et al.,
2018;Hawker et al., 2021). Ice-related processes in mixed-phase clouds such as the primary production
of ice and the link to INP concentration are commonly oversimplified in climate models, which
contributes to large discrepancies in the amount of water and ice that the models simulate (Komurcu et
al., 2014;McCoy et al., 2016;McCoy et al., 2018). The difficulty of properly representing the current
water and ice mixing state of these clouds is responsible for the large uncertainty of the cloud-phase
feedback (Storelvmo et al., 2015). This negative cloud feedback is associated with phase changes in
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mixed-phase clouds produced by a warming atmosphere (Ceppi et al., 2017;Murray et al., 2021). As
the atmosphere warms, mixed-phase clouds will contain more supercooled water and therefore have a
greater albedo, leading to a reduction in shortwave radiation reaching the surface. This is particularly
important for boundary layer cold sector clouds in the oceanic mid- to high-latitudes. Hence, better
understanding the sources and concentrations of atmospheric INPs, particularly at the mid- to high-
latitudes could help to reduce the uncertainty associated with cloud-phase feedback.

Only a small fraction of aerosol particles have the potential to become INPs. Transported dust from the
deserts is one of the most important sources of worldwide atmospheric INPs, especially at temperatures
below -15 °C (Hoose and Mohler, 2012;Vergara-Temprado et al., 2017;Kanji et al., 2017). Given the
fact that substantial amounts of dust are transported from the deserts to the Arctic (Fan, 2013;Huang et
al., 2015;Francis et al., 2018), this dust could contribute to the INP population of the region (lIrish etal.,
2019;Yun et al., 2022). Additionally, local sources of high-latitude dust are known to contribute to the
dust budget in the Arctic (Bullard et al., 2016;Groot Zwaaftink et al., 2016;Meinander et al., 2021;Shi
et al., 2021). Some of these sources of high-latitude dust have been found to contribute to the Arctic
INP population (Tobo et al., 2019;Sanchez-Marroquin et al., 2020;Si etal., 2019). A fraction the INP
in the Arctic are also of biogenic origin (Wex et al., 2019;Porter et al., 2022), some of which may be
associated with biogenic material in sea spray and some of which may be from terrestrial sources
(Wilson etal., 2015;DeMott et al., 2016;Vergara-Temprado et al., 2017;Irish etal., 2017;McCluskey et
al., 2018;Bigg and Leck, 2001;Creamean et al., 2019;Hartmann et al., 2020). Other types of aerosol
particles such as volcanic ash or biomass burning particles could also contribute to the INP population
in the Arctic (Prenni etal., 2009).

The available literature data indicates that the INP concentrations in the Arctic are highly variable,
depending on the season and location (Murray et al., 2021). Wex et al. (2019) found that Arctic INP
concentrations reach a minimum during winter, but they increase through spring and reach a maximum
around the summer, suggesting that concentrations are highest when the transport of aerosol from the
low latitudes is atits weakest (the summer). Creamean et al. (2018) found a similar trend over spring,
with coarse particles being responsible for the higher INP concentration event. However, a recent study
did not find that seasonality of Arctic INPs (Rinaldi et al., 2021). Although substantial amounts of
anthropogenic pollutants exist in the Arctic during the spring, they do not seem to significantly
contribute to the INP concentration (Creamean et al., 2018;Borys, 1989). Measurements at the
summertime North Pole indicate highly variable INP concentrations, with air masses that have spent
the preceding week or so over ice-covered surfaces having very low INP particle concentrations, and
air masses originating from lower latitude ice-free regions along the Russian coast having very high
biological INP concentrations (Porter etal., 2022).

In this paper, we present a set of immersion mode INP and aerosol size-resolved composition
measurements carried out in the Western North American Arctic during March 2018. INP
measurements were combined with aerosol characteristics determined using SEM-EDS to indicate the
types of INPs that are were most important during this campaign.
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85 2. Sampling location and methods

86  Aerosol particles were sampled from the UK’s BAe-146 FAAM atmospheric research aircraft during
87  the Measurements of Arctic Cloud, Snow and Sea Ice in the Marginal Ice ZonE (MACSSIMIZE)
88  campaign, based in Fairbanks, Alaska (US) in March 2018. The majority of the measurements were
89  carried out close to the northern coast of Alaska and the Canadian territory of Yukon, both over land
90 and over the Arctic Ocean, as shown in Fig. 1, where the approximated midpoint of the filter sampling
91  run locations are shown with a star. Measurements were carried out at altitudes between 60 and 600 m
92  above sealevel, asdetailed in Table Al along with other pertinent information. Additionally, the Hybrid
93  Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to calculate five day back
94  trajectories of sampled air masses (Stein et al., 2015;Rolph etal., 2017) and shown in Fig. 1. The back
95 trajectories show that in most cases air masses remained near or over Alaska and northern Canada before
96  sampling. For 13 of the 16 samples, the trajectories indicate that the air mostly stayed at altitudes below
97 1000 m above sea level in the five days prior to sampling. At the time of sampling, most of the sea and
98 land surfaces were covered by sea ice or snow (Fig. 1), which most likely suppressed any local aerosol
99  sources.

100  Aerosol particles were collected using the filter inlet system on board of the FAAM BAe-146, which
101 has been characterised by Sanchez-Marroquin et al. (2019). The system allowed us to collect two
102 aerosol samples in parallel: one on a polycarbonate filter and one on a Teflon filter. Teflon filters were
103 used to perform a droplet-on-filter freezing assay to quantify the INP concentration, as described in
104  detail in Price et al. (2018) and Sanchez-Marroquin et al. (2020) and first described by Schnell (1982).
105  Inthe present study, this approach consisted of pipetting 2 L pure water droplets on to filters that had
106 beenexposed to aerosol particles. The filters were placed on top of a cold stage, within a chamber that
107 s flushed with dry nitrogen gas to prevent water condensation, that is cooled at a constant rate. Droplet
108  freezing was recorded and the resulting videos were analysed to determine the fraction of droplets
109  frozen at each temperature and then the INP concentration. At least one handling blank experiment was
110  performed for every flight. Handling blank filters were prepared and transported in the same way as the
111 measurement filters including loading the filters into the sampling system on the aircraft and briefly
112 opening (for a second or so) and closing the inlet valves that allow air to pass through the filters. Hence,
113 the handling blank should provide information on sources of contamination throughout the handling of
114  the filter. The majority of the samples were analysed a matter of hours after collection, however where
115  this was not possible they were stored at ~ -18 °C prior to analysis.

116 A subset of the polycarbonate filters was analysed using Scanning Electron Microscopy with Energy
117  Dispersive Spectroscopy (SEM-EDS) to study aerosol size-resolved composition. This technique can
118  be used to obtain the morphological and chemical properties of individual aerosol particles within the
119  sample. Eachparticle is then classified into a defined composition category. A more detailed description
120  of the technique can be found in Sanchez-Marroquin etal. (2019).

121

122 3. INP concentrations in the Western North American Arctic

123 The droplet fraction frozen (the fraction of droplet that were frozen as a function of temperature)
124  produced by our samples, along with those produced by the handling blank filters, is shown in Fig 2a.
125  While the fraction frozen for the sample filters were generally shifted to warmer temperatures than the
126  handling blanks, many of the samples overlapped with the range defined by the handling blanks. Hence
127 it was necessary to account for influence of the background from the measurements. The background
128  subtraction procedure and the INP concentration calculations are detailed in Appendix B. Briefly, we
129  converted our cumulative fraction frozen values for the samples and handling blanks into the differential
130 INP spectrum, k(T),in units of INP per unit temperature (Vali, 1971;Vali, 2019). k is the number of
131 INP that become active in a temperature interval. This allowed us to define a limit of detection then
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apply a criterion to separate samples that show a significant signal above this from the ones that do not.
Data points that were separated from the limit of detection by more than the error bar were considered
to be above the limit of detection. The error bars of the differential concentrations of the samples
represent a confidence level of 68 % while the error bars of the background represents the standard
deviation of all the measuredhandling blanks. Background-subtraction was applied to data points above
the limit of detection(Ksampie — Kbackgrouna) USING @ similar approach to (Vali, 2019). The cumulative INP
spectrum, the common way of presenting INP data, was then derived using the background corrected
values of k.

The background corrected cumulative INP concentrations are shown in Fig 2b. Hollow markers indicate
measurements consistent with the limit of detection, where the lower error bar goes to zero, while filled
markers correspond to a cumulative INP concentration above the limit of detection. Approximately 70
% of the differential spectra binned data was not significantly above the limit of detection and around
half of the data points in the cumulative INP spectra shown in Fig. 2b show INP concentrations
consistent with zero (i.e. not above the detection limit). The reported INP concentrations are always
below 0.1 and 1 L at — 15 °C and -20 °C, respectively. However, given the fact that a substantial
percentage of the data is not above the detection limit, the real values of some of these samples may be
well below these values. A daily, more detailed representation of the INP concentrations is shown in
Fig. B3.

INP concentrations across the Arctic vary significantly depending on the time of the year and location
(Creamean et al., 2018;Si et al., 2019;Wex et al., 2019). Hence, in order to compare to the pertinent
data we show our INP concentrations alongside literature data collected in a similar location and time
of the year in Fig. 3 (we restricted the literature datasets from February to April). Some of our reported
INP concentrations (full markers) are above some of the values measured by Creamean et al. (2018),
Wex et al. (2019) and Borys (1989). Creameanetal. (2018) reported INP concentrations at -20 °C up
to 0.01 Lt in a similar location in March. Measurements performed by Wex et al. (2019) in a close
location (Utqiagvik) indicate that INP concentrations ranging from ~10+ to 102 L at-10 °C in March.
The more active samples reported by Wex et al. (2019) form a consistent INP spectrum with our more
active samples, but unfortunately there is no direct overlap. Borys (1989) reported INP concentrations
of 0.001 L to 0.3 L at -25 °C measured from an aircraft at a similar location and time of the year.
These values are of course consistent with our samples where we report upper limits, but some of our
samples clearly had substantially higher INP concentrations than the range reported by Borys (1989).
Although the literature INP concentrations have been measured in close locations at a similar time of
the year than the ones reported in this study, the measurements were performed in different years when
the INP population may have been different. Our measurements are still well within the range of
literature INP measurements from across the Arctic presented in Porter et al. (2022). Hence it seems
that during March 2018 the INP concentrations where sometimes higher in the Western North American
Avrctic by about 1-2 orders of magnitude than defined by Creamean et al. and Borys et al., but are
consistent with the highest concentrations measured by Wex et al. (2019).

4. SEM-EDS  size-resolved composition analysis

The size distributions obtained with the SEM-EDS technique were compared with the size distributions
obtained using the optical particle counters, that measure the 0.1 to ~3 pm and ~3 to 50 um ranges, on
board of the FAAM BAe-146 (Rosenberg et al., 2012;Sanchez-Marroquin et al., 2019). The analysis is
shown in Fig. 4 alongside the size-resolved chemical composition of the analysed samples.

The analysed samples exhibited low aerosol concentrations relative to other locations where we have
used this technique, especially for the coarse mode. In this study, almost no particles above 10 um were
detected, in contrast to samples from other regions analysed using the same or similar technique, where
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significant amounts of aerosols in between 10 and 20 um were detected (Price et al., 2018;Sanchez-
Marroquin et al., 2019;Sanchez-Marroquin et al., 2020;Sanchez-Marroquin et al., 2021). Most of the
detected particles were below ~2 um. At sizes below ~3 pm, the comparison between the optical probes
and the SEM-EDS size distributions are consistent in most cases, with an undercounting at the lower
end of the SEM-EDS technique (~0.3 pm). This undercounting is related to the difficulty in observing
small organic rich particles and has been discussed in Sanchez-Marroquin etal. (2019). At sizes above
~3 um, the optical probes and SEM-EDS size distributions showed a comparable amount of detected
particles in samples C089_3 and C090_1. However, for samples C087_1 and C091_2, the optical
counters detected a much larger concentration of particles with sizes ~5 to 10 um. Furthermore, for
these two samples, the optical size distribution above ~3 um has shape that is atypical of atmospheric
aerosol size distributions (the aerosol concentration drops about 4 orders of magnitude from ~5 to ~10
um). As a consequence, it is very likely these parts of the size distribution measured by the optical
probes are produced by artefacts such as cloud droplets rather than representing the actual aerosol
concentration at that location.

In terms of chemical composition, the samples were mainly dominated by mineral dust and Na rich
particles. In this dataset, nearly all particles in the Na rich category were dominated by the presence of
Na and Cl, having traces of other elements (such as S in some occasions), consistent with sea spray
particles. As a consequence, we will refer to particles in this category as sea spray aerosol particles.
Some carbonaceous particles were also detected through most sizes and there were significant
contributions of S rich aerosol, particularly in the accumulation mode. As shown in Fig. 4 and Table 1,
the surface area of samples C087_1 and C091_2 were dominated by sea spray aerosol particles with
sizes around ~ 1 um. In Fig. 1b it is shown that the air masses associated with these samples had been
circulating above the Arctic Ocean at relatively low altitude (below 500 m) before sampling took place.
This is consistent with the fact that sea spray aerosol particles are normally emitted by bubble bursting
in the surface of the oceans (Lewis and Schwartz, 2004). It is possible that the detected sea spray aerosol
was transported from ice free ocean masses. However, Fig. 1 indicates that the closest ocean masses
were almost fully covered by sea ice during the campaign and the majority of the sampled air masses
did not pass by the open oceans prior to sampling. Hence, it is also possible that the sea spray particles
had been emitted from open leads in the sea ice (Leck and Bigg, 1999;Kirpes et al., 2019), or directly
from the sea ice through blowing snow events (Yang et al., 2008;Huang and Jaeglé, 2017;Frey et al.,
2020).

Particles in the categories Si rich, Si only, Al-Si rich and Carich have a chemical composition consistent
with mineral dust particles so we will refer to them collectively as mineral dust. However, it should be
borne in mind that the composition of particles in these categories is also consistent with some types of
combustion ashes or volcanic ash. Mineral dust particles were present in all the samples, particularly
with sizes between 1 and 5 pm, constituting a substantial percentage of its surface area, as shown in
Table 1. This was particularly the case in the sample C090_1, where 56 % of the surface area was given
by mineral dust particles. Although we cannot fully determine the relative contribution of different
sources to the detected mineral dust, several arguments suggest that the sampled mineral dust originated
from the low latitude deserts. The back trajectory analysis shown in Fig. 1 suggests that most of the air
masses had been circulating around the sampling location prior to sampling for ~5 days. However, the
majority of the potential high-latitude dust sources were covered by snow at this time and mineral dust
originating from the Sahara and Central Asia is known to be transported to the Arctic in late winter and
early Spring, when this study took place (Fan, 2013;Huang et al., 2015;Francis et al., 2018).
Additionally, almost all the mineral dust particles found in this study had sizes below 5 pm. This
contrasts with results obtained using similar techniques on samples collected closer to dust sources,
where dust particles with sizes above 10 um are frequent (Price et al., 2018;Ryder et al., 2018;Sanchez-
Marroquin etal., 2020). Although this evidence suggests that most of our dust likely originated in arid
lower-latitude deserts, high-latitude dust could still contribute to the dust budget or even dominate it
during other times of the year such as autumn (Groot Zwaaftink et al., 2016).

5
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As shown in Table 1, C087_1 and C091_2 samples have a larger surface area of sea spray aerosol
particles (Na rich) than mineral dust, whereas sample C090_1 is dominated by the presence of mineral
dust. Hence, it is reasonable to ask if the mineral dust or organic material associated with sea spray is
the more important INP type in these samples. To estimate the relative contribution of mineral dust and
seaspray aerosol to the INP population, we present the expected INP concentrations based on the SEM-
EDS surface areas in Fig 3, in comparison with the measured INP concentrations. The INP
concentrations expected from the SEM-EDS analysis were calculated assuming a dust containing 10 %
of K-feldspar (Harrison et al., 2019) (the ice active component of desert dust) and the parametrization
of fertile soils given by O'Sullivan et al. (2014). Note that the latter is very similar to the desert dust
parameterization given by Ullrich et al. (2017). For the sea spray INP, the parametrization given by
McCluskey et al. (2018) that links INP concentration aerosol surface area has been used. As shown,
even in the cases where there is more sea spray aerosol than mineral dust (C087_1 and C091_2), the
minimum contribution of mineral dust INP is orders of magnitude above the INPs produced by the sea
spray aerosol particles. Additionally, the INP concentrations calculated based on the presence of dusts
better explains the observed INP concentrations measured using the droplet freezing assay at the lower
end of the temperature spectrum. At the higher end of the temperature spectrum, the measured INP
concentrations are above those expected froma 10 % K-feldspar dust, but are consistent with the fertile
soil dust parameterisation. It is known that fertile soil dusts contain biological ice nucleating material
(O'Sullivan et al., 2014), hence this suggests that the samples from Alaska contained some biological
ice nucleating material. Although our INP concentrations would also be comparable with those
predicted using the desert dust parameterization by Ullrich etal. (2017), the latter is usually higher than
the activity of samples of airborne desert dust at temperatures greater than about -20°C from other
studies (Boose et al., 2016;Price etal., 2018;Harrison etal., 2022;Reicher etal., 2018;Gong etal., 2020).
It has been suggested that dust that has been transported far from its source regions is less active than
arid soil dusts that have been recently aerosolised and also there appears to be substantial differences in
activity of dust from different source regions (Boose et al., 2016;Harrison et al., 2022). Hence, we
suggest that the enhanced ice-nucleation ability of our samples is due to the presence of biological
material. This is consistent with other studies, for example Wex et al. (2019) and Porter et al. (2022)
who also provides evidence that Arctic INP samples have a substantial biological component.

5. Conclusions

In this study, we present a new dataset of INP and SEM-EDS aerosol size-resolved composition
measurements in the Western North American Arctic in March 2018. Back trajectory analysis suggests
that these air masses spendthe preceding five days circulating over or near Alaska and Northern Canada
where local sources of primary aerosol were supressed by snow and ice cover. Observed INP
concentrations were comparable or slightly higher than the limit of detection of the measuring
technique, being always below 0.1 and 1 L at — 15 °C and -20 °C respectively. SEM-EDS analysis
revealed that samples are mostly dominated by the presence of mineral dust and sea spray aerosol
particles, with some contributions of sulphur rich and carbonaceous particles. The mineral dust is most
likely sourced from the low-latitudes, rather than local high-latitude dust sources. Our analysis shows
that mineral dust will always contribute more INP to the INP population than sea spray, despite sea
spray being more abundant in some samples. However, it appears that the ice-active mineral K-Feldspar
cannot account for all of the observed INPs,especially above ~-22°C. This suggests that there is another
INP type that controls the INP spectrum above -22°C; these particles may be biogenic in origin, but this
biogenic ice nucleating material might be derived from is unclear. More work is clearly required to
understand the sources and nature of INP in the winter and early spring Arctic.
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309  Figure 1. Map showing 5-day HYSPLIT back trajectories (upper panel) and altitude profile of each

310  back trajectory (lower panel) from the midpoint of each sample location. The sampling location is
311  marked using a star. The sea ice corresponds to 16" March 2018, extracted from the Multisensor
312 Analyzed Sea Ice Extent - Northern Hemisphere (MASIE-NH) product at 1 km resolution (U.S.
313  National Ice Center and National Show and Ice Data Center. Compiled by F. Fetterer, 2010) . The snow
314  cover corresponds to the average snow cover % for March 2018, extracted from ECMWF ERA5-Land
315  monthly average reanalysis data (Mufioz Sabater, 2021).
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321
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323 Figure 3. INP concentrations in this study compared with previous measurements at nearby locations
324  (Borys, 1989;Creamean et al., 2018;Wex et al., 2019). The background data range corresponds to the
325  range of literature INP Arctic measurements given by Porter et al. (2022). From the literature datasets,
326  only data collected from February, March and April have been shown as individual datasets. Note that
327  for the dataset of Wex etal. (2019), the concentrations increased through this period with the two highest
328  INP spectra from April. Also note that although the upper end of the literature Arctic measurement
329  range from Porter et al. (2022) corresponds to the highest concentrations ever recorded in the Arctic,
330 the majority of the Arctic concentrations fall in the lower half of the range. The points consistent with
331  the background (hollow symbols) is shown with slight offsets in temperature for greater clarity of the
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error bars. The way in which the INP concentrations, upper limits and its uncertainties have been
calculated are shown in Appendix B, based on 68% confidence intervals.

(a) C087_1
10° - 1.00 T
104} —I— sEm 1 e
¥ 4+ Optical Probes B Sionly
10°} r 1 s B AlSirich
o a 0 Carich
- 2
‘E 107 M, + = 0 Metal rich
= ot 12 e B Narich
0.50 | .
%, 1000 't‘ # é. = Clrich
3 ""111 " & BN S rich
Z 1074 - 1 [ Carbonaceous
102} ] 0251 N Other
10} % ]
10+ T it 1 000 N=2283
0.1 1 10 03 04 07 1.0 13 L8 24 33 44 59 80
Diameter (pm) Diameter (pm)
() C089_3
10° : 100 e
104] —1— sEm orne
-+ Optical Probes £ Sionly
0 P 1 onsl B ALSirich
| e, ’ [0 Carich
107 E "%y, 1
E s = 1 Metal rich
= 101} p 1'% 050 I Narich
0.50 |
S 100 - 12 9 Clrich
3 0 i < B S rich
Z 107} 4, 1 [ Carbonaceous
102} "? ] 0251 N Other
il
10~ 0.00 N=312
0.1 1 10 03 04 07 1.0 13 18 24 33 44 59 80
Diameter (pm) Diameter (pm)
() C090_1
10° : : 100 —
w0l + SEM 1 | 21 nclh
- Si only
1037, = Optical Probes 1 ors B ALSirich
T “‘x"h% ] 0 Carich
E M a [ Metal rich
e 10 " -§ I Narich
2 00 120 = Clrich
I & S rich
% 10 1 [ Carbonaceous
10-2 0251 B Other
107
107+ 0.00 N= 1476
0.1 03 04 07 1.0 1.3 1.8 24 33 44 59 80

Diameter (pm)

Diameter (pm)

10

$$900y uadQ

EGU



https://doi.org/10.5194/acp-2022-589

Atmospheric

Preprint. Discussion started: 20 September 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics
Discussions
@) C091_2
10° - 1.00 —
10} i sew | =y
0 7; 4 Optical Probes 1 o B ALSirich
o 102 "'\.' e [0 Carich
£ “ . a [ Metal rich
\2 10! g I Narich
S 0 o 2051 = Clrich
s i " £ B Srich
% 10~ s E [1 Carbonaceous
102 0.25 - B Other
1073 .m
10+ . 0.00 N=12393
0.1 1 10 02 03 06 10 13 1.8 24 33 44 59 80
338 Diameter (pum) Diameter (pm)
339  Figure 4. Results of SEM-EDS analysis of each analysed sample (a-d) showing comparison between
340 SEM-EDS and PCASP-CDP number size distribution (left) alongside size-resolved composition (right).
341
Sample Dustarea Dust limitof Dust Seaspray Seaspray
(um?/cm®) detection (um%m® percentage  aerosolarea  aerosol
(um?/cm®) percentage
cos7 1 069 0.038 133 3.83 73.4
cosg 3 066 0.15 139 0.28 188
cos0 1 122 0,083 2711 0718 )
coor 2 053 6.049 111 286 60
342
343  Table 1. Surface area of dust and sea spray aerosol from SEM-EDS analysis. The dust limit of detection
344  corresponds to the upper limit of the dust concentration detected on the handling blank filter. Note that
345  the given dust and sea spray aerosol percentages refer to surface area percentages. The limit of detection
346  of sea spray aerosol particles has not been indicated because the presence of this type of particles in the
347  handling blank is negligible. Further information on the size-resolved composition of the handling
348  blanks and a discussion about it can be found in (Sanchez-Marroquin etal., 2019).
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350  Figure 5. Predicted INP concentration of the SEM-EDS samples compared with the INP measurements
351 at -20 °C. The dust INP prediction has been calculated by applying different ice-nucleation
352  parametrizations to the surface area of dust calculated from the SEM-EDS analysis. The O'Sullivan et
353  al. (2014) for fertile soils and a dust containing 10 % of K-Feldspar (Harrison et al., 2019) have been
354  used. The NaCl INP prediction has been obtained by applying the sea spray aerosol parametrization
355  from McCluskey et al. (2018) to the SEM-EDS sea spray aerosol surface area. The purple points
356  correspond to our INP measurements or upper limits, based on 68% confidence intervals (Appendix B).
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357  Appendix A: Sample details

Sample Date Start End Pressure Radar Vol. Vol.tef.  PTFE Stored
(2017) time time altitude altitude PC(L) (L) position
(UTC) (UTC) (m) (m)
C085_1  03/11" 22:22 22:34 496 474 466 312 Up No
C085_3  03/11" 23:18 23:40 745 546 461 355 Low No
C086_1~ 03/13" 2114 21722 36 38 212 159 Cow No
C086_2 03/13"  21:29 21:49 148 139 231 143 Up No
C086_3 03/13"  22:11 22:31 421 387 644 209 Low No
C087_1"" 03/16" 20:44 21:26 313 309 1047 565 LCow No
C087_2 03/16™ 21:33 22:03 305 305 965 447 Up No
C087_3 03/16™  22:30 22:44 547 491 392 217 Low Yes
C089_1" 03/18" 18:01 18:42 584 522 1198 714 LCow No
C089_2  03/18™ 18:49 19:17 573 506 - 398 Low No
C089_3" 03/18" 19:28 19:48 596 557 404 214 Up Yes
C090_1  03/20™ 20:15 20:38 518 487 735 349 Low No
C090_2  03/20™ 20:53 21:26 518 487 488 409 Up No
C091_ 2" 0321 18127 18:56 =72 123 1187 376 Up No
C091_3 03/21™ 1901 19:14 130 297 644 203 Low Yes
C091_4 0321 19:21 19:51 -138 68 635 635 Up No

358  Table Al. Details of the samples collected during the MACSSIMIZE campaign. PTFE
359  position refers to which inlet was used to collect the PTFE sample in each run. The other line
360  was usedtocollect the polycarbonate sample. Stored filters were kept for a few hours or days
361  at-18 °C, while the rest of them were analysed immediately after collection without any long-
362  term storage.

363
364
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365  Appendix B: Upper limit determination and background subtraction of the ice -nucleation
366  experiments

367  Asshown in Fig. 2a, most of the fraction of droplets frozen produced by the collected samples were
368  comparable or only slightly above to the ones produced by the handling blanks. Hence, we established
369  criteria to separate data points of the INP spectrum that are not significantly above the limit of detection
370  of the instrument. The analysis is performed using the differential spectrum of ice-nucleus rather than
371 the cumulative spectrum, which is normally used to display and compare ice-nucleation data such as
372 INP concentrations and densities of active sites (Vali, 1971;Vali, 2019). First, we create a histogram
373 with the number of freezing events per temperature interval per sample. This is done for all the samples
374  and handling blanks, with temperature intervals of 2 °C. We transform the number of freezing events
375  perinterval of each sample into the differential INP spectrum, k(T), using Eg. 1 (Vali, 2019).

k(1) = —%zn(p%)

Eqg. 1
376  InEq. 1, Vis the droplet volume, AT is the temperature interval, 4N is the number of frozen droplets
377  betweenTand (T-47),and N(T) is the number of unfrozen droplets at T. The k(T) values of the handling
378  blanks is shown in Fig B1, alongside the mean value of each interval and its standard deviation. Note
379  that many of the temperature intervals had zero freezing events, corresponding to k equal to zero. These
380  zerovalues cannot be seenin Fig. B1 but they have beenincluded in the means and standard deviations.
381  The meanand standard deviation of the k values produced by each handling blank has been compared
382  with the k values corresponding to each sample. The uncertainty in the k values associated with each
383  sample hasbeen calculated using a very similar Monte Carlo simulation as used previously (Vali, 2019)
384  using a 68 % interval. The k values associated to each sample were individually compared with the
385  meanand standard deviation of the k values of the handling blanks. A data point was considered above
386  the limit of detection when its lower error yields above the mean plus standard deviation of the blanks.
387  Background subtraction was applied to data points significantly above the limit of detection. This was
388  done by subtracting the mean of the k values of the handling blanks. The error of the background-
389  subtracted point was calculated by square rooting the quadratic sum of the error of the Kgampie and
390  Kpackground- TWO examples of the comparisons between samples and the handling blanks are shown in
391  Fig. B2. (a) corresponds to a case where no data point was higher than the limit of detection, while (b)
392 corresponds to a case where most of the data points were significantly above the limit of detection. Note
393 that all the data measured on the 16" of March (flight C087) has been flagged as an upper limit. This is
394  because the handling blank experiment carried out on that day was unusually high, being compatible
395  with all the measurements.

396  The background corrected k(T) was integrated into the cumulative spectrum of active sites, K(T), using
397  Eg. 2 (Vali, 1971;Vali, 2019).

T
K(T) = Z k (T) AT £y 2
T=0

398  INP concentrations were calculated from , K(T) using Eq. 3, where Vs the droplet volume, Ag is the
399 areaof the filter, V,is the sampled air volume and o is the contact surface of the droplets. For this study,
400  we used the same values than Sanchez-Marroquin et al. (2021).

K(T)VpAsy

INP(T) = 7 Eq. 3

401 Ak value which was not significantly above the limit of detection has been represented with lower bars
402  going to zero in the INP spectrum (meaning upper limit to the INP concentration). However, if a k value

14
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403  not significantly above the limit of detection was preceded by a value which was above the limit of
404  detection, then as a result of the cumulative nature of the reported INP concentration the corresponding
405  value is reported with a filled symbol, but the lower bound of the error bar does not change since it is
406  possible that no new INP were present in that temperature interval. In Fig B3 one can see the INP
407  concentration of all the samples collected in this study per each day.

408
107 ‘ T
® ® Handling Blank
®—¢ Mean+stdv
100 b g
T
O 10°F .
<
4
104+ .
103 I I I |
—40 -35 =30 =25 -20 —15 —-10
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409

410  Figure B1. Differential spectrum of ice-nucleus of all the handling blanks performed during this
411  campaign. Datais shown in blue, while the mean and standard deviation of the data of each bin are
412 show in green.

413
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Figure B2. Examples of a comparison between the handling blank mean with two samples. None of the
data points of sample C086_1 is significantly above the background. However, most of the data points
associated with sample C090_2 are more than one error bar above the data produced by the handling
blanks and they have been background-subtracted.
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Fig B3. INP concentrations and upper limits shown in Fig. 2 separated per sampling day. A list of the

days when these samples were collected is shown in Table Al.
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