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Abstract Identifying how aerosol particles interact with atmospheric water is critical to understand climate
and precipitation. Ice-nucleating particles (INP) trigger the formation of atmospheric ice crystals at higher
temperatures than pure water. They are difficult to characterize because of their scarce occurrence, and
variability, in the atmosphere, especially at temperatures above —20°C. It has been demonstrated that at these
temperatures, biological aerosol particles can contribute significantly to INP number concentration. This study
incorporates a series of offline, size-segregated measurements of INPs collected at the Puy de Dome station
(PUY, 1,465 m a.s.1.) over a 6 month period from October to May, covering the transitions from autumn, winter,
to spring. These measurements show a general trend of decreasing particle number concentrations during the
winter months and higher concentration during autumn and spring. INP concentrations measured in the range of
—5 and —18°C, had concentrations of 0.001 INP/L ;, at the warmest temperatures, and between 0.01 and 0.1
INP/L,;, at the coldest temperatures. The majority of INP measured at temperatures warmer than —15°C were
heat labile, suggesting a biological or organic origin. The INP variability was compared with collocated aerosol
physical and chemical properties, allowing us to associate highest INP concentrations with local and marine
origins. Following these comparisons, we use aerosol total number concentration to develop a new
parameterization. In addition, this parameterization is specifically optimized for warmer temperature INP
measurements, and demonstrated a good performance when tested on independent data sets.

Plain Language Summary Understanding how tiny particles in the air (aerosol particles) interact
with water in the atmosphere is crucial for studying climate and precipitation. Ice Nuclei Particles (INP) play a
role in forming ice crystals in the atmosphere, especially at higher temperatures. This is important because it's
been found that biological aerosol particles can significantly contribute to INP at temperatures above —20°C.
The study conducted offline measurements of INPs over 6 months at the Puy de Déme station, covering the
transition from autumn to spring. Results showed a general trend of fewer particles during winter and more
during autumn and spring. The INP concentrations were highest at temperatures between —5 and —18°C, with
warmer temperatures having 0.001 INP per liter of air and colder temperatures having 0.01 to 0.1 INP per liter of
air. Most INPs at temperatures above —15°C were heat-sensitive, indicating a biological or organic origin. This
study linked high INP concentrations to local and marine sources by comparing them with aerosol properties. A
new parameterization based on total aerosol number concentration, specifically optimized for warmer
temperatures, performed well when tested on independent data sets.

1. Introduction

Atmospheric aerosol particles have a wide range of physical and chemical properties. Knowing how these aerosol
particles interact with atmospheric water vapor is critical to assessing their impact on the Earth's energy balance
and on the atmospheric water cycle (Boucher & Randall, 2013; D. Hartmann et al., 1992; Lohmann &
Feichter, 2005).

In clouds at temperatures above —38°C, aerosol particles can induce heterogeneous freezing and lead to the
formation of atmospheric ice crystals (Pruppacher, 2010) by reducing the energy barrier required by the ice
nucleation process. These aerosols are referred to as ice-nucleating particle (INPs). INPs are very scarce in the
atmosphere, with concentrations usually ranging from 0.1 to 10 L™" (while the total concentration of aerosols is
ranging from 10° to 107 L"), thus making them difficult to detect and quantify, and therefore to understand.
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Furthermore, depending on their nature, INPs in the mixed-phase cloud regime are active at different ranges of
temperatures between 0 and —38°C. Some specific aerosol particles identified as having good ice-nucleating
abilities include mineral dust, soil dust, and primary biological aerosol particles (Kanji et al., 2017), either of
terrestrial origin (Schneider et al., 2021) or of marine origin (McCluskey et al., 2017; Wilson et al., 2015). Dust-
derived particles have been identified as the dominant INP type at temperatures below —20°C, whereas biological
aerosols such as bacteria or fungal spores are the dominant INP types identified active at temperatures above
—15°C (Huang et al., 2021; Kanji et al., 2017; Maki et al., 1974). It has also recently been illustrated that bio-
genically derived secondary organic aerosols could also have ice nucleating properties in cirrus freezing regimes
(Wolf et al., 2020).

Another element of uncertainty in our current view of ice nucleation in the atmosphere are the different pathways
by which an ice crystal may form. These pathways, or activation modes, are described in detail by Kanji
et al. (2017). There are generally four different modes considered in the literature (deposition ice nucleation,
contact freezing, immersion freezing and condensation freezing; see Kanji et al. (2017) for a thorough description
of each mode). Different INP sampling instruments can often only operate in one or two ice nucleation modes,
which is another obstacle to making and comparing INP measurements.

To date, there is not one instrumental method that can characterize INPs across the full temperature range between
0 and —38°C. Different sampling and analytical procedures, both online and offline, have been widely used in the
past and therefore reproducibility of instrumental methods in both controlled (DeMott et al., 2018) and ambient
conditions (Lacher et al., 2024) is essential (DeMott et al., 2011). Online methods allow the measurement of INP
concentrations with high time resolution (seconds to minutes), making it possible to follow the high temporal
variability of ambient INP concentrations. Current online instruments operate at temperatures colder than —15°C
and provide much needed information on the temporal variability of INPs. However, due to low INP concen-
trations, they often need to be operated downstream of a particle concentrator (Gute et al., 2019). Offline methods
are low cost, and generally easier to deploy at different sampling sites. As samples are accumulated over longer
periods of itme, they allow examination of low concentrations of INPs. Therefore making them more effective
than online measurements for studying biological INPs.

In the last decade, significant technological advances have been made in the development of new measurement
methods for atmospheric INP, leading to a substantial increase in the number of field campaigns aimed at
answering scientific questions on the sources and variability of INPs in different atmospheric environments.
However, only a few studies focused on analyzing INP seasonal trends and variability (M. Hartmann et al., 2019;
Pouzet et al., 2017; Schneider et al., 2021; Schrod et al., 2020; Wex et al., 2015). These studies have shown an
increased number of INP in the spring and summer, but seasonal data is still lacking in different types of
environments.

It is essential to have these long-term INP data sets if we are to derive accurate parameterizations that will predict
INP from aerosol properties under different atmospheric conditions and environments. This will allow them to be
incorporated into global numerical models to study and predict climate and precipitation more accurately Burrows
et al. (2022). Historically, the most commonly used INP parameterizations are those based on temperature since it
is easier to implement into numerical models without needing additional measurements (Fletcher, 1962; Meyers
et al., 1992). With the increase in collocated measurements of ambient aerosols and INP properties, a number of
parameterizations have been developed using a wide range of parameters. Some parameterizations use aerosol
number concentration (DeMott et al., 2010, 2015; Tobo et al., 2013), others use aerosol surface concentration
(Ullrich et al., 2017), or aerosol chemical properties (Niemand et al. (2012) for dusts, Atkinson et al. (2013) for
feldspar, Wex et al. (2015) and Patade et al. (2021) for biological materials). However, a major drawback from the
majority of these parameterizations is that they have been optimized for temperatures below —20°C and therefore
do not accurately predict INP concentrations at warmer temperatures (Huang et al., 2021; Schneider et al., 2021).

Due to the huge variability in INP types and properties between the different regions of the globe, there is a strong
motivation to increase the number of field studies (Huang et al., 2021; Kanji et al., 2017; Murray et al., 2012),
especially at warm temperatures (>—20°C), in order to increase data availability and to better understand ice
nucleation by biological aerosols. In this context, measurements were performed during the Puy de Dome Ice
Nucleation Intercomparison Campaign (PICNIC) at the summit of the Puy de Ddme Mountain (PUY, 1465 ma.s.
1.) in Central France in October 2018. In addition to characterizing INP concentrations and variability at a high
altitude remote station, this field campaign had a second objective to compare a range of both offline and online
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ice nucleation measurement techniques in ambient environments (Lacher et al., 2024). After PICNIC, weekly size
resolved filters were collected for analysis of INP concentrations until May 2019.

In this work, an overview is provided for INP measurements at PUY, including their concentrations, seasonal
variability, and relation with aerosol physical and chemical properties. Using a combination of these measure-
ments, we propose a parameterization optimized for warm temperature (>—20°C) INP activity. We then test this
parameterization on two independent data sets.

2. Methods

2.1. Site Description and Instrumental Setup

The Puy de Dome station (PUY) is located at the top of the Puy de Dome mountain (45°46’ N, 2°57" E,
1,465 m a.s.l.) in central France. The site is influenced by long range air masses from both the continental and
oceanic sectors (Baray et al., 2020; Farah et al., 2018). Given both its altitude and surrounding geography this
site can be situated occasionally in the lower free troposphere, making it an interesting site to study the
properties of different atmospheric layers (Farah et al., 2018; Freney et al., 2016). The PUY site is identified as
a global atmospheric watch (GAW) station as well as being an Aerosol, Clouds and Trace Gases Research
Infrastructure (ACTRIS) facility. A detailed description of the station is available in Baray et al. (2020). In
addition to the measurement of continuous meteorological parameters (temperature, humidity, and pressure),
the station is equipped with a wide range of both online and offline measurement methods, to study in-situ gas
and aerosol properties.

For this work, we use measurements of aerosol size and number concentration using a custom made Scanning
Mobility Particle Sizer (SMPS) (Figure S1 in Supporting Information S1) coupled with a condensation particle
counter (CPC 3010, TSI) measuring particle diameters from 10 nm up to 600 nm. An optical particle counter
(OPC, Grimm model 1.108) was measuring supermicronic aerosol number concentration from sizes 0.3-20 pm.
However, due to poor data coverage (Figure S2 in Supporting Information S1) only measurements from the
SMPS will be used. Only total aerosol number concentrations (N,,, ., Tepresenting sizes from 10 nm up to
600 nm), number concentrations of aerosols with diameters greater than 500 nm (N, so0) and the aerosols surface
area (S,,,.,,) and surface measured by the SMPS are used in this study (Picard, 2021). The Magee Scientific
Aethalometer® AE33 was used for black carbon measurement. Filter based aerosol chemistry measurements were
obtained from a high volume sampler located on the rooftop of the station.

Concentrations of INPs were measured during two consecutive periods with different sampling procedures.
During the PICNIC campaign (starting from 9 October 2018 to 24 October 2018), high-volume filter samples
(1,160 L/min, total volume sampled: ~557 m>) were taken on 147 mm diameter quartz filters every day (from
10:00 to 18:00) and night (from 22:00 to 06:00). Prior to analysis, the filters were conserved at —10°C in the
laboratory for 2-3 months. We are aware that studies have suggested that INP activity may decrease somewhat if
the analysis is not performed immediately (e.g., “Best practices for precipitation sample storage for offline studies
of ice nucleation in marine and coastal environments” (Beall et al., 2020)). We can therefore consider these
samples to the lower limit of ice nucleation activity.

After the PICNIC campaign, a period of Weekly Ice Nuclei Samples (WINS) were collected from 7 November
2018 to 25 May 2019. A 4-stage Dekati® impactor and 25 mm diameter quartz filters were used for size
segregated INP measurements, with size bins of 0.1-1, 1-2.5, 2.5-10, and >10 pm. Contrary to PICNIC, the
sampling was done from inside the observatory behind a whole air aerosol inlet (WAI) with a 50% cut-size
diameter of 25 pum (for wind speeds of 7 m s™') and a flow rate of 10 L/min. Samples were collected continu-
ously over a 7 day period, resulting in one size segregated sample per week. The chemical properties of the
aerosols during the sampling periods were analyzed using the same filters as those used for the INP analysis.
Chemical analysis of the filters was performed using ion chromatography using the method described by Bourcier
et al. (2012), thus providing mass concentrations of anions (C1~ NO3, SOﬁ_, Oxalate) and cations (Na*, NHJ,
K™, Mg®", Ca®*). As a result of the long sampling times used during WINS, it was not possible to study the
impact of specific air masses on the INP concentrations, therefore we use the chemical composition of the
aerosols particles as a proxy for the air masses at PUY (Farah et al., 2018).
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In parallel to the PICNIC campaign, a number of other European sites collected filter samples for INP analysis. In
this study, we used quartz filter measurements from the ACTRIS station Montsec d’ Ares (MSA; 42°3’N, 0°44’E,
1,570 m a.s.l.). Those filters were collected by the Institute of Environmental Assessment and Water Research
(IDAEA), Barcelona, Spain. The 24 hr filter samples (Quartz microfiber filters) were collected with a high-
volume sampler (30 m®> h™!, MCV CAV-A/Msb) behind a PM10 head. The RH in the sample inlet was moni-
tored continuously and was always inferior to 50%. Similarly to PUY, MSA is a continental background altitude
site (Ripoll, Minguillén, et al., 2014; Ripoll, Pey, et al., 2014). The atmospheric conditions at MSA are char-
acteristic of Mediterranean climate with local and regional atmospheric air masses and Saharan dust inclusions
(Ealo et al., 2016; Ripoll, Minguillén, et al., 2014; Ripoll, Pey, et al., 2014). These data sets were used to evaluate
the newly developed parameterization (Section 5).

2.2. Ice-Nucleating Particles Analysis

INP analysis of offline filters were made with the LED-based Ice Nucleation Detection Apparatus (LINDA)
technique (Stopelli et al., 2014), an offline method used to analyze samples of INP and their properties in the
immersion freezing mode (Hiranuma et al., 2019; Pouzet et al., 2017).

LINDA consists of a network of LEDs underneath an array of 52 Eppendorf® tubes filled with a 0.9% NaCl
solution containing INPs. It is recommended to prepare samples in a 0.9% NaCl solution (equal to physiological
solution) for sample stability and to avoid an eventual osmotic stress on biological material. A series of tests using
several salt concentrations were performed by Stopelli et al. (2014), and for this range of salt concentrations had
no noticeable impact on the freezing temperatures.

The array of tubes is placed in a cooling bath, with a temperature probe at each corner. An USB CMOS
Monochrome Camera placed above the array allows detecting the freezing of the tubes by the variation of the
intensity of the light transmitted through the tubes. The temperature in the cooling bath was decreased at a rate of
—0.33°C/min.

For the analysis with LINDA, punches of the filters (4.5 cm? for PICNIC, 4.3 cm? for WINS) were washed in a
25 mL solution of 0.9% NaCl during 20 min by agitation, then half of the tubes (26 tubes) were filled using the
resulting solution (200 pL in each tube). The remaining solution was then heated for 30 min in boiling water at
100°C, and was used to fill the remaining 26 tubes of LINDA array. The purpose of this heat treatment is to
remove the biological contribution to the INP, a widely used method in the community (Christner et al., 2008;
O’Sullivan et al., 2018; Wilson et al., 2015). This is supported by the fact that most biological INPs active at such
high temperatures are composed of proteinaceous material, such as bacteria (Huang et al., 2021), and are thus
heat-labile. In the following discussion, we refer to the INPs from heated samples as “Heat Stable” (HS) INPs and
the difference between untreated and heated samples as “Heat Labile” (HL) INP concentrations.

The cumulative INP concentration nyp were calculated using the Vali (1971) formula:

InNy — In N(T
NINp =0$(), Q)

where N, is the total number of droplets (here the number of Eppendorf tubes, 26), N(T') is the number of droplets
frozen at temperature 7 and V is the volume of a droplet (here, V = 200 pL).

For filter samples, the number of INP per mL of liquid analyzed are converted to the number of INP per volume of
air, using Equation 2:

mL
plar — NP SrVai 2)
INP — ’
Vair SP

where nf,’(;;, and nfiL, are INP concentrations per liter of air and per mL of solution, respectively. V,;, is the volume
of air sampled for each filter in L, S the total surface of the sampling filter in cm?, V,;;, = 25 mL the volume used
for washing the filter, Sp the surface of punches of filter used for the analysis in cm?,
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Figure 1. Cumulative ice-nucleating particles concentrations at PUY during the (a) Puy de Dome Ice Nucleation Intercomparison Campaign (PICNIC) campaign,
(b) weekly ice nuclei samples (WINS) campaign for INP,, (blue), INP;¢ (red). The solid line corresponds to the mean, the shaded area corresponds to one standard
deviation. The number of samples is N = 21 for PICNIC and N = 19 for WINS.

Blank filters were handled and analyzed through the same procedure in order to estimate background errors. On
average, blank samples started freezing at approximately —10°C, but remained consistently below the filter
samples until about —18°C (Figure S3 in Supporting Information S1). PICNIC blanks were generally higher than
WINS blanks, and all tubes were frozen at —15°C, instead of about —19°C for WINS blanks. Heating did not
change the freezing profile of blank samples. All figures show the INP concentrations corrected for background
concentrations using their corresponding blank samples.

3. General Observations and Time Series
3.1. General Features of the INP Concentrations

The cumulative INP temperature spectra for both campaigns are shown for all samples in Figure 1, and repre-
sented using all data points in Figure S4 in Supporting Information S1, and as boxplots in Figure S5 in Supporting
Information S1. Heat stable (HS) INPs are defined as the heated samples, while heat labile (HL) INP concen-
trations were calculated as the difference between the unheated and heated samples. In both field campaigns, the
total INP concentrations (unheated samples) vary between 10™* INP/stdL to 10~ INP/stdL at the highest tem-
peratures, and are around 107" INP/stdL at the coldest temperatures. Both data sets show similar freezing onset,
around —6 £ 1°C, but all samples are activated for PICNIC at —14 and at —18°C for WINS. The high activation
temperature from the PICNIC field campaign is a result of higher particle loads, and hence high INP concen-
trations, on the filters. Additional dilutions would have increased the range of temperatures available for this
sample set. These values are comparable with global INP data (Conen et al., 2022; DeMott et al., 2018; Ladino
et al., 2019; Tobo et al., 2019).

A clear decrease in INP numbers is visible after the heat treatment, indicating a large fraction of INP as heat-labile
INPs (Figure 1), which suggests the presence of particles of biological origin containing proteinaceous ice-active
material (Christner et al., 2008; T. C. Hill et al., 2016; Huang et al., 2021). These concentrations ranged from 10™*
INP/stdL to 107> INP/stdL at the higher temperatures (>—10°C), from 107> to 10" INP/stdL at the lowest
temperatures (<—10°C). For both data sets, the heat treatment decreases the freezing onset of the samples by
about 3—4°C. At temperatures above —10°C, about 80%—90% of the observed IN activity can be attributed to
biological origins, which is in line with other studies on cloud water (Joly et al., 2014), snow (T. C. J. Hill
et al., 2014) or rain water (Lu et al., 2016). At warmer temperatures (>—10°C), as a result of lower INP activity,
much higher variability is observed compared to the colder temperatures, represented by the outliers in Figure S5
in Supporting Information S1. At —12°C, an average of 36% of INPs are heat labile for PICNIC, and 62% for
WINS. At —18°C, less than 10% of all INPs are heat labile, consistent with other studies that used heat treatment
for differentiating heat labile biological INPs in different types of environments (Conen et al., 2022; Joly
etal.,2014; T. C.J. Hill et al., 2014; McCluskey et al., 2018; O’Sullivan et al., 2018; Schrod et al., 2020), showing
that biological INP are responsible for early onset freezing.
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Figure 2. Differences between day-time and night-time concentrations of total and heat stable ice-nucleating particles concentrations during Puy de Dome Ice
Nucleation Intercomparison Campaign. Night and day values corresponds respectively to the periods 22:00 to 06:00 and 10:00 to 18:00. Night values were calculated
using 10 samples, day values were calculated using 11 samples.

3.2. Day-Night Contrast During PICNIC

The average day-night concentrations of total and HS INP concentrations measured during the PICNIC exper-
iment are shown in Figure 2. The median concentrations of total INPs (Figures 2a and 2b) are generally the same
at night as during the day, but the interquartile range (25%-75%, materialized by the boxes in Figure 2) is higher at
night, showing increased variability of INP concentrations. The concentrations of HS INPs (Figures 2c and 2d)
are consistently higher during day time than night time. This is particularly the case at colder temperatures
(<—12°C), where the difference is about 0.03 INP/stdL. This suggests that the contribution of HL INPs to the total
INPs is higher at night than during the day.

This is potentially a result of the increased abundance of particles of biological origin during the night, a phe-
nomenon already observed at PUY by Gabey et al. (2013). This phenomenon of larger particles measured in
higher concentrations during free tropospheric conditions (and nighttime periods) was discussed by Farah
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Figure 3. Day night variations of physical and chemical parameters at PUY during Puy de Dome Ice Nucleation Intercomparison Campaign. Night and day values
corresponds respectively to the periods 22:00 to 06:00 and 10:00 to 18:00. Night values were calculated using 10 samples, day values were calculated using 11 samples.

et al., 2018; Bourcier et al., 2012 for the PUY. In both papers, it was hypothesized that more efficient long-range
transport of larger marine particles/dust (and possibly biological aerosols) may occur at higher altitudes, this is
particularly relevant during the winter months when stronger winds are often present.

The day-night difference of other aerosol parameters were also computed to investigate their relationship with the
INP trends (Figure 3). N, increases by 22% on average from night to day, which is in line with the trends of HS
INPs. The variation in total aerosol is similar to observations from Venzac et al. (2009), where autumn diurnal
aerosol concentration varied from 1,100 to 2,800 cm™>. During the day, the increasing boundary layer height
means that smaller particles from nearby sources are transported to the site, or those that are formed through
particle nucleation processes. On the contrary, N, so0 and S,,,, increases on average at night, which is in line with
the increase of HL INPs at night. At night, the PUY is sampling at the top of the mixing layer or in the residual
layer where aerosol concentrations are more often long range transported. S, does not show a significant
variation during the period. For the chemical parameters, Na® increases by 44% on average during the day
compared with moderate increases from C1~, NO3 and Ca** (10%—15%). For SO%‘, concentrations decreases by
10% during daytime. The other chemical parameters do not show any significant variation (below 5%).

3.3. Seasonal Variations

The weekly time series of INP data (HS and HL) at —8, —12, and —15°C and of the collocated measurements are
shown in Figure 4. These temperatures correspond respectively to the temperatures at which a majority of HL
INPs are activated, at which both HL and HS INP are present in similar concentrations, and at which the majority
of all INPs have been activated. PICNIC concentrations are not shown at —15°C, as all INPs were activated
above —14°C.

Although the measured number concentrations are low, we observe a trend with lower INP concentrations at PUY
for both HL and HS during the winter and higher concentrations measured during spring and autumn (Figures 4a—
4c). Similar trends were reported in precipitation water (Pouzet et al., 2017) and in a boreal forest in Finland
(Schneider et al., 2021). Higher ratios of HL/total INPs are observed during the winter months, than during the
spring or autumn months. However, calculations made during the winter months are based on low concentrations
and are subject to high uncertainties. We observe similar seasonal variations of aerosol numbers (N, ;o1 Nuer.5005
Figure 4d), surface area (S,,,,, Figure 4¢) and composition (Figures 4f and 4g). The link with N,,,, 5o is consistent
with the observations by DeMott et al. (2010), who illustrated that INP concentrations were strongly related with
larger particle diameters often related to dust particles.
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Figure 5. Time series of submicronic (a—c) and supermicronic (d-f) ice-nucleating particles concentrations during weekly ice nuclei samples at 7= —8°C, T = —12°C,

and T = —15°C.

Furthermore, the seasonal trend in aerosol properties at PUY has previously been reported for aerosol concen-
trations by Farah et al. (2021), Bourcier et al. (2012), and Venzac et al. (2009). At PUY, this seasonal variation is
strongly influenced by the variability in the boundary layer height that does not reach the site as often during
winter compared to summer, in agreement with previous studies (Farah et al., 2018; Venzac et al., 2009).

3.4. Size Segregation

During the WINS experiment, size segregated filters were collected, allowing the examination of INP variability
for both submicron and supermicron aerosol particles (Figure 5 and Figure S6 in Supporting Information S1).
These filters were grouped into submicron and supermicron size categories to ensure sufficient mass concen-
tration for analysis. At all temperatures, both submicron and supermicron INPs show similar seasonal variation
with a wintertime minimum. Although the supermicron and submicron aerosol particles have similar (within the
uncertainty) INP concentrations, contributing 49.8 + 29%, 55 + 22%, and 63 + 18% to the total INP number at
—8, —12, and —15°C respectively, the INP activity of supermicron particles tends to be higher than those of the

RIGHTS LI M Hiy

9 of 20

85U017 SUOWWIOD BAITe1D 3|qedl|dde 8Ly A peusenob a8 S9pIMe WO ‘SN JO S3|NJ 104 AX1G1T 8UIUO A8]IM UO (SUOIPUOD-PUR-SWIS)W0D" 43| 1M AZIq 1B 1UO//SHNY) SUORIPUOD PUe SLLB L 83885 *[202/TT/20] U0 A%iq1T8UlUO A8]IM ‘80Ul 8URI400D AQ L97200V32202/620T OT/I0p/W00 A 1m ARl ijeutjuo'sandnBe//sdny woiy pspeojunmod ‘9 ‘¥202 ‘Y80SEEEE


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2022EA002467&mode=

 Veld
M\I Earth and Space Science 10.1029/2022EA002467
AND SPACE SCIENCES
Table 1
Linear Regression Correlations Coefficients (R?) and p-Values (Pearson's Test) Between the Weekly Ice Nuclei Samples
Ice-Nucleating Particles (INP) Concentrations at —8, —12, and —15°C (INP_g, INP_,,, INP_,s) and Aerosol Parameters
Naer,tor Naer,SOO Saer BC cr- NO3_ 504_
INP,,, ¢ 0.70 (<0.005) 0.39 (0.01) 0.74 (<0.005) - - 0.25 (0.03) 0.61 (<0.005)
INP[m‘,—lZ - - - - - - -
INP, 15 0.40 (0.01) - - - - 0.24 (0.03) 0.35 (0.01)
INP,, 1, - - - - - - -
INP,, 5 - - - - - - -
INP, s 0.28 (0.04) . - . _ . 0.24 (0.04)
INP; 5 - ~ ~ ~ - ~ ~
Ox. Na* NH} K* Mgt Ca**
INP,,, ¢ 0.73 (<0.005) 0.24 (0.03) 0.60 (<0.005) 0.25 (0.03) - -
INP,, . - 0.24 (0.03) 0.21 (0.05) - - -
INP,s 15 - 0.38 (0.01) 0.37 (0.01) - - 0.33 (0.01)
INPy; _1» - - - - - -
INPmt,flS - - - - - -
INP,g_ s - 0.31 (0.02) 0.27 (0.03) . _ 0.22 (0.05)
INP,, s - - ~ ~ ~ ~
Note. Only significant (P < 0.05) correlations are shown. Values with no significant correlations are indicated as n-dashes.
Values with P < 0.005 are indicated in bold.
sub micron mode. This is consistent with previous studies showing that INPs are abundant in the supermicron
range at temperatures warmer than —20°C. Past studies report that at —15 and —20°C, respectively 80% and 55%
of INPs are supermicronic (Creamean et al., 2018; Huffman et al., 2013; Mason et al., 2016).
The ratio of HL to total (and hence thought to be of biogenic origin) INPs at —8 and —12°C is higher by 10% for
submicron INPs than for supermicron INPs: the fraction of HL to total INP are 97 + 7%; 57 + 39%, and 44 + 8%
at —8, —12, and —18°C respectively in the submicron mode, while they are 88 + 22%, 47 & 26%, and 32 + 27% at
—8, —12, and —18°C respectively for the supermicron mode. These observations highlight that submicron aerosol
particles can contribute to INP concentrations and that the contribution of biological aerosol particles is not
negligible, especially when considering the higher number concentrations of submicron particles.
4. Correlations With Atmospheric Parameters
In the following section, we compare the long term WINS data set with collocated atmospheric measurements to
determine which aerosol properties can be used to explain INP variability. Correlations between the concen-
trations of total INPs (INP,,,), heat-labile INPs (INP,;) HS INPs (INP ;) with various aerosol physical (N, /.
Nyers500- and S,,,) and chemical (Black Carbon BC, inorganic ion concentrations C1~, NO3, SO}[, Oxalate, Na™
NH}, K*, Mg?*, Ca®*) properties were investigated for WINS data (Tables 1 and 2).
The correlations were computed at three temperatures (—12 and —15°C), to better understand the dominant re-
lationships in each of the temperature regimes and to better distinguish between the influencing factors of “cold”
and “warm” INPs. HS and HL INPs at —8°C are not included in the following tables, as HS INPs at this tem-
perature represent less than 10% of the total INPs.
4.1. Grouped INP Data
For physical parameters N, ,, and S,,,, good relationships (R2 > 0.7) were measured with INP, , at —8°C
(Table 1). However, relatively lower correlations are observed for N,,,,. 509 (R* ~0.35) with INPs at —8°C. At —12
and —15°C, only HS INPs have significant correlations to N,,,.,,,. It is presumed that concentrations at —8°C are
too low to reliably derive correlations with other parameters.
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Table 2
Linear Regression Correlations Coefficients (R?) and p-Values (Pearson's Test) Between Submicron Ice-Nucleating
Particles (INP) Concentrations at —8, —12, and —15°C (INP_g, INP_,,, INP_5) and Aerosol Parameters

Naer.tot Naer,SOO Saer BC Cr- NO; 504_

INP,,, _, 0.30 (0.03) 0.57 (<0.005) = = = = 0.48 (<0.005)
INP,,, 12 0.38 (0.01) = - - - = 0.27 (0.02)
INPys._12 - - = = = - 0.59 (<0.005)
INP,, s - _ - _ _ - _
INP,,, ;5 0.30 (0.03) - - - - = 0.22 (0.04)
INPys 15 = = - - - = 0.46 (<0.005)
INP,;, 15 = - - _ _ _ _

Ox. Na* NH} K* Mgt Ca?*

INP,,, ¢ 0.76 (<0.005) = 0.47 (<0.005) 0.38 (<0.005) 0.28 (0.02) 0.21 (0.05)
INP,,, 1> = 0.28 (0.02) 0.28 (0.02) = 0.29 (0.02) 0.31 (0.01)
INP, 5 0.30 (0.02) 0.22 (0.04) 0.63 (<0.005) 0.45 (<0.005) 0.40 (<0.005) 0.40 (<0.005)
INP,, - = = = = =
INP,,, ;s - - 0.24 (0.03) = = 0.23 (0.04)
INP, 5 - 0.28 (0.02) 0.48 (<0.005) 0.49 (<0.005) 0.24 (0.03) 0.34 (0.01)
INPy; 5 ~ _ _ _ _ _

Note. Only significant (P < 0.05) correlations are indicated. Values with no significant correlations are indicated as n-dashes.
Values with P < 0.005 are indicated in bold.

Overall, INP concentrations at the warmest temperatures (>—12°C), have best correlations with the concentra-
tions of species SOﬁ’, Oxalate and NH} (R? > 0.6), and lower correlations (R? ~ 0.25) with Na™ and K*, tracers
of marine origin and NO3', a compound that may be the result of the reaction of HNO3 with NaCl. At intermediate
temperatures, INP_,, correlates (R*> ~ 0.2) with Na* and NH] . For INP,5 _,, the correlations with Na* and Ca®*
(respectively marine and dust tracers), are similar as those with the anthropogenic tracers, while INP,; do not
show any significant correlation with the classical chemical tracers measured here. At lower temperatures, INP,,
does not correlate with any of the chemical compounds, however, INP,;¢; show low correlations with SO%‘, Na*,
NH; and Ca®* (R* ~ 0.3).

Given these observations, INP, , and INP,,;, (at temperatures > —12°C) in our study can be linked with terrestrial
and background airmasses (SOﬁ_, Oxalate, NH}). Those tracers are also linked, albeit less strongly, with HS
INPs. However, INP are additionally linked to dust tracers (Ca®*). These results indicate a strong influence
from local terrestrial sources. Furthermore, both INP,;, (at all temperatures) and INP,; (at colder temperature) are
weakly correlated to marine tracers (NaCl). This indicates a possible influence from distant marine sources. INPs
of marine origin are suspected to play an important role in cloud formation in the remote ocean environment
(DeMott et al., 2016; McCluskey et al., 2018; Wilson et al., 2015), but have never been shown to be important in
continental areas where terrestrial sources are considered a major contribution (Burrows et al., 2013; Huang
etal., 2021). Atlantic air masses represent about 40%—50% of the air masses during the autumn and winter at PUY
(Farah et al., 2018, 2021).

In the following section we examine whether these relationships are driven by submicron and supermicron
aerosols.

4.2. Size Segregation

Correlations between the aerosol data (aerosol concentrations and surface) and the submicronic INP data set
(INP,,,,) and the supermicronic INP data set (INP,,) are shown in Tables 2, respectively. The aim of this section
is to compare the correlations observed for the full INP data set in the previous section (INP,;) and the size-
segregated data sets in order to provide more insights on the sources of INPs at PUY.
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For INP,,, (Table S1 in Supporting Information S1) no correlation is observed with N, ,,, Or N, s00- This is
surprising in the case of N, 5o as it represents the large aerosols. However, this poor correlation could be
explained that the N, 5o is only calculated based on the SMPS channel between 500 and 600 nm and therefore
does not represent a real N, soo. Furthermore, despite contributing higher number concentrations, supermicronic
INP (Table S1 in Supporting Information S1), only show low correlations between the HS fraction at —15°C and
NO3, Na* and Mg+,

At —8°C, INP,,, (Table 2) show a weaker correlation (R* = 0.30) with Ner.100 than INP,, (R? = 0.70), but they
show a better correlation withN,,,, 509 (R* = 0.57 instead of 0.39). This would indicate that most submicron warm
INP are measured when the high fractions of submicron aerosols larger than 500 nm are present in the sampled air
mass.

Table 2 shows that INP,,,, correlate across the whole temperature spectrum with a different range of chemical
parameters than INP,,. Among the marine tracers of supermicronic origin (CI~, NOj and Na*) only Na*
correlate with total and HS INPs at —12 and —15°C (R* < 0.3). Tracers of anthropogenic and regional airmasses
(NO3, SOi—) correlate with all INP classes and temperatures, except for INP,; at —12 and —15°C. Tracers of
dust-based aerosols (K*, Mg2+, and Ca2+) show correlations in the range of 0.2-0.4 all over the data set, with
higher values for INP,¢, which is consistent with dust-based INPs being non-biological.

These results show that INPs at PUY have diverse origins, with influences from various anthropogenic, terrestrial,
marine, and dust sources. With the available measurements in this study, we observe that the main correlations are
driven by aerosol number concentrations. The best correlations were found with anthropogenic and terrestrial
tracers, especially at temperatures >—12°C. Marine tracers exhibit weak correlations (R = 0.2-0.3) with a large
part of the INP data set, hinting at an influence from distant marine sources. This is consistent with other ob-
servations that have shown that marine INPs were less important than dust INPs over continental areas (Burrows
et al., 2013; DeMott et al., 2010; Gong et al., 2020).

More physical, chemical or biological data coupled with intensive INP measurements would be needed in order to
have a clear understanding of the influence of the chemical and physical composition of INPs at PUY. In
particular, being able to differentiate the potential sources with reduced sampling periods would be of great help.

5. Empirical Parameterization

The data collected from this study shows that INPs at PUY are dominated by biogenic particles at warmest
temperatures and that their properties can be influenced by nearby sources or being transported by long range
airmasses. This following section aims to develop a parametrization using collocated measurements to accurately
predict INP concentrations. Current parametrizations that exist using aerosol parameters are compiled with data at
temperatures below —20°C (D10, DeMott et al., 2010 and D15, DeMott et al., 2015). Others are optimized
specifically for biological aerosols samples such as that of W15 (Wex et al., 2015) and more recently that of
Patade et al. (2021). Other parametrizations exist using only temperature such as that of M92 (Meyers
etal., 1992), and more recently that of Schneider et al. (2021). Since our measurement temperature range is above
—18°C and our aerosols are an internal mixture of several species and not just biological aerosols, our objective
was to develop a parameterization optimized for warmer temperatures and using collocated measurements of
aerosol particles.

In the following section, we use the INP measurements presented in this work to optimize the previous pa-
rameterizations (D15), for temperatures higher than —20°C. This new parameterizations was evaluated against
two independent data sets.

5.1. Development of a New Parameterization

The WINS data set was chosen for deriving the parameters as it contains the highest number of data points
available. Over 6 months of measurements, there are a total of 20 filter samples collected and analyzed in the
temperature range from —5 to —18°C, resulting in 377 data points (averaging data points over 0.5°C). In order to
evaluate this newly derived parameterization, it was tested using data collected during the PICNIC field campaign
and those collected at the MSA site (15 filters analyzed resulting in a total of 330 points when averaging
over 0.5°C).
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Figure 6. Scatter plots and linear regression fits for ice-nucleating particles (INP) concentrations against In(N,,,, ,,,). The INP data are averaged over 1°C.

Given the wide use of the D15 parameterization and the ease of optimizing it for our data set, we chose it as the
starting point for the development of this new parameterization. Rather than using aerosol number concentration
N,er.500 as the aerosol variable, we instead used N, N er.10: Was used as it had good data coverage over the

entire sampling period, and had consistently better correlations across all INP spectra compared to with other

er,tot*

aerosol variables. Using the total number concentration for the parametrizations is providing us with an easily
accessible variable that can be used as a proxy for INP activity. Total number concentration is an aerosol variable
required to be measured at a large number of observatory sites within the European ACTRIS network (Actris.eu,
last access January 2024) but also in other sampling networks (e.g., ASCENT /ascent.research.gatech.edul, last
access: January 2024), GAW (/community.wmo.int/en/activity-areas/gawl, last access January 2024), and for the
PUY station it is a good indicator of BL air influence (Farah et al., 2018).

In order to adapt the parametrization of D15, we investigated the relationship between In(N,,, ,,,) and the INP
concentrations at each temperature(Figure 6). Despite the low number of points and the likely influence of some
extreme values, we observed the best fit is linear at a given temperature. As observed in Figure 6, these fits
become negative under warmest temperatures and low particle concentrations (<150 cm™3). It is therefore
important to note that this fit is not suitable to be used under low number concentrations.

We then replaced N,,, 500 power law from D15, which also depends on temperature, with a linear function only
depending on In(N,,,, ,,,,) (std cm™>) (Equation 3). The final set of parameters was calculated using a Markov chain
Monte Carlo algorithm, resulting in the following equation for the new parameterization is:

nNp (T’ Naer,tol) = (d * ln(Naer,tot) + b) * €Xp (C * (_TC) + d)7 (3)
where a = 0.0489; b = —0.2349; ¢ = 0.4293; d = —6.6477; T the cloud temperature in Celsius and npp the

number of INP per liter of air.

In Figure 7, we plot the predicted data against the observed data, for our parameterizations (referred to as B24).
Up to 57.3% of points predicted by our model falls within a factor of 2 of the observed data (RG2). A total of
87.7% of points were predicted within a factor of 5 (RG5) and 98.0% of points were predicted within a factor of 10
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Figure 7. New parameterization from this work (B24) using the data from Weekly Ice Nuclei Samples. The solid line, dashed lines, dash-dotted lines and dotted lines
represent respectively the 1:1 ratio line, the 1:2 ratio lines, the 1:5 ratio lines and the 1:10 ratio lines.

(RG10). Highest discrepancies were observed for highest INP concentrations, with an average underestimated by
the parameterization for high to intermediate temperatures (—6 to —12°C) and overestimated for low temperatures
(below —15°C), illustrating that in some circumstances, factors other than the aerosol number concentration can
play an important role for predicting INP concentrations, such as the nature of the particles acting as INP, as
shown by the link between aerosol chemistry and INP concentrations discussed Section 4. It is important to
consider that a large variability is associated with measurements made at temperatures above —12°C.

5.2. Application on Other Sites

Two independent data sets were combined and used together to test the B24 parameterizations: the data from the
PICNIC campaign at the PUY station, and the data from the MSA site from the Pan-European IN sampling
campaign. MSA is a continental background site, similar to PUY in terms of altitude, and the availability of the
aerosol data during the sampling period allowed us to test the B24 parameterization. MSA INP freezing spectra
are similar to that of the PUY measurements, with similar freezing onsets between —4 and —6°C, and concen-
trations ranging between 10™* and 10~ INP/stdL (Figure S7 in Supporting Information S1). Results show the
good ability of the B24 parameterizations to predict INP concentrations, with 38.7% of the INP concentrations
predicted within a factor 2%, 86.4% within a factor 5% and 92.8% within a factor 10 (Figure 8).

Predicted data for PICNIC are underestimated at high measured INP concentrations (107> to 10™" INP/stdL),
while for MSA they are overestimated at low concentrations (about 10~ INP/stdL). Both sites exhibit roughly the
same INP concentrations (107> to 10~ INP/stdL), freezing temperatures (—5 to —15°C) and aerosol concen-
trations (300-3,000 cm ™).
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Figure 8. Verification of the new parameterization using the Puy de Dome Ice Nucleation Intercomparison Campaign and
Montsec d’Ares data sets.

6. Conclusions

Diurnal INP measurements were taken during the PICNIC measurement campaign at the observation station at
Puy de Dome in Central France during October 2018. This was followed by the collection of weekly size-
segregated INP samples from November 2018 to May 2019 (WINS). These filter samples were extracted into
0.9% NaCl water and were then analyzed using the immersion freezing apparatus LINDA to determine the
concentration of INP as a function of temperature. For each filter sample extracted, a fraction of the solution
underwent heat treatment to obtain information on the contribution of biological material to INP concentration.

We report INP concentrations between —5 and —18°C and a freezing onset of —4 to —6°C, which are relatively
high temperatures in the case of ice nucleation, and have rarely been reported. The observed concentrations are in
the range of other measurements from the literature at similar sites and temperatures (Kanji et al., 2017; Mason
et al., 2016). Above —10°C, we observe that more than 80% of the INPs are heat labile, and thus potentially of
biological origin. At colder temperatures, the ratio of heat labile INPs to total INPs show a contribution of
biological INPs representing 40% at —14°C and approximately 10% at —16 to —18°C of the total INP concen-
tration. Two other studies on INPs of biological origin in cloud water and precipitation that took place at PUY
have reported ratios of about 100% of biological INPs at —8°C (Joly et al., 2014), to 77% at —12°C (Pouzet
et al., 2017), which is much higher than in the aerosol phase in our study. Similar biological fractions are also
reported at other mountain sites in snow (T. C. J. Hill et al., 2014) or rain water (Lu et al., 2016), and in other
studies in rural (Garcia et al., 2012) or forest sites (Schneider et al., 2021).

Size-segregated data (submicronic and supermicronic INPs) were also analyzed, and in agreement with previous
studies we show that supermicronic INPs constituted two thirds of the total INP number. Heat labile INPs were
less abundant in the supermicron mode than in the submicron mode. Similar to the seasonal variations in aerosol
concentrations, INP concentrations (both heat labile and HS, and sub and supermicronic) had lowest concen-
trations in winter and highest in autumn and spring. The seasonal variation of aerosol concentrations were re-
ported to be significantly influenced by the seasonal variation of the boundary layer height, reaching the site more
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often during the warmer seasons than during winter. The INP concentrations seem to also follow this trend. In
addition, snow cover and a decrease in vegetation coverage near the site likely contributed to the higher ratio of
HS INPs to total INPs observed in winter.

In order to characterize the impact of aerosol physical and chemical properties on INP concentrations in our study,
and to determine the best parameters for deriving a parameterization for INP predictions at temperatures warmer
than —20°C, correlations were calculated between INP data (all INPs, heat labile INP, and HS INPs) at three
temperatures, (representative of the different regimes (biological, mixed and non-biological) of our data set), and
different physical (aerosol numbers and surface concentration) and chemical parameters. In general, significant
correlations were measured for INPs at temperatures >—15°C. Most notably, we observed that INPs across all

temperatures showed consistently significant correlations with N,, We highlight strong links with anthro-

er,tot

pogenic and terrestrial tracers (SO3~, NHJ, Oxalate). Weak correlations were observed with tracers of marine
aerosols (C1~, Na*, NO3).

Correlations with the size-segregated data were also computed. Supermicronic INP did not show significant
correlations with any of the studied parameters, while submicronic INPs showed similar significant correlations
with the physical variables than the whole data set. Showing that these relationships are driven by aerosol number
concentration. Intermediate correlations were also found with marine, dust and anthropogenic tracers for sub-
micronic INPs, which further hints at various possible sources of INPs at PUY.

On the basis of the relationship between INP and the variable N, ,,,» the WINS data set was used to develop a
new parameterization. The total number concentration of aerosols is a widely available parameter in most
studies and observation stations, making it easy to use it as a parameter to predict INP concentrations. This
parameterization is optimized for warmer temperatures above —20°C, which are in general dominated by
biological activity. This parameterization has been successfully tested on two other similar data sets, one from
the PICNIC campaign, and one from Montsec d’Ares (MSA) during the Pan-European INP measurement
campaign in 2018.

This study provides INP data and analysis from a remote altitude site which is influenced by long range air
masses, and shows that biological INP are of primary importance in such sites. To understand the interactions
between aerosols and clouds, it is critical to correctly assess and predict the concentrations of INPs around the
globe. Future research activities should focus on performing both long term and size-segregated INP mea-
surements. This information would provide a better link to the INP seasonal variability to local atmospheric
properties, and to better characterize dominant sources of INP activity. Additionally, parallel measurements of
biological aerosols would assist in better characterizing the link between aerosol biological content and its
INP activity. In particular, being able to better differentiate the potential sources of INPs, and thus sampling
INPs with higher time resolutions will provide additional information to our understanding of these
interactions.

Appendix A: Overview of Past Works on Parameterizing INP Concentrations in the
Atmosphere

Studies focusing on the impact of INPs on climate and precipitation relied either on very simplified parame-
terizations, or by theorizing relations between particle type and IN properties (DeMott et al., 2010). Kanji
et al. (2017), provide an in depth description of the different types of parameterizations that have been developed
in the past.

Specifically, parameterizations are divided in two types: a time-dependent approach (stochastic effects), such as
the time-dependent freezing rate model (Vali & Snider, 2015); and a time-independent approach, which supposes
that ice nucleation activity depends only on temperature or aerosol properties such as number concentration
(deterministic effects). It has been suggested that the time dependence effects are less important than temperature
or aerosol properties dependence (Langham & Mason, 1958; Vali, 2014). The parameterizations we will consider
here are of time-independent nature, such as Meyers et al. (1992), which depends only on temperature, or DeMott
et al. (2010) and DeMott et al. (2015) which depend on temperature and particle concentrations.

Meyers et al. (1992) (henceforth M92) proposed a simple parameterization of the form:
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niNp = exp(a + b[27315 - Tc]), (AI)

where nyp is the predicted number of INPs and 7 the temperature of the cloud droplet in K.

Based on a global observational data set from CFDC measurements, DeMott et al. (2010) showed that, at tem-
peratures colder than —20°C and for dust INPs, the number of INP was also a function of a power law of the number
of aerosols with diameters greater than 500 nm (N,,,,. 5o0)- They proposed a parameterization (D10) of the form:

np = a(273.15 = Ty)? - NSO+, (A2)

with a = 0.0000594, b = 3.33, ¢ = 0.0264, d = 0.0033, and T the cloud temperature in K.

Tobo et al. (2013) also proposed a parameterization based on N,,,, 509, but taking into account the number of
fluorescent biological aerosol particles. This parameterization has been further modified in DeMott et al. (2015)
(D15) as:

minp = (NG a0 O exp(r[273.15 — Tx] + ), (A3)

withcef. =1,a=0,=125y=046,6 =—11.6.

Niemand et al. (2012) developed a parameterization (N12) for immersion freezing of desert dust particles based
on the surface site density of INP (ng, in INP/m?) formulated as:

ng = exp(0.517[T — 273.15] + 8.934). (A4)

Wex et al. (2015) developed a parameterization (W15) aimed for predicting biological INPs, using Snomax® as a
reference, and calculating surface site density ng. Snomax® is an artificially-made aerosol based on the proteins of
natural bacteria that act as ice nucleation initiators. The ng predicted by W15 is as follows:

_ (1.4x 10'2)[1 — exp(—2.00 X 107'%) exp(—2.34 X T)] (AS)
s = geometric SSAg, o wmax ’
with a value of 7.99 m? g~ for geometric SSA of Snomax®, which is taken from AIDA measurements in Hir-
anuma et al. (2019).

One drawback of the D15 and the D10 is that they are optimized from measurements with a continuous flow
diffusion chamber with operating temperatures lower than —20°C. Therefore, they are weakly constrained for
temperatures warmer than —20°C. Furthermore, because they consider only larger aerosols at lower temperatures,
the D10 and D15 parameterizations implicitly tend to consider only mineral dust. As a result of the simplicity of
this parameterizations, and of the widespread availability of aerosol number concentrations, a number of studies
have optimized this parameterizations for their data, corresponding to specific environments. For example,
Schneider et al. (2021) worked from D15 in order to derive parameterizations coefficients predicting INPs in a
boreal forest, an environment rich in biological aerosols. They reported an agreement of about 90%-99% (80%—
95% and 41%—-57%) within a factor of 10 (5 and 2) was reported between the observations and predictions,
depending on the season.

Data Availability Statement

The INP data used in the study is available in the AERIS database under the “Puy de Déme” file: https://doi.org/
10.25326/664. The 2018-2019 aerosol parameters data measured at PUY (aerosol number concentrations, aerosol
surfaces, inorganics concentrations, carbon concentrations) are stored in the EBAS database under the following
link: http://ebas.data.nilu.no.
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