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Abstract Despite having very low atmospheric concentrations, ice‐nucleating particles (INPs) play an
important role in the formation of atmospheric ice crystals at temperatures warmer than − 35°C and hence in the
atmospheric precipitation cycle. Moreover, they tend to have a very high spatiotemporal variability. In order to
understand this variability, long‐term measurements with high temporal resolution are essential. This paper
presents an analysis of 3 months of online INP measurements (10 min time‐resolved), using a PINE cloud
chamber (− 33°C ≤ T ≤ − 22°C). Measurements were made from December 2022 to March 2023 at the PUY
station (France, 1,465 m a.s.l), a site exposed to a variety of air masses including free troposphere conditions. A
large part of the temporal variability of INP concentrations (over four orders of magnitude at a single
temperature) can be explained by air mass origin. INP concentrations measured for oceanic air masses are in the
lower range (from ≈0.1 to ≈10 L− 1). Those for continental air masses are in a medium range (from ≈1 to
≈100 L− 1) and depend on the level of pollution of the air mass. INP concentrations measured for southern air
masses show highest concentrations (from ≈10 to ≈500 L− 1) and mostly depend on the amount of dust in the
ambient air. Moreover, measurements were conducted during two dust events revealing INP concentrations
over 1000 L− 1 at − 32°C. Subsequently, a set of parameterizations capable of tracing the measured INP
variability were developed. This will facilitate our understanding of the impact of INP concentrations on mixed‐
phase cloud properties with cloud models.

Plain Language Summary Ice Nucleating Particles (INP) are responsible for primary ice formation
at temperatures warmer than − 35℃ and thus can have a strong influence on mixed‐phase cloud properties. Only
a small fraction of aerosol particles can act as INPs. The ice nucleation (IN) ability of aerosol particles depends
on their physicochemical properties and environmental temperature. This work shows how the INP
concentrations are different according to origins of air masses. We present an analysis of 3 months of continuous
measurements in winter 2023 at the PUY station (France, 1,465 m a.s.l) conducted with online IN chamber.
Hence, a set of parameterizations is developed according to specific environments sampled during the campaign
(oceanic, continental clean and polluted, Saharan dust).

1. Introduction
Ice‐nucleating particles (INPs) enable ice formation in clouds under both ambient ice and water‐saturated con-
ditions at temperatures above − 35°C (Pruppacher & Klett, 1997). These particles significantly influence cloud
properties such as ice water content, precipitation rate, cloud lifetime, and radiative properties, thereby impacting
the climate system (Fan et al., 2017; Muhlbauer & Lohmann, 2009; Tan & Storelvmo, 2016). Despite their
importance, accurately representing the role of INPs in climate models remains a challenge due to insufficient
observational data and the complex, poorly understood processes involved in aerosol‐cloud interactions (Burrows
et al., 2022).

INPs represent a very small fraction of total aerosol particles (≈10− 5 at − 30°C), making them challenging to
quantify (Cziczo et al., 2017). Their atmospheric concentration also varies significantly over time and location, by
more than four orders of magnitude at a single temperature. This variability results from differences in the ice
nucleation ability of particles based on their physicochemical properties, which depend on the origin of emission
sources (Kanji et al., 2017). Therefore, INP concentrations at a specific location are influenced not only by local
emissions but also by the transport of air masses from their source regions (Lacher et al., 2021).
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Ice heterogeneous nucleation occurs when ice forms with the help of an aerosol particles (INP) and can occur via
different processes. Deposition nucleation occurs when water vapor turns directly into ice on a surface without
becoming liquid first. This deposition mode is known to be relevant for cirrus cloud regime (Hoose & Möh-
ler, 2012; Kanji et al., 2017) and therefore mainly occurs at lower temperature than those considered in this work.
Condensation freezing happens when supercooled water condenses on a surface and freezes at the same time.
Immersion freezing occurs when a particle inside supercooled water triggers ice formation as the temperature
drops. Finally, contact freezing takes place when a particle touches a supercooled droplet and causes it to freeze.
Condensation and immersion freezing modes are often associated because both occur at humidity level above
water saturation, making them difficult to distinguish. The condensation/immersion freezing mode is thought to
be the most important in the mixed‐phase cloud regime (Prenni et al., 2009). It is therefore the one on which this
study focuses.

The primary sources of INPs globally are arid regions such as deserts, through dust emissions (Kanji et al., 2017;
Vergara‐Temprado et al., 2017), and the ocean, through sea spray emissions. Marine environments typically
produce lower INP concentrations than terrestrial ones, and can exhibit INP concentrations that are dominated by
nearby terrestrial sources rather than local marine ones (DeMott et al., 2016; Mason et al., 2015; McCluskey
et al., 2018; Vergara‐Temprado et al., 2018). Conversely, desert dust particles have high ice‐nucleating potential
at temperature below − 20°C (DeMott et al., 2015; Möhler et al., 2006; Niemand et al., 2012) due to their mineral
composition and large sizes. Biological aerosol particles have also been identified as efficient INPs in several
different environments (Bras et al., 2024; Creamean et al., 2013; Schneider et al., 2021). Other contributors to the
global INP population include continental environments, where biomass burning (Jahn et al., 2020; Levin
et al., 2016), soil dust (Suski et al., 2018), and anthropogenic emissions play significant roles. Zhao et al. (2019)
and Ren et al. (2023) observed a positive correlation between pollution levels in continental air masses and the
ice‐nucleating potential of aerosol particles in the immersion freezing mode, indicating that polluted environ-
ments can contain substantial amounts of INPs. To accurately represent the potential impact of this variability on
cloud properties, it is beneficial for cloud scale models to incorporate parameterizations based on long‐term
atmospheric measurements.

Several methods exist to measure INPs (e.g., DeMott et al., 2011). These methods typically have unique
measurable freezing temperatures and water/ice saturation conditions, allowing for complementary assessments
of various ice nucleation modes (Vali et al., 2015). Offline methods provide INP concentrations based on the
collection of particles onto filters with a time resolution ranging from a few hours to several days, for tem-
peratures between 0°C and − 30°C (Lacher et al., 2024). Online methods, such as ice nucleation chambers
(Möhler et al., 2021; Rogers, 1993), provide INP concentrations by cooling air samples, with a time resolution
of a few minutes. However, due their low detection limit, these instruments are typically only able to determine
ambient INP concentrations at temperatures lower than − 20°C. Intercomparison campaigns between different
methods performed under ambient air conditions (DeMott et al., 2017; Lacher et al., 2024) have shown good
agreement between similar measurement methods (either online and offline) when conducted under the same
operating conditions with good temporal overlap. However, discrepancies of up to a factor of five have been
observed between instruments, due to variable operating conditions, filter technologies, and inlet losses under
certain atmospheric conditions. This suggests that comparing measurements from various sites can be biased
when different instruments and conditions are used. To address these challenges, it is important to characterize
the effect of the environment from a single site exposed to various influences using a single method that can be
applied at other remote locations for future comparisons. In this context, a 3 months INP measurement
campaign is conducted at the Puy de Dôme (PUY) station (1,465 m a.s.l.). PUY is an ideal location for long‐
term INP concentration measurements for two primary reasons. First, the station is influenced by a diverse
range of air masses: oceanic air from the west, continental air from the northeast, and southern air containing
large amounts of Saharan dust (Deguillaume et al., 2014). Second, during winter, the station often lies within
the free troposphere (Baray et al., 2020; Farah et al., 2018, 2021; Freney et al., 2016), where cloud formation
occurs.

Previously reported INP measurements are used to develop ice nucleation parametrizations that can be imple-
mented into global and mesoscale models. Existing parametrizations follow two different approaches: stochastic
(time dependent) and deterministic. Deterministic parameterizations are expressing INP concentration as a
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function of temperature (T ) and/or ice supersaturation (Si) (e.g., Steinke et al., 2015), and sometimes of an
additional parameter describing aerosols properties. Deterministic models are more frequently used in cloud
models, as it is easier to implement and computationally less expensive. The advantage of single‐parameter based
parameterizations (e.g., Meyers et al., 1992) is that they provide a simple way to express heterogeneous ice
nucleation, making their implementation in most mesoscale models relatively straightforward. Two‐parameters
based parameterizations (Chen et al., 2024; DeMott et al., 2010, 2015; Niemand et al., 2012; Phillips et al., 2008)
are also integrating a parameter based on aerosol physical properties (e.g., aerosols larger than 500 nm and total
surface concentration). They represent a step forward into the representation on aerosol cloud interaction for
heterogeneous ice nucleation (Burrows et al., 2022; Planche et al., 2015). A large number of composition‐
resolved parameterizations also exit, for example, for organic carbon content (Trueblood et al., 2021; Wilson
et al., 2015), which can be implemented in models if an aerosol and chemistry module is used (e.g., Mann
et al., 2010; Planche et al., 2017).

Mesoscale models such as WRF (Skamarock et al., 2008) and Méso‐NH (Lac et al., 2018) use deterministic
approach to represent heterogeneous ice nucleation process. Bulk microphysics schemes (e.g., Keita et al., 2019;
Milbrandt & Yau, 2005; Vié et al., 2016) and bin microphysical cloud schemes (e.g., DESCAM; Flossmann &
Wobrock, 2010; Planche et al., 2010, 2014) are widely used in modeling ice nucleation. For deposition and
condensation freezing modes, the approach developed by Meyers et al. (1992) is commonly applied. Immersion
freezing is typically described using the formulation introduced by Bigg (1953). The major drawback of these
parameterizations is that they do not consider aerosol properties. Furthermore, they have been developed on a
limited number of observations and are suitable for one type of environment only. Therefore, they cannot account
for the variability of NINP observed in the atmosphere at a single temperature.

This work presents online INP measurements in the temperature range of − 22°C and − 33°C in the condensation/
immersion freezing mode, complementary to previous measurements at the site using offline measurements (Bras
et al., 2024). The online cloud chamber (Möhler et al., 2021) has the added advantage of operating in a fully
autonomously manner. This method measures INP concentrations with a 10 min time resolution, allowing the
assessment of the relationship between INP abundance and air mass type. The air mass type is defined by a
classification based on the analysis of back‐trajectories of measured air masses during the whole campaign. Since
the goal is to evaluate the impact of air mass type on cloud properties over Western Europe using cloud‐scale
models. A set of parameterizations, suitable to cloud‐scale models is proposed. These parameterizations are
capable of representing INP concentration for each air mass type.

2. Methodology
2.1. Site Description

The Puy de Dôme station (PUY, 45°77' N, 2°96' E, and 1,465 m above sea level) is located at the highest point of
the Chaîne des Puys, a north‐south‐oriented volcanic mountain range in central France. PUY is recognized as a
global atmospheric monitoring station (GAW) and is also part of the Aerosol, Clouds, and Trace Gases Research
Infrastructure (ACTRIS) and Integrated Carbon Observation System (ICOS) European research infrastructures.
Detailed information about the history, scientific context, national and international structuration, and technical
description of the observation systems can be found in Baray et al. (2020). This site is known for its exposure to
long‐range air masses originating from both continental and oceanic regions, making it a valuable location for
atmospheric studies (Baray et al., 2020; Farah et al., 2018). Due to its altitude and geographical surroundings,
PUY is near the boundary between the mixing layer and the free troposphere providing an excellent opportunity to
investigate different atmospheric layers (Farah et al., 2018; Freney et al., 2016), and, in the case of this study, the
ice nucleation properties of aerosol particles.

At this site, a large suite of instruments continuously monitor meteorological parameters such as temperature (T ),
humidity (RH), and pressure (P), as well as a diverse array of online and offline measurement techniques to
analyze the in situ chemical and physical properties of gases and aerosol particles (Baray et al., 2020).

2.2. INP Measurements

The measurement of INP concentration (NINP) is conducted using the PINE‐c chamber (Portable Ice Nucleation
Experiment commercial, PINE‐05‐01; Bilfinger Noell GmbH) connected to the whole air inlet of PUY (50%
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cutoff at 30 μm; Willeke and Baron (2005)). Ambient aerosol particles sampled through the inlet are passively
dried to approximately 40% RHw before being sampled by the different instruments. In the PINE, aerosol particles
are further dried after passing through a nafion dryer. More details of the operational principle of this cloud
chamber is provided in Möhler et al. (2021). The specificity of PINE chamber is that the cooling and saturation
leading to INP activation are achieved through the pressure reduction (0.15 bar) of a sample of ambient air within
the chamber, thereby replicating the nucleation process in clouds upon air mass lifting. Measurements are per-
formed at water saturation conditions (100% < RHw < 102%) involving the prior activation of aerosol particles in
droplets and thus characterizing the condensation/immersion freezing mode. The identification and counting of
activated particles (droplets and crystals with optical diameters between 0.7 and 220 μm) are done with an Optical
Particle Counter (OPC; fidas‐pine; Palas GmbH) at the chamber outlet. Ice crystals, whose optical diameters are
larger than other particles, can be distinguished from droplets by setting a threshold on the optical size. The
threshold value is calculated for every run. Each run consists of the succession of three modes: flush mode when
ambient air circulates in the chamber, expansion mode when a pressure reduction and simultaneous gas tem-
perature cooling in the PINE vessel is performed, and refill mode when the chamber is refilled with filtered
ambient air up to initial pressure condition. The flush mode is performed at a flow rate of 2 L min− 1 during 450 s,
ensuring that the sampled air mass is exchanged in the vessel. The expansion mode is performed at a flow rate of
3 L min− 1 down to a pressure of approximately 700 mbar. The refill mode is performed at a flow rate of 2 L min− 1

to ambient pressure (≈850 mbar at PUY). Each run lasts approximately 10 min.

The effective volume measured for each run is approximately 2 L, which implies that the detection limit for INP
concentration in a single run is 0.5 INP L− 1 (i.e., 1 particle/PINE sampling volume). To measure concentrations
lower than this value, multiple runs under the same sampling conditions and time‐averaging of the obtained NINP
over a prolonged period are necessary. The measurement protocol involves wall temperature ramps allowing for a
scan of the temperature range in 2 hours. The gas temperature in the PINE vessel quickly equilibrates to the wall
temperature prior to the expansion experiment. During the expansion, the gas temperature evolution does not
follow the adiabatic mode as it continues to exchange temperature with the walls. The gas temperature inside the
chamber is cooled by 7°C during the expansion cycle. The considered temperature for the measurement is the
minimum gas temperature reached at the bottom of the chamber, at the end of expansion step. The target for this
temperature is between − 22°C and − 33°C. PINE is capable of performing measurements at temperatures higher
than − 20°C. However, due to the very low INP concentrations in this temperature range, it requires a specific
protocol with multiple consecutive runs performed at the same temperature, and increased flush duration. All the
data provided are for standard temperature and pressure (STP) conditions. To process the raw data, we used the PIA
(PINE INPAnalysis) software that calculates INP concentrations, temperature spectra, and overview plots (https://
codebase.helmholtz.cloud/pine/pia_software). All data are quality controlled using SaQC (Lennart Schmidt
et al., 2023).

Theworking principle of PINE is different from that of other ice nucleation chambers such asHINC‐Auto (Brunner
&Kanji, 2021), HINC (Lacher et al., 2017), and the most well‐known being the CSU‐CFDC (Rogers et al., 2001).
In CSU‐CFDC, the activation of aerosols is obtained by the circulation in a laminar air flow between two walls in
supersaturated conditions. The supersaturation can be controlled by adjusting the temperature difference between
the walls. Activated crystals are then detected downstream to the chamber with an OPC, as for PINE.

This sampling period ran from 15 December 2022 to 19 March 2023, excluding 4 days in (22–25) February and
4 days in (11–14) March due to power outages, resulting in 87 days of measurements, and a total of 11,869
measurement runs. Additionally, background measurements were made regularly (at least once a week) during
several hours (total of 1,419 runs). These background measurements involve operating the instrument through a
series of runs with an aerosol filter at the inlet. Background runs aim to verify the validity of the measurements and
detect potential icing of the chamber.Wilbourn et al. (2024) demonstrated that artifactsmay occur inmeasurements
at temperatures warmer than − 20°C under certain operating conditions. The analysis of these background mea-
surements did not reveal any anomalies that would suggest chamber icing or non‐conformity in the results.

2.3. Other Measurements and Numerical Tools

Total particle concentration (NAP) in the size range 10 nm up to 3 μm was measured with a Condensation Particle
Counter (CPC, TSI 3010). AMulti‐Angle Absorption Photometer (MAAP; Petzold & Schönlinner, 2004; Petzold
et al., 2005) was also in operation during the whole period, providing equivalent black carbon (BC) mass

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041258

CANZI ET AL. 4 of 26

 21698996, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041258 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [22/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://codebase.helmholtz.cloud/pine/pia_software
https://codebase.helmholtz.cloud/pine/pia_software


concentration (MBC). These instruments have been described in detail in a number of publications (Farah
et al., 2018, 2021; Freney et al., 2011, 2016).

COPLid is a high‐power lidar in operation at the Cézeaux (CZ) site located 11 km west of PUY, and at an altitude
of 420m. It has operated continuously from 2009 to 2022 in a single wavelength configuration (355 nm) including
polarized and Raman channels (Baray et al., 2020; Fréville et al., 2015). It was upgraded to a multi‐wavelength
configuration (355, 532, and 1,064 nm) in October 2022. In the present study, we measured vertical profiles of
volume backscatter coefficients, extinction coefficients, and depolarization ratios with a temporal resolution of
10 min, in order to determine the height of the dust plume and acquire a vertical profile of dust concentration
during the Saharan dust events.

Mineral dust particles, particularly those from arid regions like deserts, can act as efficient INPs and significantly
increase NINP in the atmosphere. Some papers (Boose et al., 2016; Brunner et al., 2021) have reported an increase
in INP concentrations at temperatures below − 20°C by a factor of 10–100, attributed to long‐range dust transport
from the Saharan desert. Furthermore, the chemical composition of dust particles can vary widely depending on
their source, leading to variations in their ice nucleation activity (Kanji et al., 2017). Therefore, to account for the
variability of INP concentrations during the campaign based on the origin of the air masses, it is essential to
quantify dust mass concentration (MDUST) at any given time during the study period. For this purpose, we used the
ENSEMBLE outputs from the Copernicus Atmosphere Monitoring Service (CAMS) (Marécal et al., 2015).
CAMS is a service implemented by the ECMWF that provides regional air quality data through a collective of 11
advanced numerical air quality models developed in Europe. These models conduct daily assessments of surface‐
level pollutants, including MDUST, by assimilating 1 day observational data with the model results. The assess-
ments produced by all 11 models are aggregated to calculate the median value of individual outputs, currently
regarded as the most accurate estimate from the ENSEMBLE. The horizontal resolution of the models is
0.1° × 0.1° (approx. 10 km2) and the temporal resolution is 1 hr. The vertical coverage extends from surface level
to 5,000 m a.g.l, divided into 10 non‐equidistant levels. For our analyses, we used the ENSEMBLE outputs for
MDUST provided for the nearest grid point to PUY and interpolated vertically to its altitude (1,465 m a.s.l).

A list of instrumentation and models used for this paper can be found in Table A1 in Appendix A. The time series
of NINP,MBC, andMDUST over the entire duration of the campaign, as well as the origin of the sampled air masses
are plotted in Figure A1.

2.4. Air Mass Classification

The ice nucleation properties of aerosol particles depend on their physical and chemical properties (size, chemical
composition), and therefore on their origin. Since the measurements of NINP are conducted in ambient air, it is
essential to identify the origin of the sampled air masses to distinguish them (Deguillaume et al., 2014; Venzac
et al., 2009). The identification of the origin of air mass based on back trajectory calculations using the CAT
(Computing Atmospheric Trajectory tool) model which is described in Baray et al. (2020). CAT provides a group
of 45 back‐trajectories, automatically calculated every hour, from the PUY location with a temporal resolution of
15 min. Back‐trajectories are calculated using ECMWF ERA5 wind data at a spatial resolution of 0.5°, a temporal
resolution of 3 hr, on 23 pressure levels distributed non‐linearly between 1,000 hPa and 200 hPa. The topography
matrix is at a resolution of 10 km (Bezděk & Sebera, 2013). CAT provides the altitude of the air mass and the
estimated planetary boundary layer (PBL) height interpolated at every trajectory point. Back trajectories are
computed from 45 starting points. The exact location of the inlet, plus eight points (±0.1° lon/lat) at five different
levels (over 50 m) to take into account of orographic effect at PUY. Figure 1a represents the density of the back‐
trajectories over a 0.5° grid for the studied period resulting in a total of 2,280 × 45 back‐trajectories (since 2,280
and 45 correspond to the total duration (in hours) and the number of back‐trajectories per hour, respectively).
During the studied period, CAT estimates that the station is within the PBL (BL height, BLH, at PUY >1,400 m)
55% of the time, whatever the air mass origin, which is consistent with previous studies conducted during winter
conditions (Baray et al., 2020; Farah et al., 2018).

The classification of air masses based on their origin, is determined by the time spent on different directional
sectors (West, South, and North + East; called hereafter W‐sec, S‐sec, and NE‐sec, respectively) during the 72 hr
before their arrival at PUY (Figure 1a). The impact of precipitation is not considered in the back trajectory
analysis. The assigned category corresponds to the sector where the air mass has spent the longest time. W‐sec
contains mainly air masses originating from over the Atlantic Ocean, and accounts for 52% of the total air mass

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041258

CANZI ET AL. 5 of 26

 21698996, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041258 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [22/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



sources (Table 1). These westerly air masses are characterized by high humidity levels and make up a substantial
proportion of cloudy conditions observed at PUY (Baray et al., 2019). In fact, 55% of theW‐sec measurements are
taken under cloudy conditions (ambient RHw > 99.9%). The NE‐sec encompasses air masses, which represents
28% of the total sampled air mass sources, mainly originating from continental regions and 95% of the associated
measurements were conducted under clear sky conditions. Lastly, the S‐sec represents the remaining 20%, with a
majority of measurements (81%) taken under clear sky conditions. The W‐sec air masses predominantly pass an
average of 76% (24%) of their time over the ocean (land), that is, marine (continental) ratio in Table 1, and they
spent 18% of the time within the marine boundary layer (BL). On the other hand, the S‐sec air masses combine
marine and continental influences almost equally on average, spending 4% of time in BL (i.e., marine or con-
tinental). Lastly, the NE‐sec air masses primarily come from the continent (78% on average) and spend 8% of their
time in the continental BL. All these data are summarized in Table 1.

3. Observations/Results
Figure 2 depicts NINP measured at PUY during the campaign, as well as measurements from other studies carried
out with PINE in different location. The dataset includes measurements fromMöhler et al. (2021), collected at the
Southern Great Plains (SGP) site over 45 consecutive days from 1 October to 15 November 2019. It also in-
corporates data from Wilbourn et al. (2024), gathered at the Eastern North Atlantic Ocean (ENA) site between 1
October and 30 November 2021. A detailed comparative analysis of measurements at SGP and ENA is provided
by Wilbourn et al. (2024). The SGP site is located in Oklahoma (USA) where the influence is mostly continental
whereas the ENA site which is located in the Azores have a strong marine influence. One important difference
between these two sites and PUY is that the measurements conducted at SGP and ENA are taken at ground level
(5 m a.g.l) thereby in the boundary layer at all times, and likely more influenced by local sources. Figure 2 also
includes INP concentration measured by Bras et al. (2024) using an offline method. Those measurement were
collected at PUY from 7 November 2018 to 25 May 2019.

At PUY, the 1°C bin averaged NINP over the whole period varies from 20 L− 1 at − 30°C, to 1.2 L− 1 at − 22°C
(Figure 2a). The average values are close to those measured at ENA and lower than that of SGP (64 L− 1 at − 30°C,
6 L− 1 at − 22°C). The variability of observed NINP at PUY is much greater than at ENA and SGP. For a given
temperature, 6 hr averaged NINP spans roughly three orders of magnitude while it stays below two orders of
magnitudes for the two other sites. The larger diversity of air masses observed at PUY and by the significant
amount of measurement taken under free tropospheric conditions (45%) can explain this difference. This is
illustrated by the median values depicted in Figure 2b showing that the averaged NINP measured at PUY are
influenced by the high concentrations of southern air masses loaded with desert dust. At warmer temperatures,
there is a significant part (>50% at PUY at T = − 22°C) of zero NINP measured. These zero values are integrated

Figure 1. Geographical analysis (over a 0.5° grid) of the 72hr back‐trajectories performed using CAT model during the campaign period (from 15 December 2022 to 19
March 2023). Panel (a) gives the back‐trajectories density obtained (i.e., 2,280 × 45 back‐trajectories), and Panel (b) represents the INP concentration measured at
− 32°C at PUY associated to each back trajectory and averaged over a 0.5° grid.
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into the calculation of average values. A figure depicting the fraction of zero values measured as a function of
temperature as well of the size of each bin is available in Appendix A (Figure A2).

We note that even there is no overlap with the temperature range of measurements conducted by Bras et al. (2024),
the dependence on temperature seems to have a consistent behavior in the range of − 30°C to − 10°C, when
comparing to data from the SGP (Möhler et al., 2021). We also notice that the relative position between the
different campaigns is the same at all the temperature ranges.

Finally it is worth to notice that no diurnal cycle has been observed during the measurement period. This is
consistent with Bras et al. (2024) and Lacher et al. (2024), who reported the absence of day/night contrast at PUY
during Weekly Ice Nuclei Samples (WINS) campaign and Puy de Dôme Ice Nucleation Intercomparison
Campaign (PICNIC), respectively.

Figure 1b depictsNINP averaged on a 0.5° grid according to back‐trajectories. To create this figure, we assume that
NINP is conserved throughout the back trajectory. Even though this assumption is not necessarily accurate, it
allows to provide an overview of the INP concentration based on geographic origin. Thus air masses originating
from North Africa, particularly after passing over Morocco and the Atlas Mountains (S‐sec, longitude from 0° to
20°W), are highly concentrated in INPs, while those coming from the Atlantic Ocean and the eastern Mediter-
ranean Sea, on the contrary, present low values of NINP (Figure 1b). Air masses from NE‐sec have intermediate

Table 1
Distribution of the Sampled Air Masses at PUY According to Their Origin

Sector Marine ratio Continental ratio Marine BL ratio Continental BL ratio Total ratio

West (W‐sec) 76% 24% 18% 2.4% 52%

South (S‐sec) 45% 55% 4% 4% 20%

North + East (NE‐sec) 22% 78% 6% 8% 28%

Note. The West (W‐sec), South (S‐sec), and North + East (NE‐sec) sectors are defined in Figure 1. For each sector, the
percentage indicates the averaged fraction of time spent over seas (marine ratio) or over lands (continental ratio) for the 72 hr
back‐trajectories of each sector. Marine (or Continental) BL ratio represents the fraction of time spent in BL while the air
mass was traveling over seas (or lands). Total ratio is the proportion of air masses coming from each sector over the total.

Figure 2. (a) Black line represents average INP concentration as a function of temperature measured with PINE at PUY throughout the entire campaign (87 days; from 15
December 2022 to 19 March 2023). Measurements were taken above liquid water saturation. All data have been averaged within 1°C temperature bin from − 33°C to
− 21°C. Each single dot represents a 6 hr averaged value. Vertical error bars represent the average standard deviation over 6 hr while horizontal error bars indicate the
temperature bin size. The shaded area encompasses all 6 hr averaged values. Orange line and dots represent data fromMöhler et al. (2021) measured with PINE at SGP.
Blue line and dots represents data from Wilbourn et al. (2024) measured with PINE at ENA. Green line and dots represents data from Bras et al. (2024) measured with
offline protocol LINDA at PUY, and (b) same as for panel (a) with thick lines representing median values instead of average. Red line shows PINE's limit of detection
from a single expansion on both panels.
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values. Air masses originating fromGermany are, on average, more concentrated in INPs. ForW‐sec, occurrences
of high concentrations in the Bay of Biscay are a result of a dust event during which the dust plume crossed a
portion of the ocean before reaching PUY. This is in accordance with CAMS outputs (https://atmosphere.
copernicus.eu/cams‐monitors‐first‐saharan‐dust‐episodes‐europe‐2023).

As NINP at PUY appears to strongly depend on the origin of air masses and thus, on the composition of the
particles they carry, the following sections will focus on analyzing INP properties as a function of air mass origin.
This is illustrated by Figure A1, which shows the time series of NINP,MBC, andMDUST over the entire duration of
the campaign, as well as the origin of the sampled air masses. In this approach, we do not account for local sources
of emissions because they cannot be traced by the back‐trajectories. These emissions may affect the ice nucleation
activity measured at PUY. However, there are several reasons indicating that, in our case, these local sources can
be neglected. It was previously demonstrated (Bras et al., 2024), through the comparison of heated and non‐heated
samples, that the local contribution to ice nucleation activity at PUY is biogenic and that this contribution be-
comes negligible at temperatures below − 18°C. Furthermore, in this study, the measurements are conducted in
winter when local biological activity is minimal and when the station more often lies in the residual layer or free
troposphere.

For the analyses presented hereafter, we use the INP concentration values measured with a temporal resolution of
10 min. No time‐averaging method have been used. All other variables (NAP,MBC,MDUST) are interpolated to the
timestamp of INP measurement. For back trajectory analysis, we use the closest in time. As the time resolution is
1 hr, the time difference between back trajectory analysis and INP measurement is always below 30 min.

Two Saharan dust events occurred over Europe on 16–17 February, and then on 22–23 February (called Dust
Event #1 or #2 (DuEv#1 or DuEv#2) in Section 4). These short‐time events can have a significant impact on NINP,
as shown in previous studies (DeMott et al., 2015; Möhler et al., 2006; Niemand et al., 2012). In this work,
measurements taken during the two dust events are separated from the main dataset (Section 3.1, 3.2, 3.3) and are
discussed separately as a case study period in Section 4.

3.1. Focus on West Sector (W‐Sec)

Figure 3a shows the average INP concentration as a function of temperature for W‐sec (number of data points
(n) = 5,565) excluding measurements done during DuEv#1 and DuEv#2. All INP concentrations taken for air
masses originating from W‐sec were pooled in temperature bins and averaged with 1°C temperature bin reso-
lution. NINP for W‐sec are, on average, 2.5 times lower than those measured across all sectors. The average total
particle number concentration (NAP, measured by CPC) and BC mass content are 798 cm

− 3 (±σ = 1,230 cm− 3)
and 30 ng m− 3 (±σ = 44 ng m− 3), respectively.

Figure 3. (a) INP averaged concentration as a function of temperature measured with PINE at the PUY station (thick blue lines) for W‐sec, and (b) representing an
“oceanic” environment. The thin black line represents the average value over the entire campaign (equivalent to the black line in Figure 2a). The shaded blue area
represent the 95% confidence interval. The shaded red area represent the range of values reported by DeMott et al. (2016). Red line shows PINE's limit of detection from a
single expansion on both panels.
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We focus here on air masses with an oceanic signature, for which mixing with continental sources and aging since
leaving the marine environment is minimal. Then, from the back‐trajectories of W‐sec, we apply the following
criteria onMarineratio and continental BLratio (defined in Section 2.4) in order to be representative of “oceanic” air
masses.

• Marineratio > 80%: the air mass spent over 80% of its time over the ocean in the 72 hr preceding the
measurement;

• Continental BL ratio < 2%: the air mass spent less than 2% of its time in the continental boundary layer in the
72 hr preceding the measurement.

According to this analysis procedure, the “oceanic” air masses spent on average 87% of their time over the ocean,
including 28% within the marine BL (n = 1,532). The associated NINP is, on average, 4 times lower than those of
W‐sec. Thus, the “oceanic” values (1 L− 1 at − 28°C; see Figure 3b) are in agreement with measurements taken in
purely marine environments, which vary between 0.1 and 3 L− 1 at − 28°C (DeMott et al., 2016; Mason
et al., 2015; McCluskey et al., 2018; Vergara‐Temprado et al., 2018). Also, NAP and MBC observed for these
“oceanic” air masses (456 cm− 3±σ= 393 cm− 3, and 14 ng m− 3±σ= 22 ng m− 3) are approximately 2 times lower
than those of W‐sec. It is also worth mentioning that a significant fraction of the INP data points obtained during
oceanic air masses are below the LOD of PINE.

Hence, even though PUY is not close to the sea (approximately 300 km from the Atlantic coast), oceanic in-
fluences are frequently observed in atmospheric measurements, due to the absence of mountain between the
Atlantic coast and PUY (Deguillaume et al., 2014). Applying specific criteria to air mass classification yields
reliable NINP for marine/coastal environments. This is particularly adapted in winter when photochemical re-
actions are minimal.

In order to get closer to remote oceanic conditions, we applied an additional criteria onMBC (<10 ng m
− 3) which

halves the INP concentrations but also drastically reduces the number of samples (n = 870). Thus, to obtain more
robust results about the chosen criteria to characterize remote oceanic conditions at the PUY station, additional
ongoing continuous measurements are necessary.

3.2. Focus on North + East Sector (NE‐Sec)

Figure 4a shows the average NINP as a function of temperature considering all measurements made during air
masses originating from NE‐sec (n = 1,074), whereas Figures 4b and 4c present how INP properties depend
highly on the time spent in BL. To avoid a local pollution influence, our analyses consider only measurements
taken when the station (1,465 m a.s.l) lies in free troposphere or residual BL (i.e., BLH <1,400 m a.s.l in CAT
outputs; see Section 2.4). On average, NINP measured in NE‐sec are 37% lower than the average measured across
all sectors. The average NAP measured is 1,151 cm

− 3 (±σ = 637 cm− 3) while the average BC content is
159 ng m− 3 (±σ = 141 ng m− 3).

Using the 72 hr back‐trajectories, two different categories of air masses are distinguished based on the residence
time in BL: for the first one, BLratio is lower than 1% (n = 580; Figure 4b), whereas, for the second one, BLratio is
higher than 20% (n = 77; Figure 4c). These two categories represent air masses from continental free troposphere
or planetary boundary layer, respectively, and highlight the contrasted properties according to the air mass origin
within the NE‐sec. In this way, NINP is on average 40% lower or 70% higher than for the average NE‐sec, NAP is
913 cm− 3 (±σ = 598 cm− 3) or 1,977 cm− 3 (±σ = 550 cm− 3), and BC content is 81 ng m− 3 (±σ = 107 ng m− 3) or
247 ng m− 3 (±σ = 118 ng m− 3), respectively.

We also observe a strong correlation between NINP and MBC (R
2 = 0.62, Pearson p‐value p < 0.001 at − 31°C).

Although, BC particles are generally not considered to be efficient INPs in immersion freezing mode and at
temperatures above − 35°C (Hoose & Möhler, 2012; Kanji et al., 2020; Mahrt et al., 2018, 2023). Some studies
(Zhao et al. (2019); Ren et al. (2023)) have reported increased INP activity in polluted air masses, whereas others
(Bi et al., 2019; Chen et al., 2018) also reported that showed that no clear correlation between pollution and NINP
were observed. Although, BC particles are unlikely to be efficient INP at the PUY, we consider that it is a good
tracer for anthropogenically influenced air masses. BC is generally unreactive and unless rainfall occurred during
the air mass trajectory, it is relatively long lived. It serves as an indicator of the level of air pollution in the
considered air masses. We defined then two categories called “continental clean” (n = 480, average residence
time in PBL= 2%) and “continental polluted” (n= 204, average residence time in PBL= 12%), for whichMBC is
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respectively lower than 100 ng m− 3 and higher than 300 ng m− 3. These threshold values correspond respectively
to clean rural environments, and to polluted rural and urban environments (Ahlberg et al., 2023). NINP measured
for these two categories, as well as for an intermediate category (100< MBC< 300 ng m− 3; n= 304), are shown in
Figure 4 (panels d, e, f). The ranking of the plots is similar to what is observed when distinguishing based on the
time spent in the PBL, but when using the BC as an indicator these differences are amplified.NINP for “continental
polluted” category is 6.5 times higher than for “continental clean”. We note that polluted air masses contain twice
as many particles as clean air masses (1,812 vs. 857 cm− 3), which can certainly have an influence on NINP. From
these observations, it is possible to conclude that polluted continental environments may contain substantial
amounts of INPs in contrast with clean ones. Although the origin of these particles is not determined in this study,
we can hypothesize about their sources. Polluted air masses are associated with longer residence times in the
boundary layer, suggesting that potential INP sources could include soil dust, as reported by numerous studies for
continental air masses (O’Sullivan et al., 2014; Steinke et al., 2016; Tobo et al., 2014). Another possible source is
particles from biomass burning, which have been shown in several studies to possess ice‐nucleating properties
(Barry et al., 2021; McCluskey et al., 2014). During winter, residential wood combustion is a common heating
method in Europe (Cuesta‐Mosquera et al., 2024). Back trajectory analyses indicate that these air masses,
characterized by high BC content, originate from eastern France and Germany, passing over many residential
regions along the way. These observations underline the importance of anthropogenic as well as natural sources in
influencing the INP concentration of continental air masses.

3.3. Focus on South Sector (S‐Sec)

This section presents the analysis for S‐sec (n = 1,586) excluding measurements done during DuEv#1 and
DuEv#2. In this sector, the NINP exhibit a clear correlation (R

2 = 0.86, p < 0.001 at − 31°C) withMDUST derived
from the CAMS model (Figures 5a and 5b). These air masses, coming from arid southern regions; consistently
carry elevated dust concentrations, even in the absence of strong dust events. Additionally, Figure 5b shows a very

Figure 4. (a) INP averaged concentration as a function of temperature measured with PINE at PUY (thick lines) for the North + East sector (NE‐sec), (b) for air masses
that spent less than 1% of their time in the boundary layer (BLratio < 1%), (c) for air masses that spent more than 20% of their time in the boundary layer (BLratio > 20%),
(d) for BC content <100 ng m− 3, (e) for BC content between 100 and 200 ng m− 3, and (f) for BC content >300 ng m− 3. The thin black lines on all panels represent the
average value over the entire campaign while the shaded areas represent the 95% confidence interval.
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similar temporal evolution between MBC content and MDUST. Even though less absorbing than BC, desert dust
particles can absorb light (Bergström et al., 2007; Lafon et al., 2006). Hence, the measurement of BC content with
a filter‐based instrument is still a matter of debate as several studies showed a potential bias due to physical
properties of measured particles (Fialho et al., 2005; Müller et al., 2011; Tinorua et al., 2024). Even if the MAAP
is considered as a good instrument to reduce these artifacts (Coen et al., 2010; Petzold et al., 2005), our results
tend to show that they still exist in the case of extreme dust event.

Since NINP for this sector is mainly driven by dust concentration, and considering that dust is transported
indiscriminately in both the boundary layer and the free troposphere, we consider for this sector all measurements
whatever the BLH value at the station. On average, NINP measured in S‐sec are twice as high as those measured
across all sectors. The average NAP measured is 1,861 cm

− 3 (±σ = 2,360 cm− 3) while the average BC content is
162 ng m− 3 (±σ = 121 ng m− 3). Figures 5d and 5e show the INP concentration when MDUST is lower than
0.5 μg m− 3 (n = 811) and higher than 5 μg m− 3 (n = 195), respectively. The average NAP measured are
2,494 cm− 3 (±σ= 2,908 cm− 3) and 799 cm− 3 (±σ= 258 cm− 3). BC content is 114 ng m− 3 (±σ= 87 ng m− 3) and
317 ng m− 3 (±σ = 60 ng m− 3). The choice of thresholds was based on the analysis of theMDUST distribution for
the southern air masses. Dust‐free conditions with concentrations <0.5 μg m− 3 represent the majority of the time,
accounting for 53% of occurrences. Air masses with concentrations >5 μg m− 3 (13% of occurrences) represent
specific moments during which the dust concentration increases significantly. INP concentrations measured for
high dust concentrations are, on average, more than 8 times higher than those measured for low concentrations.

4. Focus on Dust Events
Two episodes of Saharan dust were recorded during the sampling period. The first one, of moderate intensity,
occurred on 16 February 2023. The second one, of greater magnitude, took place on 22–23 February. The
description of the meteorological situation as well as the identification of the air mass origin through the study of
back‐trajectories for these two events are detailed in Appendix B. Figures 6 and 7 represent, for each event, the
concentrations of INPs (NINP) and dust (MDUST) as well as the LIDARmeasurements taken at the same time at CZ
site. The LIDAR depolarization ratio is calculated at the wavelength 355 nm, in order to estimate aerosol particle
concentrations (NAP).

4.1. First Dust Event (DuEv#1)

Figure 6 shows a good agreement between the temporal evolution of measured INP concentrations (Figure 6a)
and the LIDAR depolarization ratio (Figure 6c). Both signals increase in the afternoon of 15 February, followed
by a much more pronounced second increase during 16 February. The shape of the dust plume illustrated by the
modeled dust concentration vertical profile (Figure 6b) is also in accordance with LIDAR measurements
(Figure 6c). The maximum depolarization ratio is reached on 16 February at 23:20 UTC, while the maximum INP
concentrations are measured between 00:00 and 02:00 UTC on 17 February (645 INP L− 1 at − 33°C). However,
on 17 February, NINP remains at a significant level (361 INP L

− 1 at − 33°C) while the depolarization ratio has
decreased. We also notice that the decrease in the depolarization ratio occurs simultaneously with the appearance
of a cloud below 3,000 m around midnight on 17 February (Figure 6c). This cloud subsequently led to the LIDAR
shutting down multiple times. It should be noted that CZ station is located 11 km east of PUY, and during these
episodes, the air masses come from the West, which may introduce a slight temporal offset between observations
at these two stations. This is illustrated by Figure 6d, which represents MDUST predicted by CAMS model at
1,465 m a.s.l vertically above each station. The lag corresponding to the advection time of the air mass between
PUY and CZ is approximately 2 hr.

4.2. Second Dust Event (DuEv#2)

The presence of low clouds for a significant portion of the second event prevented LIDAR measurements
(RHw ≥ 100% and average LWC= 0.26 g m− 3, at PUY on 21 and 22 February). Nevertheless, at the beginning of
the episode, once again, we observe that the INP measurements (Figure 7a) and LIDAR depolarization ratio
follow the same temporal evolution (Figure 7c). They increase simultaneously on 21 February around 23:00 UTC.
CAMSMDUST prediction (Figure 7b) shows that the increase occurs later, but the concentration peak (28 μg m

− 3)
reached between 9:00 and 11:00 UTC is relatively well correlated with INP measurement (1,023 INP L− 1

at − 33°C).
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During the second part of the event, even though the MDUST remains at a significant level (>5 μg m
− 3), it has

decreased noticeably down to ≈10 μg m− 3, while the INP concentrations remain at a very high level on 23
February (1,028 INP L− 1 at − 33°C). We note that the LIDAR operated for 50 min on 23 February from 12:00
UTC, and that, at this moment, the depolarization ratio is high (0.026), in agreement with INP measurements.
Then, we observe a last peak in INP measurements at the end of the event on the morning of 24 February, which
cannot be correlated with dust concentration. We remind here that the dust concentration is derived from the
CAMS model and is not measured at the station. The comparison with LIDAR shows that there can be a time
offset of several hours. Thus, discrepancies between dust concentration and measured INP concentrations may
come from the uncertainty of the model and its limited spatiotemporal resolution. For this event, according to
MDUST prediction as depicted in Figure 7d, the advection time of the air mass between PUY and CZ is
approximately 1 hr.

During these two dust events, the average INP concentration measured at − 33°C were 477 L− 1 (±σ = 350 L− 1,
n = 30) reaching an absolute maximum value of 1,229 L− 1. We can compare these values with those measured
close to the source emissions during dust event in 2013 at the Izaña station (2,373 m a.s.l, Canary Islands) (Boose
et al., 2016). The maximum average night concentration reported during dust events was 367 L− 1 (at − 33°C and
RHw ≈ 105%) with a dust concentration of 15 μg m− 3. They also reported an absolute maximum INP values
greater than 2,500 L− 1. Despite being based on a single comparison of measurements done at different time
periods and potentially under different meteorological conditions, this might suggest that the INP properties of a
dust plume, during extreme events, do not depend on the transport duration, this was previous demonstrated by
Denjean et al. (2016), for other aerosol properties (concentration and size distribution) of African mineral dust
after intercontinental transport.

Figure 5. (a) Time series of INP concentrations measured as function of temperature at PUY between 24 December 2022 and 3 January 2023. The gray shaded areas
correspond to the period of background measurements, (b) Time series of BC measurement (in blue) and CAMS dust prediction (in orange) over the same period. Red
shaded and blue shaded areas represent, respectively, southerly and westerly air masses. (c) The bottom panel depicts INP averaged concentration (thick orange lines)
for the southern sector, (d) for the predicted dust concentration below 0.5 μg m− 3, and (e) for predicted dust concentration higher than 5 μg m− 3. The thin black line
represent the average value over the entire campaign (as in Figure 2). The shaded areas on panels (c)–(e) represent the 95% confidence interval.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041258

CANZI ET AL. 12 of 26

 21698996, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041258 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [22/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5. Development of New Parameterizations for Heterogeneous Ice Nucleation
In this work, we developed several parameterization sets (depending on one or two parameters) to characterize
heterogeneous ice nucleation for different air masses. For this purpose, we selected four specific types of air
masses (oceanic, continental polluted, continental free troposphere, southern heavily loaded with dust particles
concentration >5 μg m− 3), described in Sections 3, and representing the NINP variability observed during the

Figure 6. Temporal evolution of parameters characterizing the first dust event (DuEv#1) which occurred from 16 to 17 February 2023. (a) INP concentration measured at
PUY, (b) vertical profile of dust concentration predicted by CAMS model at the location of CZ, (c) vertical profile of LIDAR depolarization ratio at 355 nm at CZ. The
white areas correspond to periods when the LIDAR is not measuring due to the presence of low level clouds. When the backscattered intensity is too high, the system
shuts down as a protective measure, and (d) LIDAR depolarization ratio at the altitude of PUY (in black), CAMS dust concentration prediction (at CZ and PUY, in
orange). The colored shaded areas indicate the air mass origin as in Figure 5.
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campaign. We also developed a parameterization “Dust event” based on the peak values observed during the
second dust event (DuEv#2) on 22 February.

For single‐parameter parameterizations, we used an exponential expression as a function of air temperature Tk (in
K) (Equation 1) or as a function of the saturation with respect to the ice phase Si (Equation 2) as proposed by
Meyers et al. (1992), for which we redefined a new set of coefficients for each type of air mass.

NINP = exp[a(1) + b(1) (273.15 – Tk)] (1)

NINP = exp{a(2) + b(2) [100 (Si – 1)]} (2)

Figure 7. Same as Figure 6 for DuEv#2.
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These exponential laws fit well with the observations (Figure C1, R2> 0.96). The considered temperature Tk is the
temperature at which the measurement is conducted. The value of Si is obtained by considering water saturation at
the measurement temperature, which is consistent with the machine's operating mode. It can be observed that they
accurately reproduce the average concentrations of INPs for different air masses as well as their relative posi-
tioning. However, a parameterization based on a single parameter does not reproduce all the variability of the
measured concentrations with temperature for a given air mass.

We also use a two‐parameter parameterization proposed by Bras et al. (2024) (called hereafter B24; Equation 3)
based on offline measurements conducted at the same site (PUY) during the WINS campaign (November 2018 to
May 2019).

NINP = [a ∗ ln(NAP) + b] ∗ exp[c (273.15 − Tk) + d] (3)

This equation expressing NINP (L
− 1) considers, in addition to temperature (Tk in K), the total concentration of

aerosol particles (NAP in cm
− 3) rather than the concentration of aerosols with a diameter larger than 500 nm

(Naer,500) as in the DeMott et al. (2010) (called hereafter D10) and DeMott et al. (2015) (called hereafter D15)
parameterizations. This choice is constrained for two reasons: (a) size distribution of aerosol particles was not
available, and (b) total aerosol number concentration is a required variable at all ACTRIS national facilities,
making it widely available for integration into future parameterizations. Figure 8 depicts the predicted data from
our new set of parameterizations versus the associated measured data for the entire campaign. It shows that 72% of
INP concentrations are predicted by the parameterization set within a factor of two of the observed data (RG2),
and 92% of points are predicted within a factor of 5 (RG5). The highest discrepancies between modeled and
measured concentrations occur for temperatures above − 25°C and concentrations lower than 1 INP L− 1. This can
be explained by the limit of detection of the PINE, which is 0.5 L− 1. There are also a few points for which the

Figure 8. Predicted INP concentrations using the combination of newly developed parameterizations (Equation 3) versus
measured INP concentrations for the entire campaign. The solid line, dotted lines, dashed lines and dash‐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.
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measured value is null. These points cannot be shown on Figure 8 due to the logarithmic scales, but they are taken
into account when performing the fits.

Figure 9a represents the values provided by all parameterizations as a function of temperature, along with the
daily averages measured for the entire campaign. We can see that the use of several parameterizations makes it
possible to represent the high variability of measured concentrations in varying conditions. We observe that the
parameterizations do not represent all the values measured during the campaign. Since the focus is on certain
specific air masses, only these are represented. Indeed, a significant number of measurement points were excluded
to conduct this analysis. The values obtained with the oceanic parameterization cover one order of magnitude for a
given temperature which is significantly more than for the other parameterizations. This is a result of a wider
range of total particle concentration measured for that class of air mass. The fitted values of the coefficients for the
new parameterizations are synthetized in Table 2. More details about parameterizations are given in Appendix C.

Here, the proposed parameterizations are compared with existing parameterizations (B24, D10, and D15). The
values provided by the different parameterizations between − 23°C and − 33°C are shown in Figure 9b. For B24,
we considered the Oceanic average particle concentration as the lowest value and the average “Continental
polluted” particle concentration as the highest. For D10 and D15, as PSD were not available for this study, we
used the range of Naer,500 [0.5, 4 cm

− 3] reported by Bras et al. (2024) based on measurement conducted at PUY
during the same period of the year. It is important to remember here that the B24 parametrization was developed
based on offline measurements collected over a 6 month period for temperatures between − 5°C and − 18°C.
Therefore, it is used here outside its characterization range. We observe that the values provided by this
parameterization are relatively high and close to air masses of the “continental polluted” type. The same behavior
is observed for the amplitude related to variations in aerosol particle concentrations. The D10 parameterization
shows a very different behavior with temperature. Below − 30°C, it provides relatively low values, close to the
“oceanic” case. In contrast, beyond − 24°C, the values are relatively high and exceed those for the “continental
polluted” case. The D15 parameterization provides intermediate values covering a large part of the measured
values during campaign and seems to be more accurate in this case than the D10. However, since the aerosol size
distribution was not measured during the campaign, making more precise comparisons with these last two pa-
rameterizations is not possible, as they can be influenced by the assumptions made for theNaer,500 estimation. This
point will be addressed in future work, using both an SMPS and super micron particles size measurements in
parallel with INP measurements.

To evaluate this new set of parameterizations, we used five different datasets. These include the two datasets
presented by Wilbourn et al. (2024), based on PINE measurements at SGP and ENA, and a dataset from the

Figure 9. (a) INP predicted values of the newly developed parameterizations (based on Equation 3) as a function of the
temperature. For each air mass type, we considered the first and the last percentile of the total particle concentration for each
air mass type as the min and max values for NAP, and (b) same as in panel (a) but for existing parameterizations.
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HyICE (Hyytiälä Aerosol‐cloud Experiment) campaign (Vogel et al., 2024), which reported PINE measurements
in a Finnish boreal forest. Additionally, we used a dataset from the PICNIC campaign at PUY, based on PINE
measurements (Lacher et al., 2024). Lastly, we incorporated the measurements presented by DeMott et al. (2016,
hereafter D16), obtained from various field campaigns in marine environments using diverse measurement
methods. For the PICNIC dataset at PUY, we applied the same method presented in this work, based on air mass
classification. Since no dust or oceanic events occurred during this campaign, we applied the continental pa-
rameterizations to this dataset. Similarly, we used the continental parameterizations for the SGP and HyICE
campaigns, as these sites are reported to be continental. Finally, we applied the oceanic parameterization to
compare with the ENA and D16 measurements. The results, depicted in Figure 10, indicate that the parame-
terizations predict, on average, 61% of Ninp of the combined dataset within a factor 5%, and 79% within a factor
10. We note that the results for the PICNIC campaign, conducted at the same site but during a different period, are
good, with 100% of NINP predicted within a factor of 5. This is partly due to the application of the exact same
method for data processing based on air mass analysis. It is also worth mentioning that the oceanic parameter-
ization overestimates the D16 measurements while underestimating ENA's, particularly at temperatures warmer
than − 18°C, which fall outside the temperature range measured in this study.

6. Conclusions
The measurements of INP concentrations were conducted continuously (time resolution ≈ 10 min) during the
winter of 2023 at the summit of Puy de Dôme (PUY site) over a period of 3 months, resulting in 11,869 data
points. These measurements were carried out using a PINE type cloud chamber, over a temperature range between
− 22°C and − 33°C. These measurements are analyzed with systematic 72 hr back‐trajectories of sampled air
masses over the entire period. This approach holds significant value, as it makes possible the comparison of INP

Table 2
Fitted Values of Coefficients for Each Type of Air Mass and for the Parameterizations Expressed With Equations 1–3

Air mass class a(1) b(1) a(2) b(2) a(3) b(3) c(3) d(3)

Oceanic − 9.6462 0.3459 − 8.7882 0.2830 1.1805e− 4 − 4.5172e− 4 0.3277 − 0.5885

Continental clean − 8.9846 0.3577 − 8.0946 0.2925 3.1487e− 7 − 8.8237e− 7 0.3281 5.4433

Continental polluted − 6.0507 0.3187 − 5.2584 0.2606 9.8069e− 3 − 4.5234e− 2 0.3247 − 2.6872

Southern dustconc > 5 μg m− 3 − 4.7525 0.3257 − 3.9304 0.2659 0.31401 5.6970e− 2 0.3337 − 5.8141

Dust event − 4.7290 0.3538 − 3.8369 0.2890 – – – –

Figure 10. (a) Predicted INP concentrations using the combination of newly developed parameterizations (Equation 3) versus
measured INP concentrations from various field campaigns reported in the literature, and (b) same as in panel (a), the colors
represents the measurement temperature.
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concentrations of various air mass types at a single site. Therefore the comparison can be made without any bias
introduced by the use of differing analytical approaches (Lacher et al., 2024).

INP concentrations characterization is done for four specific air mass classes: representative of “oceanic,”
“continental clean,” “continental polluted,” and “southern loaded with dust.” Desert dust is known to be
efficient INPs, especially at low temperatures that were studied in this work on a global scale. This study
confirms that the contribution of dust to ice nucleation activity following long‐range transport is significant
based on our back trajectory analysis, and that the proposed method effectively identifies these sources. Oceans
also represent a significant source of INPs in the atmosphere, although they tend to be less INP active than
other sources, consistent to previous findings (e.g., Vergara‐Temprado et al., 2018). Consequently, in regions
where other sources predominate (over the European continent), these marine sources become insignificant
contributors to INP concentrations. However, in regions with few aerosol sources, such as over the open
oceans, these oceanic sources of INPs dominate. Even though PUY is not located in a coastal region, a large
fraction of air masses in winter are coming from west after traveling over Atlantic ocean, inducing a marine
signature in ambient INP concentrations by applying selective criteria to air mass analysis (residence time in the
MBL, reduced transport time from the ocean, and limited residence time in the PBL). Given the location of
PUY, we also have the opportunity to assess the importance of marine INP sources compared to dust or
continental sources.

We applied the same method for continental air masses and segregated them based on their pollution level. A
strong correlation between INP concentration and BC content was observed. It has been previously shown that
BC measurements can be biased by the presence of dust. However, for continental air masses, dust concentrations
are very low (<0.6 μg m− 3) and therefore not correlated with BC (R2 ≈ 0). It illustrates that polluted continental
air masses, with longer residence times in the BL, are associated with a higher total number of particles and larger
INP concentrations, confirming the contribution of anthropogenic emission to the INP population.

The main drawback of our methodology is that it requires a large number of measurements to obtain samples of
significant size after applying the selection criteria. This is especially true for measurements of air masses with
low INP concentrations (i.e., “oceanic” and “continental clean” cases) in the upper temperature range (>− 25°C)
because of the detection limit of the PINE. However, as PINE operates is an autonomous and continuous fashion
enabling long‐term measurements, making the collection of a large number of data points is possible.

Another drawback is that size distribution of aerosol particles were not available during the campaign. This
prevents us from properly evaluating parameterizations based on aerosol size or total surface area and thus, from
developing parameterizations using the same approach.

In this work, we propose several parameterizations representing heterogeneous ice nucleation for each type of air
masses. These parameterizations use equations proposed by Meyers et al. (1992) and Bras et al. (2024). Results
show that the new set of parameterizations makes possible to represent the large variability of INP concentrations
as a function of air mass type. The use of two parameters (temperature and particle total concentration) instead of
only one (temperature or ice saturation ratio) improves the representation of each parameterization.

Nevertheless, we show that the variability is largely explained by the segregation of air mass type (Burrows et al.,
2022), which incorporates many other parameters (chemical composition, size distribution, coating, aging) and
not only the total particle concentration. INP measurements are still continuously conducted at PUY. Further-
more, other aerosol measurements such as size distribution, chemical, and biological composition analysis, are
planned to be conducted in parallel. This will enable the use of a size parameter in the development of future
parameterizations. The analysis of chemical composition will also improve understanding of the drivers of INP
concentration and help refine criteria for air mass classification to obtain more specific and/or new classes.

Future work will include implementing these parameterizations into mesoscale models using either bulk or bin
microphysics representation (WRF, Méso‐NH or DESCAM). This will enable the assessment of the role of
heterogeneous ice nucleation, as a function of the INP emissions source, on cloud properties across various
environments.
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Appendix A
Figure A1 shows the time series of the measured INP concentration, the total particle number, and BC mass
content. It also indicates the origin of air masses according to the three sectors (W‐sec, S‐sec, and NE‐sec), as well
as the different episodes for the specific air mass classes analyzed in Section 3.

Figure A2 shows the number or runs performed for each temperature bin (∆Tc= 1°) as well as the number of runs
for which zero values are measured. The ratio of zero values highly depends on NINP and then on temperature,

Figure A1. Time series over the entire campaign for INP concentrations (panels (a) and (c)). The red, blue, and green shaded areas represent, respectively, southerly,
westerly, and northerly air masses. Panels (c) and (d) represent black carbon mass content and dust concentration. The red, blue, light green, dark green, and magenta
shaded areas represent, respectively, southern (dust >5 μg m− 3), oceanic, continental clean, continental polluted, and dust episodes. The gray shaded areas indicate
background procedures and the two periods when PINE was not operational.

Figure A2. In blue, number of measurement taken for each temperature bin. In orange, ratio of runs for which zero INP are
detected as a function of temperature.
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exceeding 0.5 at − 22°C when the average NINP measured is lower than the instrument's limit of detection
(0.5 L− 1).

Table A1 lists the characteristics (model, manufacturer, acquisition time, detection limit, size range, uncertainty)
of the instruments and models used in this study. In this study, we use the total particle concentrations averaged
over a duration of 5 min.

Appendix B
According to the CAMS forecast, the Calima wind transported Saharan dust to the Canary Islands on 13 February.
The dust transport continued northward on 14–15 February. Then the dust plume reached Ireland and the UK. The
analysis of back‐trajectories on these dates (Figure B1a) shows air masses originating from North Africa and
having crossed over Spain at the beginning of the event. The origin of the air mass then gradually shifts westward
with a passage over the Canary Islands and then over the Atlantic Ocean at the end of the event.

The second event is actually just a continuation of the first one, with the Calima wind continuing to blow in the
following days generating a dust transport reaching Denmark. The back‐trajectories from the CAT model
(Figure B1b) also show an origin from North Africa with a passage over Spain and the Pyrenees, which is
consistent with the concentrations recorded at that period in these areas.

Table A1
List of Instrumentation and Models Used

Instrument Model (manufacturer) Acquisition time Detection limit Max concentration Size range Uncertainty

Particle counter CPC 3010 (TSI) 1 Hz 0 10,000 cm− 3 >10 nm ±10%*

Particle absorption MAAP 5012 (Thermo) 10 min 50 ng.m− 3 180 μg.m− 3 PM2.5 10%*

INP counter PINE‐05‐01 (Bilfinger Noell
GmbH)

10 min 0.5 L− 1 4 µm 20%

Dust concentration Copernicus Atmosphere
Monitoring Service (CAMS)

—ENSEMBLE

1 hr NA NA PM10 Spatial resolution (0.1°)

*Instrument calibrated and certified by CEN standards at the ECAC calibration center (https://www.actris‐ecac.eu/measurement‐guidelines.html, last access 02/07/
2024).

Figure B1. The colors represent the 72 hr back‐trajectories density during dust events #1 (DuEv#1) (a) and #2 (DuEv#2) (see Section 4), and (b) averaged on a 0.5° grid
in lat‐long. The black lines illustrate samples of back‐trajectories during the event (1 every 3 hr).
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Appendix C
To obtain the parameterizations following equations (Equation 1) and (Equation 2) proposed by Meyers
et al. (1992), we fitted the experimental data for each air mass type, averaged over 1°C bins, as presented in

Figure C1. INP measured concentrations (colored thick lines) for each air mass class as a function of temperature represented
with associated exponential parameterization (black thin lines) following equations (Equation 1) and (Equation 2).

Figure C2. INP measured concentration for each air mass class as a function of NAP and temperature (circles) represented with associated parameterization (lines)
following Equation 3. (a) “Oceanic”, (b) “Continental Clean”, (c) “Continental polluted”, and (d) “Southern dust” >5 μg m− 3.
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Section 3. We used a classic nonlinear least squares algorithm for this purpose. The results are presented in
Figure C1, showing a good correlation between measurements and fitted parameterizations, with correlation
coefficients (R2) greater than 0.96 in every case. However, we can see that the model struggles to reproduce the
shape of the measurements for the dust cases at temperatures warmer than − 23°C. INP concentrations calculated
using the parameterization from Meyers et al. (1992) are also displayed in the figure.

As the expression of Si as a function of temperature T is bijective and both equations have an exponential form,
their fit to the experimental results gives the same values. Only the coefficients differ. The Si value is derived from
temperature considering the RHw is equal to 100%. As the RHmax value during the expansion is assumed to be
100% < RHmax < 102% and that the incertitude in the measured temperature is ±1°C. This lead to an incertitude
on RHi < 3% on the temperature range (from − 22°C to − 33°C). Si is obtained by the ratio esat,w/esat,i, where esat,w
and esat,i are the saturation partial pressures of water vapor with respect to water and ice, respectively, given by
Tetens formula (Tetens, 1930): esat(T) = α1*exp{α3 (T − T0)/(T − α4)} with the parameters set according to
Buck (1981) for saturation over water (α1= 611.21 Pa, α3= 17.502 and α4= 32.19 K) and to the AERKi formula
of Alduchov and Eskridge (1996) for saturation over ice (α1 = 611.21 Pa, α3 = 22.587 and α4 = − 0.7 K), with
T0 = 273.16 K (see 17,117‐part‐iv‐physical‐processes.pdf (ecmwf.int)).

For the dust event parameterization, we used the average values over a 6 hr period during the peak of the second
event DuEv#2 (22 February, from 6:00 to 12:00 UTC).

To obtain the parameterizations following Equation 3 proposed by Bras et al. (2024), we fitted the experimental
data for each air mass type, averaged over 1°C bins for temperature and 200 cm− 3 bins for total particle con-
centration, and weighted by the number of observations. We also implemented the previously used nonlinear least
squares algorithm.

The results are presented in Figure C2, having correlation coefficient R2 over 0.7 except for the oceanic case (0.5).
Indeed, for this air mass class, as it can be seen in Figure C2, the representation of the temperature effect is not
completely monotonic. This suggests, like already mentioned in Section 3.1, that this class is still slightly per-
turbed by other parameters linked to anthropogenic/dust emissions. Hence, applying some more restrictive
criteria (i.e., BC and dust concentration) to the air mass classification could lead to a better representation and a
better focus on purely marine environments.

We can also notice that the range covered by the NAP parameter is not the same in all classes. It is notably quite
limited for the ‘southern dust’ >5 μg m− 3 class. Given that Equation 3 used here can yield negative values at low
concentrations, it is necessary to specify a limit for NAP below which the parameterization should not be used.
This limit is set at 75 cm− 3 for the “oceanic” class, 150 cm− 3 for the “continental clean” class, and 400 cm− 3 for
the two latter classes according to measurements.
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