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Abstract. Ice nucleating particles (INPs) exert a substantial impact on radiative properties and lifetimes of mixed-phase
clouds and can modulate their precipitation efficiency. Advancing our understanding of the abundance and properties of
INPs is essential to elucidate how clouds change in a warming climate. We conducted INP measurements at the Storm Peak
Laboratory (3200 m a.s.l.), in the Rocky Mountains (CO, USA) during two field campaigns in 2021/2022 and in 2025. INP
concentrations were continuously measured with the Portable Ice Nucleation Experiment between -22 and -32 °C. INP
concentrations were remarkably similar during the two campaigns and followed a seasonal pattern. Lowest concentrations
were observed during winter, with median January values falling below 10 INP stdL* at T > -26 °C. In spring, median INP
concentrations increased by approximately one order of magnitude. Springtime is associated with increased dust
concentrations in the Western United States, and back trajectories revealed regional and local dust regions as INP sources.
As climate change is expected to intensify the influence of dust sources from deserts and semi-arid regions, this might
impact INP concentrations. Moreover, INP sizes were investigated by ranked correlation coefficient analysis of parallel
measurements of super-micrometer particles,

downstream-of PINE-to-analyze the sizes-of iceresiduals-and alternated INP measurements at a 1 um impactor._In addition

for the first time, PINE was coupled to a pumped counterflow virtual impactor to analyze the sizes of ice residuals. Overall,

super-micrometer particles were found to contribute significantly to the INP population throughout the entire campaign,

with a reduced importance during winter.
1. Introduction

The role of clouds in a changing climate remains largely uncertain (e.g., Zelinka et al., 2017). Mixed-phase clouds,
containing both cloud droplets and ice crystals, are one major cause of uncertainty in projecting climate change (e.g., Hofer
et al., 2024). The first formation of ice crystals in mixed-phase clouds is initiated by specific aerosol particles, termed ice-
nucleating particles (INPs; Vali et al., 2015). Although they are a small subset of the ambient aerosol particle population,

the presence of INPs can impact the phase partitioning in clouds (e.g., Tan and Storelvmo, 2019), and thus their radiative
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properties and lifetime (e.g., Vergara-Temprado et al., 2018). Moreover, precipitation formation is most efficient via the ice
phase (e.g., Pruppacher and Klett, 1997), making it susceptible to INPs (Fan et al., 2017; French et al., 2018). To the current
state of knowledge, different aerosol particle types contribute to the INP population at different temperatures within the
mixed-phase cloud regime. Mineral dust particles efficiently nucleate ice at temperatures below ~ -20 °C (Hoose and
Méhler, 2012; Murray et al., 2012), and were often found to remarkably contribute to the INP population in this temperature
range (e.g., Kanji et al., 2017). Mineral dust particles are emitted from desert regions and can be transported over longer
distances, such that it is also a relevant INP type even at high-altitude sites (e.g., Mertes et al., 2007; Richardson et al., 2007;
Lacher et al., 2018; Brunner et al., 2022). At temperatures above ~ -20 °C organic and biogenic particles can contribute to
the INP population (e.g., Kanji et al., 2017), including soil dust particles and particles emitted from marine environments.
Not only the particle type but also the size of INPs is yet to be investigated in more detail. Studies using measurements from
elevated levels of the atmosphere as well as ground-based measurement sites (e.g., DeMott et al., 2010; Lacher et al., 2018;
Mason et al., 2016) found a relation to the larger fraction of aerosol particles, which can be an indication for the importance
of dust particles being INPs. However, in the absence of dust particles and in remote environments it might be possible that
INPs are smaller (Wilson et al., 2015).

In general, attempts to identify INPs in ambient air are made indirectly by sampling in air masses which are dominated by
one aerosol type. This approach is, however, limited since it is not guaranteed that a single aerosol type is present, which is
crucial in the light of the very low fraction of ice active particles (e.g., sometimes 1 out of 1 billion; DeMott et al., 2010).
For example, the ice activity of biomass burning events was found to be due to the presence of the mineral phase (Jahn et
al., 2020)

A precise method to identify INPs using online instruments is the direct chemical and physical analysis of the INPs by using

ice-selective inlets or cloud chambers coupled to pumped-counterflow virtual impactors (PCVI; Boulter et al., 2006;
Hiranuma et al., 2016). The ice crystals that formed upon INPs are thereby separated and can be analyzed using sizing
instrumentation (e.g., Mertes et al., 2007; Lacher et al., 2021) or single-particle mass spectrometry (e.g., Cziczo et al., 2003;
Cziczo et al., 2009; Pratt et al., 2009; Kamphus et al., 2010; Cziczo et al., 2013; Cziczo and Froyd, 2014; Schmidt et al.,
2017). The application of field instruments is more difficult given the naturally low INP concentrations and related low
detection rates_(e.g., tFhe currently existing coupled setups for ambient measurements_often focus on cirrus formation,

where only discrimination between ice crystals and aerosol particles is needed). A recent study by Cornwell et al. (2019)

also applied a coupled system of a continuous-flow diffusion chamber with a PCVI at a coastal marine site at mixed-phase

cloud conditions. The identification of INPs in mixed-phase clouds is more challenging, as these clouds contain all three
phases of water. Some phase-separating inlets exist (e.g., Mertes et al., 2007; Koolik et al., 2022), analyzing freshly formed
INPs. However, the experiments depend on ambient conditions, including temperature and the presence of clouds. Coupled
systems using online INP instruments and PCV1 have the advantage to activate INPs in a broader temperature range and do
not depend on sampling conditions in-cloud. Thus, they have the great potential to advance the understanding of chemical

composition of INP in ambient air, and thus to identify main ice-active aerosol types and their source regions.

Next-In addition to the identity of INPs, there is still missing information about the spatio-temporal abundance of INPs,
limiting the predictability of the temperature-dependent INP concentration at different locations and in different seasons
(e.g., Murray et al., 2021; Burrows et al., 2022). As aerosol sources can vary with season, it can also be assumed that INP
concentrations have a seasonal difference. Indeed, seasonal trends were identified at different measurement locations-in
Europe. In a boreal forest, Schneider et al. (2021) attributed the seasonal cycle in INP concentration with a maximum in

summer to biogenic particles. Moreover, a seasonal cycle in the Arctic region was identified (Creamean et al., 2022; Tobo

et al., 2024; Sze et al., 2023) related to different phenomena such as sea ice opening and melt and the transport from lower

latitudes during spring.
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At different elevated sites in Europe and the US, seasonal cycles in the INP concentration were identified. A maximum in

INP concentration in the warm season was also found at Alpine high-altitude sites (Brunner et al., 2022), caused by the
impact of boundary layer air containing biogenic particles such as pollen and soil dust with peak INP concentration
measured during Saharan dust events (i.e., mineral dust events). Also, at a mountain site in central France, Bras et al. (2024)

identified a seasonal cycle with minimum INP concentrations in winter and increasing values in spring. In a recent study in

the Rocky Mountains, Zhou et al. (2025) found lower INP concentrations in winter and maximum concentrations in

clouds—often—occur—at-the-same-altitudes. Such measurements at elevated sites are especially relevant because the INP

population can be directly important for ice crystal formation in clouds.

In this study, time-resolved INP concentration measurements were conducted using the Portable Ice Nucleation Experiment
(PINE; Mohler et al., 2021) from autumn to spring at a high-altitude site in the Rocky Mountains, the Storm Peak Laboratory
(SPL). The site is located at an altitude where mixed-phase clouds form (e.g., Lowenthal et al., 2019), and the measured
INP concentration in the temperature range -22 to -32 °C can be assumed to be relevant when reaching higher (and colder)
altitudes, which is likely as mountainous regions often act as an orographic lifting mechanism for particles. Moreover, the
size of INPs was investigated using a PCVI downstream of PINE in combination with a sizing instrument, and impactor
measurements upstream of PINE, giving insights into the physical properties of INPs.

2. Methods
2.1 Overview campaigns

INP concentration measurements were conducted at SPL (3220 m a.s.l.; Hallar et al., 2025) during two campaigns from
October 2021, to May 2022, and from January to May 2025. SPL is situated on a 70 km long mountain ridge in the Rocky
Mountains, and is approximately 1150 m above the closest valley. SPL can receive air masses both from local sources, as
well as from long-range transport and regional sources via the free troposphere, especially in winter time and in the night
hours (Obrist et al., 2008; Hallar et al., 2015; Collaud Coen et al., 2018). As such, a change in aerosol sources and types
with season can be expected. For example, dust particles both from intercontinental and regional dust were peaking in spring
(Haller et al., 2011; Hallar et al., 2015)

INP concentration measurements were conducted using the Portable Ice Nucleation Experiment (PINE; Méhler et al., 2021,
section 2.2) with continuous temperature scans between -22 and -32 °C. Only during a period in January and February 2022,
PINE was operated at temperatures below -28 °C to allow the size investigation of INPs using a pumped-counterflow virtual
impactor (section 2.4).

2.2 The Portable Ice Nucleation Experiment PINE

PINE is an expansion chamber that mimics cloud formation upon air mass lifting, following the working principle of AIDA
(Aerosol Interaction and Dynamics; Mdéhler et al., 2003). A detailed description about PINE is found in Méhler et al. (2021).
For this campaign, the model PINE-1A was used, which is working fully automatically and operates continuously. The INP

concentration measurements were conducted at one of the two-station™s aerosol inlets (Petersen et al., 2019).

PINE consists of an inlet system with a Nafion membrane dryer, a 7-litre chamber which is cooled by an external chiller
(Lauda RP855, Lauda-Kdnigshofen, Germany), an optical particle counter (OPC; fidas-pine, Palas GmbH, Karlsruhe,
Germany) that is attached in the pump-line downstream of the chamber, and a home-built LabVIEW software controlling
the system and logging the obtained data. PINE operates in cycles of so-called flush mode, expansion mode, and refill mode.
During the flush mode, the aerosol particles are guided through the chamber at a flow rate between 1 — 2 LPM (liters per

minute) for about four to seven minutes, to ensure an exchange of the sampled air. For the actual cloud formation
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experiment, the expansion mode, a valve upstream of the chamber is closed and the air is continued to be pumped out at a
constant volume flow rate of 3 LPM, causing a decrease in temperature and pressure, and an establishment of supersaturated
conditions with respect to ice and water. During this campaign, the pressure was reduced by 150 mbar, making the cloud
formation process to last about 40 seconds. Aerosol particles that are beforehand flushed through the chamber are exposed
to cloud-like conditions, allowing them to induce cloud droplet and ice crystals formation upen-based on the presence of
cloud condensation nuclei and INP, respectively. Please note that the fidas-pine OPC has a sideward scattering geometry,
such that aspherical ice crystals are detected with a higher scattering intensity as-than spherical cloud droplets of the same
size, allowing it to detect ice crystals as larger particles compared to cloud droplets. The temperature assigned to the
experiment is the coldest recorded temperature and has an uncertainty of = 1 °C. In the refill mode, the pressure inside the
chamber is increased to ambient conditions by refilling filtered and dried air at the same flow rate of-as the flush mode. No
ice-background correction is needed for the INP measurements, since the chamber is operated with frost-free walls, which
is controlled by frequent background experiments, when the sampled air is guided everthrough a filter prior entering the
chamber in the flush mode. During this campaign, the temperature of PINE was continuously varied between —22 and -32
°C, resulting in temperature scans with a time resolution of approximately one hour. The limit of detection (LOD) of one
experiment is 0.5 L%, which informs the operation temperature of PINE due to the naturally very low INP concentration at
temperatures above -20 °C. PINE has a particle cutoff size (D50; particle size at which 50% of the particles are transmitted)
of 4 um, and for specific experiments (see next section), a 1 um impactor was installed upstream of PINE to limit the

sampled size distribution.

PINE measurements were conducted at a rime-free aerosol inlet, which is heated to 30 °C. The aerosol inlet’s sampling

efficiency has a 50% cut off at an aerodynamic diameter of approximately 13 um and wind speed of 0.5 m s (Petersen et

al., 2019). At higher wind speeds of 10 m s> and 15 m s!, the aerosol inlet has a D50 of approximately 7 um and 5.5 um,

respectively (Petersen et al., 2019), allowing the transmission of particles that can enter PINE (D50 of 4 um) as most of the
time the wind speeds at SPL are below 10 ms™ (Hallar et al., 2025).

2.3 Size investigation of INPs

One focus of the first campaign in 2021/2022 was the investigation of INP sizes which can help to identify potential sources
and to improve transport modeling. We make use of three different methods: (1) We correlate the INP concentration in the
temperature range of the PINE measurements with parallel measurements of particle concentration larger than 1 pum
aerodynamic diameter measured with an aerosol particle sizer (APS; model 3321, TSI Inc., St. Paul, Minnesota, USA); this
indirect approach is limited as the INP population is a small subset of the aerosol population, and their size distributions are
not necessarily related. (2) A PCVI was installed downstream of PINE, and was combined with SPX (Single particle
Photometer — eXperiment; Droplet Measurement Technology, Longmont, CO, USA), which is a modified version of the

Single Particle Soot Photometer — Extended Range and specific for aerosol size measurements by using an optical technique.

This allows the direct investigation of ice crystal residuals which formed in PINE upon INPs; however, this method is
limited by the transmission efficiency of the setup which is crucial at low ambient INP concentrations (for more details see
next section). Similar experiments were performed with ice-selective inlets, sampling freshly formed ice crystals in ambient
air; however, such measurements are limited to the temperature of the ambient air (e.g., Mertes et al., 2007; Lacher et al.,
2021). (3) We alternated our measurements between a total aerosol inlet and a PM1 impactor to exclude super-micrometer

sized aerosol particles; this allows us to receive-retrieve an estimate of the size range of the INPs. To-date, most size-

investigative experiments using impactors sample aerosol particles on filters which are analyzed with offline freezing
techniques (Mason et al., 2016). Hence these measurements are limited to temperatures above -25 °C, as this is a typical
limit for such methods (e.g., Cziczo et al., 2017). In this study, we use the online INP chamber PINE with an impactor

upstream, allowing us to investigate the size of the INP population in the temperature range -22 to -32 °C.
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2.4 Coupling to a Pumped-Counterflow Virtual Impactor PCVI

For investigating the properties of INPs, a PCVI (described in more detail in Kulkarni et al. (2011)); was coupled to PINE.
The setup was configured_and; tested and-applied-during_laboratory studies (see appendix for these experiments) and

configured, tested and applied during the SPL campaign in winter 2022. The aim of the laboratory studies was to determine

the D50 using ammonium sulphate particles and to define preliminary configuration settings. In the field, the setup

underwent more thorough testing for the separation of aerosol particles, cloud droplets and ice crystals, which is more

complex as the differences in particle shape, density and phase can have an impact (e.g., Kulkarni et al., 2011). -te-investigate

the-size-of-the-tNPs-In general, a PCVI separates particles based on their aerodynamic size using different flows. Coupled
to a cloud chamber like PINE, the aim is to only transmit (larger) ice crystals through the PCVI body (Fig. 1). During the
cloud formation process (expansion mode) in PINE in the mixed-phase cloud regime, unactivated aerosol particles, cloud
droplets, and ice crystals are present. These particles are first guided through an evaporation section downstream of PINE,
to reduce the cloud droplet sizes, and second pass the fidas-pine OPC to allow the detection of the ice crystals to retrieve
the INP concentration. Thereafter, the sample flow enters the PCVI body, where the gas phase, smaller aerosol particles
and cloud droplets are removed in a side-ward directed flow, and only ice crystals, formed upon INPs, are transported

further and can be investigated by aerosol analytical instruments.

The flow configuration of the PCVI is the following: An inlet flow (Finet), containing the polydisperse particles, enters the
PCVI body in an acceleration nozzle. Inside the PCVI, a stagnation plane is established by an effective counterflow (Fe)
which is created by a particle-free add flow (Faqd). There, aerosol particles with a low inertia (and thus smaller size) are
rejected and exit the PCVI body within a side-ward directed pump flow (Foump), While larger particles that have a higher
inertia are able to pass the stagnation plane and are transmitted in the output flow (Fou). The D50 thereby depends on the

ratios of the flows. The PCVI concentrates the ice particles (and thereby the residuals) by a factor of total inlet to total outlet

flow. One experimental challenge for a coupling a PCVI1 to PINE is that the ice residual characterization instrument(s) must
adapt to the rapidly changing system pressure during a PINE expansion experiment. The SPX inlet flow, which is Foyt, was
set to control at a constant volumetric flow of 0.12 LPM. During the start of expansions the flow dropped to as low as 0.085
LPM before the nominal flow was re-established. This initial flow reduction increased the PCVI counterflow slightly and

increased the concentrating factor to as high as 38.6 but otherwise had little effect on PCVI operation.- For the coupling of

PINE to the PCVI, different flow configurations were tested (see appendix for more details) to determine the optimal setup,

which are listed in Table 1. Please note that Fine: equals the expansion flow in PINE and was adjusted from 4.2 (used in the

first laboratory characterization experiments to determine the approximate size of the D50, Appendix, Fig. A3) to 3.3 LPM

in the field. This might lead to a shift in the D50 towards larger sizes, as compared to the laboratory characterization

experiments, making it is less likely that larger cloud droplets pass the PCVI. During expansion, cloud droplet sizes are

determined by diffusional growth processes, and thus strongly depend on temperature; as it is necessary to not have cloud
droplets larger than the D50 of the PCV1 setup, the experiments were performed at temperatures below -29 °C (see appendix

for more details).

The coupled setup PINE-PCVI was tested using ATD (Arizona Test Dust), an efficient INP (e.g., Murray et al., 2012), at
SPL to investigate the transmission of ice crystals upon the presence of ATD in PINE (Fig. 2). For this, ATD particles were
dry dispersed and mixed with ambient air, the latter ensured that enough cloud droplets can form during the expansion to
mimic realistic cloud formation conditions. This mixture was tested against ambient air only that naturally has a clearly

lower ice nucleation activity than ATD. The size distribution was measured with the SPX and the flow settings of the final

setup (Table 1) were used but with a slightly reduced Fagq of 2.5 LPM, and PINE was set to a temperature of -29 °C. The
size distribution of the mixture of ambient particles with ATD (Fig. 2, panel a) shows an increase in particles larger than

0.15 pm as compared to the ambient particles only. During sampling downstream of the PINE-PCVI during the flush mode,
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when no cloud formation occurs, only some smaller particles are detected (Fig. 2, panel b) while during the expansion the
size distribution clearly shows a large enhancement of both small and large ATD particles. As cloud droplets are not growing
to sizes larger than the D50 of the setup (see appendix for more details), the increase above background is due to ice crystals

passing the PCVI. Please note that ambient aerosol particles > 4 um could be transmitted and misclassified as ice crystals,

however, their naturally very low concentration makes such a misclassification unlikely.

From the ratio of the diluted ambient/dust mixture to the flush average we estimate the PCVI’s small aerosol rejection
factor ef-as ~0.5-2x10% During the expansions PINE measured an average INP concentration of 377 +/- 83 stdL, giving a

transmission efficiency of ice crystals as compared to INP concentration through the PCVI in this configuration of 16%.
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Figure 1: Setup of PINE coupled to a PCVI. The cloud droplets, ice crystals, and unactivated aerosol particles that foerm-are
in PINE during expansion pass an evaporation section and the fidas-pine OPC. Upon entering the PCVI body, only the



larger ice crystals are of sufficient size, as compared to smaller cloud droplets and aerosol particles, to be selected and are

then, after sublimation of ice, further analyzed for their size. The discrimination between these particles in the inlet flow

(Finier) is achieved by a combination of a pump flow (Fpump) and a counterflow (Fer)._Ice residuals are transmitted in the

20 output flow (Fout).

Table 1: PCVI configurations used when coupled with PINE.

Finiet (= expansion flow) 3.3LPM

Fpump 6.2 LPM

Fadd 2.8-3LPM

Fout 0.085-0.12 LPM
Fett (Fadd — Fout) 2.68-2.92 LPM
Concentration factor 27 - 3941

D50 >~4um
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Figure 2: Size distributions measured during a PCVI diagnostic experiment at SPL at a temperature of -29 °C determined
25 with the SPX. (Panel a) The size distribution of ambient aerosol compared to a mixture of ambient aerosol with a nebulized
ATD solution (plus a dilution flow) clearly shows the presence of larger aerosol particles. (Panel b) The size distribution

determined downstream of the PCVI while PINE was in the flush mode (black line) and in the expansion mode (green line)

sampling the ambient/dust mixture. Size distributions are the average of 47 PINE experiments. Ata size of 0.45 um a clear

reduction of particles in the flush (background) is observed. The ice residual concentrations during expansions of 31.9 and

230 29.7 stdL"* (small particles below 0.45 pum, large particles above 0.45 um) were higher than the background concentrations
during the flush mode of 0.18 and 0 stdL* by a factor of 180 and more than 2560, respectively (lower limit). Concentrations

in panel b are down-scaled by the PCVI concentrating factor of 31.8.
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2.5 Back trajectory analysis and aridity conditions

For four selected events in April 2022 and 2025 with peak INP concentrations, back trajectory calculations were performed
to investigate the main source regions of the air masses, using the-STILT (Stochastic Time-Inverted Lagrangian Transport
Model, Lin et al., 2003, Fasoli et al., 2018). STILT is a particle dispersion model. It models the release of an ensemble of
aerosol particles from the receptor site which is traced backward in time. The average trajectory of the ensemble is calculated
using meteorological wind fields and random velocities which are typical features of boundary layer transport processes.

By doing so, the upstream area that influences the air arriving at the receptor site is derived, so-called footprints.

For our analysis, we selected four events of elevated INP concentrations, lasting between 12 hours and 3 days. For this,
1000 particle ensembles were calculated every hour from the receptor location (SPL) and tracked 72 hours back in time

starting 4 hours before to 4 hours after each event. Then an average footprint for one event was calculated.

For an estimation of the impact of arid regions on the INP concentration at SPL, such as local and regional deserts in the
United States (U.S.) and other potential sources for dust particles, we use a novel approach and combined the STILT
footprints with the-VegDRI (Vegetation Drought Response Index, Brown et al., 2008). VegDRI models drought stress on
vegetation and is derived from a combination of satellite and climate data and surface properties like land cover, soil type,
and elevation. While VegDRI is available for the entire U.S., we constrained our VegDRI mapping and analysis for arid
ecoregions only, which are North American Desert regions (e.g., Omernik and Griffith, 2014). Fhe-\VegbRlwasretrieved

3. Results and discussion

3.1 Seasonal variability in INP concentration

PINE was operated from October 2021 to May 2022, and from January to May 2025 resulting in ~ 60,000 single INP
concentration measurements between -22 and -32 °C. With that, the seasonal change in INP concentration in a broad
temperature range relevant for mixed-phase cloud formation is investigated, as well as annual differences between January
to May 2022 and 2025. Typically, the temperature scans were performed continuously, with each scan taking approximately
2 hours. This allowed us to detect short-term fluctuations related to, e.g., changes in the air mass and aerosol properties. An
exception is a period in January and February 2022, when PINE was coupled to a PCVI for ice residual analysis that required

that the measurements were performed below a temperature of -29 °C.

During winter 2025, the PINE deployment was part of the U.S. National Science Foundation sponsored Snow Sensitivity
to Clouds in a Mountain Environment (S2noCIliME) field campaign, which deployed a wide range of instrumentation in the
Park Range of Northern Colorado to study cloud and precipitation processes in a mountainous environment during the 2024

- 2025 winter season.

During the campaigns, the INP concentration spanned more than 5 orders of magnitudes in the observed temperature range,
with values from below the LOD and up to 2000 INP stdL* (Fig. 3; Tab. 2). In general, INP concentrations below the LOD
were frequently observed at temperatures above -24 °C from October to January, however, in spring, the INP concentrations
across the observed temperature range increased. Whie-atbmeasurementsAt attemperatures below -24 °C, all measurements

in spring 2022 and most measurements in April and May 2025 were above the LOD.-in-spring-2022-onhy-in-Apri-and-May
2025-most-of them-were-above- the LOD-
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Figure 3: Timeseries of the INP concentration from October 2021 to May 2022 (a) and from January to May 2025 (b).
Colors represent the nucleation temperature (£ 1 °C) with INP concentrations below the LOD depicted as values of 0.1

stdL1. Grey arrows indicate events of elevated INP concentrations that are discussed in section 3.2.

Table 2: INP concentration statistics at each measurement temperature (+ 1 °C) for the whole campaign. INP concentrations
75 below the LOD depicted as values of 0.1 stdL .

INP concentration (stdL1)

-22°C -24 °C -26 °C -28°C -30°C -32°C
median 1.8 5.3 8.2 17.2 17.1 14.6
25th percentile 0.6 1.7 2.6 6.1 7.4 6.9
75th percentile 4.0 13.9 23.6 50.6 41.8 26.0
min 0.1 0.1 0.1 0.1 0.1 0.1
max 145.9 313.0 654.1 1516.1 1509.2 2004.5
Number of experiments 1023 10436 12576 11854 15416 7508

In general, a seasonal variability is observed with a slight decrease in the median INP concentration from autumn
(October/November) to winter (December/January/February) (Fig. 4; Tab. Al), and an increase in spring

10
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(March/April/May). Moreover, the median INP concentration in the observed temperature range is very similar for both

measurement periods 2022 and 2025 (Fig. 4, panel b). The lowest INP concentration was observed in January 2022, with
median values below 10 INP stdL* at all temperatures. In spring-(March/April/May), an increase in the INP concentration
is detected, with highest values in April when the median INP concentration increased to values above 10 stdL* across the

observed temperature range. As compared to winterJanuary and February, when only 42% of the measurements are above
10 INP stdL™ (45% in January and February winter-2022 and 33% in January and February winter-2025), 86% of the

measurements in April are above this value (84% in April 2022 and 87% in April 2025; Fig. 5). Such a variation in the INP
concentration larger than one order of magnitude is relevant to cloud microphysical properties (Phillips et al., 2003).
Moreover, as this feature is observed for both measurement periods in 2021/2022 and 2025, it is an indication for a seasonal
trend at SPL.

Interestingly, the variability in the INP concentration is similar for each month, as indicated by the inter-quartile range (25%
to 75% of the data; Fig. 6). For most months, the inter-quartile range is smaller than one order of magnitude (Fig. Al). An
exception is the month of January 2022, when the lowest INP concentrations are observed, leading to a higher variability
towards lower values. Especially at temperatures warmer than -24 °C, the 25% quartile is below the LOD.
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Figure 4: Median INP concentrations as a function of temperature (£ 1 °C) for the whole campaign_(2021/2022 and 2025)

and the individual months (October 2021 — May 2022, panel a) and for the months January to May from the two field
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campaigns in 2022 and 2025 (panel b). For calculating the medians, values below the LOD are included as 0.1 INP stdL"
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An interesting feature of the data is the strong increase in the INP concentration of approximately one order of magnitude

in spring, with the median value and inter-quartile range mostly exceeding 10 INP stdL* within the respective temperature

ing. This might be due to increased dust emissions
during this time in the Western U.S. (e.g., Kim et al., 2021). While transported dust across the Pacific Ocean can contribute
to this increase, local dust sources from deserts and semi-arid regions are important as well, and subject to become more
important with climate-driven changes (e.g., East and Sankey, 2020). A more detailed analysis of the contribution of local

and regional dust to the INP population will be discussed in section 3.2.
3.2 Impact of local and regional dust sources on INP concentration

During both April 2022 and 2025, the highest INP concentrations were measured with values above 1000 INP stdL* at -30
°C. For a better understanding of potential source regions during events of peak INP concentrations_in the observed

temperature range -22 to -32 °C, so-called footprints were calculated and combined with surface maps of aridity of arid

ecoregions, namely North American Desert regions (see section 2.5). The median INP concentration and IQR _for these

months are similar_in the observed temperature range (see section 3.1), and interestingly, also the occurrence of extreme

drought and drought conditions in April 2022 and 2025 are also similar (Fig. A2).
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Figure 7: Footprints computed with the STILT model combined with surface maps of aridity using VegDRI of North
American Desert ecoregions. Contours of the footprint are in units of PPM/umole m=2s? (surface influence footprint; Fasoli
et al., 2018). Events of elevated INP concentrations were analyzed on the 11" April 2022 (panel a, INP concentration at -
30 °C between-400-andup to 1000 INP stdLY), in-on the 26" to 28™ April 2022 (panel b, INP concentration at -30 °C up to
1000 INP stdL"%), on the 7" April 2025 (panel ¢, INP concentration at -30 °C up to 500 INP stdL"%), and on the 9" to 12t
April 2025 (panel d, INP concentration at -30 °C up to 1000 INP stdL1).

Two case studies in April 2022 and 2025, when events of peak INP concentrations occurred were analyzed in more detail

using back-trajectories in combination with aridity information (Fig. 7)._An increase in INP concentration was observed

across the entire measurement range (-22 to -32 °C). For clarity, the INP concentrations within the narrower range of -28 to

-30 °C are presented below.

On the 11™ (09:00 — 21:00 UTC) April 2022 (Fig. 7, panel a), the INP concentrations increased from approximately 100
INP stdL" to 900 INP stdL! at-28-°C, and on the 26™ (9:00 UTC) to 28™ (18:00 UTC) April 2022 (Fig. 7, panel b), an
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increase from below 100 INP stdL-* to 1000 INP stdL! was observed. The footprints of the back-trajectories during these
events indicate arid regions westerly-and-north-westerlywest of -from-SPL _contribute to the air mass, where pre-drought to

severe drought conditions were observed.

In 2025 on the 7™ April (Fig. 7, panel c), a moderate increase in INP concentration was observed, from approximately 30
INP stdL to 400 INP stdL"*and back-trajectories indicate again-north-westerly regions as a source of the air masses.
However, in contrast to the other cases, only pre-drought conditions occurred in the source region, which might explain the
less strong increase in INP concentration. During the second event in 2025, which started on the 9" April to the 12% April
(Fig. 7, panel d), a strong increase in INP concentration occurred, from approximately 100 INP stdL"* to 1000 INP stdL2-at
-28-°C. Also, here the source regions were in-westerhy-west direction-of SPL, where pre-drought to extreme drought
conditions occurred, that might explain the strong increase in the INP concentration.

For comparison, we also performed back trajectory analyses in combination with surface maps of aridity for two cases of

low INP concentration (Fig. A3). Interestingly, the footprints are more widespread as compared to the discussed cases of

high INP concentration, and make an interpretation with regard to distinct local and regional dust sources difficult. The

back trajectory calculations only (Fig. A4) show more clearly that the footprints for the low INP cases, in comparison to the

high INP cases, are broader, indicating that during this time the station measured particles from more diverse source of

aerosols and not only local dust sources.

In general, springtime dust concentrations in the U.S. were-are elevated (e.g., Kim et al., 2021) which is likely contributing
to the observed elevated INP concentration in this season (see section 3.1.), highlighting the importance of regional dust
sources to INP concentration. This finding is in agreement to the study by Munroe et al. (2023), who identified regional
dust sources to contribute clearly to the dust load in the Rocky Mountains. However, transported Asian dust can contribute
to the INP population during different air mass conditions and at other locations in the U.S. (e.g., Creamean et al., 2013;
Hallar et al., 2015). Although dust emission sources are globally increasing due to land-use change and an increaseing in

surface temperature (Mirzabaev et al., 2019), the dust activity over East Asia was found to decline from 2001 to 2017 (e.g.,

Wau et al., 2022). This can lead to a change ef-in the relative importance of long-range transported Asian dust and regional
dust in the U.S. Due to increasing droughts in this region (e.g., Williams et al., 2020), it can be expected that the atmospheric
abundance of regional and local dust increaseswill increase. How this impacts INP number concentrations and mixed-phase
cloud properties should be assessed in more detail in future studies. The establishment of monitoring networks in the U.S.,
such as ACTRIS in Europe, can help to better assess changes in cloud variables and improve model representations of ice
erystal-processes (DeMott et al., 2025).

3.3 INP size

The investigation of the INP size distribution is a first step in getting an insight in their underlying nature (Vali, 1966).
During the first campaign in 2021/2022, the sizes of the INPs were analyzed using three approaches: First, a comparison
between the INP concentration and parallel measurements of particle concentration larger than 1 um was conducted for the
entire duration of the campaign; second, the size of the INPs was analyzed with a novel setup of PINE coupled with a PCVI,
selecting ice residuals that are sized with an OPC during January and February 2022 (see section 2.3); third, the dominant
INP size range was investigated during May 2022 by comparing alternating measurements on and off impactor, restricting

the sampled particle size distribution to below 1 pm.
3.3.1 Parallel measurements of super-micrometer-sized particles

Short-term fluctuations in the INP concentrations were frequently observed, with increases of more than one order of

magnitude on the timescale of hours. Examples of two events in November 2021 (Fig. 8, panel a) and April 2022 (Fig. 8,

panel b) reveal that the INP concentration in the observed temperature range increased together with the aerosol particle
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concentration larger than 1 pm. This indicates that super-micrometer particles contribute to the INP population _at the site,
85 and also highlights the need of-for high-time resolved measurements of the-INP and aerosol properties, as such short-term
variabilities can have an impact on cloud properties (e.g., Tan and Storelvmo, 2015). Moreover, other online INP
instruments such as continuous flow diffusion chambers are often restricted to sample aerosol particles smaller than 2.5 um,

which can lead to an underestimation of the INP concentration (e.g., DeMott et al., 2025).
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Figure 8: Timeseries of the INP concentration and aerosol particle concentration larger than 1 um from November 22" to
24™ 2021 (panel a) and from April 22" to 24" 2022 (panel b). Blue and brown colors present the nucleation temperature (+
1 °C), and green the aerosol particle concentration larger than 1 um. INP concentrations below the LOD are presented as
values of 0.1 stdL. ..

Indeed, an analysis of the Spearman’s ranked correlation coefficient, for the whole campaign and for the individual months

of 2021 to 2022, show moderate to strong positive correlations_between INP concentration and the concentration of super-

micrometer sized aerosol, with values up to 0.86 (Table 32. Fig. 9), especially in autumn and spring. This is a relatively

high correlation coefficient compared to other studies. E.g., DeMott et al. (2010) investigated the relation between INP

number concentration from global measurements and particle concentration > 0.5 um and found values between 0.6 and
0.8 for temperatures between -11.5 and -33.5 °C. At a-iave
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aerosol-sizes—at-high-altitude station, correlation coefficients with values between 0.4 and 0.6 were found for INP

concentration at -31 °C and particle concentration > 0.5 pms (e-g- Lacher et al., 2018b). Again, this might be an indication

that larger aerosol particles such as dust contributes considerably to the INP population in general and at SPL during these

the respective months. Interestingly, the relation is weaker during January and February as compared to the other months,

with lowest correlation coefficients in February, suggesting that also smaller aerosol particles contribute to the INP

population during winterthis time.
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110 Figure 9: Relation between the INP concentration and particle concentration larger than 1 pm for_the whole campaign at

temperatures between -22 and -32 °C (panels a — f)._Spearman’s correlation coefficients p is given for each temperature.

Table 23: Spearman’s ranked correlation coefficient for aerosol particle concentration larger than 1 um and the INP
concentration at temperatures between -22 and -32 °C, for the whole campaign and the individual months. Red-celor-

cedingBold font indicates the-strength-ef-the-correlation coefficients above 0.70.

whole campaign October November December January February March April May
[INP].5, 0.51 0.52 0.53 0.00 0.55 0.68 0.53
[INP] ;4 0.70 0.70 0.68 0.66 0.52 0.17 0.73 0.78 0.69

0.67 0,73 0.59 0,52 0,25 0,78

0.77 0.75 0.71 0.59 0.27 0.78

0.77 0.79 0.72 0.57 0.38 0.76
[INP];, 0.57 0.76 _ 0.71 0.67 0.56

115
whole campaign  October November December January February March April May

INP_,, 0.51 0.52 0.53 0.00 0.55 0.68 0.53
INP_,, 0.70 0.70 0.68 0.66 0.52 0.17 0.73 0.78 0.69
INP ¢ 0.80 0.67 0.73 0.59 0.52 0.25 0.78 0.86 0.75
INP 4 0.81 0.77 0.75 0.71 0.59 0.27 0.84 0.86 0.78
INP 3, 0.84 0.77 0.79 0.72 0.57 0.38 0.80 0.83 0.76
INP_3, 0.57 0.76 0.83 0.71 0.67 0.56 0.83 0.45
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3.3.2 Ice residual measurements

The ice residual size distribution averaged over 3784 PINE expansions from the 121" to the 20" February 2022 show that
both super- and submicrometer particles contributed to the INP population at temperatures below -29 °C (Fig. 10). The
average size distribution downstream of the PCVI during PINE flush mode, when only aerosol particles are present, is
compared to the average size distribution during expansions, when aerosol particles, cloud droplets and ice crystals can be
present (Fig. 10, panel a). Average expansion concentrations were 2.0 and 0.3 stdL"* for small and large sizes, respectively
(oreak at a diameter of 0.45 um), and are well above the background particle concentrations of 0.25 and 0.01 stdL
determined during the flush mode. Although it is possible that large droplets passing through the PCVI also contribute to
the measured residuals, we calculate that cloud droplets at this temperature reach sizes below the D50 of the PCVI (see
appendix for a calculation of cloud droplet growth and droplet evaporation), and we show in Fig A4 that droplet transmission
appears to subside at temperatures below -28 °C, such that the ice residual measurements at -29 °C should not be impacted
by droplet residuals. Therefore, we conclude that the measured residuals are coming from ice crystals, demonstrating the

feasibility of the novel setup of PINE coupled to a PCVI.

The resulting residual size distribution in Fig. 10, panel b, shows that both small and large particles contributed to the INP

population. The larger particles have a greater enhancement during the expansion mode, when ambient particles, cloud

droplets and ice crystals can be present, relative to the size distribution in the flush mode, which is the size distribution of

the ambient particles onlybackgreund;. Thus
efsuper-micrometer sized_particles appear to contribute more to the INP_population.

However, it is notable that smaller ice residuals were more abundant than large residuals, and their size distribution strongly
resembles the background during flush (Fig. 10, panel a). It is possible that processes within the PCVI such as transmission
of unactivated particles in the wake of ice crystals (Pekour and Cziczo, 2011) contributed to small residuals during
expansions. However, based on the experiments by Pekour and Cziczo (2011) at much higher concentrations, only 1% of
residuals might be artifacts from wake capture. Certainly, a so-far unknown mechanism in the PCVI being coupled to PINE
could contribute to aerosol particles or small droplets being inadvertently transmitted. In future studies, such phenomena

should be investigated further.

Moreover, the observation of a small particle ice residual mode could also be related to the sampling time in February, when
total INP concentrations were fairly low. From the analysis of the correlation coefficient, the relation between INP
concentration at -30 °C and aerosol particle concentration larger than 1 pm indeed showed only a weak relation (Spearman’s
ranked correlation coefficient = 0.38), and-with-that-from having more smaller particles being INPs. In the future, it would

be interesting to deploy this setup in another season when a difference in the ice residual size distribution might be expected.
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Figure 10: Average particle size distributions recorded downstream of the PCVI for 3784 PINE expansions and
corresponding flush modes during nearly continuous operation from Feb 12 — 20 2022. (Panel a) residuals plus background
aerosol particles during expansion (solid line) and flush mode background particles (dashed line) at temperatures below -
29 °C. (Panel b) residual size distribution after subtracting the background (solid, left axis) and the ratio of residuals to
background particles (dashed, right axis). All concentrations are reduced by the PCVI concentrating factor of 27.5. Blue

lines indicate the break between small and large particles (0.45 um).- Sizes are reported as Polystyrene Latex particles PSE

diameter used for calibration.

3.3.3 Impactor measurements

The size investigation of the INP population using consecutive measurements at the same temperature with and without a
1 um impactor were performed in May 2022. Such measurements were performed once a day and results are shown as the
fraction of INPs larger than 1 pm. Indeed, the majority of INPs are found to be larger than the size-cut of the impactor (Fig.
11). Interestingly, this finding is independent en-of the measurement temperature range-(-24 to -30 °C), indicating that
super-micrometer particles dominate the INP population in this temperature range during May 2022. The results from the
correlation coefficient analysis as well as the impactor measurements in May both suggest that super-micrometer particles
have a remarkable contribution to the INP population. Interestingly, the results from the ice residual analysis using the
coupled system PINE-PCVI-SPX reveal that alse-smaller particles are also INPs, which might be related to the sampling
time in January and February, when alse-correlation coefficients with larger particles were lowest, with values between 0
and 0.67 (Tab. 23). In May, correlation coefficients between INP concentration and particle concentration larger than 1 um

reached elevated values between 0.53 and 0.78, suggesting that super-micrometer particles played a more important role.
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Figure 11: Fraction of INPs larger than 1 pm as a function of temperature. Fractions were calculated using consecutive

measurements on and off the eoneentrater-PM1 impactor in May 2022.

Few studies have investigated the sizes of INPs at high-altitude stations. Mason et al. (2016) found that sub-micrometer
475 particles had the greatest contribution to the INP population at an Alpine site (Whistler Mountain, 2181 m a.s.l.) at a freezing
temperature of -25 °C. In contrast to SPL, this site does not have an upwind regional dust source. At another high-altitude
site (Jungfraujoch, 3580 m a.s.l.), the analysis of ice residual sizes revealed a dominant contribution of sub-micrometer
particles (Lacher et al., 2021). This might be related to the sampling location, where particles can undergo long-range

transport and sedimentation processes that impact the size distribution prior to sampling. At the same location, Lacher et al.
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(2018) found a weak relation of INP concentrations at -31 °C and aerosol particle number concentration larger than 0.5 um
during times the site was within the free troposphere, and stronger relations during sampling conditions with a stronger
impact from boundary layer air.

The results from this study indicate that during winter, when the station is likely more often exposed to free tropospheric

conditions, or fewer sources of large INPs, such as dust, are present, sub-micrometer particles can have a considerable

contribution to the INP population, while during autumn and spring, with likely more impact from boundary layer air and

dust events, super micrometer particles play a crucial role for INPs.
4. Summary and Outlook

Here, we present INP concentration measurements conducted at SPL (3200 m a.s.l.) located in the Rocky Mountains during
two field campaigns in 2021/2022 (autumn to spring) and in 2025 (winter to spring). The INP populatien-concentration
obtained with the online INP instrument PINE at temperatures between -22 and -32 °C exhibited a seasonal variability. A
moderate decrease in concentration from autumn to winter was observed, and a pronounced increase in spring. Interestingly,
the median INP concentrations and inter-quartile range for the individual months from the two campaigns were very similar.
The highest median INP concentrations and highest inter-quartile ranges were recorded in both April 2022 and 2025.

For source identification during events of peak INP concentrations in spring 2022 and 2025, we use a novel approach by

combining source footprints from back trajectory analyses emission-sensitivities-with the Vegetation Drought Index to
determine aridity in North American Desert regions. Indeed, this analysis indicates local U.S. desert regiens-areas as source
regions, which was found before at the measurement site (Hallar et al., 2011). We believe this observation of increasing
springtime INP concentration is selidrobust, however, likely depends on diverse factors such as meteorological conditions
and soil-specific properties. As deserts and semi-arid areas are expected to expand in a warming climate (e.g., Kim et al.,
2021), dust emission fluxes into the atmosphere might become more important in the future, which can further impact cloud

properties. Thus, more and longer-term observations of INP properties should be conducted in combination with source

emission sensitivity studies of dust sources. This could r-erderte improve model representations of ice processes_in the
Western U.S..

Another focus of the campaign was the investigation of INP sizes-distributions, which can help identify potential sources
and improve transport modeling. Since this is technically and statistically challenging due to the rarity of INPs, three
different analytical approaches were applied. An analysis of ranked correlation coefficients between INP concentrations
and concurrent measurements of super-micrometer particle concentration (larger than 1 um) revealed values as high as 0.86,
with stronger correlations observed in autumn and spring compared to winter, and at temperatures below -26 °C. This

suggests that larger particles, such as dust, are important contributors to the INP population at SPL at colder temperatures

and in some seasons. Supporting this, we alternated our INP measurements between a total aerosol inlet and a PM1 impactor

in May to exclude super-micrometer aerosol particles from the measurements. This resulted in a strong reduction in the INP
concentrations, highlighting the importance of coarse-mode particles for the INP population at this high-altitude site.
Finally, a novel setup selecting ice residuals activated in PINE and separated in a PCVI was tested-and-apphied. This is the

first time that PINE was coupled to a PCVI, which is different to existing setups, as the cloud formation process is based

on a rapid reduction of pressure in PINE (expansion cooling). The setup was applied- for continuous measurements in

January and February 2022, where ice residuals sizes were analyzed with a SPX size distribution instrument. One key
advantage of the PINE-PCVI setup is that the PINE duty cycle naturally includes a PCVI background measurement for
every expansion experiment. Under relatively clean atmospheric conditions super-micron +R-ice residual particles were

enhanced by x20-30_times above background. Interestingly, the results also point to a non-negligible fraction of sub-

micrometer particles being INPs. This is consistent with the findings of the correlation coefficient analysis within this time

period in winter, suggesting that not only super-micrometer particles contributed to the INP population throughout the year.

25



.

530

535

540

545

550
555

560

However, more experiments using such a PINE-PCVI setup are needed to better understand the observed phenomena, and
could be extended by the use of single-particle mass spectrometry. This is of particular scientific interest, as PINE is

emerging as a key instrument for the continuous global measurement of INPs, and being coupled to a PCVI would allow

for determining INP properties such as size and chemistry on a longer-termed period.-
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Appendix

Tab. Al: Statistics of INP concentration during individual months during the first measurement campaign in 2021 — 2022
(panel a) and in 2025 (panel b).

(a) Temperature (°C)

2022 statistic -22 -24 -26 -28 -30 -32
count 108 591 834 1069 526 383
75t

. 2 8.5 14.4 28.6 36.0 53.0
percentile

October
median 1 3.7 6.1 16.6 17.4 24.6
25th

. 0 0.9 1.6 6.0 5.1 8.4
percentile
count 1128 1764 1323 1045 697
75th

) 7.4 10.7 18.0 27.8 36.4
percentile

November
median 3.8 6.0 11.0 17.2 22.6
25th

) 15 2.9 5.3 9.0 10.8
percentile
count 900 1752 1027 767 580
75th

December ) 4.9 6.1 11.3 18.1 24.7
percentile
median 1.7 3.0 6.0 9.8 14.2
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2 5th

) 0.8 0.9 25 4.8 8.1
percentile
count 157 1161 1159 854 2908 1918
75th
) 2 3.0 4.1 7.0 8.4 12.4
percentile
January
median 1 1.2 1.6 2.3 4.3 5.3
25th
) 0 0.1 0.5 0.7 2.1 2.5
percentile
count 251 758 619 494 5223 2737
75th
) 3 5.3 94 13.2 33.9 25.6
percentile
February
median 2 34 5.6 8.5 18.6 16.7
25th
. 1 1.7 2.7 4.9 10.4 115
percentile
count 55 555 865 791 751 960
75th
) 14 22.4 33.0 54.8 54.7 28.0
percentile
March
median 7 10.1 16.3 26.6 26.8 16.0
25t
) 4 5.7 8.5 135 14.3 6.9
percentile
count 61 661 999 1122 1030 154
75th
) 18 375 78.2 123.9 174.4 264.0
percentile
April
median 10 18.8 44.3 73.3 110.2 149.1
25th
) 3 5.8 11.5 30.7 57.2 71.3
percentile
count 69 654 969 786 429
May 75th
) 11 22.8 43.1 85.6 121.1
percentile
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median 6 11.2 21.2 425 67.8
25th

. 2 3.6 8.0 13.6 21.4
percentile

(b) Temperature (°C)

2025 statistic -22 -24 -26 -28 -30
count 255 249 254 110 57
75t

) 29 6.3 13.3 221 29.8
percentile

January
median 1.6 3.6 8.3 12.5 20.5
25th

) 0.1 1.7 4.4 7.7 15.0
percentile
count 33 894 860 1109 704
75t

) 3.4 7.3 11.7 18.3 26.8
percentile

February
median 1.8 3.9 6.4 10.5 16.0
251h

) 0.8 1.7 2.7 5.2 75
percentile
count 18 1222 1053 1273 794
750

) 8.0 13.8 25.6 41.9 63.5
percentile

March
median 4.2 7.1 12.8 21.7 32.9
25t

] 1.0 2.8 4.8 7.2 11.2
percentile
count 10 1007 892 1155 709
75t

April ) 4.3 32.9 92.1 152.0 231.4
percentile
median 3.1 18.6 44.0 68.6 106.7

33




25th
) 1.7 9.4 18.9 325 47.4
percentile
count 737 644 832 514
75t
] 26.7 53.2 82.7 122.0
percentile
May
median 17.0 35.8 58.8 87.4
25th
) 9.5 20.5 36.2 48.3
percentile
3
]
S 2-
=
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Figure Al: Variabitity—in-thel-inter-quartile range in orders of magnitudes, for all the measurements and the individual

months.
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(b)

AR
Extreme Drought

More Arid
-100% % Change in VegDRI +100% VegDRI

2022 April
2025 April

More Arid More Moist
-100% % Change in VegDRI +100%

Extreme 9 2 Normal & o Extremely
@® 2

Drought Moist
VegDRI Values

[4°14

750 Figure A2: Surface map of percentage change in aridity_of April 2022 as compared to 2025 of North American desert
regions as indicated by the Vegetation Drought Response Index (VegDRI) and-averaged-for-Apri-2022-and-2025 (panel a)-
and dBistribution of extreme drought and extreme moist conditions during April 2022 and 2025 (panel b); VVegDRI values
presented in panel b correspond to aridity values in Figs. 7 and A3.: The VegDRI was retrieved and averaged over April

2022 and April 2025 separately. Differences between dry and moist conditions between these two months were calculated

755 as percentage differences: 100% * (avg_ 2025 — avg 2022) / (avg 2022).
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Extreme Drought [<64] Pre-Drought [97-112]

Severe Drought [65-80] Near Normal [113-160] Extremely Moist [193-252]

Unusually Moist [161-176]

Figure A3: Footprints computed with the STILT model combined with surface maps of aridity using VegDRI of North

American Desert ecoregions. Contours of the footprint are in units of PPM/umole m=2 s (surface influence footprint; Fasoli

et al., 2018). Events of low INP concentrations were analyzed on the 23"April 2022 (panel a, INP concentration at -30 °C
mostly below 10 INP stdL"1), on the 5" April 2022 (panel b, INP concentration at -30 °C below 50 INP stdL™).
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log10(Footprint)

Figure A4: Back trajectory calculations for cases of elevated INP _concentration as discussed in section 3.2, for April 11
2022 (panel a), April 26 — 28 (panel b), April 7 2025 (panel c), April 9 — 12 2025 (panel d) and for low INP concentration
for April 23 .- 24 (panel ) and for April 5 — 6 (panel f); calculations were performed with the STILT model as discussed in

765
section 2.5 and shown as footprints.
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Validation experiments PINE-PCVI
In the following, validation experiments for the D50, and the PINE operation temperature are presented.

The D50 of the PCV1 was tested using ammonium sulfate particles, to compare the original size distribution of the particles
with the size distribution of particles being transmitted in the PCVI. The ammonium sulfate particles were aerosolized in a

so-called bubbler and then sent through a diffusion dryer. Then the original size distribution and the size distribution

downstream of the PCVI was measured with an APS (3320, TSI Incorporated, Shoreview, Minnesota, USA), having a
sample flow of 1 LPM, which equals Fou. Finler and Foump Were thereby-kept constant at values of 4.2 and 6.2 LPM, while

Fada Was varied between values of 2.5 and 3.5 LPM. The comparison of the size distributions clearly shows a reduction of
the number of particles smaller than 3 - 5 um (Fig. A53); depending on Faqq. As expected, a lower Fagq 0f 2.5 LPM leads to
a smaller D50 of ~ 3 um (purple curve), while a higher Fagq of 3 LPM resulted in a D50 of ~ 4 um (green-blue curve).
However, higher Faqq values of 3.5 LPM (yellow curve) also lead to a reduction in the number concentration of transmitted
particles in the size range larger than the D50, as this higher Faq leads to increased losses of larger particles in the PCVI

body. The D50 estimates in this flow configuration represent lower limits to those under SPL measurement conditions. An

inadvertent transmission of particles smaller than the D50 also occurs, which depends slightly ef-on Fagq. At an Fagq 0of 3
LPM, approximately 10° particles cm™ are transmitted, as compared to a total particle concentration between 10° to 10*

particles cm3.
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10° 3 3
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Figure- A53: Size distribution of ammonium sulfate particles before (black line) and behind the PCV1 using different values

for Fada. Transmission at sizes larger than ~5 pum is artificially low due to enhanced impaction losses in the aerosol generation

system when the PCVI was installed. Curves are corrected for dilution and the PCVI concentrating factor of 3.7 — 4.7.

Based on these experiments, using an Fags 0f 3 LPM leads to the transmission of particles larger than ~4 pm while most

smaller particles are rejected. The great majority of ambient aerosol particles at SPL are below this size, and-at the same
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time the larger particles preferably get activated as cloud droplets in PINE due to their size (e.g., Dusek et al., 2006). For a

discrimination between ice crystals and cloud droplets it is therefore required that cloud droplets are below this size

threshold of 4 um.

As cloud droplet size within the timescale of a PINE expansion is determined by diffusional growth, its size depends on

temperature, supersaturation, and available cloud condensation nuclei (e.g., Pruppacher and Klett, 1997). Therefore, the

PINE-PCVI setup was tested at different temperatures using ambient particles at SPL. The PINE temperature was varied

between -21 and -32 °C, and a sizing instrument (SPX) determined the transmitted particle size distribution (Fig. A62)

which is are-compared with the ice crystal and cloud droplet concentration by the fidas-pine OPC. We distinguish here

between large and small residuals above and below 450 nm, respectively. It is apparent that at the higher temperatures

(above -26 °C), more smaller residuals are transmitted, suggesting that cloud droplets are larger than the D50 and can be

transmitted through the PCVI. However, residual concentration during expansions at temperatures higher than -28 °C did

not scale with droplet concentrations (Fig. A64, panel b). Thus, it is likely that these particles are not droplet residuals.

Instead, it is likely that the concentration enhancement during expansions was due to ice residuals. PINE measured an

average INP concentration of 21 +/- 19 stdL™* for these expansions.
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Figure A64:. Comparison of PINE residual concentrations (PINE Ice) with PINE cloud particle concentrations (PINE

Droplets) during a series of 909 expansions on Jan 15-16, 2022 where the minimum temperature was varied from -22 to -

32°C. Panel a) Both small residuals (SPX IR (D<450 nm) and PINE droplet concentrations rise with increasing temperature
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(panel a). Panel bB) A strong correlation is observed between small residuals and droplet concentration (at larger than 100
droplets stdL1), corresponding to temperatures above -28 °C, indicating that the PCVI is transmitting droplets as well as
ice. At temperatures below -28 °C, small residual concentrations become constant and represent the combination of small
INP and interstitial aerosol breakthrough in the PCVI. Residual concentrations are corrected by the PCVI concentrating
factor.

Calculation of cloud droplet size and evaporation

To determine the maximum size of the cloud droplets that can enter the PCVI body, diffusional growth calculations during

the cloud formation process in PINE are considered, and combined with evaporation calculations.

Cloud droplet sizes can be calculated by:

) 2+2<S_1)+t
T = 17
0 F.+F,;

Where r is the cloud droplet size as function of time t, ro is the initial cloud droplet size which is set to 0.2 um, S is the
supersaturation -and-Fy is the thermodynamic terms related to latent heat release, and Fq is the vapor diffusion term (e.g.,
Lohmann et al., 2016). PINE is operated at an expansion flow of 3 LPM, and it can be assumed that upon cloud droplets
formation, the supersaturation is naturally controlled to values below 1.01, which is taken as an upper limit for the
calculation. For the calculation of cloud droplet size, the temperature and duration of a typical expansion during SPLOL-the

campaign was taken when the PCVI was attached, when the temperature decreased from -24 to -29 °C during 40 seconds

(refered to an INP concentration measurement at -29 °C). Please note that the temperature during expansion in PINE is

likely lower as-than the reading from the temperature sensor, due to its slow response time relative to the rapidly changing

temperature. The formed cloud droplets during this experiment can reach sizes of 5.5 um (Fig. A75)._ For comparison, the

calculation for a temperature of -25 °C (referring to a temperature decrease during expansion from -20 °C to -25 °C) shows

that cloud droplets can grow to 6.5 pm.
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Figure A75: Calculated cloud droplet diameter during a PINE expansion with a start temperature of -25 °C, based on

diffusional growth calculations. Temperature measurements were taken from a typical expansion with an expansion flow

of 3 LPM. Initial droplet sizes exiting-entering the PCVI are smaller than this calculation due to the usage of an evaporation

section.

To finally calculate the cloud droplet size entering the PCVI body, the evaporation section between the PINE outlet and the
PCVI further reduces the size of the cloud droplets. For this, calculations from Hinds (1999) egn 3.15 and 3.19 are used and
the evaporation is given in a percentage completed (Tab. A2). Cloud droplet sizes of 5.5 um, which form at -29 °C, thus-are

completely evaporated before entering the PCVI body, and can thus be separated from ice crystals. Based on these

calculations, cloud droplets of a size of 6.5 (formed at temperatures of -25 °C) um are not completely evaporated, however,
when entering the PCVI their size is is still below the D50, and it can be assumed that_the majority is still they-are-alse

separated from ice crystals, but can lead to the observed increase in residuals during the experiments presented in Fig. A6.

Table A2: Cloud droplet size calculations for the PINE ineluding-evaporation section.

cloud droplet size (um)

evaporation complete

cloud droplet size entering PCVI (um)

4.5

5.5

6.5

182%

148%

122%

103%

87%

3.3
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