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Abstract

This work deals with the analysis of different filter sampling methods to obtain INP concentration spectra
using the GRAnada Ice Nuclei Spectrometer (GRAINS), a droplet freezing array based on the design of the
Colorado State University Ice Spectrometer (CSU-IS) but with droplet volumes of 100 uL. GRAINS was
first validated with NX Illite, showing spectra consistent with literature, and also compared with FrESH
(Freezing Experiment Setup Helsinki), INSEKT (Ice Nucleation Spectrometer of the Karlsruhe Institute of
Technology), and PINE (Portable Ice Nucleation Experiment) for aerosol standards as well as ambient
samples, with results generally within confidence intervals or a factor of 5. To assess the filter sampling
methods, we simultaneously sampled ambient aerosol on polycarbonate filters (commonly used for INP
analysis) and microfiber quartz filters (used for chemical analysis) over three months, with 27 filters of
each type. Three analysis approaches were tested: washing the polycarbonate filters (Polycarbonate
method), randomly punching the quartz filters (Quartz 96-punch method), and washing a larger punch of
the quartz filter (Quartz punch washed method). Our results showed a good performance of the three
methods, obtaining similar results for the INP concentrations, with approximately 89% of the data within a
factor of 5. Differences between methods become more evident at lower temperatures, with higher INP
concentrations detected with both Quartz methods compared to the Polycarbonate method, which could be
related to the particle extraction efficiency of this method. Differences between the three methods varied
depending on the sample, with general good agreement for polluted and background conditions and
different levels of agreement for dust particles. Still, there is a clear correlation between the three methods,
with Spearman’s coefficients of around 0.9 (p <0.05). The Quartz punch washed method allows to perform
sample dilutions similar to the Polycarbonate method, making it a potential alternative to the Quartz 96-
punch method for analyzing INP concentrations using quartz filters.

1 Introduction

Atmospheric aerosol particles can affect the Earth’s radiative budget by means of their interaction with
radiation and with clouds (Boucher et al., 2013). Aerosol-cloud interactions (ACI) cover the ability of
aerosol particles to act as cloud condensation nuclei (CCN) or ice-nucleating particles (INPs), allowing the
formation of droplets and ice crystals in clouds. The different properties of aerosol particles regarding their
origin, size or chemical composition have a direct impact on cloud properties, affecting their albedo and
lifetime and influencing the precipitation ability of the cloud. Therefore, the large variability in aerosol
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particles that become effective CCN and INP causes large uncertainties in the ACI’s radiative forcing
(Forster et al., 2021), making the study of these aerosol particles essential for a better characterization of
climate predictions. In fact, INPs play a crucial role in cloud properties, since the ice phase is responsible
for the majority of precipitation over land in mixed-phase clouds (Heymsfield et al., 2020; Lau and Wu,
2003; Miilmenstédt et al., 2015). Several mechanisms have been described for ice crystal formation aided
by an INP, with immersion freezing being the one that predominates in mixed-phase clouds (de Boer et al.,
2010; Hoose et al., 2010; Kanji et al., 2017; Murray et al., 2012; Westbrook and Illingworth, 2013). Thus,
the characterization of the INP concentration in the atmosphere by immersion freezing is essential to
improve the understanding of cloud formation.

Over the past years, there have been many developments in immersion freezing instruments for the study
of INPs in the atmosphere. Some of them are online techniques, such as Continuous Flow Diffusion
Chambers (CFDC; Rogers, 1988) or cloud expansion chambers like the Portable Ice Nucleation Experiment
(PINE; Mohler et al., 2021), in which the INP concentration can be measured in real time with a high
temporal resolution. However, the majority of instruments to study INPs are offline techniques, mainly due
to the simpler and less expensive instrumentation involved. In particular, one of these offline techniques
are droplet freezing arrays, which cool down droplets of an aqueous solution containing INPs until they
freeze (Creamean et al., 2025; David et al., 2019; Ladino et al., 2022; Wang et al., 2025; Wieber et al.,
2024). Although these techniques have a lower temporal resolution, they allow for the study of INP
concentrations at higher temperatures. For the study of INPs with the use of droplet freezing arrays, the
aerosol particles are commonly sampled onto filters prior to the analysis of the INP concentration (e.g.,
Cordoba et al., 2021; Schneider et al., 2021). Since these techniques quantify the INP concentration via
analysis with different instruments, each instrument operates with different settings, such as droplet volume
and cooling rate, it is necessary to assure the equivalence between offline instruments. To test the agreement
between instruments, the ice nucleation ability of standard samples is often studied, such as K-Feldspar
(Atkinson et al., 2013) or Snomax® (Wex et al., 2015). More recently, NX Illite was used as a reference
sample for the validation of newly developed droplet freezing arrays (David et al., 2019; Wieber et al.,
2024) or the intercomparison of several ice nucleation instruments (DeMott et al., 2018; Hiranuma et al.,
2015). Several studies have also focused on the comparability of different instruments when quantifying
INP concentrations in the atmosphere (DeMott et al., 2025; Lacher et al., 2024). DeMott et al. (2025)
compared six different devices (two online devices and four offline devices), obtaining agreement between
instruments with comparison factors between 5 and 10, but which could lead to substantial differences in
freezing temperatures. On the other hand, Lacher et al. (2024) performed an intercomparison of ten devices
(three online instruments and seven offline instruments), where the majority of INP concentration data was
within a comparison factor of 5, which makes the instruments suitable to derive model-relevant INP data.
Therefore, for new instruments, which are typically developed by each research team, it is essential to
properly characterize the ice nucleation activity of well-known samples as well as to perform
intercomparison campaigns with well-established ice nucleation instruments to ensure a proper
characterization of the INP concentration in the atmosphere.

In addition to the device itself, the sample substrate and the extraction technique used for subsequent
analysis also require evaluation to ensure harmonized INP measurements. Among offline techniques,
different methods are carried out for particle sampling. Among the most common methodologies for INP
concentration determination is the sampling of particles on polycarbonate filters that are later washed in the
laboratory with ultrapure water to create the suspensions. In the case of droplets freezing arrays that use
Polymerase Chain Reaction (PCR) plates, this suspension is pipetted into the PCR plate wells (e.g., Garcia
2012, Hill 2014, 2016). This method allows to create dilutions of the sample in order to extend the
measurable INP concentration range. Many studies also used quartz filters, typically used for chemical
analysis, to obtain the INP concentration (e.g., Conen et al., 2012; Wex et al., 2019). To do so, quartz filters
are randomly punched (~1-2 mm diameter), and each small section of the filter is introduced in each well
of the PCR plate and then filled with ultrapure water. This method, which is more time consuming for
preparation and analysis than the polycarbonate filter washing method, does not allow for dilutions, so the
temperature range is restricted to the activation properties of the most active INPs in the sample. Lacher et
al., (2024) compared both approaches obtaining good agreement when sampling ambient aerosol particles,
but the comparison was limited to only 4 samples. Additionally, some studies (Bras et al., 2024; Lacher et
al., 2024) have also calculated INP concentration from quartz filters by washing a bigger punch (1.2 cm
diameter) in water, with the use of the LINDA (LED-based Ice Nucleation Detection Apparatus; Stopelli et
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al., 2014) instrument. A comprehensive and extensive comparison of all three techniques is currently
lacking in order to evaluate potential differences between filter substrates and particle extraction analysis
methods.

In this work we evaluate different sampling and particle extraction methods for the analysis of INP
concentrations with offline techniques in the laboratory. For that, we have simultaneously sampled ambient
aerosol particles onto polycarbonate and quartz filters for a period of three months. The INP analysis was
performed with the GRAnada Ice Nuclei Spectrometer (GRAINS), a new droplet freezing array developed
at the Andalusian ObseRvatory of the Atmosphere (AGORA), based on the design of the Colorado State
University Ice Spectrometer (CSU-IS; Hill et al., 2014, 2016). Prior to this, we evaluate the performance
of GRAINS by analyzing the ice nucleation ability of NX Illite and running two inter-laboratory
comparisons with well-established ice nucleation instruments, such as the Ice Nucleating particle
Spectrometer of the Karlsruhe Institute of Technology (INSEKT; Schneider et al., 2021), the Freezing
Experiment Setup Helsinki (FTESH; Perez Fogwill et al., 2024) and PINE (Moéhler et al., 2021). Section 2
presents the description and technical details of GRAINS. Section 3 presents the methodological aspects
involved in the sample preparation and the intercomparisons details. In Section 4 the main results are
presented, starting with the performance of GRAINS for measuring the INP activity of NX Illite, followed
by an intercomparison between GRAINS and FrESH, INSEKT and PINE, and also presenting the
evaluation of different filter substrates (polycarbonate versus quartz) and extraction technique (96-punch
or single punch). Finally, Section 5 presents the main conclusions and take-home messages for future
intercomparisons exercises.

2 The GRAnada Ice Nuclei Spectrometer
2.1 Description of the instrument

GRAINS is an offline immersion freezing device used to obtain the freezing spectra of aerosol particles
immersed in small volumes of water. The instrument’s design is based on the CSU-IS (Creamean et al.,
2025; Hill et al., 2014, 2016) and the INSEKT (Schneider et al., 2021).

Camera
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Figure 1. Schematic of the GRAINS instrument. Red wells correspond to the ones used for temperature characterization
described in Section 2.3.

The main part of GRAINS (Figures 1 and S1) consists of an aluminum block that has space for two 96-well
PCR plates (VWR®, Cat. No. 732-3762), in which the samples are pipetted. The usual droplet volume of
GRAINS is 100 pL, which was selected for a better detection of the freezing events. Compared to other
lower volumes used in many devices, this volume has implications in the limit of detection (LOD) of the
instruments and, hence, the probability of detecting rare INPs. The aluminum block has a cavity inside that
ends with two outlets of 3 cm in diameter, which are connected to a thermostat (LAUDA RP 250 E) that
uses ethanol as a working fluid. The block is filled with ethanol, as well as the space between the block and
the PCR plate wells, so it ensures an efficient heat transfer to the PCR plates. The block is placed inside a
polymethyl methacrylate (PMMA) box, with a transparent lid on top to maintain the temperature around
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the block and the PCR plates. The space between the box and the aluminum block is covered with sheets
of XPS extruded polystyrene foam (DANOPREN 500) for thermal isolation. The temperature during a
typical experiment is monitored with a Pt100 probe (RTD PT100 RS PRO, Cat. No. 123-5595), which is
placed inside the block in the region between both PCR plates. The remaining space between the block and
the Pt100 sensor is filled with thermal silicone, ensuring an enhanced heat transfer. GRAINS has a camera
(ELP USB8MP02G-SFV (5-50)) placed perpendicular to the block and the PCR plates to monitor the
freezing events by taking pictures of the wells with the decreasing temperature. Both the thermostat and the
camera are controlled by a custom-made Python program. The frequency at which the temperature and the
images are registered is adjustable. In a typical experiment it is set to a frequency of 0.2 Hz and a cooling
rate of 1 K min™,

2.2 Freezing event detection and INP concentration calculation
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Figure 2. (a) Evolution of the grayscale (black line) and the equalized grayscale (blue line) of a well with decreasing
temperature in a typical experiment. (b) Convoluted grayscale, where the peak marks the freezing of the well.

The detection of the freezing events of the samples is done by identifying a change of brightness in the
images, specifically of the wells of the PCR plates, which are filled with the sample suspension. For that,
we first identify the regions in the picture that correspond to the wells, by finding a convex contour in a
binary image, where the wells are black (0) and the rest of the instrument, including the PCR plates, is
white (255). Once the position and radius of the wells are found, the grayscale value evolution of the wells
is monitored throughout the sequence of images. When the sample inside the well freezes, its brightness,
i.e., grayscale, changes immediately towards higher values. After nucleation occurs, the latent heat released
during the phase change slows the freezing process, resulting in a continuous change in the optical signal
until the droplet is fully frozen. This behavior can produce multiple features in the grayscale signal,
corresponding to nucleation and subsequent solidification, as observed in other immersion freezing setups
(David et al., 2019). To clearly identify the point at which freezing occurs in the well, the histograms of the
grayscale values of the images are equalized based on the average grayscale of all the wells in each image
taken, in a range covering three times the standard deviation of this average grayscale. By doing this, the
grayscale difference at the freezing event is more pronounced, as seen in Figure 2a, assuring the correct
identification of the freezing of the well. Next, we apply a convolution function to this equalized grayscale
value time series, resulting in a flat signal when the droplet is unfrozen and a sharp peak at the moment of
freezing, allowing us to accurately detect the freezing event (Fig 2b). Once all the freezing events are
identified, one can calculate the fraction of frozen sample volumes at a specific temperature (FF(7T)):
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FF(T) = (1
where Ny is the total number of wells filled with the sample suspension and N¢(T') is the number of wells
with a frozen sample at temperature 7 (Vali, 1971). The frozen fraction is directly related to the cumulative
spectrum K (T). This function assumes that the freezing only depends on temperature and not time, and it
represents the number of INPs active above temperature 7 per unit of sample volume Vg in each well:

K(T) = V_l In (1 - Nf(T)), 2)

drop N, 0

In the case of particles sampled on filters that are then washed, the INP concentration (Cyyp) per standard
liter of sampled air can be calculated as:

1 V. i Ne(T
suspension ln(l— f( )>’

Cnp(T) = N
0

Vdrop Vair

(3)

where Vsyspension 18 the volume of water used to wash the filter and V- is the proportional volume of air

at standard conditions (0 °C and 1013.25 hPa) that passed through the portion of filter washed. For the case
of punches of filters that are introduced in the well of the PCR plates, the INP concentration is calculated
as:

_ 1 Ne(T)
Cine(T) = Vouneh In (1 N, >; (6)

where Vpunch is the volume of air that passed through one punch of the filter (Tatzelt et al., 2022). It is
important to highlight that this technique has limitations in determining the freezing spectra of a sample,
since the temperature range is dominated by the most active INPs. That is, the most active INP in each well
will be dominant in the spectra, and the INPs active at lower temperatures will be masked. In order to study
the influence of these INPs, it is necessary to analyze dilutions of the sample, allowing to extend the
temperature range of study. Based on Eq. 2, one can also calculate the number of ice-nucleation-active sites
(INAS) density per unit of mass or surface, n,, and ng, respectively:

ny (T) = ——2 1 <1 - me) (4)
n Cm ' Vdrop NO ’
-D Ne(T)
f f
n (T)=—ln<1— ) (5)
® Stotal ' Vdrop NO

where Dy is the dilution factor of the suspension, Cy, is the mass concentration of the suspension and Siot41
is the total surface area of the particles sampled.

2.3 Temperature characterization

A correct determination of the temperature is crucial in immersion freezing devices (e.g., David et al., 2019;
Kunert et al., 2018; Miller et al., 2021), since inaccurate measurements of the temperature can lead to
significant differences in the obtained INP concentration (e.g., Schrod and Bingemer, 2025). Therefore, in
this section, we present the temperature characterization of the GRAINS instrument.

For temperature characterization, a total of four Pt100 probes were used: one probe continuously monitored
the temperature of the aluminum block, while three additional probes (RTD PT100 RS PRO, Cat. No. 262-
3278) were positioned in the PCR plate wells to measure the temperature inside the wells. To check the
precision of the temperature measurements among sensors we performed a comparison between the four
Pt100 probes and the temperature reported by the LAUDA thermostat, measured with a built-in Pt1000
probe. This was carried out by immersing the Pt100 probes in the ethanol bath of the thermostat at 0 °C for
15 minutes. Then, the stability of the temperature reading at decreasing temperature was studied, to check
the accuracy of the probe at the usual temperature range of an experiment. For that, we again introduced
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the Pt100 sensors in the ethanol bath and measured at seven different temperatures from 0 °C to -30 °C in
steps of 5 °C. At each temperature, we recorded the temperatures measured by the Pt100 probes and the one
reported by the LAUDA thermostat for 5 minutes. The results showed an excellent agreement, following a
1:1 relationship for the entire temperature range. This intercomparison is performed annually to ensure a
correct reading of the temperature in the experiments.

Then, to characterize the temperature measurements in GRAINS, we established a relationship between the
temperature of the aluminum block measured by the main Pt100 sensor and the temperature inside the wells
of the PCR plates. For that, we used the three extra Pt100 probes that have dimensions of 2x10 mm and are
small enough to be completely introduced in the wells. To find the differences in temperature between block
and the sample volumes in the wells, we completely fill the PCR wells with ethanol, as well as the space
between the aluminum block and the PCR plate to eliminate any air insulation and to ensure a more efficient
heat transfer. We select specific wells of both PCR plates depending on their distance from the main Pt100
sensor inside the block and on the flow of the ethanol inside the block, since this can affect the temperature
measured by the probes. The selected wells are in rows A, D, H and columns 1, 6, 12 of the plate, having a
total of nine wells for each PCR plate (see red wells in Figure 1). Temperature differences between the
block and the ethanol inside the wells are up to approximately 5 °C at -30 °C. However, if the space between
the aluminum block and the PCR plate is filled with ethanol, these differences decrease to approximately
1.5 °C at -30 °C, so this procedure is followed in all GRAINS experiments.

Each experiment consists of measuring the temperature inside the three wells (Zwels) in a column as well as
the temperature reported by the probe in the block (Thiock). For this we use a cooling rate of 1 K min’,
covering a temperature range from 0 to -32 °C. We perform nine experiments per PCR plate (three
experiments per well), having a total of 18 experiments. The difference in temperature for the nine wells,
located in different regions of the PCR plate, did not show a clear trend in terms of distance from the main
Pt100 probe or the distance to the point where the ethanol enters the aluminum block (Figure S2). The same
was observed when trying to differentiate between both PCR plates in terms of temperature difference
(Figure S3). For that reason, we apply the same correction function to all wells in GRAINS. To obtain it,
we first perform the averages of Twens and Tpiock and calculate the errors in each one considering the
combination of the error in the reading of the Pt100 probe and the standard error of the averages. Then, we
calculate the correction function from the orthogonal distance regression (ODR) of the difference between
the mean Tywens and the mean Tiiock (Figure S4). To estimate the temperature uncertainty in GRAINS, we
performed error propagation and combined the uncertainty of the Pt100 probe, which increases with
decreasing temperature, and the error of the ODR in Figure S4. According to this, we report a temperature
uncertainty below 0.5 °C.

3 Methodology

To validate the performance of GRAINS and ensure its reliability for INP characterization, we conducted
a series of comparative tests with both commercial and ambient samples. These tests included:

1. Reference material validation: The freezing behavior of NX Illite, a widely used material for INP
studies, was analyzed with GRAINS and compared to results reported in the literature (e.g.,
Hiranuma et al., 2015).

2. Ambient sample intercomparison: Two different sets of ambient aerosol samples were analyzed
with GRAINS and with two additional immersion freezing devices: the FrESH (Perez Fogwill et
al., 2024) and the INSEKT (Schiebel, 2017).

3. Aerosol and reference material samples collected at AIDAd chamber: Different dust samples, such
as K-Feldspar, Arizona Test Dust (ATD), Soil Dust South Africa (SDSA01) and Saharan Dust
(SD), collected on filters from the AIDAd chamber (Mohler et al., 2024) were analyzed using both
GRAINS and INSEKT for direct comparison. Also, these results were compared with
measurements obtained with PINE during the AIDAd experiments.

We evaluated the operation and effectiveness of GRAINS as an INP instrument and assessed the influence
of filter substrate and extraction method in the INP concentration determination. A summary of the
methodology described here can be found in Table S1. In the following subsections we give a detailed
description of the methodology carried out for each analysis.
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3.1 Filter preparation and analysis in GRAINS

Since GRAINS is an offline immersion freezing device, analysis of INP concentrations is performed in the
laboratory after the particles are sampled on the filters. The suspensions are prepared by washing the
different filters in ultrapure water (type 1, conductivity of 0.055 uS cm™) passed through a 0.1 um syringe
filter (Acrodisc®). Then, the suspensions are pipetted into the PCR wells, always with a volume of 100 pL
per drop, and introduced in GRAINS for the freezing experiment, usually at a freezing rate of 1 K min'’.
The volume of water used to wash the filters, and the time and method used for creating the suspension
varied between different experiments and will be specified in each subsection. All the INP concentration
data have been corrected by the background from the freezing spectra of the filtered ultrapure water used
to make the suspensions, using the procedure described in Vali (2019).

3.2 Validation using NX Illite

To test the performance and reproducibility of the GRAINS instrument, the ice nucleation ability of NX
Illite has been studied, similarly to other experiments before (DeMott et al., 2018; Hiranuma et al., 2015).
Since a standardized protocol does not exist, we have followed two different approaches to obtain the NX
Illite suspension pipetted into the PCR wells. The first approach, which we define as wet suspension, is to
create the suspension by directly mixing the NX Illite powder with filtered ultrapure water, with
concentrations ranging from 1 to 10~ g L*!, which allows to calculate nm(7) according to Eq. 4. To obtain
ny(T) we have divided nm(7) by a mass conversion factor of 6.54 m? g*! (Hiranuma et al., 2015).

The second approach, dry dispersion, consisted of aerosolizing the NX Illite powder and sampling it on a
25 mm membrane polycarbonate filters with 0.2 pm pore size (Whatman®) at a flowrate of 5 L min™!. To
this end, we used a particle atomizer (SwisensAtomizer, Swisens) in which the particles are introduced in
a cuvette that is placed on top of a vibrating plate, with a blower inside the cuvette that pushes air into the
tube. Both the vibration and the air flow are adjustable to allow an optimal concentration of particles that
are aerosolized (around 100 cm™ on average). Additionally, an Aerodynamic Particle Sizer (APS, TSI 3321)
was used to measure the size distribution of aerosolized particles from 0.5 to 20 pm (aerodynamic
diameter). This instrument also works at 5 L min™' (further details on the working principle of this
instrument can be found in Pfeifer et al. (2016)). The use of the APS allows to calculate the surface area
(Stotal in Eq. 5) from experimental data. However, due to the measurement range of the APS, the surface
area of particles below 0.5 um in diameter will not be accounted for in Sii. To calculate the surface area,
we performed a conversion from acrodynamic diameter to volume-equivalent diameter assuming a density
of 2.65 g cm™ and a dynamic shape factor of 1.49, which is appropriate for NX Illite particles (Hiranuma
et al., 2015). Each experiment (aerosolization and co-located filter sampling and measurements of the size
distribution) lasted 90 minutes. For these experiments, the filters were washed in 20 mL of filtered ultrapure
water and manually agitated for one minute for particle extraction. 10-fold and 100-fold dilutions of the
washing water were created to extend the INP concentration range. Then the experiments were performed
at a freezing rate of 1 K min™' using GRAINS.

3.3 Intercomparison of GRAINS with other INP devices

We have also tested the performance of GRAINS by comparing the ice nucleation ability of ambient aerosol
samples determined with different immersion freezing devices. In particular, we have compared GRAINS
with FrESH (Perez Fogwill et al., 2024), deployed at the Finnish Meteorological Institute (FMI) in Helsinki
(Finland), and INSEKT (Schiebel, 2017; Schneider et al., 2021), deployed at the Karlsruhe Institute of
Technology (KIT) in Karlsruhe (Germany). FrESH and INSEKT are offline immersion freezing techniques,
so the working principles are equivalent to the ones described in Section 2. Unlike GRAINS, in FrESH the
PCR plates are placed directly in an ethanol bath, being similar to the device described in David et al.
(2019). In the case of FrESH, droplet volumes are 50 pL, the ultrapure water used for preparing the
suspensions is filtered through a 0.02 um syringe filter and the cooling rate is 1 K min-'. On the other hand,
INSEKT consists of an aluminum block connected to a thermostat (like GRAINS) that operates at a cooling
rate of 0.33 K min"!'. The droplet volumes of INSEKT are 50 pL and ultrapure water, filtered through a 0.1
um syringe filter, is used to prepare the suspensions.

For the comparison of GRAINS and FrESH, 47 mm polycarbonate filters with 0.2 pum pore size
(Whatman®) that were sampled in different stations in Finland were cut in half and then analyzed in each
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instrument. We have analyzed six different filters: three of them were sampled at the Helsinki station (HEL,
60.20°N, 24.96°E, 71 m a.s.1.), while the other three were sampled in the Kuopio (KUO, 62.91°N, 27.66°E.
306 m a.s.l.), Ut (UTO, 59.78°N, 21.38°E, 70 m a.s.l.) and Pallas (PAL, 67.97°N, 24.12°E, 565 m a.s.l.)
stations. The sampling time was 24 hours for all filters, operating at a flowrate of approximately 16.6 L
min!. The total air volume that passed through the filters was registered based on the time of sampling and
the flow rate measured. Transportation of the filters from Finland to Granada was done at ambient
conditions, and the remaining half of the filters stayed at FMI unfrozen during the time of transport so that
both sets were exposed to similar conditions. After transport, both sets of half-filters (one set in Granada
and one at FMI) were again stored frozen at -20 °C until the time of analysis (approximately six months
from the time of transportation). The analysis of the half-filters with both instruments were performed on
the same day and in the same order. The filter washing for GRAINS consisted of manually agitating the
tube for one minute, whereas for FrESH the tube was placed on a vortex agitator for 30 seconds. For each
filter, a 10-fold dilution was also prepared and analyzed to extend the temperature range of the INP
concentrations.

For the comparison of GRAINS and INSEKT, two different types of sampling were performed. For ambient
particles, two sets of two 47 mm polycarbonate filters with 0.2 pm pore size, one for each instrument, were
sampled at KIT (49.10°N, 8.43°E, 114 m a.s.1.) for 24 hours at a flowrate of 5 L min™'. All filters were pre-
cleaned with 10% H,0O,. The filters were immediately stored frozen (-20 °C) after sampling and until the
time of analysis by INSEKT (around one week after sampling time), but the ones analyzed by GRAINS
were first stored frozen and then transported to Granada in cold conditions. Once the filters arrived in
Granada, they were again stored frozen until the time of analysis (approximately two months from the
sampling time). In this case, 15-fold and 225-fold dilutions were also analyzed and the cooling rate in
GRAINS was set to 0.5 K min™! to have a similar cooling rate as INSEKT (0.33 K min™!). The filter washing
for both INSEKT and GRAINS consisted of placing the tube in a rotating agitator at 60 rpm for 20 minutes.

For the experiments at the AIDAd chamber (Mdhler et al., 2024), we performed experiments for K-Feldspar
(BCS-CRM 376/1), Arizona Test Dust (ATD), Soil Dust South Africa (SDSAO1) collected from the
Succulent Karoo biome and deposited Saharan Dust (SD) collected in Granada during an extreme dust
event (Bazo et al., 2025; Rodriguez and Lopez-Darias, 2024). Each dust sample was injected into AIDAd
using a 2.5 pum cutoff cyclone to reject larger particles and sampled on pre-cleaned (10% H,0O,) 47 mm
polycarbonate filters with 0.2 um pore size for 60 minutes at a flowrate of 5 L min™'. Several instruments
were connected to the AIDAd chamber, including the PINE (Mohler et al., 2021) that allows to obtain the
INP concentration for a temperature range between -20 and -30 °C. The analysis with INSEKT was
immediately performed after each AIDAd experiment, whereas the filters analyzed with GRAINS were
stored frozen, transported to Granada in cold conditions and frozen again until analysis in GRAINS. As
before, the filter washing consisted of placing the tube in a rotating agitator at 60 rpm for 20 minutes,
cooling rate in GRAINS and INSEKT were 0.5 K min™! and 0.33 K min™!, respectively. In this case, 10-fold
and 100-fold dilutions were analyzed instead.

3.4 Testing different filter substrates and analytical methods with GRAINS

Finally, we have used GRAINS to evaluate different sampling methods often used for the study of INP
concentrations. To do that, we have performed a regular aerosol sampling at the urban background station
UGR (37.16°N, 3.61°W, 680 m a.s.l.) of the Andalusian Global ObseRvatory of the Atmosphere (AGORA,;
https://atmosphere.ugr.es/en), in the city of Granada for the period September 2024-January 2025. Road
traffic is the main source of aerosol particles in the station (Titos et al., 2014), with enhanced contribution
of biomass burning during winter (Titos et al., 2017). The presence of long-range transported dust is also
very frequent (Cazorla et al., 2017), while marine aerosols have minimal influence (Titos et al., 2012; Titos
etal., 2014).

We have carried out two types of sampling strategies. The first one consists of sampling aerosol particles
on 47 mm polycarbonate filters with 0.2 pm pore size using a custom-made low-volume sampler, the
GRAnada Sampling System (GRASS). It consists of a stainless steel 47 mm filter holder (Pall Corporation)
connected to a flowmeter and a vacuum pump. During the sampling period the flowrate was set to 9 L min®
!, and sampling was performed with no impactor. For the second sampling strategy, we have used 150 mm
quartz fiber filters sampled with a high-volume sampler (CAV-A/Mb, MCV) equipped with a PM10 inlet.
The flowrate in this case was set to 500 L min™!. The first one is more widely used in the INP community
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while the second one is regularly used for PM10 determination and chemical analysis. For each sampling
strategy, we have six field blank filters to test the potential contamination during handling of the filters.
Frozen fractions of all field blank filters were very close to those of filtered ultrapure water (Figure S5),
therefore only water background subtraction has been applied to the measurements. These results suggest
a low contribution of the quartz fibers to the total INP concentration, which was also found by Conen et al.
(2012).

For both sets of filters (polycarbonate and quartz), aerosol particles were sampled for 24 h, starting at
midnight, every 4 days. The sampling period started in mid-September 2024 and lasted until January 2025,
with a total of 27 filters for each method. Polycarbonate filters were stored at -20 °C immediately after
sampling until the time of analysis in GRAINS and no pre-sampling treatment was performed to the filters.
On the other hand, quartz filters were conditioned and treated pre- and post-sampling following the
procedure described in Titos et al. (2014). Filters were heated to 205 °C for 6 hours and stored at stable
conditions until sampling. After sampling, the filters were stored in the refrigerator until weighting using
gravimetric techniques. Then, a quarter of the filter was stored in the freezer at -20 °C until its analysis in
GRAINS.

After sample collection, polycarbonate filters were analyzed in the laboratory as explained in Section 3.1
(Polycarbonate method). The extraction of the particles was done by manually agitating the tube containing
the filter immersed in 20 mL of filtered ultrapure water for 1 min. The recommended protocol established
by the ACTRIS Center for Ice Nucleation (CClce) for particle extraction consists in rotating the tube with
the suspension in a rotating agitator for 20 min at 60 r.p.m (CClce 4th QAQC workshop). To ensure the
equivalence of the INP concentrations obtained by manual and rotating agitation, several tests were
performed, leading to very similar results. For quartz filters, we followed two approaches. For the first
approach (Quartz 96-punch), we punched a region of the filter 96 times with the use of a biopsy punch of
1 mm diameter, we introduced each punched region into the wells of the PCR and then we filled them with
100 pL of filtered ultrapure water. This approach is chosen in many INP studies (Tatzelt et al., 2022; Welti
etal., 2018; Wex et al., 2019), since it only requires a small fraction of the quartz filter and the rest of it can
be used for additional analyses. The second approach (Quartz punch washed) consisted of punching a
portion of the filter with a 1 cm diameter biopsy punch and then washing it in filtered ultrapure water in a
similar way as typically done with polycarbonate filters, by manually agitating the tube. This approach was
followed in Bras et al., (2024) and Lacher et al. (2024) for obtaining INP concentrations with the LINDA
instrument (Stopelli et al., 2014). Again, we performed several tests to verify the similarity between manual
and rotating agitation and to assess the reproducibility of manual agitation, obtaining equivalent results. To
obtain the INP concentration with the Quartz 96-punch method we have used Equation 6, whereas for the
Polycarbonate and Quartz punch washed methods we calculated the INP concentration using Equation 3

4 Results
4.1 Freezing ability of NX Illite

NX Illite is a commercial powder composed mainly of illite, with some traces of kaolinite, quartz, calcite
and feldspar (Broadley et al., 2012), which has been used for the validation of immersion freezing devices
(DeMott et al., 2018; Hiranuma et al., 2015). However, differences in the freezing ability of NX Illite can
occur (e.g., Hiranuma et al., 2015) which might be related to slight variations in the mineralogical
composition and measurement techniques. However, no certified reference standard for immersion freezing
devices was identified so far, therefore, we evaluate the freezing spectrum of NX Illite obtained with
GRAINS and intercompare with data from other immersion freezing instruments in this section.

Figure S6 shows the number and surface size distributions for NX Illite obtained with the APS for the dry
dispersed method. The number size distribution reveals the abundance of fine mode particles (volume-
equivalent diameters < 1pm), although their contribution to the surface size distribution is not large. On the
other hand, the number concentration of coarse mode particles (volume-equivalent diameters > 1pum) is
high, and, as observed in Figure S6b, the surface size distribution has a mode at around 2 pm diameter, so
the NX Illite sample is mostly characterized by particles around this size. Super-coarse mode particles do
not contribute greatly either to the number concentration nor the surface concentration. In fact, the surface
concentration of the fine mode is greater than the surface concentration of the super-coarse mode. These
size distributions are only representative of the dry dispersions, since the low presence of super-coarse
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mode particles might be due to effects in the aerosolization process that prevent larger particles in the
sample from aerosolizing.

Figure 3 shows the n5(T) of NX Illite measured with GRAINS, as well as different data and parametrizations
reported in the literature. In particular, we show data from Hiranuma et al. (2015), which appear in the
legend of Figure 3 as H15 followed by the instrument used to perform the measurements. For information
on the different instrumentation, we refer to the Supplementary Material from Hiranuma et al. (2015). We
also show data from micro-PINGUIN (Wieber et al., 2024), DRINCZ (David et al., 2019) and IR-NIPI
(Harrison et al., 2018). All the instruments that appear in the legend of Figure 3 are immersion freezing
devices. Note that these data are reported in the literature as nsger(T), that is, normalized by the specific
surface area (SSA) of the sample, obtained with the Brunauer-Emmett-Teller (BET) method (Brunauer et
al., 1938). To convert from 7 get(T) t0 715 6eo(T) (INAS density based on geometric size, from now on n4(T))
we have used a SSA of 124.4 m?g! and a mass conversion factor of 6.54 m? g'! for all data (Hiranuma et
al., 2015). Parametrizations shown correspond to the ones in Hiranuma et al. (2015). In particular, we show
fractions of the one presented in Atkinson et al. (2013) (A13 in the legend) for K-Feldspar, as well as the
ones proposed by Hiranuma et al. (2015) for suspension measurements of NX Illite.

Figure 3 shows seven different curves obtained with GRAINS, four of them corresponding to dry
dispersions and three of them corresponding to wet suspensions, and all of them binned to temperature steps
of 0.5 °C. Uncertainties for the frozen fractions were calculated from the 95% confidence interval for
binomial sampling, following Agresti and Coull (1998), whereas uncertainties in derived variables were
obtained by evaluating the analytical expressions at the lower and upper confidence limits of the frozen
fraction. Additionally, Figure S7 shows a better visualization of the NX Illite spectra obtained with
GRAINS. In general, GRAINS measurements fall in the region of the other freezing spectra, spanning over
5 orders of magnitude in ny(T) from around -7 °C, where n5(T) is around 10! m?, to -25 °C, where it reaches
values around 10° m™. As seen in Figure 3 and Figure S7, wet suspensions tend to activate earlier than dry
dispersions, probably due to the fact that in dry dispersions the predominance of larger particles is lower
due to the aerosolization of the sample. Activation of the particles varies between experiments, ranging
between -5 °C and -7 °C for wet suspensions, and between -8 and -12 °C for dry dispersions, but ny(T)
values at these temperatures are within the uncertainty range. In general, the freezing spectra of NX Illite
measured by GRAINS spans around one order of magnitude for a given temperature for each of the
methods, except one of the dry dispersions (Dry dispersion 2) that deviates from the rest at the higher
temperatures. GRAINS’ results cover the ny(T) values reported by the parametrizations and other
instruments, although the variability among instruments/studies is high. Focusing on the temperature range
from -20 °C to -25 °C, the ny(T) shows a steeper slope than for the rest of the spectra, being parallel to the
A13 parametrization. This feature was also observed in suspension measurements presented in Hiranuma
et al. (2015). Hiranuma et al. (2015) also found that the ny(T) of NX Illite is weakly dependent on the
experimental conditions of each instrument (i.e. droplet size, cooling rate, mass of NX Illite in the sample,
etc.). In this sense, results obtained with GRAINS in Figure 3 support this finding, since the droplet size in
GRAINS is larger than in other devices. For instance, wet suspension results show activation at similar
temperatures as the IR-NIPI or the micro-PINGUIN instruments (Harrison et al., 2018; Wieber et al., 2024),
which use droplet sizes of 50 and 30 pL respectively. On the contrary, despite the differences in the two
methods used with GRAINS (dry dispersions and wet suspensions), and different mass concentrations in
each of the experiments, we obtained very similar results to those reported in the literature, showing
consistency in the reproducibility of the spectra obtained with the newly built droplet freezing array
GRAINS.
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Figure 3. Ny(T) of NX Illite obtained with the GRAINS instrument. Data and parametrizations from Hiranuma et al.,
(2015) are indicated as H15. Parametrizations from Atkinson et al. (2013) for K-Feldspar are indicated as A13 in the
legend. Data from micro-PINGUIN (Wieber et al., 2024), DRINCZ (David et al., 2019) and IR-NIPI (Harrison et al.,
2018) are also shown. Uncertainties (shown every 6th data point) were obtained by evaluating the analytical expression
of ns at the lower and upper confidence limits of the frozen fraction, which were calculated based on Agresti and Coull
(1998).

4.2 Freezing ability of ambient and dust samples: intercomparison of GRAINS with FrESH,
INSEKT and PINE

In this section we evaluate the ability of GRAINS to reproduce the INP concentration from ambient samples
by comparing the freezing spectra measured with GRAINS with those measured with FrESH (Perez Fogwill
et al., 2024) and INSEKT (Schiebel, 2017), using polycarbonate filters sampled under varying conditions
(aerosol types and concentrations). Figure 4 shows the comparison of the INP concentrations obtained by
GRAINS and by FrESH/INSEKT for the eight samples (six for FrESH and two for INSEKT). The INP
concentration values for GRAINS and FrESH have been binned in steps of 0.5 °C. Additionally, Figure 4
shows a 1:1 line that represents perfect agreement between both instruments, as well as a line that represents
a comparison factor of 5 between INP concentrations. Filled markers represent data points that fall inside
the 95 % confidence interval of the 1:1 line, calculated as stated in Agresti and Coull (1998); whereas
hollow markers represent data points that fall outside this region.
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Figure 4. INP concentration obtained with GRAINS compared to INP concentration obtained with FrESH (round
markers) and INSEKT (diamond markers) for the eight different filters sampled at ambient conditions in FMI and KIT
stations. The name of the sample reflects the measurement site and the date. The black solid line represents the 1:1 line
and the black dashed lines represent a factor of 5 between INP concentrations. Filled markers (hollow markers)
correspond to data points inside (outside) 95 % confidence interval of the 1:1 line, based on Agresti and Coull (1998).
Uncertainties (shown every 6" data point) were obtained by evaluating the analytical expression of the INP
concentration at the lower and upper confidence limits of the frozen fraction, which were calculated based on Agresti
and Coull (1998).

In general, INP concentrations shown in Figure 4 fall near the 1:1 line, with most of the samples within the
95% confidence interval. Lacher et al. (2024) performed an intercomparison of different online and offline
freezing devices, establishing a difference factor between INP spectra of 5 as agreeable (shown in Figure
4), and a factor of 2 as a good agreement. In this case, differences are within a factor of 5 for 83 % of the
data, and within a factor of 2 for 33% of the data, with the largest differences up to one order of magnitude.
On average, absolute INP concentration differences increase with decreasing temperature, ranging from 10°
4103 L at the highest temperatures (i.e. -6 to -10 °C) to 10° — 10! L! at the lowest range (from -13 to -
25°C).

The GRAINS-FrESH intercomparison shows that the first device tends to measure higher INP
concentrations at the same temperature. In fact, there is one sample in the GRAINS-FrESH intercomparison
that shows substantial differences between both instruments, KUO20231001, being the INP concentrations
obtained with GRAINS around one order of magnitude higher than those obtained with FrESH. Figure S8,
that contains the individual GRAINS and FrESH INP spectra obtained from each sample, shows that the
behavior in the INP concentration spectra obtained with both devices is mostly the same, but with a shift in
temperature, which may be due to the fact that FrESH does not yet account for a temperature correction of
the wells of the PCR plates. In general, there is an increased scattering of the data for lower INP
concentrations, while the opposite occurs for higher INP concentrations, where most of the data is closer to
the 1:1 line. For these samples, Figure S8 shows that the behavior of the freezing spectra obtained with the
two droplet freezing arrays is quite similar and this temperature shift is less pronounced. However, the
temperature difference in the KUO20231001 sample is higher than in the rest of the samples, which causes
larger difference in the comparison of INP concentrations from Figure 4. On the other hand, an early
activation in GRAINS compared to FrESH, which occurs in almost every sample, could be associated with
the size of the droplets in the PCR plates, i.e. 100 pL for GRAINS and 50 pL for FrESH.

For the samples analyzed with INSEKT, the trend between the INP concentrations obtained with GRAINS
and INSEKT is linear, but it deviates from the 1:1 line, especially for higher INP concentrations at lower
temperatures. Still, most of the data are within the region that corresponds to a factor of 5. The INP
concentrations obtained with INSEKT are higher for both samples. This feature can be clearly observed in
Figure S9, which shows the individual INP spectra obtained by each instrument. As in Figure S8, the
activation on GRAINS happens at higher temperatures likely due to the larger droplet volume used or to
the temperature uncertainty. Additionally, Figure S9 shows that the slope of the INP spectra differs for the
KIT20241126 filter at lower temperatures, which corresponds to the data points in Figure 4 that are not
within a factor of 5. These differences are due to the fact that the 225-fold dilution analyzed with INSEKT
deviates from the rest at the beginning of its spectrum. If we discard that part of the 225-fold dilution
spectrum to obtain the complete INP spectrum, differences would reduce to a factor of 2 in this temperature
range. For the KIT20241128 sample, activation occurs 1.5 °C earlier in GRAINS than in INSEKT, but the
shape of the spectra in the overlapping temperatures is very similar for both devices.

Concerning the potential sources of disagreement between GRAINS and FrESH/INSEKT that might be
contributing to the observed differences, there are intrinsic differences in the instruments themselves like
the larger droplet volume in GRAINS compared to the other two devices and differences in the filter
handling. Lower INP concentrations obtained with GRAINS might be caused by the transportation of the
filters, that can lead to loss of highly active INP (Beall et al., 2020). Also, KIT filters analyzed with GRAINS
stayed frozen for a longer time than those analyzed with INSEKT, although storage at -20 °C is expected to
have small changes in INP concentrations (Beall et al., 2020). Nevertheless, the measured INP
concentrations are in general within a factor of 5, which can be considered as acceptable.

Figure 5 shows the comparison of the INP concentrations obtained with GRAINS, INSEKT and PINE for
the different dust particles sampled from the AIDAd chamber, that was used as an aerosol reservoir,
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following the methodology explained in Section 3.3. As in Figure 4, the 1:1 line and a factor of 5 have been
plotted together with the experimental data. In this case, the agreement between INSEKT and GRAINS is
better than for the ambient samples (Figure 4), with most data following the 1:1 line. In fact, 98 % of the
INP concentration data fall inside the region delimited by a comparison factor of 5, whereas 72 % of the
data are within a factor of 2, showing good agreement between GRAINS and INSEKT. For the comparison
of GRAINS and PINE, 62 % of the INP concentration data fall inside the region delimited by a factor of 5,
being affected by the values obtained for K-Feldspar, that differ by more than two orders of magnitude. For
this experiment, the INP concentration was likely too high for the offline techniques, and a higher dilution
should have been applied. Figure S10 shows the ns spectra obtained with the three instruments. For the
calculation of the total surface area necessary to obtain ns from INP data, we applied a lognormal fit of the
size distribution, as done in similar studies (e. g. Hiranuma et al. 2015), which was obtained with a
combination of measurements from the Scanning Mobility Particle Sizer (SMPS) and the APS that operated
at AIDAd. As shown in Figure S10, activation in GRAINS happens at higher temperatures likely due to the
larger droplet size compared to INSEKT. Figure S10 shows that, in general, the ns spectra obtained with
INSEKT spans a wider temperature range compared to the ns spectra obtained with GRAINS. This feature,
more evident for the ATD sample, is due to the fact that during the GRAINS experiments there was some
contamination of the ultrapure water used to wash the filters. This caused the water background corrected
values of the third dilution to be very similar to the water background, so they had to be discarded. Still,
the ns spectra obtained with both droplet freezing arrays show similar values for the overlapping
temperatures. The comparison of GRAINS and INSEKT with PINE shows better agreement for SDSA01
and Saharan Dust than for ATD, and with the largest differences for K-Feldspar, likely due to the ice activity
of the sample, resulting in lower ns values. For SDSAOQ1, INP concentration values obtained with PINE
(ranging from -18 to -28 °C) overlap with the INP spectra from GRAINS and INSEKT, with some deviation
at around -19 °C. For Saharan Dust, ns spectra from PINE cover the temperature range from -18 to -29 °C.
For the overlapping temperatures with the droplet freezing arrays (-19°C to -23°C) the trend of the three n
spectra is quite similar, but the values from PINE are higher than the ones obtained with INSEKT and
GRAINS, with differences of around one order of magnitude. For ATD this feature is more evident, since
ns values from PINE and INSEKT differ more than one order of magnitude for the lower temperatures (< -
22 °C). This shows the opposite behavior to what was studied in Lacher et al. (2024) for ambient samples,
where INP concentrations obtained with online instruments were mostly lower than those obtained with
offline techniques. Nevertheless, for higher temperatures in the ATD n; spectra (from -17.5 °C to -22 °C),
the ns values from PINE, INSEKT and GRAINS are in agreement. Figure S10 also shows parametrizations
reported in the literature for ATD (Niemand et al. 2012 — N12), K-Feldspar (Atkinson et al. 2013 — A13)
and dust (Niemand et al. 2012 — N12; Ulrich et al. 2017 — U17). In general, the slopes of the ns spectra for
ATD, SDSAO01 and Saharan dust follow the same trend as the dust parametrizations, but the experimental
data shows slightly lower values of ns, especially for both droplet freezing arrays. For K-Feldspar the two
spectra overlap for the majority of the temperature range, but PINE ns values are larger than the ones
obtained with the two droplet freezing arrays, by more than two orders of magnitude. In fact, PINE data
shows n, values similar to those corresponding to the A13 parametrization, whereas INSEKT and GRAINS
show the same slope of the spectra as the parametrization by Atkinson et al. (2013), but with a difference
of two order of magnitude in the values. This could be due to the fact that the working principle of INSEKT
and GRAINS assumes that there is a single INP per droplet in the PCR wells (Vali, 2019), and since K-
Feldspar is a highly ice-active substance the ns obtained with both droplet freezing arrays could be
underestimated. Another possibility could be that the ice nucleation activity of K-Feldspar is degraded due
to being immersed in water. This is something observed by Harrison et al. (2016), although the degradation
occurred after the sample was immersed in water for months. Also, Kumar et al. (2018) stated that when
K-Feldspar is immersed in water there are interactions between the water and the sample’s surface, which
could explain the difference between the ice nucleation ability obtained with droplet freezing arrays
compared to PINE and the A13 parametrization. Apart from the case of K-Feldspar, the results shown in
Figure 5 and Figure S10 confirm the similarity of the two droplet freezing arrays and the PINE instrument,
confirming that GRAINS can reproduce the freezing behavior of mineral dust samples when compared to
INSEKT and PINE.
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Figure 5. INP concentration obtained with GRAINS compared to INP concentration obtained with INSEKT and PINE
for the different dust particles sampled from the AIDAd chamber. The black solid line represents the 1:1 line and the
black dashed lines represent a factor of 5 between INP concentrations. Filled markers (hollow markers) correspond to
data points inside (outside) 95 % confidence interval of the 1:1 line, based on Agresti and Coull (1998). Uncertainties
(shown every 6™ data point for the INSEKT/GRAINS comparison and every 3™ data point for the PINE/GRAINS
comparison) were obtained by evaluating the analytical expression of the INP concentration at the lower and upper
confidence limits of the frozen fraction, which were calculated based on Agresti and Coull (1998) for
GRAINS/INSEKT and as a combination of a 10% of the INP concentration and the square root of the number of ice
crystals for PINE.

4.3 Study of sampling and extraction methods for different filter substrates

In addition to the performance of GRAINS, both the filter substrate and the extraction method might
influence the measured concentration of INPs in ambient samples. In this section, we evaluate the suitability
of polycarbonate and quartz filter substrates, as well as two different extraction methods applied to the
quartz filters. To do so, we make use of polycarbonate and quartz filter samples collected simultaneously
at UGR urban background station (see Section 3.4 for further details). Figure 6 shows the average INP
concentration spectra for each sampling method for the whole measurement period, where the shaded areas
correspond to the standard error of each average spectrum. Overall, the freezing spectra derived from the
three methods agree at temperatures above -15 °C, and measurements are mostly within standard error. In
the range -10 to -7.5 °C the INP concentrations derived from the Quartz methods are lower than those from
the Polycarbonate method. When looking at the individual spectra in Figure S11 one can see that this feature
is present during some specific days of the sampling period, where most of them correspond to pollution
days and others to dust events. At temperatures below -15 °C, differences between the Quartz punch washed
and the Polycarbonate methods are observed. Figure 6 (and specific spectra from Figure S11) shows that
the spectrum obtained from the polycarbonate filters tends to activate at higher temperatures (approximately
2 °C). This might be related to the fact that no aerosol size-cut was used to sample these filters, whereas
the quartz filters were sampled using a PM10 inlet. Therefore, INP concentrations at higher temperatures
could be related to the presence of larger particles on the polycarbonate filters, that are known to be highly
efficient INPs (Chen et al., 2021; DeMott et al., 2009; Knopf and Alpert, 2023). However, due to the inlet
design the presence of particles larger than 10 pm is not large, even under dusty conditions, so the
differences might be related to the extraction efficiency of coarse mode particles depending on the filter
type. Nevertheless, this should be tested with standard aerosol particles in the laboratory to confirm the
hypothesis. Still, maximum absolute differences at -20 °C are around 0.12 L"! between Quartz punch washed
and Polycarbonate methods, and around 0.05 L*! between the Quartz 96-punch and Polycarbonate methods.
Since the INP concentrations from the Quartz 96-punch and Quartz punch washed methods are obtained
from the same filter, it is expected that the differences between these two methods are small. In fact,
maximum differences in INP concentration between these two methods are around 0.09 L' at -20 °C. Lacher
et al. (2024) reported that lower INP concentrations in polycarbonate filters can be explained by the fact
that maybe not all particles are released during the washing of polycarbonate filters, but they did not find
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any substantial differences when comparing polycarbonate filters with quartz filters (Quartz 96-punch
method). Next to different sampling locations, the filters from Lacher et al. (2024) were collected at a
mountain site in central France and thus likely contained different particle types, they only compared four
samples and here we extend the comparison to 27 samples.

The individual comparison of the INP concentrations (shown in Figure S11) involved in the average from
Figure 6 shows that the agreement between methods differs from day to day, which could originate from
the nature of the particles in the sample. To assess this, we identified the dominant particle type on each
sampling day based on aerosol optical and microphysical properties measured at the same station. We have
analyzed the equivalent black carbon concentration (eBC), the ratio of concentration of fine and coarse
particles, the scattering coefficients and the scattering Angstrdm exponent (SAE) at the surface, which are
shown in Figure S12. The analysis of the optical properties revealed that the majority of the sampling days
corresponded to pollution days, with a few cases of cleaner/background conditions at the station.
Additionally, there are several dust events and a biomass burning event (transported from Portugal)
happening in the measurement period. Even though the city of Granada is near the Mediterranean Sea, the
orographic situation limits the contribution of marine aerosol to the aerosol population (Titos et al., 2012;
Titos et al., 2014), so the results shown are only representative of these aerosol conditions. We found that
there is a general good agreement for most pollution events, with some differences during specific days
where the INP concentration from the Polycarbonate method shows larger values at high temperatures. The
biomass burning event shows a very good comparison of the three methods, as happened in most of the
pollution days. For background conditions, there is also good agreement between methods apart from one
day where the Polycarbonate method shows systematically lower INP concentrations. Lastly, concerning
dust events, the comparison of the three methods shows different levels of agreement depending on the day.
When the dust concentration is very high, we find that there is some disagreement between the methods at
high temperatures, with higher INP concentrations for the Polycarbonate method. Even though this might
be related to the differences in size cutoff in the sampling line, which can be especially relevant for dust,
we did not observe a large contribution of particles larger than 10 um in diameter in the size distribution
measurements, so these differences might be related to a more efficient extraction of the dust particles with
polycarbonate filters compared to quartz filters. Overall, results presented do not seem dependent on aerosol
type and might be of general applicability under the specific aerosol conditions covered in this study
(pollution/biomass burning, background conditions and dust events). However, since dust particles might
differ from one event to another, further characterization of the methods with dust particles that are well
characterized in size and chemical composition is necessary.

e Polycarbonate
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Figure 6. Comparison of the different methods for sampling and analyzing INP. Data shown correspond to the average
of the individual spectra. Shaded area represents the standard error of each method.
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Since the Polycarbonate method is the most common method for studying INP concentrations in the
atmosphere in an offline manner (e.g., Barry et al., 2021; Chen et al., 2021; Gong et al., 2022; Schneider et
al., 2021) it will be considered as the reference method for the following statistical analysis. We have
calculated the root mean squared errors (RMSE) of the Quartz 96-punch and Quartz punch washed methods
with respect to the Polycarbonate method, as well as the Quartz 96-punch method with respect to the Quartz
punch washed method, obtaining RMSE of 0.012, 0.036 and 0.024, respectively. The absolute differences
between the techniques are low but dependent on the temperature (see Figure S13). Ratios of the Quartz
punch washed and the Polycarbonate methods range between 0.5 and 2.5, with an average factor (through
all temperatures) of 1.30. For the comparison of the Quartz 96-punch and the Polycarbonate methods, the
ratio ranges between 0.5 and 1.5, with an average of 0.95. Therefore, the three methods show good
agreement between each other, indicating that quartz filters, typically used for chemical analysis, could
potentially be used to extend global coverage of INP measurements. Still, further laboratory measurements
are necessary to fully test the method with additional particle types, as the current study only covers some
specific aerosol conditions, mainly with presence of pollution particles and dust.

To observe the data in a more complete way for the entire measurement period, Figure 7 represents the INP
concentrations obtained from the quartz filters with respect to the one obtained with the polycarbonate
filters. The color scale is representative of the temperature at which each INP concentration is obtained. In
general, the INP concentrations obtained are close to the 1:1 line, with 88 % of the data points within a
factor of 5 for the different methods. Both panels in Figure 7 also show some deviation depending on the
temperature range. At higher temperatures, the data mostly fall within the confidence intervals. These
values correspond to the temperatures at which the acrosol particles start to activate, and from the individual
spectra used to obtain Figure 6 we have observed that this activation temperature changes depending on the
sample analyzed, being higher for the polycarbonate filters than for the quartz filters. Also, in both panels
of Figure 7, there are constant values in the INP concentrations from quartz filters for varying INP
concentrations from polycarbonate filters. Rather than coming from one specific sample, these values are a
combination of several INP spectra from quartz filters that present constant values. This is due to the fact
that the number of frozen samples can stay constant for a changing temperature, leading to a flat INP spectra
(see for example the UTO INP spectra in Figure S8). As the temperature decreases, the trend of the data
does not exactly follow the 1:1 line, but shows a steeper slope. This was expected by looking at Figure 6,
where the average INP concentrations obtained with the quartz samples were higher than those obtained
with the polycarbonate samples. According to Conen et al. (2012), the fibers from quartz filters do not
contribute to the INP concentration at temperatures higher than -12 °C. On the other hand, from Harrison
et al. (2019) one could expect that the quartz fibers could act as INP at lower temperatures, and this could
explain the differences observed in our results for the Quartz methods as compared to the Polycarbonate
method. However, as observed in Figure S5, the average frozen fraction curves of the handling filters (6
experiments per method) show lower values for both Quartz methods, so in our case it seems that there is
very little contribution of the quartz fibers to the total INP concentration, as extracted from Figures 6 and
S11. Still, the background signals of the filters should always be analyzed to guarantee the accuracy of the
INP measurements.

Figure S14 shows boxplots of the absolute and relative differences of the INP concentration of quartz filter
methods compared to the Polycarbonate method at twelve different temperatures, ranging from -18 °C to -
7 °C in steps of 1 °C. Since the extreme temperatures (-5 °C and -22 °C) might not be representative for all
the samples (some samples might activate at temperatures below -5 °C or reach maximum INP
concentrations at temperatures above -22 °C), we have only considered temperatures for which there is a
sufficient number of samples (Figure S14). As anticipated, Figure S14 shows that the median of the absolute
differences in INP concentration increase with decreasing temperature. For relative differences this increase
is also present for temperatures between -12 °C and -18 °C, but at higher temperatures the relative
differences reach very high values due to the small values of the INP concentrations at these temperatures.
Even though there is a clear increase in the differences in INP concentration, this increase is more
pronounced when comparing the Quartz punch washed with the Polycarbonate method, especially for
absolute differences. In fact, absolute differences between the Quartz punch washed and Polycarbonate
methods at low temperatures can reach the same order of magnitude as the INP concentration itself. This is
something that was already observed in previous intercomparison studies (DeMott et al., 2025), where
differences between INP spectra reached up to one order of magnitude, which can have an impact on model
predictions (Phillips et al., 2003).
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Figure 7. INP concentrations obtained with the Quartz 96-punch method (a) and the Quartz punch washed method (b)
compared to the INP concentrations from the Polycarbonate method. Color bar represents the activation temperature
for the measured INPs. The black solid line represents the 1:1 line, the gray solid line corresponds to the confidence
interval based on Agresti and Coull (1998) and the black dashed lines correspond to a factor of 5.

Figures 6, 7 and S14 show that the three methods present no differences (mostly within standard error) at
temperatures higher than -15 °C. However, the methods start to show differences towards lower
temperatures, with INP concentration values obtained with the Quartz punch washed and Quartz 96-punch
higher than those obtained with the Polycarbonate method. These differences could be related to the
contribution to the INP concentration of quartz fibers, but from the frozen fractions of the handling filters
for each method (Figure S5) we do not expect this to be the cause. Another reason could be that the INP
concentration obtained with the Polycarbonate method might be underestimated due to sampling losses or
due to an inefficient particle extraction during the filter washing for some types of particles. Still, at lower
temperatures there are fewer individual spectra involved in the final averages because of the ice nucleation
ability of the individual samples, so further laboratory studies with different types of particles are necessary
to evaluate the differences between methods in a broader temperature/concentration range. Nevertheless,
there seems to be good correlation between both data sets throughout the entire temperature range measured
in this study. We have calculated Spearman’s correlation coefficient, obtaining values of 0.910 for the
Quartz 96-punch and Polycarbonate data sets, and of 0.906 for the Quartz punch washed and Polycarbonate
data sets (p < 0.05). Therefore, the methods are clearly related, with a slightly higher positive correlation
between the Quartz 96-punch method and the Polycarbonate method. Again, these differences between the
substrates need to be investigated in more detail, by sampling well-known particles that are characterized
in composition and size. This would potentially allow to extend the existing INP database by using standard
PM10 quartz filters that are commonly and regularly sampled at many atmospheric observatories, allowing
a more comprehensive characterization of atmospheric ice nucleation in different environments. Also, the
Quartz punch washed method is less time consuming than the Quartz 96-punch method reducing
operational costs at the laboratory. Additionally, the Quartz punch washed method allows to perform
dilutions of the sample as for the Polycarbonate method, so it could become a better option for analyzing
INP concentration in Quartz filters, due to the extension of the concentration range towards lower
temperatures.

5 Conclusions

This study presents the development, characterization and validation experiments of a new droplet freezing
array deployed in the AGORA Observatory in Southern Spain, the GRAnada Ice Nuclei Spectrometer
(GRAINS), which is based on the design of the Colorado State University Ice Spectrometer (CSU-IS). After
conducting experiments to accurately determine the temperature measurements in GRAINS, we report a
temperature uncertainty below 0.5 °C. In order to test the performance of GRAINS, we have applied
different approaches, consisting of comparing the ice nucleation ability of well-known samples to the INP
concentrations obtained with GRAINS. First, we confirmed that GRAINS is capable of consistently
reproducing the freezing spectra of NX Illite, a mineral powder that was used as a sample for
intercomparison studies of immersion freezing devices before. Experiments were performed using two
different aerosol generation methods: direct wet suspension and dry dispersion with atomization of the
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particles and subsequent filter sampling. Despite differences in sample generation and mass concentration,
the density of ice nucleation active sites (ns(T)) obtained with GRAINS showed good reproducibility and
is within the range reported by other instruments in the literature and parametrizations proposed for NX
Illite. Then, the ability of GRAINS to characterize ambient samples was evaluated through a comparison
with two well-established droplet freezing arrays: the Freezing Experiment Setup Helsinki (FrESH) and the
Ice Nucleation Spectrometer of the Karlsruhe Institute of Technology (INSEKT), which is also a re-built
of CSU-IS. Overall, the INP concentration spectra obtained with GRAINS are in agreement with those
obtained with FrESH and INSEKT, with 83 % of the data falling within the region delimited by a
comparison factor of 5, which is satisfactory given the differences in the protocols of the immersion freezing
devices, such as droplet volume or cooling rate, as well as the transportation of filters and filters handling.
To finalize with the evaluation of GRAINS, it was also compared with INSEKT and with the Portable Ice
Nucleation Experiment (PINE) by evaluating the ice nucleation ability of dust particles sampled from the
AIDAd (Aerosol Interaction and Dynamics in the Atmosphere — dynamic) chamber. Experiments were
conducted using two commercially available dust samples, ATD and K-Feldspar, and two dust samples
from the Sahara Desert and from South Africa. Again, the measurements from GRAINS showed good
agreement with INSEKT and, in most cases, also with PINE. In this sense, the ns of K-Feldspar differed in
two orders of magnitude between PINE and the droplet freezing arrays, probably because the offline
methods underestimate the ice nucleation ability of this highly active sample. Still, further study is
necessary to understand these differences.

Furthermore, we have used GRAINS to evaluate different sampling and particle extraction methods to
determine the INP concentration in the atmosphere. The Polycarbonate method, the most common, consists
of sampling particles on polycarbonate filters and then washing them in ultrapure water. The other two
methods involved sampling quartz filters, commonly used for chemical analysis. The Quartz 96-punch
consists of punching the filter 96 times with a biopsy punch of 1 mm of diameter and placing each punch
into one PCR plate well filled with ultrapure water. The Quartz punch washed method consists of punching
a larger region of the quartz filter (1 cm of diameter) and then washing it in ultrapure water similarly to the
Polycarbonate method. The results show consistency among the three methods, especially at high
temperatures (> -15 °C), where the absolute differences are smaller and within the standard error. At lower
temperatures, the discrepancies increase slightly, being most noticeable in the Quartz punch washed method
compared to the Polycarbonate method, from which higher INP concentrations are derived. These
differences could be related to the possible contribution of fiber quartz to the measured INP concentration,
although based on the blank filters of the Quartz method this is unlikely, and to a possible underestimation
of the INP concentration with the Polycarbonate method, either due to sampling losses or due to particle
extraction efficiency during filter washing, although to confirm this, further laboratory tests should be
performed. Statistical analyses revealed Spearman’s correlation coefficients of 0.910 (Quartz 96-punch and
Polycarbonate) and 0.906 (Quartz punch washed and Polycarbonate), so despite the differences observed,
the high positive correlation indicates that the three methods provide consistent information on the INP
concentrations. Still, more experiments regarding the different sampling substrates should be conducted
involving different types of particles that cover a wider range of INP concentration and thus, temperature.
This is especially necessary given the fact that the results in this study are only representative of some
aerosol conditions, mainly involving pollution and dust particles. Laboratory experiments with particles
that are well characterized in composition and size would shed further light on the differences between the
different methods evaluated here. With this, the Quartz punch washed method could become a good
alternative to evaluate the INP concentration from quartz filters, as it allows the possibility of performing
dilutions and extend the INP concentration range with a less time-consuming procedure than the Quartz 96-
punch. Furthermore, it allows the use of quartz filters already present in many atmospheric observation
networks dedicated to chemical analysis, thus expanding the potential for INP monitoring without the need
for additional infrastructure. Again, these differences between the substrates need to be further investigated
by sampling well-known particles, so that any potential differences in the INP concentrations can be entirely
attributed to the different methods used.

Overall, these results demonstrate that GRAINS is an accurate instrument for determining INP
concentrations in the atmosphere, similarly to existing offline immersion freezing devices. Furthermore,
we have evaluated that quartz filters, which are commonly used for chemical analysis, can also be used to
determine the INP concentration in the atmosphere, especially when washing a punch of the filter in
ultrapure water because it allows to perform dilutions and extend the concentration range. Even though
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further laboratory studies are needed to evaluate the difference between methods in controlled conditions,
these findings open up new opportunities to expand INP datasets by making use of existing monitoring
networks that already collect quartz filters for other analyses, which would allow a more comprehensive
characterization of atmospheric ice nucleation in different environments.
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