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Abstract. Ice-nucleating particles (INPs) are an essential class of aerosols found worldwide that have far-
reaching but poorly quantified climate feedback mechanisms through interaction with clouds and impacts on
precipitation. These particles can have highly variable physicochemical properties in the atmosphere, and it is
crucial to continuously monitor their long-term concentration relative to total ambient aerosol populations at a
wide variety of sites to comprehensively understand aerosol–cloud interactions in the atmosphere. Hence, our
study applied an in situ forced expansion cooling device to measure ambient INP concentrations and test its
automated continuous measurements at atmospheric observatories, where complementary aerosol instruments
are heavily equipped. Using collocated aerosol size, number, and composition measurements from these sites,
we analyzed the correlation between sources and abundance of INPs in different environments. Toward this
aim, we have measured ground-level INP concentrations at two contrasting sites, one in the Southern Great
Plains (SGP) region of the United States with a substantial terrestrially influenced aerosol population and one
in the Eastern North Atlantic Ocean (ENA) region with a primarily marine-influenced aerosol population. These
measurements examined INPs mainly formed through immersion freezing and were performed at a ≤ 12 min
resolution and with a wide range of heterogeneous freezing temperatures (T s above −31 °C) for at least 45 d at
each site. The associated INP data analysis was conducted in a consistent manner. We also explored the addi-
tional offline characterization of ambient aerosol particle samples from both locations in comparison to in situ
data. From our ENA data, on average, INP abundance ranges from ≈ 1 to ≈ 20 L−1 (−30 °C≤ T ≤−20 °C)
during October–November 2020. Backward air mass trajectories reveal a strong marine influence at ENA with
75.7 % of air masses originating over the Atlantic Ocean and 96.6 % of air masses traveling over open water,
but analysis of particle chemistry suggests an additional INP source besides maritime aerosols (e.g., sea spray
aerosols) at ENA. In contrast, 90.8 % of air masses at the SGP location originated from the North American con-
tinent, and 96.1 % of the time, these air masses traveled over land. As a result, organic-rich SGP aerosols from
terrestrial sources exhibited notably high INP abundance from ≈ 1 to ≈ 100 L−1 (−30 °C≤ T ≤−15 °C) during
October–November 2019. The probability density function of aerosol surface area-scaled immersion freezing
efficiency (ice nucleation active surface site density; ns) was assessed for selected freezing temperatures. While
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the INP concentrations measured at SGP are higher than those of ENA, the ns(T ) values of SGP (≈ 105 to
≈ 107 m−2 for−30 °C≤ T ≤−15 °C) are reciprocally lower than ENA for approximately 2 orders of magnitude
(≈ 107 to ≈ 109 m−2 for −30 °C≤ T ≤−15 °C). The observed difference in ns(T ) mainly stems from varied
available aerosol surface areas, Saer, from two sites (Saer,SGP>Saer,ENA). INP parameterizations were developed
as a function of examined freezing temperatures from SGP and ENA for our study periods.

1 Introduction

Ice-nucleating particles (INPs) are a proportionally rare
population of atmospheric aerosols that assist in the for-
mation of atmospheric ice crystals under ice supersatu-
ration conditions. INPs are present in the Earth’s atmo-
sphere in varying concentrations, ranging from 10−6 to
103 L−1 over wide freezing temperatures, and they come
from both anthropogenic (e.g., manufacturing, transporta-
tion, soot, biomass burning, and agriculture) and natural
(e.g., maritime, terrestrial bacteria, volcanic sulfate, biomass
burning, K-feldspar/mineral, and soil dust) sources (Kanji et
al., 2017). INPs supply surfaces for the deposition and freez-
ing of water vapor and/or cloud droplets, lowering the crit-
ical activation energy for ice germ formation on the surface
and leading to a type of ice formation known as heteroge-
neous freezing (Hoose and Möhler, 2012). In contrast, homo-
geneous freezing, which requires cloud droplets to be cooled
to a temperature of approximately −35 °C (238 K) or below,
occurs in the absence of INPs (Koop and Murray, 2016; Koop
et al., 2000).

Ice formation in climate models is currently a source of
uncertainty in current models, warranting further study of
ice nucleation processes and INPs (Knopf and Alpert, 2023;
Burrows et al., 2022; Forster et al., 2021; Murray et al.,
2021). While the understanding of INPs remains limited, re-
cent advancements have shed light on the various modes of
heterogeneous ice-nucleation in the atmosphere. INPs can
alter the altitude of ice cloud formation and influence nu-
cleation and freezing pathways (Hoose and Möhler, 2012).
For instance, water droplets containing these aerosol par-
ticles freeze at temperatures higher than would be possi-
ble with pure water alone. In particular, immersion freez-
ing processes including a minor contribution of condensa-
tion freezing predominate over 85 % of atmospheric hetero-
geneous freezing (Hande and Hoose, 2017; Westbrook and
Illingworth, 2011). Other nucleation pathways include depo-
sition nucleation (and/or pore condensation freezing) (David
et al., 2019; Marcolli, 2014) and contact nucleation (Ladino
Moreno et al., 2013; Fornea et al., 2009; Durant and Shaw,
2005). Secondary ice formation processes may also lead to an
increase in atmospheric ice crystals (e.g., Korolev and Leis-
ner, 2020; Sullivan et al., 2018; Field et al., 2017) but will
not be addressed in this report.

This study reports the automated continuous measure-
ments of ambient INP concentrations in comparison to of-

fline INP abundance measurements in a wide range of
heterogeneous freezing temperatures from two field cam-
paigns, including Examining the Ice-Nucleating Particles
from Southern Great Plains (ExINP-SGP; https://www.
arm.gov/research/campaigns/sgp2019exinpsgp, last access:
11 March 2024) and Examining the Ice-Nucleating Parti-
cles from Eastern North Atlantic (ExINP-ENA; https://www.
arm.gov/research/campaigns/ena2020exinpena, last access:
11 March 2024). The goals of this study are to quantify INPs
continuously measured for > 45 d at the two ground obser-
vatories located in unique ambient conditions (i.e., predom-
inantly terrestrial and marine-influenced sites) and to under-
stand the properties of immersion-mode INPs with respect
to the origin of air mass and ambient aerosol properties (i.e.,
number and surface area concentrations, as well as chemi-
cal composition). These two sites are operated by a United
States Department of Energy (DOE) Atmospheric Radiation
Measurement (ARM) program.

The Southern Great Plains (SGP) site in the central United
States is influenced by terrestrial and local anthropogenic
sources (Liu et al., 2021; Fast et al., 2019; Logan et al., 2018;
Sisterson et al., 2016; Parworth et al., 2015; Wang et al.,
2006). A recent study showed that airborne aerosols at the
SGP site consist of complex mixing states, with findings in-
dicating that up to 23 % of the aerosol mass is composed
of an insoluble fraction (Kulkarni et al., 2023). The past
two ground-based campaigns that investigated INP concen-
trations (nINP) at this site are reported in DeMott et al. (2015)
and Knopf et al. (2021). DeMott et al. (2015) measured nINP
with a continuous flow diffusion chamber in May and June
2014 and found nINP of ≈ 0.1 to 164.3 L−1 in the freezing
temperature range of −14.9 to −32.4 °C. The authors pos-
tulated contributions of regional agricultural soil and long-
range biomass burning material in aerosols to the INP bud-
get. Knopf et al. (2021) measured nINP using a continuous
flow diffusion chamber (CFDC; DeMott et al., 2010) and a
Portable Ice Nucleation Experiment chamber (PINE; Möh-
ler et al., 2021). In part, the authors confirmed the detec-
tion of about 1 to 100 standard INPs per liter for freezing
temperatures between −20 to −30 °C and extended the INP
analysis over a single day in October 2019 to better incorpo-
rate nINP into climate models via the closure study. Knopf et
al. (2021) also found organic carbon in all particles examined
as part of the study. Additional offline INP characterizations
are underway to specify the source of organic compounds
(soil-derived, biogenic, or secondary).
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To contrast with the primarily terrestrial nature of the SGP
site, here we also report results from another DOE-ARM
site in the Azores on Graciosa Island, referred to through-
out as the Eastern North Atlantic (ENA) site. There are few
INP measurements from the temperate oligotrophic Atlantic
Ocean and only one at the ENA site, leaving a potential
knowledge gap and increasing model uncertainty in the re-
gion. The unique prior offline INP measurements were taken
on a single-particle basis for the samples collected during
short intensive operating periods (i.e., two days and two
nights) in the Azores as part of the Aerosol and Cloud Ex-
periments in the Eastern North Atlantic (ACE-ENA) study
in 2017 and 2018 (Knopf et al., 2022). This study demon-
strated that fresh sea salt and organics, as well as a compre-
hensive mixture of aged sea salt combined with other com-
ponents like dust, sulfur, and organics, serve as sources for
deposition-mode active INPs within a temperature range of
−42 to −63 °C. This result indicates that there is a partial
maritime origin for INPs active in deposition-mode ice nu-
cleation. There are several studies on aerosol physicochemi-
cal properties (Zheng et al., 2022; Y. Wang et al., 2021; Za-
wadowicz et al., 2021; Gallo et al., 2020; Zheng et al., 2018),
air mass origins (Wang et al., 2020; Véron and Church,
1997), and cloud condensation nuclei (Wood et al., 2017) at
ENA. These studies indicate a site with strong marine in-
fluence with the majority of aerosols classified as boundary
layer sea spray aerosols (SSAs) (J. Wang et al., 2021), with
some also including continental dust and/or anthropogenic
aerosols (Véron and Church, 1997).

Marine SSAs, produced during jet spray and wave break-
ing (Wang et al., 2017), contain INPs (Brooks and Thornton,
2018; Wilson et al., 2015; Andreae and Rosenfeld, 2008).
The bubble-bursting process aerosolizes the organic material
found in the underlying seawater and particularly the mate-
rial found in the sea surface microlayer, forming organic- and
salt-rich SSA. SSAs containing marine organic material are
well-known and globally assumed to be a potential source of
INPs (Vergara-Temprado et al., 2017; Burrows et al., 2013).
SSAs may dominate the aerosol populations at sites with
strong marine influences and possible anthropogenic inputs,
as well as the local land contribution. Complementary INP
measurements at ENA are desired to extend the characteri-
zation of INPs to cover the mixed-phase cloud regime (i.e.,
≈−5 to −30 °C) for a prolonged period and INP parameter-
ization, which motivated our ≥ 45 d INP measurements.

Due to the distinctiveness of the ENA measurement site
and the lack of comparable studies, the INP characterization
methods verified at SGP were consistently employed at ENA
for a longer period (≈ 6 months) than at SGP. The resulting
INP data from both sites were processed and analyzed in a
consistent manner to elucidate INP sources and abundance in
different environments and set a basis for long-term INP data
processing and analysis at more remote locations in the fu-
ture. The high-time resolution data, time-averaged data, and
temperature-binned data products here provide first-of-its-

kind information about INPs that could be useful for global
climate models to reduce the uncertainties associated with
current aerosol measurements (Murray et al., 2021).

2 Methods

2.1 Study sites and measurement periods

The locations of the two sampling sites, as well as the
ground-level wind properties at each location, are shown in
Fig. 1. The study locations are chosen for their unique and
distinct conditions suitable to operate our in situ device and
to test the autonomous monitoring of ambient INP concentra-
tions through the network at stationary observatories, where
stable power and network supplies, as well as additional
aerosol physicochemical baseline data, are available. More
than a dozen instruments are present at both sites and col-
lect continuous data of aerosol and cloud properties. Many
of the same instrument models are used at observatories in
both sites. A list of instrumentation and models used for this
paper can be found in Table S1 in the Supplement, Sect. S1.

The SGP site is located in Oklahoma at 36°36′26.36′′ N,
97°29′15.51′′W. This site is surrounded by farmland, with
the nearest major city, Tulsa, being 187 km away (Sisterson et
al., 2016). Sampling activities at the SGP site took place from
1 October to 15 November 2019 (UTC). The SGP site is the
oldest DOE ARM site, established in 1992 as the first Clouds
and Radiation Testbed (CART; Stokes and Schwartz, 1994).
The nearest large water body is the Gulf of Mexico, and any
marine aerosols would be transported and mixed with con-
tinental aerosols. The site has distinct seasons and variable
wind sources (Sisterson et al., 2016; Stokes and Schwartz,
1994).

The ENA site is located in the Azores at 39°5′29.76′′ N,
28°1′32.52′′W (Wood et al., 2015). While measurements
were made at ENA from 1 October 2020 to 28 March 2021
(UTC), the analysis here will focus on sampling from the au-
tumn period from 1 October to 30 November 2020, UTC).
Although ENA is 1500 km from the nearest continental land
mass, Saharan dust has been observed at the site (Logan
et al., 2014). Entrainment and transport of large quantities
of Saharan dust by the Azores High is the primary method
of transportation of dust across the North Atlantic Ocean
(Doherty et al., 2008). It should be noted that the center of
the Azores High is not necessarily centered over the Azores
themselves but is known to vary (Mächel et al., 1998). How-
ever, the ENA site does show a strong influence from the
Azores High (Rémillard and Tselioudis, 2015), which can
entrain Saharan dust and bring this material to ENA.

Although there are small towns on islands in the Azores,
most of the influence at the ENA site is marine (Wood et
al., 2015). Possible anthropogenic influence comes primar-
ily from transportation, as the sampling site is near the is-
land’s airport to the north, and the road to the south has
large fire trucks traveling across it multiple times daily on
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Figure 1. The two DOE ARM site locations: the SGP site is located in Oklahoma in the United States, and the ENA site is located on
Graciosa Island in Azores. The wind speed and direction distributions during the ExINP-SGP and ExINP-ENA campaigns are shown by the
wind roses. The color scale of wind roses represents the wind speed observed at ground level.

the way to the airport. There are generally two to three
flights arriving and departing to and from Graciosa each day,
but the schedule was not consistent across the sampling pe-
riod, so anthropogenic influences, which typically introduced
aerosol spikes, were determined from black carbon levels us-
ing methods described in Sect. 2.5.2.

Aerosol particles for online and offline INP measurements
were collected through similar quasi-laminar flow, 5.5 m
height inlets constructed with aluminum pipes at the sam-
pling sites (6 and 4 in. diameter pipes at SGP and ENA, re-
spectively). At the SGP site, the stack inlet was also topped
with a total suspended particle (TSP) inlet, and the INP
measurement and sampling activities were performed in the
guest instrument facility (GIF). Similarly, aerosol inlets were
capped with a TSP inlet, and samples were drawn through
the inlet into a dedicated air-conditioned sampling trailer at
ENA. More information on the inlets used at the two sites
and their inlet particle loss data can be found in Sect. S2.

2.2 Ice-nucleating-particle-concentration measurements

At both the SGP and ENA sites, the similar measurement
setup described in Sect. 2.2 was used for online measure-
ments of nINP as a function of temperature (nINP(T ), per liter
of air) and aerosol particle sampling activities. Online INP
measurements and aerosol particle sampling activities for of-
fline INP measurements were made concurrently, although
the time resolution, as well as the examined freezing temper-
ature range, was different.

2.2.1 Portable ice nucleation experiment chamber

The nINP values were measured at both sites with PINE ver-
sion 03 (Bilfinger Noell GmbH, PINE-03 hereafter) (Möhler
et al., 2021). PINE-03 is capable of measuring but not dis-
tinguishing between both immersion-mode and deposition-
mode freezing events. At ENA, the stack inlet was connected
to PINE-03 via a 3/8 in. internal diameter copper pickup
tube. Sampling to PINE-03 at SGP was conducted through
a similar stack inlet connected to a 3/8 in. internal diameter

copper pickup tube. At SGP, these activities were carried out
at the ARM guest instrument facility.

PINE-03 operates by cycles of flushing ambient dried air
through a cooled chamber and subsequently forced air vol-
ume expansions of the sampled air within the chamber. Dur-
ing the expansions, the sample gas temperature and pressure
are continuously reduced to create supersaturated conditions
with respect to ice and liquid water. This virtual expansion
triggers ice nucleation in the presence of INPs. Particles ex-
iting the chamber pass through an optical particle counter
(OPC; fidas-pine; Palas GmbH), and ice crystals are differ-
entiated from smaller aerosol particles and/or water droplets
on the basis of their optical size. In our typical measurement
operation, the air gas set-point temperature to examine het-
erogeneous freezing in the chamber was changed between
−10 and −31 °C at SGP and between −14 and −31 °C at
ENA. The time resolution of such a temperature cycle was
approximately 2 h, and thereby the 6 h time-averaged PINE-
03 data represent nINP(T ) from three temperature cycles.

At SGP, the chamber was flushed with ambient air through
the stack inlet for 300 s at a volumetric air flow rate of
2 L min−1, followed by an expansion with 3 L min−1 of
pump flow to a 750 mbar internal pressure and a refill with
ambient air at 2 L min−1 back to ambient pressure. At ENA,
the chamber was flushed at 2 L min−1 for 600 s, followed
by expansion with 3 L min−1 of pump flow to an 800 mbar
internal pressure, and then refilled at 2 L min−1 to ambient
pressure. With the flushing conditions at both ENA and SGP,
we ensured that the replaced population of aerosol particles
in the vessel was measured in each run. PINE-03 was also
cleaned with a daily cleaning cycle where filtered ambient
dry air was flushed through the chamber until no particles
were detected anymore with the OPC during the expansion
mode.

The calibration of PINE-03 is described in Sect. S3. More-
over, the instrument was defrosted every 3 months using
methods described in Sects. S4 and S5. A leak test (as de-
scribed in Sect. S6) was performed several times during the
sampling period, and a vibration test (Sect. S7) was per-

Atmos. Chem. Phys., 24, 5433–5456, 2024 https://doi.org/10.5194/acp-24-5433-2024



E. K. Wilbourn et al.: Measurement report: Ground-level INP abundance at SGP and ENA 5437

formed at ENA. These procedures and tests ensure that no
internal ice crystals formed and could have led to a high-bias
in nINP.

The nINP values normalized to a unit volume of sampled
air were calculated from PINE-03 data following the method
described in Möhler et al. (2021). The concentration of INPs
measured with PINE-03 (nINP, standard per liter of air) is
calculated using the following equation:

nINP (T )=
1Nice

Fem1tem
=
1Nice

Vem
, (1)

where 1Nice is the count of ice crystals measured with the
OPC, Fem is the volume of expansion (Vem) divided by the
duration of the expansion, and1tem is the duration of the ex-
pansion. More detail on PINE-03 data analysis can be found
in Sects. S8 and S9, and information on the systematic and
statistical error inherent in PINE-03 measurements can be
found in Sect. S10. We note that the time resolution of one
expansion at SGP is approximately 8 min and at ENA ap-
proximately 12 min due to the longer flush time. The pro-
longed flushing helps PINE-03 to exchange the air mass in
the vessel and avail unexamined air for the consecutive ex-
pansion. Please see Möhler et al. (2021) for more information
about PINE-03. It is also noteworthy that the minimum tem-
perature measured during the expansion represents the tem-
perature for nINP for each run in this study.

2.2.2 Collection of aerosol particles on filters for offline
INP analysis

Aerosol particle samples were collected at both ENA and
SGP using a single-stage filter impactor on cleaned 47 mm
polycarbonate filters (Whatman Nuclepore, 0.2 µm pore
size). For cleaning, filters were soaked in 0.05 vol % hydro-
gen peroxide and dried at room temperature prior to sample
collection to remove any preexisting organic contaminants,
and blank filters were also periodically collected at each
sampling site. Filters were collected for approximately 4 d
at around 7–10 L min−1 (see Sect. S11 for exact filter sam-
pling periods and airflow information). Filters were stored in
sealed, sterile petri dishes at −20 °C prior to analysis (other
than during sampling and transportation, which took up to
14 d in total), which occurred no more than 12 months after
collection.

Filters from ENA were analyzed using the West Texas
Cryogenic Refrigerator Applied to Freezing Test (WT-
CRAFT) instrument (Vepuri et al., 2021). Taking into
account the expected particle concentration, filters were
placed in a calculated volume of HPLC-grade water (Sigma
Aldrich) in sterile tubes (15 mL, VWR International LLC),
shaken for 5 min to liberate particles, and allowed to stand for
1 min. Samples were placed onto an aluminum plate coated
with clear petroleum jelly (70 droplets, 3 µL volume each)
and placed into the cryocooler. A video was recorded as the
samples were cooled at a rate of 1 °C min−1 and analyzed

in 0.5 °C increments to determine the fraction of droplets
frozen. A complete dataset includes data from 0 to −25 °C.
Although the cryocooler is capable of reaching temperatures
below −25 °C, using data from this range ensures that we
only include data that can be attributed to immersion-mode
freezing events without artifacts (see Sect. S11). The lowest
calculated nINP was reported at each 0.5 °C increment to pre-
vent overestimation of nINP (Vepuri et al., 2021). Our HPLC-
grade water is virtually INP-free at −25 °C (Wilbourn et al.,
2023a). Data from WT-CRAFT have a minimum INP detec-
tion limit of 0.001 L−1. The temperature uncertainty for WT-
CRAFT is±0.5 °C with a 23.5 % uncertainty in nINP (Vepuri
et al., 2021). A 95 % confidence interval was calculated for
each 0.5 °C data point as described in Schiebel (2017), and
the analysis of blank filters is discussed in Sect. S11.

Filters from SGP were analyzed with the Ice Nucleation
Spectrometer of the Karlsruhe Institute of Technology (IN-
SEKT) system (Schneider et al., 2021; Schiebel, 2017). Sam-
ples on filters are resuspended in 8 mL of filtered nano-pure
water and mixed. This volume of water was based on the
volume of air filtered through each filter and ensured that
the minimum detection limit was 0.015 INPs per liter of
air. Samples are then aliquoted into wells in a polystyrene
polymerase chain reaction (PCR) plate (50 µL per well) that
is cooled at 0.33 °C min−1. Sample freezing is observed
through a camera based on light transmission intensity. The
temperature uncertainty associated with INSEKT is±0.5 °C.
Both offline instruments are employed to detect freezing
events at temperatures warmer than PINE-03. WT-CRAFT
and INSEKT provide equivalent data and have been com-
pared previously (Hiranuma et al., 2021).

Samples collected on filters were also treated with 100 °C
heat to remove heat-sensitive material, including but not
limited to proteins, which denature at temperatures above
approximately 60 °C (Hogg, 2013). A 1 mL portion of the
suspension containing the sample was placed into a sterile
15 mL polycarbonate tube (VWR), which was then capped
and placed into a beaker of boiling water for 20 min. The
sample was allowed to cool, and then nINP was measured
with either WT-CRAFT or INSEKT. The heat-treated sam-
ple was also diluted as needed to collect data between the
warmest freezing point and −25 °C.

The number of INPs (nINP(T ), per liter of air) collected on
a filter sample can be calculated as

nINP (T )=− ln

(
funfrozen (T )

Vdrop× 10−6

)
×

dilution factor(
Vair

Vwater×10−3

) , (2)

where funfrozen is the fraction of droplets unfrozen at a given
temperature, Vdrop is the individual droplet volume (3 µL for
WT-CRAFT, 50 µL for INSEKT), Vair is the volume of air
sampled (L), and Vwater is the volume of HPLC-grade nano-
pure water used to resuspend the sample (mL; see Tables S5
and S6 from Sect. S11 for amounts used for each filter). The
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number of aliquots made for each method was chosen to in-
crease statistical validity.

For samples analyzed with WT-CRAFT, if sample data
at full strength did not reach the minimum temperature
(−25 °C) the sample was diluted 10 times or 100 times
with HPLC-grade water and the diluted sample nINP was
measured using the same method. Samples analyzed with
INSEKT were diluted 15 and 225 times. To prevent over-
estimation of nINP, if there was an overlap between the di-
luted and full-strength measurements (for data from both
WT-CRAFT and INSEKT), the lower of the two calculated
nINP at each 0.5 °C was chosen as it typically has lower
uncertainties. If the diluted profile did not match the full-
strength INP profile within the 95th percentile range, then
the diluted sample was re-run.

2.3 Aerosol concentrations and ambient conditions

Aerosol concentrations (naer) were measured at both sites
with condensation particle counters (CPCs; TSI, Inc.
model 3772). Ambient meteorological conditions, including
wind speed, wind vector direction, temperature, pressure,
relative humidity, and precipitation properties, were mea-
sured at both sites with Vaisala weather transmitters (model
WXT520). All instruments were associated with the ARM
Aerosol Observing System (other than INP measurement in-
struments including a filter-based aerosol particle sampling
system for offline INP analysis). To compare with data col-
lected at longer and consistent timescales, all online datasets
discussed in this report were averaged over 6 h time periods.

2.4 Aerosol surface area estimation

Aerosol size distributions of particles in the ≈ 0.01–
20 µm diameter range were measured by a combination
of a scanning mobility particle sizer (SMPS; TSI, Inc.
model 3936) and an aerodynamic particle sizer (APS; TSI,
Inc. model 3321) in the aerosol observing system (AOS) fa-
cility at SGP. In this study, we used the ARM’s value-added
product (VAP) that merges size distribution data from both
instruments and integrates surface area concentrations across
re-binned mobility diameter sizes for representing the total
aerosol surface area concentration scaled to a unit air volume
(Saer in m2 L−1) at SGP (Beddows et al., 2010).

At ENA, the aerosol size distribution measuring instru-
ments, such as SMPS-APS or an optical particle counter,
were not operational during our study period. Therefore,
we estimated the aerosol surface area concentration using
the aerosol scattering coefficients measured by the integrat-
ing nephelometer (TSI, Inc. model 3563). This ARM base-
line nephelometer measures the aerosol particle optical co-
efficients with three different wavelengths, including 450,
550, and 700 nm, at RH below 40 %. In this study, follow-
ing Moore et al. (2022), the supermicron (< 10 µm in aero-
dynamic diameter) aerosol surface area concentration (Saer)

was estimated by multiplying the aerosol scattering coeffi-
cient measured at the wavelength of 450 nm (bsp in m−1)
by 4 and dividing the product by the total aerosol scatter-
ing efficiency (Q) (i.e., Saer = 4(bsp/Q)). Due to the marine-
predominant environment at the ENA site, we approximated
Q= 3 as demonstrated in previous studies of marine aerosols
(DeMott et al., 2016).

2.5 Aerosol chemistry measurements

2.5.1 Aerosol chemical speciation monitor

Bulk aerosol particle chemistry at SGP and ENA was studied
using an aerosol chemical speciation monitor (ACSM; Aero-
dyne Inc.). The ACSM gives information on non-refractory
aerosol particles and was used to determine the mass concen-
trations of aerosol particles in the following categories: sul-
fates, nitrates, ammonium, total organics, and chloride (Wat-
son, 2017).

Bulk chemical composition data were available for the en-
tire sampling period at SGP and from 14 to 30 November
2020 at ENA. The native time resolution of ACSM data is
30 min. For ENA, we excluded ammonium as the ARM qual-
ity control flagged the ACSM ammonium data for our study
period.

2.5.2 Black carbon mass concentration (mBC)

Although mBC was not measured directly, it can be cal-
culated based on light transmission measured by a parti-
cle soot absorption photometer (PSAP; Radiance Research)
(Springston, 2018). PSAP data were corrected according to
Bond et al. (1999) and Ogren (2010) to account for filter
loading over time. PSAP instruments operate on the princi-
ple that aerosol absorbance is dependent on particle compo-
sition.

Measured mass absorption cross-section values for freshly
generated black carbon fall within a relatively narrow range
of 7.5± 1.2 m2 g−1 at 550 nm (Bond et al., 2013). This as-
sumption of uniform aerosol composition may introduce un-
certainties in information derived from PSAP data, which
represents one of the limitations of this study, as few nat-
ural aerosol populations have uniform composition. In this
study, the mass of black carbon present in aerosols (mBC,
ng m−3) was estimated by dividing the absorption at 529 nm
by the estimated mass absorbing cross-section of 7.5 m2 g−1

(Zheng et al., 2018; Bond et al., 2013).
Black carbon can be indicative of anthropogenic influence.

For instance, at ENA, due to airport operations, a minute av-
erage naer can instantaneously exceed 8000 cm−3 (Gallo et
al., 2020). Therefore, the periods corresponding to spikes in
black carbon above 50 ng m−3 were removed from the over-
all dataset to remove local anthropogenic influence (Sanchez
et al., 2021).

Atmos. Chem. Phys., 24, 5433–5456, 2024 https://doi.org/10.5194/acp-24-5433-2024



E. K. Wilbourn et al.: Measurement report: Ground-level INP abundance at SGP and ENA 5439

2.6 Back trajectory analysis and geographic
classification of air mass origins

Backward air mass trajectories were calculated using the Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model (Rolph et al., 2017; Stein et al., 2015) (avail-
able at https://www.ready.noaa.gov/HYSPLIT.php, last ac-
cess: 11 March 2024) to compute archive trajectories every
6 h during the sampling period. Each 96 h backward trajec-
tory was calculated at the sampling inlet height (5 m a.g.l.).
The origin of the back trajectory was classified into broad re-
gional categories, including the major oceans and continents.
More information on the air mass origin classifications for
SGP and ENA can be found in Sect. S12.

While the impact of cloud scavenging on aerosol particles,
as well as dry and wet deposition, is not considered in this
study, as precipitation removes aerosols via wet scavenging,
the amount of precipitation was examined along each back
trajectory. Starting at the inlets of SGP and ENA and tracing
backwards along the trajectory, the trajectory was truncated
at the point 1 h before the sum of all rainfall exceeded 7 mm.
The back trajectory origin was reclassified as necessary if the
newly identified origin occurred less than 96 h prior (Gong et
al., 2020a).

Each back trajectory’s travel time over land versus over
open water versus over ice percentage was calculated with a
time resolution of 1 h. Using the geoJSON file, which pro-
vides highly accurate 23 MB coordinates and multi-polygon
representation of the countries and the sea-ice extent on Earth
(Natural Earth, 2024), hourly computed spatial coordinates
were first checked if they fall within a country and then if
they fall over land. Otherwise, the coordinate was subse-
quently checked against the coordinate boundary of the sea-
ice extent based on the geoJSON file analysis for the corre-
sponding time. If the coordinate point is within the coordi-
nate boundary of the sea-ice extent, then it is over ice. If the
back trajectory’s coordinate location is not within a country’s
coordinate boundary or the sea-ice extent boundary, then it is
over open water. Each percentage is tracked, and a total per-
centage is given for all trajectories.

3 Results

3.1 Ambient atmospheric conditions and aerosol
abundance

The ambient measurements taken at the two sites show con-
trasting conditions. The temperature at SGP was lower, with
an average temperature of 10.2 °C compared to 18.3 °C at
ENA, even though the ENA study period continued fur-
ther into the autumn season. The mean relative humidity
at ENA was higher, at 76.4 % compared with 65.5 % at
SGP. Although the Great Plains are known to have strong
winds, the average wind speed at the two sites was compa-
rable, with an average wind speed of 5.3 m s−1 at ENA and

5.1 m s−1 at SGP. In fact, the maximum wind speed at ENA
of 11.4 m s−1 was slightly higher than the maximum wind
speed of 10.4 m s−1 at SGP (Fig. 1). The wind at both sites
predominantly came from the south, although both sites had
variability in wind direction and air mass origin that will be
addressed in Sect. 3.6.

Figure 2 shows the time series plots of aerosol number and
surface area concentrations, black carbon mass, and wind and
precipitation properties at both locations. The total particle
concentration (naer, cm−3, shown with black dots) was mea-
sured with the same model of CPC at both sites and plotted
at 6 h averaged intervals. The median naer (± standard er-
ror) at ENA (393.25± 30.85 cm−3) was almost an order of
magnitude lower than SGP at 3055.00± 87.83 cm−3. This
number at ENA is within the seasonal baseline naer values
of 346 cm−3 (winter) to 428 cm−3 (summer) from the ACE-
ENA campaign in 2017 (Gallo et al., 2020). Even long-term
ENA-CPC data from 2015 to 2021 support the seasonal vari-
ation between ≈ 300 cm−3 (winter) and ≈ 600 cm−3 (sum-
mer) at ENA (Ghate et al., 2023). At SGP, our median naer of
3055 cm−3 is similar to the previous total aerosol abundance
measured at SGP for air mass flow from the US Midwest
(2304 cm−3) and Northwest (3369 cm−3) regions in May
2003 reported in Wang et al. (2006). There were times when
naer at SGP was well below 500 cm−3, and the concentration
of particles was much more variable and on average higher at
SGP than ENA. The maximum naer of 5677.39 cm−3 at SGP
was also higher than 3427.59 cm−3 at ENA.

Although the average naer differed by an order of magni-
tude between the two sites, estimated mBC values (plotted
with red crosses in Fig. 2) are much closer, with an average
mBC of 0.59± 0.08 ng m−3 at ENA and 0.74± 0.06 ng m−3

at SGP (average± standard error). The maximum mBC was
also nearly 4 times higher at ENA when compared with
the maximum mBC at SGP (13.67 and 3.35 ng m−3, respec-
tively), and the spread of mBC values is slightly greater at
ENA than at SGP. It is known that there is local anthro-
pogenic influence at the ENA site due to its location within
half a kilometer of the local airport as well as a road passing
next to the site. However, there were no periods longer than
3 h with such high concentrations of black carbon at ENA,
indicating a predominance of clean conditions with little to
no direct anthropogenic influence. At SGP, less mBC is due
to local anthropogenic production; instead, it is dominated
by transported black carbon particles from biomass burning
and wildfires (Logan et al., 2018).

The median Saer (± standard error) at SGP
was 4.4× 10−6

± 2.4× 10−7 m−2 L−1, which
is 2 orders of magnitude higher than ENA at
2.1× 10−8

± 7.9× 10−10 m−2 L−1. The min–max ranges of
Saer at two sites are 6.7× 10−7–1.1× 10−4 and 4.2× 10−9–
7.5× 10−8 m−2 L−1 at SGP and ENA, respectively. Knopf et
al. (2021) conducted the single-particle microspectroscopy
and cluster analysis for particle composition type clas-
sification with particle samples collected on 15 October
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Figure 2. The 6 h average total particle concentration (naer; cm−3, shown with black dots), mass of black carbon (mBC; ng m−3, red
crosses), total surface area concentration (Saer; m2 L−1, shown with black crosses), and meteorological (wind properties and precipitation
measurements) at SGP and ENA. Data for the SGP study period (2019) are plotted in panels (a)–(c), and data for the ENA study period
(2020) are plotted in panels (d)–(f). The measurement accuracy of aerosol and BC concentrations is expressed by inlet flow variability of
5 % (Kuang, 2016). Dashed lines in each panel represent median values of individual measurements for our study periods.

2019 during the Aerosol–Ice Formation Closure Pilot Study
campaign, which took place in parallel to ExINP-SGP. The
authors reported a substantial fraction of dust particles in
a supermicron population (≈ 36 % out of 629 particles) as
compared to submicron particles (≈ 4 % of 8521 particles).
While there are no long-term measurements of dust during
ExINP-SGP, the observed high abundance of dust-dominant
supermicron particles at SGP may have led to this observed
high Saer in SGP.

The observed difference in concentration can primarily
be attributed to the difference between continental and ma-
rine sampling sites. Due to their closer proximity to aerosol
sources, continental sites generally have higher total aerosol
mass and number concentrations than marine sites. The dom-
inant aerosol sources at marine sites are generally limited
to transported material and new particle formation through
marine boundary layer interaction with the free troposphere
(Clarke et al., 2013; Katoshevski et al., 1999; Russell et
al., 1994) and the generation of sea spray aerosols through
wave breaking and bubble bursting (Fuentes et al., 2010;
Christiansen et al., 2019; Cochran et al., 2017). Transported
aerosols at ENA have been observed from sources as dis-

tant as North America (Zheng et al., 2020; O’Dowd and
Smith, 1993) based on air mass backward trajectories and
will be further addressed in Sect. 3.6. Knopf et al. (2022)
performed offline single-particle chemical composition anal-
ysis with particle samples collected during the ACE-ENA
campaign in June and July 2017 and classified particle type
into (a) processed sea salt with mineral dust, sulfur, and or-
ganic matter; (b) sea salt particles; (c) processed sea salt with
mineral dust; and (d) organic matter- and chlorine-containing
particles. The authors found a predominance of highly oxy-
genated sea-salt- and dust-containing particles. The inclusion
of sea-salt- and dust-indicative elements (i.e., Na, Mg, Cl,
Al, and Ca) are commonly found in the ACE-ENA samples,
implying the presence of mixed sea spray aerosols and con-
tinental aerosols in ENA.

At SGP, we observed a shift in the wind direction and pre-
vailing northerly wind often coincided with a passing front
and a small amount of precipitation (Figs. 1 and 2c). We
also observed that the near values decreased followed by pre-
cipitation events at SGP (e.g., 2–5, 9–10, and 24–25 Octo-
ber 2019). Nevertheless, for our study period and 6 h time-
averaged measurements, there was a statistically insignificant
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correlation between precipitation amount and near (Spear-
man’s rank-order correlations, ρ, of −0.22 at p< 0.05).
Likewise, our ENA data also indicated a statistically in-
significant correlation between precipitation amount and near
(ρ=−0.3 at p< 0.05).

3.2 Online ice-nucleating-particle concentrations

Shown in Fig. 3 is the comparison of online nINP(T ) from
two sites for similar freezing temperatures and measure-
ment time ranges. The time series of 6 h averaged nINP(T )
from SGP with a temperature resolution of 1 °C is shown in
Fig. 3a, with the color of each point corresponding to the
freezing temperature. Figure 3b displays the time series of
6 h averaged nINP(T ) from ENA with a temperature resolu-
tion of 1 °C. For both sites, the nINP(T ) data are displayed
for freezing temperatures above −31 °C, where we warrant
more than 77 data points of 6 h averaged nINP(T ) during
our study periods. It should be noted that the apparent lack
of low-temperature INPs at SGP in the middle of the sam-
pling period is due to the intended measurements at above
−20 °C. Due to the precipitation observed during 24–25 Oc-
tober (Fig. 2c), there was a measured decrease in INPs active
at temperatures below−25 °C just prior, from 25–27 October
2019.

The low-temperature INPs measured at ENA during the
same time of year show less variability, with a maxi-
mum 6 h average (± standard deviation) at −30 °C of
161.0± 25.3 L−1. For SGP, a maximum 6 h averaged nINP
(−30 °C) was 210.0± 44.2 L−1. The highest observed freez-
ing temperature for detecting INPs at SGP and ENA was
−5 and −10 °C at SGP and ENA, respectively. The statis-
tical limitation and validity of the nINP measurement at high-
temperatures by PINE-03 are discussed in Sect. S10. While
the usage of nINP data above our limits is possible, it de-
serves more discussion and analysis, and we only report the
INP data validated by our tests in this paper. Nevertheless, we
note that the 6 h time averaging of nINP data helps to lessen
the detection limit for approximately an order of magnitude
(≈ 0.03 L−1) at both ENA and SGP, while the lowest nINP de-
tection limit for individual expansion is operationally limited
to 1/Vem (0.21 and 0.22 L−1 for SGP and ENA, respectively
– see Eq. 1).

The measurements at SGP and ENA were made in dif-
ferent years. Regardless, the patterns in nINP(T ) can still
be compared as representative of the entire autumn sea-
son. When comparing the median nINP(T ) from October–
November for both locations (also refer to Table S7), it is
apparent that nINP(T ) at SGP is consistently higher than
nINP(T ) at ENA at all measured temperatures. The observed
difference in nINP(T ) can be in part attributed to the differ-
ence in median naer.

Figure 4 shows the 6 h average nINP(T ), INP-activated
fraction (IAF= nINP(T )/naer), and ns(T ) (i.e., nINP(T )/Saer)
at selected temperatures (−15, −20, −25, and −30 °C). De-

spite the substantial difference in nINP (nINP,SGP� nINP,ENA
seen in Fig. 4a and d), it appears that IAFs at−20 and−25 °C
are very similar for ENA and SGP (≈ on the order of 10−5 to
10−6; see Fig. 4b and e). Moreover, IAF interestingly tends
to be higher at −30 °C at ENA with a median IAF (−30 °C)
of approximately 4.6× 10−5 than SGP (≈ 1.7× 10−5), while
we cautiously note that high variability in nINP (−30 °C)
and the aforementioned, intended high-temperature measure-
ments at SGP may play a role in this trend. Likewise, our
ns(T ) results also exhibit unique trends. The ns (−30 °C)
median of ≈ 7.7× 108 m−2 is substantially higher at ENA
than SGP (≈ 1.2× 107), although we note that different sur-
face estimation methods were used at two sites (Sect. 2.4).
At the freezing temperature of −20 °C, the relative signifi-
cance of ns at ENA (median ≈ 2.1× 107 m−2) is even more
obvious as compared to the ns (−20 °C) median at SGP
(≈ 4.1× 105). The observed IAF and ns trend suggests that
(1) nINP(T ) does not necessarily scale to naer and Saer (and
vice versa), and (2) aerosol population in ENA was found to
generate more INPs active at low temperatures, which repre-
sents a unique finding of this study.

At SGP, we observed the nINP values decreased followed
by precipitation events while IAF and ns remained consis-
tent around the median values, implying that the overall im-
mersion freezing efficiencies of aerosols at SGP remained
the same in our study period. Furthermore, for our study pe-
riod and 6 h time-averaged measurements, there was a statis-
tically insignificant correlation between precipitation amount
and nINP (|ρ| ≤ 0.12). Similarly, our ENA data also indicated
a statistically insignificant correlation between precipitation
amount and nINP (|ρ| ≤ 0.08).

Figure 5 shows the 6 h averaged PINE-03-measured
nINP(T ) and ns(T ) spectra as a function of freezing temper-
atures (1 °C resolution) as box plots from SGP and ENA. As
seen in Fig. 5a, the data from SGP can be compared with
previously collected nINP(T ) data as reported by DeMott et
al. (2015) for April–June 2014. It becomes apparent that the
data collected in this study are comparable to data collected
in the spring to early summer season 2014.

Although there are no previous studies reporting long-
term nINP(T ) at ENA, in Fig. 5c, we have compared the
data to all other studies reporting nINP(T ) in locations with
strong Atlantic Ocean influence (Wilbourn et al., 2023a, fig-
ure in SI_Sect_S1_Module_2, and references therein). The
nINP(T ) range for these studies from the Atlantic Ocean is
much larger than the range reported at SGP, potentially due
to either differences in sample techniques or differences in
nINP(T ) between the seven locations. By comparing previ-
ous studies to our current ENA data, we can conclude that
our data fall within the range of nINP(T ) reported by them.

Figure 5b and d show the ns(T ) spectra, as well as the ex-
ponential fits. Following Li et al. (2022), we computed ns(T )
parameterizations that fit the median values of the log-normal
ns(T ) distribution as a function of freezing temperatures as
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Figure 3. INP concentrations (nINP(T )) measured at SGP (a) and ENA (b) with the PINE-03 system. Each point represents a 6 h time-
averaged concentration. The color scale indicates the measured freezing temperature. Individual data points are temperature binned for 1 °C
and rounded to the closest integer. The vertical error bars represent the standard error of time-averaged data.

Figure 4. The 6 h time-averaged nINP(T ), IAF, and ns(T ) at selected temperatures at SGP (a–c) and ENA (d–f). Dashed lines represent
median values for the measured periods. Error bars in nINP are represented by the systematic error (±20 %). Errors in IAF are estimated
to be ±21 % (=

√
202+ 52). Note that the 5 % error is reported in Kuang (2016). Errors in ns(T ) at SGP are estimated to be ±27 % (i.e.,√

202+ 152+ 102). Note that the 15 % and 10 % errors stem from the manufacturer’s report for SMPS and APS. Errors in ns(T ) at ENA are
estimated to be Q± [3–0.42].

follows:

nSGP
s (T )= exp

(
23.46× exp

(
− exp

(
0.041

× (T + 12.90)
))
+ 2.10

)
r = 0.99
− 31°C ≤ T ≤ −15°C, (3)

nENA
s (T )= exp

(
22.00× exp

(
− exp

(
0.105

× (T + 9.70)
))
+ 0.95

)
r = 0.99
− 31°C ≤ T ≤ −20°C (4)

The comparison between the ns(T ) spectra from this study
and reference spectra shown in Fig. 5 suggests that the im-
mersion freezing efficiencies of aerosols collected at the
ground-level in SGP and ENA are primarily lower than desert
dust studied in Ullrich et al. (2017). This outcome was ex-
pected as the aerosol population at both sites was presumably
not purely composed of desert dust. While a partial overlap
of our ns(T ) with illite NX (mineral dust proxy) and micro-
crystalline cellulose (MCC; non-proteinaceous organic sur-
rogate) spectra is seen for both SGP and ENA data in a few
temperature bins towards the upper end, the reference spectra
of these compositions cannot solely explain the ns(T ) trends
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Figure 5. Box plot of the PINE-03 based nINP(T ) and ns(T ) spectra with a degree temperature bin for a statistically validated freezing
temperature range at SGP (a–b; −15 to −31 °C) and ENA (c–d; −20 to −31 °C). Individual boxes display median (orange line), average
(green line), 25 % and 75 % percentile (whiskers), and outliers beyond 5 % and 95 % percentile values. The grey-shaded area in panels (a) and
(c) shows the maximum and minimum nINP(T ) measured by DeMott et al. (2015) for SGP and previous INP studies from marine dominant
sites located in the Atlantic Ocean for ENA (see Wilbourn et al., 2023a, for more information). The reference ns(T ) spectra in panels (b)
and (d) are adopted from U17 (desert dust; −14 to −30 °C; Ullrich et al., 2017), M18 (sea spray aerosol; −20 to −28 °C; McCluskey et al.,
2018), H15a (illite NX; <−18 °C; Hiranuma et al., 2015a), and H15b as well as H19 (MCC; <−15 °C; Hiranuma et al., 2015b, 2019).

from SGP and ENA at freezing temperatures approximately
below−22 and−25 °C, respectively. The SSA ns(T ) param-
eterization spectrum from McCluskey et al. (2018) shows
a less active trend at least in part as compared to the SGP
and ENA spectra, implying the aerosols collected at both
sites are composed of a mixture of heterogeneous compo-
sitions that have a variety of freezing efficiencies. Without
size-dependent composition, this cannot be assessed in this
study.

Figure 6 shows a series of histograms displaying probabil-
ity densities and relative frequency of 6 h averaged nINP(T )
and ns(T ) data from PINE-03 with a temperature resolution
of 1 °C for both sites. The Gaussian log-normal fit is shown
for each degree of binned data. As seen, the mode nINP(T )
and ns(T ) are reasonably comparable to our median ns(T )
for our data with the given data density (n> 77) despite some
inclusion of outliers at low nINP(T ) and ns(T ). For the ns(T )
distributions, the fitted ns(T ) values from this study are also
superposed on each histogram to show reasonable agreement
with the median values of the log-normal ns(T ) distribution.

3.3 Offline ice-nucleating-particle measurements and
INP heat sensitivity

The nINP(T ) measured from filters gives values at tempera-
tures higher than the operating temperature of PINE-03 due
to the larger air sample volume (listed in Tables S5 and S6).
At the same time, the temperature range also overlaps with
the range above −25 °C measured with PINE-03, allowing
for comparison of the two techniques.

Figure 7 summarizes the results of offline INP measure-
ments, represented by nINP(T ) box plot and freezing spec-
tra, as well as associated heat-treated INP experiments, from
the two sites. The ns(T ) spectra are not shown for the of-
fline results here since the time-averaged ns(T ) over our pro-
longed aerosol sampling intervals for offline INP analysis
(several days) could be misleading in discussing the atmo-
spheric implications. As shown in Fig. 7, the aerosol particle
samples collected at ENA (n= 18) showed a lower nINP(T )
at all temperatures when compared with SGP (n= 21), con-
firming the pattern seen with PINE-03 measurements. As in-
ferred from the box plots and associated freezing spectra as
a function of temperature, the average initial freezing tem-
perature (± standard deviation) of samples collected at ENA
(−12.4± 3.4 °C) was also lower than that of samples col-
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Figure 6. Histogram of the PINE-03-based nINP(T ) and ns(T ) Gaussian distribution with a degree temperature bin for a statistically vali-
dated freezing temperature range at SGP (a–b; −15 to −31 °C) and ENA (c–d; −20 to −31 °C). Individual data densities (no. in red) and
relative frequencies (arbitrary units) for each degree are shown in each panel. Blue, cyan, and red horizontal lines in each relative frequency
distribution sub-panel represent the average, median, and fit ns(T ), respectively.

Figure 7. A summary of freezing spectra of both non-treated and
heated samples from SGP (a–b) and ENA (c–d) is shown. The heat-
treated nINP spectra are shown for the SGP and ENA samples (b
and d, respectively). The shaded areas represent the previous nINP
max–min range adopted from Fig. 5. The inset in panels (b) and (d)
shows individual spectra of non-treated and heated samples from
each site.

lected at SGP (−6.4± 0.7 °C), suggesting the terrestrial INPs
active at high-temperatures at SGP were not present at ENA.

At SGP, the average nINP (−10 °C) was approximately
10−1 INPs per liter, while at ENA, nINP of 10−1 INPs per

liter was generally observed at the freezing temperatures of
below −20 °C, and only three samples showed freezing ac-
tivity even at −12 °C. This difference indicates the presence
of a greater quantity of high-temperature freezing INPs at
SGP, especially INPs active at above −10 °C, which may in-
fer biogenic contributions as discussed below. It is also pos-
sible that due to the rarity of high-temperature INPs and the
lower aerosol load at ENA, these INPs were present at lev-
els below the detection limit of PINE-03 or a WT-CRAFT
system.

The median heat sensitivity of ice-active aerosol particles
is also shown in the box plots and associated individual freez-
ing spectra for heat-treated samples (Fig. 7b and d). Both
ENA and SGP had measurable ice nucleation activity above
−15 °C in unheated samples, with all SGP samples having an
initial freezing point above −8 °C. However, once the sam-
ples were heated, only three samples at SGP and no sam-
ples from ENA showed ice nucleation activity at −10 °C.
This decrease in nINP(T ) can be attributed to the degradation
of heat-sensitive INPs in both samples, which are often re-
ferred to being of biogenic origin due to the heat sensitivity
of known ice nucleation active proteins through taxonomic
characterization (Hill et al., 2016; Daily et al., 2022). Only
3 of the 18 total filter samples from ENA showed any acti-
vation above −12 °C in the unheated samples, and none of
the samples showed any activity above −12 °C once heated.
Thus, the ENA samples exhibited a strong decrease in nINP
above −12 °C once heated.

As seen in Fig. 7b, the samples from SGP showed a much
greater decrease in total nINP than ENA at all temperatures
above −15 °C, again indicating a high biogenic aerosol par-
ticle concentration in the INPs from SGP. It should be noted
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that samples from SGP generally had about an order of mag-
nitude higher total nINP than those measured at ENA, so
some of the difference between the two measurements in
Fig. 7 is due to this inherent difference. However, even with
SGP having a higher overall concentration, the decrease in
absolute nINP after heating the SGP samples is still larger
than the change seen in samples from ENA (Fig. 7d).

The heat-sensitive INPs may have come from nearby SGP
as the sampling site was surrounded by agricultural land and
thus fertile soil dust or may have been transported from fur-
ther away. It is calculated that the majority of INPs at SGP
were terrestrial in origin based on the back trajectory anal-
ysis (see Sect. 3.6). Further, chemical analysis of both the
bulk aerosol particle population and individual particles is
discussed in Sect. 3.5 to confirm the nature of the INPs at the
two stations.

3.4 Comparing online and offline INP measurements

Figure 8 shows the comparison of online and (non-treated)
offline median nINP(T ) spectra. The online spectra from SGP
(−31 °C≤ T ≤−15 °C) and ENA (−31 °C≤ T ≤−20 °C)
are time-averaged for 48 and 72 h, respectively, to roughly
match with the aerosol sampling time intervals for the
offline INP analysis. The offline spectra from SGP
(−24 °C≤ T ≤−5 °C) and ENA (−25 °C≤ T ≤−12 °C) are
superposed in Fig. 8 for the comparison.

A good agreement between online and offline nINP mea-
surements is observed at SGP. Table S7 also provides the
median number concentration measured with each technique.
For example, the SGP filters sampled 2.33± 0.50 INPs per
liter active at −20 °C (measured with INSEKT), and PINE-
03 measured a median nINP of 1.90± 0.21 INPs per liter
at the same temperature. In contrast, for the ExINP-ENA
campaign, when the concentration of INPs measured with
PINE-03 is compared with the concentration of INPs mea-
sured with offline techniques at the same temperature range,
it becomes apparent that there are discrepancies of 1–2 or-
ders of magnitude between the two datasets. The observed
difference is far outside of the range of estimated uncertain-
ties. As shown in Table S7, WT-CRAFT measured the me-
dian nINP of 0.02 INPs per liter at ENA for a temperature of
−20 °C, while PINE-03 measured 0.40± 0.03 L−1. This ob-
served discrepancy between PINE-03 and WT-CRAFT data
is likely due to the aerosol sampling efficiency on filters or a
property inherent to the aerosol particle population at ENA,
although elucidation of this property is difficult with current
data.

It is noteworthy that the sampling flow generally decreased
over time, and the relative sampling flow deviation measured
at the beginning and end of each sampling was on average
(± standard error) larger at ENA (27.9± 3.0 %) than that at
SGP (5.1± 2.3 %), which might hint to a decreased sampling
efficiency at ENA towards the end of the sampling period.
The larger deviation observed at ENA than at SGP is also

presumably due to longer sampling intervals (typically≈ 3 d;
see Table S5) as compared to SGP (≈ 2 d; see Table S6), but
the overall impact on nINP(T ) deviation is not yet known.

Rinaldi et al. (2021) and DeMott et al. (2018) saw discrep-
ancies between online and offline measurements and gave
several reasons for this. Given that our samples were col-
lected through similar inlets and onto the same filter sam-
pling substrate, and yet samples from SGP generally did not
show a mismatch between PINE-03 and filter-based sam-
ples, the reason for the discrepancy is likely to be an inherent
aerosol property or the environmental conditions rather than
the measurement method. The filter samples were collected
concurrently with the PINE-03 measurements, but the on-
line PINE-03 measurements do not involve storing the sam-
ple for any length of time as the WT-CRAFT and INSEKT
measurements do. However, there is no correlation between
the length of storage time of samples and nINP measured
in the samples (Vepuri et al., 2021). There was a gener-
ally higher concentration of INPs measured with INSEKT
than with WT-CRAFT, but a previous study compared WT-
CRAFT and INSEKT and concluded that their results are
comparable when the same sample is examined with each
method (Hiranuma et al., 2021).

The same PINE-03 instrument was used for measurements
at ENA and SGP. This suggests that there is a difference in
the ability of WT-CRAFT and PINE-03 when detecting the
ice nucleation ability of aerosol particles with different sizes
and certain chemical compositions. The sampling efficien-
cies for different ranges of particle sizes and the impact of
particle size on offline ice nucleation analyses are discussed
in Li et al. (2023). One possibility regarding chemical com-
positions is that, although storage time in a −20 °C freezer
might not have impacted nINP measured from filters sub-
stantially (Beall et al., 2020), any degradation of ice-active
material occurred uniformly across the filter samples before
the filters reached the storage site several thousand kilome-
ters from the sampling site at ENA. Another possibility is
that PINE-03 is capable of detecting freezing modes other
than immersion freezing, while the WT-CRAFT method is
only sensitive to INPs active during immersion-mode freez-
ing processes. Möhler et al. (2021) reported that PINE-03 is
capable of detecting pore condensation freezing and deposi-
tion freezing processes. These freezing modes may be seen
when the chamber is supersaturated with respect to ice yet
under a water-subsaturated condition. Thus, it is possible that
the much larger discrepancy between online and offline mea-
surements at ENA, when compared to the negligible discrep-
ancy at SGP, is due to PINE-03 detecting additional freezing
modes that are more prominent at ENA than SGP. For in-
stance, the deposition mode was missing in offline analyses.
However, as all previous work at both sites has focused on
immersion-mode freezing processes, this remains an area of
uncertainty that could be examined by future researchers.

A difference in overall aerosol composition could also ex-
plain the apparent mismatch between the two sites. The sam-
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Figure 8. Blue and red box plots for the comparison of online vs. offline nINP(T ) spectra from SGP (a) and ENA (b). The online PINE-03
spectra from SGP and ENA are time-averaged for 48 and 72 h, respectively, to match with the aerosol sampling time intervals for the offline
INP analysis. The offline spectra are all non-heated data. The structural description of individual boxes and grey-shaded areas is given in the
caption of Fig. 5.

ples from ENA contain much larger amounts of chloride (see
Sect. 3.5) and, due to the dominance of marine material,
could contain more salts overall. While these salt-containing
particles could act as INPs if they also contained ice-active
material (as salt alone is a poor immersion-mode INP), both
of the offline methods employed in this study involve sus-
pending aerosol particles in clean water. This suspension pro-
cess is not present in PINE-03 but would necessarily dissolve
any soluble material that could potentially contain ice-active
sites on the surface of the particles. Removal of ice-active
sites following dissolution could explain the lower nINP(T )
seen in filter samples from ENA but not SGP, which has a
lower contribution from marine sources.

3.5 Aerosol composition

Figure 9 summarizes the ACSM composition fractions from
ExINP-SGP and ExINP-ENA campaigns. Chemical compo-
sition data are available for the last 15 d of the autumn period
at ENA and the entire sampling period at SGP. The ACSM
data have been classified into four categories that include sul-
fate, chloride, nitrate, and organics. As seen in the figure, the
average relative abundance of chloride and sulfate (± stan-
dard error) is substantially higher at the marine influence
predominant ENA site (0.11± 0.01 and 0.41± 0.01, respec-
tively) than terrestrial SGP (0.01± 0.001 and 0.12± 0.005,
respectively). In contrast, at the SGP site, a notably high to-
tal organic fraction of 0.65± 0.01, as well as a high nitrate
fraction (0.13± 0.01), was observed as compared to the ENA
site (0.45± 0.01 and 0.03± 0.001, respectively).

The average chloride concentration at ENA was much
higher than the concentration at SGP (0.14± 0.01 and
0.03± 0.002 µg m−3, respectively). Although chloride may
come from anthropogenic sources including HCl and other
reactive species, in a site located far from major anthro-
pogenic chloride sources and directly next to the ocean, it

would be expected that the chloride source is predominantly
marine (Ovadnevaite et al., 2012). In contrast, most of the
chloride at SGP could be expected to come from transported
anthropogenic material, and the lack of marine-sourced salts
provides an explanation for the much lower overall chloride
concentration (Jimenez et al., 2009).

The average total organic concentration at SGP was
1.16± 0.06 µg m−3, while it was 0.75± 0.14 µg m−3 at
ENA. This higher organic concentration could in part explain
the overall higher naer at SGP than ENA (Fig. 2), although the
source of organic aerosols, as well as primary vs. secondary
speciation, is unknown at this stage.

The pie charts in Fig. 9 display the composition data for
selected high-IAF periods at each site. We used both IAF(T )
and ns(T ) as ice nucleation efficiency indexes to select high-
or low-INP periods in this study. For the given INP dataset
from SGP, the high-INP episodes were identified by extract-
ing periods when the 6 h time-averaged IAF and ns values
all exceed their medians at −20, −25, and −30 °C at each
study site (Fig. 4). In contrast, the low-INP episodes are rep-
resented by the time when all the IAF and ns at the three tem-
perature values fall less than their medians at SGP. We found
10 periods to be high-INP episodes and 11 to be low-INP
episodes. A list of the identified high- and low-INP periods
is summarized in Table 1 along with composition fractions
and ice nucleation efficiency parameters.

For ENA, because the ACSM data were available only
from 13 November 2020, the high-INP episodes were iden-
tified by extracting periods when the available 6 h time-
averaged IAF and ns values exceed their medians at −20,
−25, and −30 °C from 13–30 November 2020. Likewise, if
no available IAF and ns values exceed the medians for the
same time interval, the data at the given time are considered
to constitute a low-INP period. For ENA, we identified 14
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Table 1. List of high-INP and low-INP periods from SGP and ENA (ND: no data or not detected).

ACSM chemical composition fraction Ice nucleation efficiency parameters

IAF ns (m−2)

Date & time Organics Sulfate Nitrate Ammonium Chloride −30 °C −25 °C −20 °C −30 °C −25 °C −20 °C
(mm/dd/yyyy, UTC)

SGP 10/11/2019 00:00 0.68 0.16 0.06 0.06 0.04 1.7× 10−4 3.1× 10−5 3.7× 10−6 6.0× 107 1.1× 107 1.3× 106

High 10/16/2019 00:00 0.63 0.23 0.05 0.10 ND 8.0× 10−5 3.5× 10−5 5.2× 10−6 3.1× 107 1.4× 107 2.0× 106

INP 10/18/2019 00:00 0.78 0.10 0.06 0.06 ND 3.5× 10−5 1.9× 10−5 4.5× 10−6 1.3× 107 7.1× 106 1.7× 106

n= 10 10/21/2019 12:00 0.67 0.18 0.05 0.07 0.04 4.0× 10−5 1.4× 10−5 1.7× 10−6 2.4× 107 8.4× 106 9.9× 105

10/22/2019 00:00 0.76 0.13 0.05 0.06 ND 4.0× 10−5 6.7× 10−6 1.6× 10−6 2.9× 107 4.8× 106 1.1× 106

10/23/2019 12:00 0.75 0.07 0.11 0.06 0.02 2.1× 10−5 5.0× 10−6 1.1× 10−6 1.6× 107 3.7× 106 8.5× 105

10/24/2019 00:00 0.75 0.11 0.07 0.05 0.03 3.4× 10−5 1.3× 10−5 1.4× 10−6 2.0× 107 7.7× 106 8.0× 105

10/24/2019 12:00 0.42 0.22 0.21 0.15 ND 6.7× 10−5 3.0× 10−5 2.5× 10−6 1.8× 107 7.7× 106 6.6× 105

10/28/2019 00:00 0.45 0.28 0.12 0.14 0.02 1.0× 10−4 3.5× 10−5 2.2× 10−6 2.8× 107 9.7× 106 6.0× 105

11/14/2019 06:00 0.65 0.07 0.19 0.08 0.01 3.3× 10−5 1.3× 10−5 1.4× 10−6 1.3× 107 5.5× 106 5.7× 105

SGP 10/05/2019 06:00 0.76 0.12 0.06 0.06 ND 1.6× 10−5 9.0× 10−7 6.9× 10−7 4.3× 106 2.4× 105 1.9× 105

Low 10/06/2019 00:00 0.80 0.09 0.06 0.05 ND 1.1× 10−5 1.9× 10−6 1.7× 10−7 1.2× 107 2.1× 106 2.0× 105

INP 10/07/2019 12:00 0.72 0.07 0.14 0.07 ND 2.6× 10−6 2.8× 10−7 2.0× 10−7 2.1× 106 2.2× 105 1.6× 105

n= 11 10/08/2019 06:00 0.78 0.05 0.12 0.05 ND 4.1× 10−6 7.5× 10−7 0.0× 100 4.0× 106 7.4× 105 0.0× 100

10/10/2019 00:00 0.69 0.18 0.04 0.08 0.01 1.5× 10−5 3.4× 10−6 5.7× 10−7 3.2× 106 7.4× 105 1.2× 105

10/14/2019 06:00 0.76 0.07 0.10 0.06 0.01 5.3× 10−6 2.9× 10−6 3.4× 10−7 2.8× 106 1.5× 106 1.8× 105

10/17/2019 06:00 0.67 0.15 0.10 0.08 ND 1.3× 10−5 3.8× 10−6 5.8× 10−7 8.3× 106 2.3× 106 3.6× 105

10/26/2019 12:00 0.59 0.10 0.20 0.10 0.01 6.7× 10−6 1.5× 10−6 1.3× 10−7 4.8× 106 1.0× 106 9.0× 104

10/27/2019 12:00 0.83 0.03 0.10 0.04 ND 1.1× 10−5 1.1× 10−6 2.2× 10−7 3.9× 106 3.9× 105 7.9× 104

11/05/2019 12:00 0.52 0.17 0.18 0.11 0.02 6.6× 10−6 2.2× 10−6 2.5× 10−7 6.6× 106 2.2× 106 2.5× 105

11/05/2019 18:00 0.71 0.16 0.06 0.07 ND 4.5× 10−6 1.7× 10−6 1.6× 10−7 5.6× 106 2.0× 106 1.9× 105

SGP median 0.70 0.11 0.10 0.07 0.01 1.6× 10−5 4.7× 10−6 7.1× 10−7 1.2× 107 2.5× 106 4.1× 105

ENA 10/15/2020 12:00 ND ND ND ND ND 8.1× 10−5 2.7× 10−5 2.1× 10−6 1.4× 109 4.9× 108 3.7× 107

High 10/17/2020 12:00 ND ND ND ND ND 6.2× 10−5 1.1× 10−5 2.8× 10−6 1.1× 109 2.0× 108 5.1× 107

INP 10/23/2020 00:00 ND ND ND ND ND 7.7× 10−5 1.3× 10−5 1.7× 10−6 1.1× 109 1.8× 108 2.3× 107

n= 7 10/23/2020 18:00 ND ND ND ND ND 5.6× 10−5 1.8× 10−5 2.9× 10−6 9.8× 108 3.1× 108 5.1× 107

10/30/2020 06:00 ND ND ND ND ND 6.3× 10−5 1.5× 10−5 2.4× 10−6 9.4× 108 2.2× 108 3.6× 107

11/02/2020 12:00 ND ND ND ND ND 9.8× 10−5 1.6× 10−5 2.8× 10−6 1.1× 109 1.8× 108 3.2× 107

11/03/2020 12:00 ND ND ND ND ND 8.0× 10−5 1.6× 10−5 2.6× 10−6 1.0× 109 2.1× 108 3.3× 107

ENA 10/12/2020 12:00 ND ND ND ND ND 2.3× 10−5 2.9× 10−6 0.0× 100 6.9× 108 8.8× 107 0.0× 100

Low 10/12/2020 18:00 ND ND ND ND ND 4.5× 10−5 8.5× 10−6 8.8× 10−7 7.3× 108 1.4× 108 1.4× 107

INP 10/16/2020 18:00 ND ND ND ND ND 3.6× 10−5 6.2× 10−6 7.8× 10−7 6.4× 108 1.1× 108 1.4× 107

n= 13 10/22/2020 00:00 ND ND ND ND ND 4.9× 10−5 7.6× 10−6 0.0× 100 4.8× 108 7.4× 107 0.0× 100

10/22/2020 06:00 ND ND ND ND ND 5.0× 10−5 5.4× 10−6 4.8× 10−7 7.0× 108 7.6× 107 6.7× 106

10/25/2020 12:00 ND ND ND ND ND 2.6× 10−5 5.1× 10−6 0.0× 100 3.3× 108 6.4× 107 0.0× 100

10/25/2020 18:00 ND ND ND ND ND 2.8× 10−5 5.3× 10−6 3.3× 10−7 5.3× 108 1.0× 108 6.3× 106

10/26/2020 00:00 ND ND ND ND ND 2.0× 10−5 2.8× 10−6 2.2× 10−7 5.1× 108 7.2× 107 5.7× 106

10/26/2020 12:00 ND ND ND ND ND 4.5× 10−6 3.5× 10−6 5.6× 10−7 1.2× 108 9.1× 107 1.4× 107

11/06/2020 06:00 ND ND ND ND ND 4.0× 10−5 5.5× 10−6 0.0× 100 5.5× 108 7.6× 107 0.0× 100

11/07/2020 12:00 ND ND ND ND ND 1.9× 10−5 2.8× 10−6 0.0× 100 5.2× 108 7.3× 107 0.0× 100

11/11/2020 12:00 ND ND ND ND ND 2.4× 10−5 4.1× 10−6 0.0× 100 5.7× 108 9.7× 107 0.0× 100

11/19/2020 18:00 ND ND ND ND ND 3.8× 10−5 7.5× 10−6 0.0× 100 6.3× 108 1.2× 108 0.0× 100

ENA median 0.43 0.42 0.03 ND 0.09 5.0× 10−5 9.6× 10−6 8.9× 10−7 7.7× 108 1.6× 108 2.0× 107

ENA 11/16/2020 12:00 0.37 0.38 0.03 ND 0.22 5.8× 10−5 ND ND 1.7× 109 ND ND
High 11/17/2020 06:00 0.41 0.40 0.02 ND 0.17 7.7× 10−5 2.5× 10−5 ND 8.5× 108 2.8× 108 ND
INP 11/19/2020 18:00 0.42 0.41 0.02 ND 0.14 1.3× 10−4 2.2× 10−5 ND 2.5× 109 4.3× 108 ND
ACSM∗ 11/21/2020 00:00 0.50 0.32 0.03 ND 0.14 2.7× 10−4 3.0× 10−5 ND 3.1× 109 3.4× 108 ND
n= 14 11/21/2020 06:00 0.40 0.45 0.03 ND 0.12 3.7× 10−4 ND ND 4.3× 109 ND ND

11/21/2020 12:00 0.35 0.49 0.03 ND 0.13 2.9× 10−4 8.8× 10−5 ND 3.5× 109 1.1× 109 ND
11/21/2020 18:00 0.36 0.49 0.03 ND 0.12 4.0× 10−4 ND ND 3.6× 109 ND ND
11/23/2020 00:00 0.40 0.45 0.03 ND 0.12 1.5× 10−4 ND 3.3× 10−6 2.1× 109 ND 4.5× 107

11/23/2020 12:00 0.72 0.23 0.03 ND 0.03 6.4× 10−5 1.2× 10−5 ND 3.9× 109 7.3× 108 ND
11/23/2020 18:00 0.30 0.61 0.04 ND 0.05 1.4× 10−4 ND ND 2.7× 109 ND ND
11/24/2020 00:00 0.38 0.52 0.03 ND 0.08 ND 1.7× 10−5 4.3× 10−6 ND 2.1× 108 5.4× 107

11/24/2020 12:00 0.43 0.37 0.02 ND 0.18 ND 2.3× 10−5 ND ND 2.3× 108 ND
11/26/2020 00:00 0.43 0.37 0.02 ND 0.18 ND 3.7× 10−5 ND ND 3.7× 108 ND
11/26/2020 06:00 0.49 0.26 0.03 ND 0.21 ND 2.7× 10−5 ND ND 3.4× 108 ND

ENA 11/15/2020 00:00 0.41 0.36 0.04 ND 0.19 ND 8.0× 10−6 ND ND 8.4× 107 ND
Low 11/15/2020 06:00 0.47 0.33 0.02 ND 0.17 ND 3.2× 10−6 ND ND 9.9× 107 ND
INP 11/15/2020 12:00 0.47 0.31 0.03 ND 0.19 1.4× 10−5 ND ND 5.1× 108 ND ND
ACSM∗ 11/15/2020 18:00 0.43 0.32 0.03 ND 0.21 7.7× 10−6 ND 0.0× 100 5.6× 108 ND 0.0× 100

n= 9 11/16/2020 00:00 0.33 0.42 0.03 ND 0.22 ND 3.3× 10−6 ND ND 1.6× 108 ND
11/19/2020 00:00 0.37 0.33 0.04 ND 0.27 1.8× 10−6 4.2× 10−7 ND 4.6× 108 1.1× 108 ND
11/19/2020 12:00 0.37 0.38 0.03 ND 0.22 2.5× 10−5 7.6× 10−6 ND 5.3× 108 1.6× 108 ND
11/19/2020 18:00 0.41 0.40 0.02 ND 0.17 3.8× 10−5 7.5× 10−6 0.0× 100 6.3× 108 1.2× 108 0.0× 100

11/25/2020 18:00 0.42 0.41 0.02 ND 0.14 4.6× 10−5 ND ND 5.1× 108 ND ND

ENA median 0.43 0.42 0.03 ND 0.09 5.0× 10−5 9.6× 10−6 8.9× 10−7 7.7× 108 1.6× 108 2.0× 107

∗ Refer to Sect. 3.5 for the selection criteria.
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Figure 9. Summary time series of ACSM composition fraction at SGP (a) and ENA (b). The pie charts represent the relative composition of
examined compounds during high-INP and low-INP periods.

data points each as being in a high-INP period and 9 as being
in a low-INP period (see the ACSM rows in Table 1).

Interestingly, the increase in an average (± standard error)
organic fraction in ACSM data coincided with low-INP cases
(i.e., the suppression in freezing efficiency) at both ENA
(0.55± 0.02) and SGP (0.71± 0.04), whereas high-INP peri-
ods exhibited a lower organic fraction to the campaign aver-
age at ENA (0.41± 0.06) and SGP (0.65± 0.03). However,
this observation does not rule out the role of organics in at-
mospheric ice nucleation, and the detailed characterization
of aerosol composition that triggers freezing is necessary for
example by assessing INP residuals (Knopf et al., 2018).

As can be seen in Fig. 9, the relative increase in sulfate
fraction (average± standard error for SGP from 0.11± 0.01
to 0.15± 0.02; for ENA from 0.34± 0.05 to 0.49± 0.02)
counterbalances and virtually offsets the decrease in total or-
ganics at both sites for our study periods. The exact source
of sulfate is unknown, and the aerosol source identification
is beyond the scope of this measurement report, yet the air
mass back trajectory during the high- and low-INP periods is
discussed in Sect. 3.6. There may have been minor contribu-
tions of marine aerosols at SGP (as indicated by low but non-
zero chloride concentrations measured with the ACSM), but
the non-refractory organics present at SGP are more likely
to be continental than marine, due to the long distance trav-
eled by any marine aerosols that reach the site and the po-
tential for mixing with transported continental organics dur-
ing this transportation process. The chloride concentration at
ENA was more than an order of magnitude higher, indicat-
ing a much stronger marine signal, while the organic concen-
tration was only slightly lower. To reach the sampling site,
air masses must spend several days or longer over continen-
tal regions, including passing over the Great Plains region, a
known dust source. For this reason, dust and local soil dust
are considered the major aerosol types reaching SGP based
on both our back trajectories and previous studies (Knopf et
al., 2021; DeMott et al., 2015).

3.6 Air mass trajectories, aerosol sources, and INP
abundance

HYSPLIT back trajectory origins and air mass fractions over
open water, land, and ice surfaces are shown in Table 2.
Overall, both SGP and ENA showed > 93 % of trajectories
originating from non-Arctic locations south of 66° N. The
time fraction of air mass over land, especially North Amer-
ica, accounted for > 96 % in SGP. Contrarily, ENA showed
> 96 % open water influence in air mass trajectories and no-
tably more maritime air mass origin, especially the Atlantic
Ocean.

The approximate maximum age of the air mass can be de-
termined from the rainfall amount along the backward tra-
jectory (Gong et al., 2020b). For this study, the air mass age
was calculated as assumed to be either 96 h prior to the trajec-
tory starting time or 1 h prior to the sum of rainfall exceeding
7 mm. Using this method, the average air mass age (± stan-
dard error) at SGP at inlet height was 80.0± 1.9 h, while the
average air mass age at ENA (also at inlet height) was slightly
longer (82.4± 1.7 h). There is not a large difference between
the air mass ages at the two sites, but an appreciable amount
of rainfall along the air mass backward trajectories is found at
both sites, implying the importance of considering wet depo-
sition when determining air mass origins, as both sites would
have measurably different and longer air mass trajectories if
wet deposition were not considered.

At ENA, back trajectories at inlet height show and con-
firm the clear marine influence indicated by the high levels
of chloride, with at least 75 % of trajectories originating from
the Atlantic Ocean. The next most common source was North
America (> 8 %). In contrast, no air masses from SGP orig-
inated in the Atlantic. A small contribution of maritime ori-
gin from the Pacific Ocean (3.8 %) and the Gulf of Mexico
(4.9 %) was observed at SGP. However, it can be observed
that air masses originating in the Pacific Ocean spent time
over North America to reach SGP, so they cannot be con-
sidered solely marine, unlike air masses from the Atlantic
Ocean at ENA, which spent their entire lifetime over marine
conditions.
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Table 2. Percentage of air masses originating from each location, as well as air mass time fractions over open water, land, or ice, determined
from 96 h HYSPLIT back trajectories (back trajectories may be younger than 96 h if rainfall exceeded 7 mm). At each site, each column
represents air mass properties for all trajectories, high-INP periods, and low-INP periods. Back trajectories were calculated at an inlet height
for each 6 h sample period.

SGP (2019) ENA (2020)

Origin All High-INP Low-INP All High-INP Low-INP
(N = 184) period period (N = 244) period period

(n= 10) (n= 11) (n= 7) (n= 13)

North of 66° latitude 1.6 0 0 5.7 0 23.1

Arctic Ocean 0.5 0 0 4.9 0 23.1
Atlantic Ocean 0 0 0 75.7 100 69.2
Europe 0 0 0 0 0 0
Greenland & Iceland 0 0 0 1.2 0 0
Gulf of Mexico 4.9 0 0 0 0 0
Latin America 0 0 0 0 0 0
Marginal Arctic Ocean 0 0 0 8.2 0 7.7
North America 90.8 100 90.9 8.2 0 0
Norwegian Sea 0 0 0 1.6 0 0
Pacific Ocean 3.8 0 9.1 0 0 0
Eurasia 0 0 0 0 0 0
Western Africa 0 0 0 0 0 0

Land 96.1 100 99.3 3.2 0 0
Open water 3.9 0 0.7 96.6 100 98.9
Ice 0 0 0 0.2 0 1.1

Avg age (hour) 80.0 77.5 79.6 82.4 66.4 84.0
Avg distance (km) 1964.2 2150.6 1719.5 2525.6 1667.6 2860.7

Tables 1 and 2 also show the comparison between all back
trajectories and the air mass trajectories during high- or low-
INP episodes. As demonstrated in Sect. 3.5, the high-INP
episodes were identified by extracting periods when the 6 h
time-averaged IAF and ns values all exceed their medians at
−20, −25, and −30 °C at each study site for our study pe-
riods (n= 10 for SGP and n= 7 for ENA). In contrast, the
low-INP episodes are represented by the time when all the
IAF and ns at the three temperature values fall less than their
medians at SGP (n= 11) and ENA (n= 13). Back trajecto-
ries of air masses corresponding to these high- and low-INP
times are displayed in Fig. 10. For ENA, similar trajectory
figures, as well as tabular results, from high- and low-INP
times specifically used for the ACSM analysis (Sect. 3.5) are
reported in Sect. S14.

A summary of back trajectory analyses and plots is given
in Fig. 10. For SGP, a total of 10 out of 184 trajectories are
considered high-INP trajectories and displayed in Fig. 10b
along with their dates and times in the legend. The terrestrial
contribution originating from the central area of the North
American continent is a notable source of high-INP trajecto-
ries at SGP. Figure 10c shows back trajectories of air mass
approaching SGP during low-INP episodes. With the excep-
tion of one air mass originating in the Pacific Ocean, SGP
does not exhibit any unique back trajectory patterns, yet the

short air mass travel distance of 1719.5± 264.3 km during
the low-INP episodes on average (± standard error) as com-
pared to the high-INP episodes (2150.6± 207.6 km) can be
explained by precipitation and associated wet scavenging.

At ENA, 13 air mass trajectories out of 244 trajectories are
considered low-INP episodes (Table 1). As seen in Fig. 10f,
at the ENA site, low-INP episodes coincide with air mass
originating from the coastal region of the North American
Atlantic and contribution of the north of 66° latitude region
from the Arctic Ocean accounting for 23.1 % as compared to
other trajectories. While the exact source of INPs from high
latitudes is uncertain, previous studies suggest that open wa-
ter and pack ice can be the source of aerosol particles in the
Arctic (Beck et al., 2020; Baccarini et al., 2020; Park et al.,
2020). Several previous studies also postulated the influence
of transported biomass burning material from North America
at the ENA site (Y. Wang et al., 2021; Zheng et al., 2020).

On the other hand, high-INP episodes at ENA (n= 7)
show 100 % contributions of air masses from the Atlantic
Ocean with a shorter average (± standard error) travel dis-
tance of 1667.6± 262.1 km as compared to the other case
(2860.7± 293.1 km, Fig. 10f). As discussed in Sect. 3.2,
maritime SSAs are less active as INPs as compared to terres-
trial dust particles. Since our back trajectory pathways show
the land contribution only before approaching the ENA site, a
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Figure 10. Air mass origins and back trajectories at the inlet height from SGP (a–c) and ENA (d–f). The air mass trajectories during high-
and low-INP episodes are shown in blue and pink colors.

portion of the ENA aerosols and INPs may be from material
transported from local terrestrial sources near ENA for lo-
cal air masses, as indicated by back trajectories for our study
period in 2020. While there are no direct long-term measure-
ments of dust during ExINP-ENA, a high abundance of dust-
containing particles at ENA has been reported in the previous
study at ENA (Knopf et al., 2022).

We did not observe any unique wind properties (i.e., di-
rection and wind speed) measured at each observatory corre-
sponding to high- or low-INP episodes for our study period
at both sites (Fig. 2c and f). The correlation between wind
direction and nINP is low at SGP (ρ < 0.11 at p< 0.05) and
ENA (ρ < 0.14 at p< 0.05). The observed wind speed also
exhibits relatively low correlation to nINP at SGP (ρ < 0.33
at p< 0.05) and ENA (ρ < 0.15 at p< 0.05).

4 Summary and outlook

This study compares aerosol particles and INP measurements
from two contrasting sites, SGP and ENA, which represent
terrestrial and marine environments, respectively. While fur-
ther investigation of physicochemical properties of INPs is

necessary, our measurement observations suggest that both
terrestrial and marine influences affect the abundance of
INPs in air masses reaching SGP and ENA. The overall on-
line nINP(T ) at SGP was approximately 3 times higher than
at ENA. Although naer and Saer at SGP were also larger than
naer and Saer at ENA, the increased aerosol concentrations at
SGP alone did not explain the higher nINP(T ) at SGP as we
found no reasonable correlation between near and nINP(T )
(|ρ|< 0.23 at p< 0.05). On the other hand, the ice nucle-
ation efficiencies (i.e., IAF and ns) estimated for the SGP
case are substantially lower than those for the ENA case.

We observed that INP concentrations from ENA are not
sensitive to the heat treatment, but the heat sensitivity is no-
ticeable at high-temperature conditions for INP concentra-
tions measured for the samples from SGP. No INPs were
found at temperatures above −10 °C after the heat treatment
whereas the immersion freezing was detected at −5 °C for
one non-heated sample from SGP. Heat sensitivity is often
attributed to organic and/or biogenic material, which can be
from soil dust at SGP. In contrast, samples from ENA may
contain a higher proportion (but not a higher number con-
centration) of non-heat labile particle type than samples from
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SGP, while they may still contain organic materials. In the
future, the hydrogen peroxide treatment for aerosol particle
samples for offline INP measurement, as well as the assess-
ment of refractory organics, may be useful to understand the
abundance of organic INPs (Perkins et al., 2020; Kulkarni et
al., 2023).

Further, future studies could focus on assessing the long-
term SGP–ENA measurement data and parameterizations of-
fered in this report to guide immersion freezing schemes
in models and examine an agreement (or disagreement) be-
tween measured and predicted INP abundance and properties
within reasonable uncertainties (i.e., closure study, Knopf et
al., 2021). Kulkarni et al. (2023) demonstrated the closure
analysis of cloud condensation nuclei abundance and acti-
vation efficiency in relation to aerosol size distribution and
chemical composition from SGP.

Exploring both the hygroscopicity from various ambient
supersaturation conditions and INPs at various temperatures
could reveal the nature of aerosol sampled at SGP and ENA
sites. Such understanding could help to better constrain the
aerosol properties within the atmospheric models. It is ap-
parent that organic material (as seen in samples from SGP)
is capable of acting as INPs, but the type of INPs at ENA
must be better understood by increasing both spatiotemporal
sampling resolution and physicochemical sampling of indi-
vidual INPs. These broad goals open up the possibility for,
and demonstrate the need for, partnership and collaboration
between different research groups to understand this complex
problem.
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