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Ice nucleating particles (INPs) are a small subset of atmospheric particles that can initiate the formation of

ice in clouds, including mixed-phase clouds. Here we report concentrations of INPs during October and

November of 2018 at Alert, Nunavut, in the Canadian High Arctic. Our results show that average INP

concentrations in October were higher than those in November. Based on an ammonium sulfate assay,

mineral dust was an important component of the INP population at temperatures (T) # �21 �C and T #

�20 �C for October and November, respectively. Based on a heat assay, biological particles were an

important component of the INP population at T $ �21 �C and T $ �16.5 �C for October and

November, respectively. In addition, INP concentrations were correlated with aluminum concentrations

(a tracer for mineral dust), possibly suggesting a significant fraction of the mineral dust and biological

INPs came from the same source. Particle dispersion modelling and correlations between INP

concentrations and aluminum suggest a significant fraction of the INPs came from ice-free and snow-

free land at latitudes >50 �N. Since the coverage of ice-free and snow-free land in the Arctic is expected

to increase as temperatures increase in the Arctic, these results have important implications for climate

feedback mechanisms in the region.
Environmental signicance

Ice nucleating particles (INPs) can trigger ice formation in clouds and strongly inuence the optical properties and lifetime of clouds. However, the properties of
atmospheric INPs are still poorly constrained, especially for the Arctic, a region highly sensitive to global warming. Here we investigate the concentration,
composition, and sources of INPs collected at a ground station at Alert, Nunavut, Canada. The results suggest that the main components of INPs include mineral
dust and biological particles, and the INPs are likely from the ice-free and snow-free land at latitudes >50 �N.
1. Introduction

Mixed-phase clouds, which contain both liquid and ice, are
abundant in the Arctic and play an important role in precipi-
tation and climate in this region.1,2 Ice nucleating particles
(INPs) are atmospheric aerosol particles that can initiate the
formation of ice in clouds, includingmixed-phase clouds. These
particles can modify the properties of mixed-phase clouds,
including their lifetime and optical properties, by changing the
ratio of ice to liquid water in these clouds.3–8 Hence, informa-
tion on the concentrations, composition, and sources of INPs in
the Arctic is critical to predict climate and the hydrological cycle
tish Columbia, Vancouver, BC, V6T 1Z1,

d Climate Change Canada, Toronto, ON,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
in the region. Furthermore, as temperatures increase in the
Arctic,9,10 the coverage of sea ice and land snow is expected to
decrease.11 This decrease in sea ice and land snow may lead to
an increase in the INP concentrations in the Artic atmo-
sphere,12–15 leading to a possible increase in precipitation,
a decrease in the lifetime of mixed phase clouds, and a positive
climate feedback in the region.6,16 Knowledge of the concen-
trations, composition, and sources of INPs in the Arctic is also
needed to predict the importance of this climate feedback
mechanism.

Several studies have measured the concentrations of INPs in
the Arctic.16–30 In most cases, these measurements were carried
out for relatively short periods of time during intensive eld
campaigns. A few studies have quantied INP concentrations
over longer periods of time.17,19–21 Fountain and Ohtake19

measured INP concentrations at 3 ground sites in Alaska for
a full year and showed that the INP concentrations were higher
in the summer and lower in the winter. Bigg20 and Bigg and
Leck21 observed a decline in the INP concentrations over the
Environ. Sci.: Atmos., 2022, 2, 279–290 | 279

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ea00068c&domain=pdf&date_stamp=2022-03-15
http://orcid.org/0000-0002-7352-6754
http://orcid.org/0000-0003-1018-9874
http://orcid.org/0000-0003-2781-3848
http://orcid.org/0000-0003-1503-5639
http://orcid.org/0000-0002-5621-2323
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ea00068c
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA002002


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

1-
11

-2
02

5 
11

:0
0:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Arctic Ocean from the summer to the fall. In addition, Wex
et al.17 recently monitored INP concentrations at 4 stations in
the Arctic and observed a seasonal variation in the concen-
trations of INPs with higher concentrations in the summer
and fall and lower concentrations in the winter and spring.
Continued measurements of the concentrations of INPs in the
Arctic are necessary to improve our understanding of the
concentrations of INPs in the region and how these concen-
trations vary with freezing temperature, season, and location
in the Arctic.

Compared to studies that measured the concentrations of
INPs in the Arctic, fewer studies have directly probed the
composition of INPs in the Arctic. Several of the studies that
directly probed the composition of INPs in the Arctic identied
mineral dust as a signicant contributor of INPs in the region.
As an example, Kumai and Francis32 characterized residuals of
natural snow crystals forming in a cloud at �20 to �5 �C over
Greenland in the summer using electron microscopy and
concluded that the snow crystals were formed mainly on clay
mineral particles. Using transmission electron spectroscopy
and energy dispersive X-ray analysis (TEM-EDX), Rogers et al.31

showed that INPs over the Arctic Ocean during the late spring
consisted of crustal minerals (16%) and carbonaceous particles
(76%) for freezing temperatures ranging from �25 to �20 �C.
Similarly, using TEM-EDX, Prenni et al.22 showed that INPs over
northern Alaska in October oen consisted of metal oxides or
mineral dust and carbonaceous particles for freezing tempera-
tures from �28 to �6 �C.

Some studies that probed the composition of INPs in the
Arctic identied biological particles as a signicant contributor
to INP concentrations in the region. Using a heat treatment
assay, Šantl-Temkiv et al.27 showed that 82% to 100% of the
INPs at T $ �15 �C over Greenland during the summer were
likely biological. Also using a heat treatment assay, Hartmann
and Adachi et al.28 and Hartmann and Gong et al.29 showed that
for some of their samples collected over the Arctic Ocean during
the spring and early summer, 100% of the INPs at T $ �15 �C
were likely biological. In addition, other researchers have
speculated that biological particles were an important source of
INPs in the Arctic based on the warm freezing temperatures
(T $ �15 �C) of their samples.17,18,23,30 Despite these measure-
ments, more work is still needed to better understand the
composition of INPs in the Arctic. For example, more infor-
mation is needed on the relative contributions of mineral dust
particles and biological particles to the INP population and how
the relative contributions change with the freezing temperature,
season, and location in the Arctic. In addition, non-
proteinaceous organics may play an important role in ice
nucleation in the atmosphere.33,34 Studies that determine the
relative importance of non-proteinaceous organics are also
needed.

Sources of INPs in the Arctic have been discussed in some
previous studies. Some studies suggested local sources of INPs
during the spring and summer. Possible local sources included
the open ocean, snow-free land, open leads, and
polynyas.17,18,26–28 Besides local sources, long range transport
from mid-latitudes has also been suggested as an important
280 | Environ. Sci.: Atmos., 2022, 2, 279–290
source of the INPs in the Arctic.22,24 Despite these studies,
additional studies of the source regions of INPs in the Arctic are
needed since the source regions might change with the
sampling site, season, and freezing temperature range.

In the following, we investigated the concentration of INPs in
the immersion freezing mode during October and November at
Alert, Nunavut, in the Canadian High Arctic. Immersion
freezing refers to ice nucleation on INPs immersed in liquid
droplets. This mode of heterogeneous freezing has been shown
to be a dominant mode of ice nucleation in mixed-phase
clouds.35,36 In addition to measuring the concentrations of
INPs, we probed the composition of the INPs by monitoring the
changes in the INP concentrations aer exposing the samples to
ammonium sulfate (an ammonium sulfate assay) and heating
at 100 �C (a heat assay). The ammonium sulfate assay, which
has not been used previously in eld studies, was used to
explore the importance of mineral dust INPs in the samples.
The heat assay was used to detect biological INPs in the
samples. We also investigated correlations between the
concentrations of INPs and concentrations of Al, Na+, and Cl� to
provide complementary information on the composition of
aerosols that may act as INPs. We also used a Lagrangian
particle dispersion model to provide information on the source
regions of the INPs.

2. Experimental method
2.1. Sampling site and aerosol sampling

Sampling was performed daily at the Dr Neil Trivett Global
Atmosphere Watch Observatory, Alert, Nunavut, Canada (82.5
�N, 62.5 �W) from October 19th to November 17th, 2018. The
observatory is operated by Environment and Climate Change
Canada and located on a plateau with an altitude of 185m and 6
km from the Canadian Forces Station Alert. The population of
the Canadian Forces Station was reported as 62 in 2016. The
closest town is Grise Fiord, which is located 800 km to the south
of Alert and has a population of 129. The meteorological vari-
ables during sampling are indicated in Fig. S1.† During the
sampling campaign, the precipitation was low, and the ambient
temperature ranged from �35 �C to �10 �C (with an average of
�20.8 �C). The relative humidity (with respect to water) usually
stayed above 75% (with an average of 80.8%), and the wind
mainly came from southwest and northwest with the speed
below 15 km h�1.

For INP measurements, aerosol particles were sampled
through a louvered total suspended particulate (TSP) inlet
connected to an insulated and vertically oriented stainless
tube (10 cm diameter). The losses of particles from 20 nm to 1
mm and probably up to 5 mm were small, if not negligible
through the sampling inlet and tubing.37 Aerosols were
collected with 47 mm diameter nucleopore membrane lters
(GE Healthcare Whatman™), which were placed in an in-line
aluminum lter holder. The collection time for these samples
ranged from 17 to 24 hours, with a ow rate of 12 L min�1. The
membrane lters had a pore size of 0.2 mm and a high
collection efficiency of aerosol particles (>80% with the lowest
collection efficiency at diameters of 0.1 mm).38,39 This type of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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lter was used previously for INP collection.39 Aer collection,
the membrane lters were stored in 50 mL polypropylene
tubes (Corning™ Falcon) in a fridge at approximately 4 �C
until analyzed (Section 2.2).

For the measurements of Al, Na+, and Cl�, 47 mm diameter
Teon lters (PT 47 Filter, Measurement Technology Labora-
tories) were used to collect aerosol samples daily with a pore
size of 2 mm at a ow rate of 16.7 Lmin�1 for 17–24 hours for the
same sampling period and at the same sampling site as the INP
samples. This type of Teon lter has a collection efficiency of
higher than 99.99% for particles $0.1 mm based on the manu-
facturer's specications. Aer collection, the Teon lters were
stored in Petri slides in a fridge at approximately 4 �C until
analyzed (Section 2.6).

2.2. INP measurements for samples without any treatment

The nucleopore membrane lters collected at Alert were
analyzed for INPs at the University of British Columbia. To
extract the aerosols from the lters, 5 mL of ultra-pure water
(distilled water puried by Millipore system with a resistivity of
18.2 MU at 25 �C) was added to the polypropylene tubes con-
taining the lters and then the tubes were shaken for one hour
with an orbital shaker at 200 rpm. The INP concentration in
each suspension was then determined using the droplet
freezing technique as described previously.40–42 For each
sample, 60 1 mL droplets of the suspension were pipetted onto
hydrophobic siliconized glass slides (Hampton Research)
located on a cold plate (Grant EF5600). Another 60 1 mL droplets
of Milli-Q water were pipetted onto the previous droplets,
resulting in a nal volume of 2 mL per droplet. The second 1 mL
droplets were added to give the same nal volume as the
droplets used in the ammonium sulfate assay (see below for
additional details). The droplets were then isolated from the
surrounding atmosphere with a transparent chamber with
a digital camera located on the top of the chamber. To prevent
condensation of water vapor on the slides during cooling,
a small ow of dry N2 was passed through the chamber. The
temperature of the cold plate was rst set to 20 �C, then
decreased to �2 �C at a rate of 10 �C min�1, stabilized for 1
minute, and then cooled at a rate of 3 �C min�1 until all the
droplets froze. Droplet freezing was recorded by the digital
camera and the video was analyzed either manually or auto-
matically by a MATLAB script to determine the freezing
temperature of each droplet. The freezing temperatures were
determined based on the brightness of the droplets. For
autonomous detection, the freezing temperature was assigned
as the temperature when the rst derivative of the brightness
reached a maximum.43 The uncertainty in the freezing temper-
ature was �0.25 �C based on specications from the
manufacturer.

Aer determining the freezing temperature of each droplet,
the INP concentration in the air was calculated with the
following equation.44

NINPsðTÞ ¼
�ln

�
Nu

N0

�
Vsuspension � 2

VdropletVair

; (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where NINPs(T) is the number of INPs per volume of the air at
temperature T, Nu is the number of unfrozen droplets, N0 is the
number of total droplets, Vsuspension is the volume of water (5
mL) used to generate the suspensions containing INPs from the
lters, Vdroplet is the nal volume of the droplets (2 mL) used in
the freezing experiments, and Vair is the volume of sampled air
for each lter (Table S5†). The factor of 2 in eqn (1) was included
since the 1 mL droplets generated from the suspensions were
each diluted with a second 1 mL droplet containing only Milli-Q
water. The uncertainty in NINPs(T) was�98% at the lowest Nu/N0

value (1/60) and�22% at the highest Nu/N0 value (59/60) used in
our experiments based on nucleation statistics.45
2.3. Ammonium sulfate assay

An ammonium sulfate assay was used as an indicator for the
presence of mineral dust INPs in the samples, as suggested
previously.46,47 This assay, which has not been used previously
for eld studies, is based on laboratory studies of mineral dust
and non-mineral dust INPs in the presence of dilute ammo-
nium sulfate solutions. Several previous studies have shown
that the ice nucleation ability of many types of mineral dusts
(feldspars, kaolinite, montmorillonite, micas, and quartz) but
not all (amorphous silica and gibbsite) increases in the pres-
ence of dilute ammonium sulfate solutions (<0.1 M) aer
correction for freezing point depression by the salts.46–51 See
Table S1† for a summary of these previous studies. The reason
why ammonium sulfate improves the ice nucleating ability of
many types of mineral dust likely involves ion exchange of NH4

+

with parent cations at the mineral dust surface or adsorption of
NH4

+ at the mineral dust surface.46,48,49 Both processes could
affect the orientation of water molecules at the mineral dust
surface and, hence, ice nucleation.

On the other hand, previous studies have shown that the ice
nucleation ability of many non-mineral dust aerosols typically
found in the atmosphere (bacteria, fungi, sea-ice diatom
exudates, sea-surface microlayer samples, humic substances,
and leaf derived INPs) either decrease or are not affected by the
presence of dilute ammonium sulfate solutions (<0.1 M), aer
correction for freezing point depression by the salt.46,47,52 See
Table S2† for a summary of previous work with non-mineral
aerosol particles. Consistent with these previous studies, we
assumed that an increase in the ice nucleation ability of
a sample aer the addition of ammonium sulfate at a concen-
tration of 0.05 M and aer correction for freezing point
depression by the salt indicates the presence of mineral dust
INPs. We also note that Reischel and Vali (1975) observed that
ammonium salts increased the ice nucleating ability of AgI and
CuS hydrosols (two non-mineral dusts) but aerosols containing
AgI and CuS are not expected to be abundant in the Arctic
atmosphere.53,54

For the ammonium sulfate assay, we rst pipetted 60 drop-
lets of the suspensions containing the INPs onto hydrophobic
glass slides located on the cold stage. Then a second droplet
containing 0.1 M ammonium sulfate was added to each of the
previous droplets, resulting in each droplet having a volume of 2
mL and an ammonium sulfate concentration of 0.05 M. The
Environ. Sci.: Atmos., 2022, 2, 279–290 | 281
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freezing temperatures of these droplets were then measured
and corrected for freezing point depression by ammonium
sulfate as described below. The INP concentrations were
determined with eqn (1) and compared to the INP concen-
trations determined for the case without ammonium sulfate.
We assume that a signicant increase in the INP concentra-
tion indicates that the samples likely contain mineral dust
INPs.

The freezing point depression caused by the addition of
ammonium sulfate (0.05 M) was determined with the following
equation.55

DTf ¼ Kf � m � i (2)

where DTf is the estimated freezing point depression, Kf is the
freezing point depression constant (1.86 �C mol�1 kg), m is the
molality of the solutes (0.05 mol kg�1 in this case), and i is the
van't Hoff factor (3 for ammonium sulfate). Based on eqn (2),
the freezing point depression was 0.28 �C, and all freezing
temperatures for droplets with 0.05 M ammonium sulfate were
corrected by this amount.
2.4. Heat assay

Previous studies have shown that proteinaceous INPs can
undergo denaturation and lose their ice nucleating ability aer
undergoing heat treatment at temperatures from 60 �C to
105 �C.56–60 As a result, heating tests have been used in previous
studies as a tool to identify possible biological
INPs.27–29,33,34,41,56,61,62 Consistent with previous studies, we
assume that a decrease in the INP concentrations of the
samples aer heating indicates the presence of biological INPs,
similar to previous studies in the Arctic.27–29

For the heating assay, an aliquot of each suspension gener-
ated from the lter samples was placed in a polypropylene tube
capped with a lid and heated at 100 �C,41,42 for one hour in
a heating block (AccuBlock, Labnet). The freezing temperatures
and INP concentrations of the heated samples were then
determined as described in Section 2.2.
2.5. Negative controls for the freezing experiments

We used Milli-Q water (5 trials) and a 0.05 M ammonium
sulfate solution (3 trials) as negative controls. 5 mL of Milli-Q
water or the ammonium sulfate solution was added to poly-
propylene tubes containing new membrane lters and the
tubes were then shaken for one hour with an orbital shaker at
200 rpm. The resulting solution was then used in the freezing
experiments as described in Section 2.2. The results from
these freezing experiments were then used to calculate an
average fraction frozen curve for the negative controls (the
black curve in Fig. S2†). Eqn (1) was then used to calculate the
average INP concentration for the negative controls, assuming
the volume of sampled air for the negative controls was the
same as the volume of sampled air for the aerosol samples.
The average INP concentration for the negative controls was
subtracted from the measured INP concentrations for each
sample.
282 | Environ. Sci.: Atmos., 2022, 2, 279–290
In this paper, we only report the INP concentrations at
T $ �22 �C. We focus on this temperature range because, in
some cases, all droplets froze when T $ �22 �C (Fig. S3†). In
these cases, the concentration of INPs could not be calcu-
lated from eqn (1). For T $ �22 �C, the fraction of droplets
that froze for the negative controls on average was #5%
(Fig. S3†).

2.6. Measurements of the concentrations of Al, Na+, and Cl�

The Teon lters collected at Alert were analyzed to deter-
mine the concentrations of Al, Na+, and Cl� for the same
sampling times as the INP samples. The lters were analyzed
at Chester LabNet, Oregon, USA. One set of lters was used to
determine the concentration of the element Al by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
The element Al is a major constituent of the Earth's crust63

and has been used in the past as a tracer of mineral dust in
the atmosphere.53,64–66 The other set of lters was used to
determine the concentration of Na+ and Cl� by ion chroma-
tography (IC). These ions are major constituents of sea salts
and have been used as a tracer of sea spray aerosol in the
past.64–67

For ICP-AES analysis, the Teon lters were digested in
a heated ultrasonic bath aer the addition of concentrated
nitric and hydrochloric acids. The resulting solutions were then
atomized into an argon plasma and the element Al was identi-
ed by a characteristic emission line. For IC analysis, the Teon
lters were immersed in 10 mL of deionized water and soni-
cated for 60 minutes. Concentrations of soluble ions were then
determined by ion chromatography (Thermo Scientic ICS-
500), following the United States Environmental Protection
Agency (USEPA) methods 300.0 and 300.7.68,69 Briey, the
extracted solution was injected into an ion exchange column
operating under high pressure, and the ions were separated by
the ion exchange column and detected by conductivity of the
post-column eluent.

2.7. Particle dispersion modelling

To help determine possible sources of INPs in the samples, the
FLEXible PARTicle dispersion model (FLEXPART)70 was used
in the backward mode. The model was driven by the National
Centers for Environmental Prediction (NCEP) Final (FNL)
Operational Global Analysis Data. In each simulation, 100 000
particles were released at the sampling site (82.5 �N, 62.5 �W)
within one minute and followed backward for 7 days with
outputs generated at 1 hour intervals. Wet deposition was not
considered here when calculating the back trajectories of the
particles. For each INP sample collected at Alert, a simulation
was run every three hours during the sampling period. The
outputs from all the simulations were then averaged to
generate a potential emission sensitivity (PES) plot for each
sample. Since we wanted to identify possible sources of the
INPs, which most likely originated from the Earth's surface, we
only used data from the surface to 100 meters above the
surface resulting in near-surface PES plots (i.e., footprint PES
plots).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 INP concentrations during October and November. Panel (a):
the INP concentrations measured as a function of temperature for the
daily samples collected in October and November. Uncertainties are
not shown for clarity. Panel (b): the monthly average INP concentra-
tions as a function of temperature for the samples collected in
October and November. The shaded regions in panel (b) represent the
83% confidence bands of the monthly average INP concentrations.
Two data sets with normal distributions are statistically different at
a confidence level of 95% if their 83% confidence bands of the means
do not overlap.71

Fig. 2 The average INP concentrations as a function of temperature in
the Arcticmeasured in the current study and in previous ground-based
or ship-based studies. The sampling platform, location, and time of
each study are indicated in Table S3.† The error bars for the current
study correspond to the 95% confidence intervals of the means. The
region shaded in grey shows the literature data from ref. 73 for
precipitation and cloud water samples.
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3. Results and discussion
3.1. The concentrations of INPs measured at Alert

Shown in Fig. 1a are the measured INP concentrations as
a function of temperature for all 30 samples. The lower detec-
tion limit for the INPmeasurements was approximately 0.01 L�1

for each sample. Within the temperature range investigated
($�22 �C), the measured INP concentrations for the October
samples varied from 0.01 L�1 to 0.5 L�1 and the measured INP
concentrations for the November samples varied from 0.01 L�1

to 0.2 L�1. The largest variation of INP concentrations between
daily samples occurred at �22 �C, with a factor of �20 for the
October samples and a factor of �8 for the November samples.

To determine if the mean INP concentrations for October
were signicantly different from November at the 95% con-
dence level, in Fig. 1b, we compared the mean INP concentra-
tions with 83% condence bands for the October and November
samples. Two data sets are statistically different at the 95%
condence level if their 83% condence bands of the means do
not overlap.71 Note, to determine if two datasets are signicantly
different at the 95% condence level, the 83% condence
bands, rather than the 95% condence bands, should be used,
as shown previously.71 Based on Fig. 1b, the average INP
concentrations during October were a factor of 3 to 6 higher
© 2022 The Author(s). Published by the Royal Society of Chemistry
than November and the differences were statistically
signicant.

The freezing temperature at which 50% of the droplets froze
in an experiment (T50) is oen used to compare freezing effi-
ciencies. In Fig. S4,† we compared the mean T50 values for the
October and November samples. Based on Fig. S4,† the mean
T50 values for October were 1.9 �C warmer than November and
the differences were statistically signicant at the 95% con-
dence level.

Fig. 2 shows a comparison of the INP concentrations
measured in our study with the INP concentrations measured in
previous ground-based or ship-based INP measurements in the
Arctic (the locations of previous eld measurements are given in
Table S3†). The average daily INP concentrations at �16 �C and
�22 �C in our study were 0.04 L�1 and 0.22 L�1, respectively, for
the October samples, and 0.013 L�1 and 0.052 L�1, respectively,
for the November samples. These values were within the
concentration range of the previous studies.17–21,23–27,30,72

Also included in Fig. 2 (shaded region) is the range of INP
concentrations measured from precipitation and cloud water
samples mainly collected over mid-latitudes in North America
and Europe.73 Based on Fig. 2, at T $ �16 �C, the INP concen-
trations measured at the surface in the Arctic are mostly
consistent with the concentration range reported by Petters and
Wright.73 However, at T # �16 �C, the INP concentrations
Environ. Sci.: Atmos., 2022, 2, 279–290 | 283
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measured at the surface in the Arctic are oen less than the
concentration range reported by Petters and Wright.73 These
results suggest that INP concentrations at the surface in the
Arctic may oen be lower than those inmid-latitude continental
areas at T # �16 �C, consistent with the conclusion of Wex
et al.17 using a similar analysis.
3.2. Results based on the ammonium sulfate assay

To determine if mineral dust particles are an important
component of the INP population, we compared the INP
concentrations before and aer exposure to a 0.05 M ammo-
nium sulfate solution (see Section 2.3). An increase in the INP
concentrations aer exposure to ammonium sulfate suggests
the presence of mineral dust INPs. Shown in Fig. 3 are results
for the October samples (Fig. 3a and b) and the November
samples (Fig. 3c and d) before and aer ammonium sulfate
treatment.

For the October samples, the average INP concentrations
aer ammonium sulfate treatment were statistically higher
(95% condence level) than those before ammonium sulfate
Fig. 3 The effect of ammonium sulfate treatment on the INP
concentrations. Panel (a): the daily INP concentrations measured in
October without any treatment and with ammonium sulfate treat-
ment. Uncertainties are not shown for clarity. Panel (b): the monthly
average INP concentrations for October without any treatment and
with ammonium sulfate treatment. Panel (c): the daily INP concen-
trations in November without any treatment and with ammonium
sulfate treatment. Uncertainties are not shown for clarity. Panel (d): the
monthly average INP concentrations for November without any
treatment and with ammonium sulfate treatment. The shaded regions
in panel (b) and panel (d) indicate 83% confidence bands. Two data sets
with normal distributions are statistically different at a confidence level
of 95% if their 83% confidence bands of the means do not overlap.71

284 | Environ. Sci.: Atmos., 2022, 2, 279–290
treatment for T # �21 �C (Fig. 3b). For the November samples,
the average INP concentrations aer ammonium sulfate treat-
ment were statistically higher (95% condence level) than those
before ammonium sulfate treatment for T # �20 �C (Fig. 3d).
These results suggest that mineral dust is a signicant
component of the INP population for October and November at
T # �21 �C and T # �20 �C, respectively. These ndings are
consistent with the previous studies that have identied
mineral dust as an important component of the INP population
at temperatures of �28 �C to �6 �C in the Arctic.22,31
3.3. Results based on the heat assay

To determine if biological INPs were an important component
of the INP population, we determined the change in the
INP concentrations aer heating the samples at 100 �C (see
Section 2.4). A decrease in the INP concentrations was assumed
to indicate the presence of biological INPs. Shown in Fig. 4 are
results for the October samples (Fig. 4a and b) and the
November samples (Fig. 4c and d) before and aer heat
treatment.
Fig. 4 The effect of heat treatment on the INP concentrations. Panel
(a): the daily INP concentrations measured in October without any
treatment and with heat treatment. Uncertainties are not shown for
clarity. Panel (b): the monthly average INP concentrations for October
without any treatment and with heat treatment. Panel (c): the daily INP
concentrations in November without any treatment and with heat
treatment. Uncertainties are not shown for clarity. Panel (d): the
monthly average INP concentrations for November without any
treatment andwith heat treatment. The shaded regions in panel (b) and
panel (d) indicate 83% confidence bands. Two data sets with normal
distributions are statistically different at a confidence level of 95% if
their 83% confidence bands of the means do not overlap.71

© 2022 The Author(s). Published by the Royal Society of Chemistry
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For the October samples, the average INP concentrations
aer heat treatment were statistically lower (95% condence
level), at T $ �20 �C (Fig. 4b). For the November samples, the
average INP concentrations aer heat treatment were statisti-
cally lower (95% condence level) at T $ �16.5 �C (Fig. 4d).
These results suggest that a large fraction of the INPs were likely
biological for the October and November samples at T$�21 �C
and T $ �16.5 �C, respectively. The ndings based on the heat
assay are consistent with previous studies that have shown
biological particles as an important component of the INP
population for certain times of the year at freezing temperatures
$�15 �C in the Arctic based on a similar heat treatment
assay.27–29

Overall, our results provide additional evidence that biolog-
ical INPs likely make up a signicant fraction of the INP pop-
ulation in the Arctic at freezing temperatures$�15 �C and even
lower temperatures for certain times of the year.
3.4. Correlations between the concentrations of INPs and Al,
Na+, and Cl�

In addition to measuring the concentrations of INPs, we
measured the concentrations of tracer chemical species for
mineral dust and sea spay aerosol. Al was used as a tracer for
mineral dust,53,64–66 and Na+ and Cl� were used as tracers for sea
spray aerosols.64–67

The concentration of Al was correlated (R ¼ 0.72) with the
INP concentrations at �22 �C, and the correlation was statis-
tically signicant (p < 0.05) (Table 1). This is consistent with
our nding that a signicant fraction of the INP population at
�22 �C contained mineral dust particles based on the
ammonium sulfate assay (see Section 3.2). At �16 �C, the
correlation coefficient was smaller (R ¼ 0.58) but still statis-
tically signicant (p < 0.05). However, the ammonium sulfate
assay did not indicate that mineral dust particles were an
important component of the INP population at this freezing
temperature. One possible explanation for this apparent
discrepancy is that the biological INPs, which were important
at the warmer temperatures, and the mineral dust INPs, which
were important at lower temperatures in our samples, came
from the same sources in some cases. Consistent with this
explanation, previous studies have shown that aerosol parti-
cles from soil dust contain both biological and mineral dust
Table 1 The correlation coefficients and p-values between the
concentration of INPs at �16 �C and �22 �C and concentrations of Al,
Na+, and Cl�. Correlations that are statistically significant (p < 0.05) are
bold

Tracer chemicals

Correlations between INPs and tracer chemicals
(n ¼ 30)

INPs at �16 �C INPs at �22 �C

R p R p

Al 0.58 3.4 � 10�4 0.72 2.8 � 10�6

Na+ 0.13 0.24 0.25 0.092
Cl� 0.12 0.26 0.23 0.11

© 2022 The Author(s). Published by the Royal Society of Chemistry
INPs.33,62,74,75 In contrast to Al, the correlation coefficients
between concentrations of Na+ and Cl� and INP concentra-
tions at freezing temperatures of �22 �C and �16 �C were
small (#0.25) and not statistically signicant (p > 0.05).
3.5. Results from particle dispersion modelling

To provide information on the source regions of the INPs in our
study, we calculated footprint PES plots for each sample using
FLEXPART run in the backward mode. The footprint PES plots
show the residence time of particles in the layer from 0 to 100 m
in altitude during the previous 7 days. Fig. 5 shows the average
footprint PES plot for all 30 samples (Fig. 5a), the average
footprint PES plot for the October samples (Fig. 5b), and the
average footprint PES plot for the November samples (Fig. 5c).
Based on Fig. 5a–c, the source regions of the INPs were likely at
latitudes >50 �N. In addition, the footprint PES plots for October
are similar to those for November, although the footprint PES
plots for October tend to have higher residence time over
Northern Canada and Asian Arctic compared to those for
November.

Shown in Fig. 5d–f are maps of the surface coverage types for
October 19th, November 3rd, and November 17th, which corre-
spond to the start, midway point, and end of the sampling
period, respectively. During the eld campaign, the snow
coverage and sea-ice coverage largely increased, while the bare
(i.e., ice-free and snow-free) land and open ocean signicantly
decreased for latitudes >50 �N (Fig. 5d–f). The footprint PES
plots for each sample were combined with daily maps of surface
coverage types (similar to Fig. 5d–f) to determine the total
residence time that each air mass sampled spent in the foot-
print layer over a specic surface type (Table S4†). At freezing
temperatures of �22 �C and �16 �C, statistically signicant
positive correlations (R ¼ 0.53 and 0.49, respectively) were
observed between the INP concentrations and the residence
time in the footprint layer over bare land (Table 2). On the other
hand, at the same freezing temperatures, statistically signicant
negative correlations (R ¼ �0.42 and �0.39, respectively) were
observed between the INP concentrations and the residence
time in the footprint layer over sea ice (Table 2). In addition, no
statistically signicant correlations were observed between the
INP concentrations and the residence time in the footprint layer
over open ocean and land snow (Table 2).

The results of particle dispersion modelling and the positive
correlation between INP concentrations and Al suggest that the
INPs were mostly from bare land at latitudes >50 �N. In the
current study, higher average INP concentrations were observed
in October compared to November. Based on our results, this is
likely due to more bare land at high latitudes in October
compared to November. These results highlight that INP
concentrations in the Arctic are likely sensitive to ice and snow
cover at high latitudes. This is especially important since ice
and snow cover at high latitudes are expected to decrease as
temperatures continue to increase in the region.15

Related to the previous discussion, the combined results
from the ammonium sulfate assay, the correlations between
INPs and Al, and the particle dispersion modelling suggest that
Environ. Sci.: Atmos., 2022, 2, 279–290 | 285
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Fig. 5 Panel (a): the average footprint PES plots for all 30 samples collected in October and November. Panel (b): the average footprint PES plots
for the samples collected in October. Panel (c): the average footprint PES plots for the samples collected in November. Panel (d): the map
showing the surface coverage types on the first day of sampling (Oct-19). Panel (e): the map showing the surface coverage types at the midway
point of sampling (Nov-03). Panel (f): the map showing the surface coverage types on the last day of sampling (Nov-17). In each panel, the
sampling site is indicated by a red star. The surface coverage data was obtained from National Snow and Ice Data Center.

Table 2 The correlation coefficients and p-values between the
concentration of INPs at �16 �C and�22 �C and the residence time of
the airmass over different surface types within 0–100 m above the
surface in the 7 days prior to sampling. Correlations that are statistically
significant (p < 0.05) are bold

Surface coverage
type

Correlations between INPs and residence time
over different surface types (n ¼ 30)

INPs at �16 �C INPs at �22 �C

R p R p

Land 0.49 0.003 0.53 0.0011
Sea 0.038 0.42 �0.08 0.33
Sea ice �0.39 0.016 �0.42 0.01
Snow 0.1 0.3 �0.1 0.3
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mineral dust from high latitudes is a signicant source of INPs
in the fall at Alert, Nunavut at T # �20 �C. These nding are
consistent with a recent study, Wex et al.,26 which showed that
mineral dust from high latitude sources such as the Hudson Bay
area, eastern Greenland, or northwest continental Canada was
an important contributor to the INP population of the Canadian
Arctic marine boundary layer at T#�15 �C during the summer.
These ndings are also consistent with modelling studies that
showed high-latitude mineral dust sources are a major
contributor to total mineral dust aerosol population in the
Arctic at the surface during the summer and fall.76 As temper-
atures continue to increase in the Arctic region, concentrations
286 | Environ. Sci.: Atmos., 2022, 2, 279–290
of mineral dust from high latitude sources are expected to
increase.15 Hence, INP concentrations in the Arctic are also ex-
pected to increase, potentially resulting in an important climate
feedback mechanism.
4. Summary and conclusions

In this study, we measured daily INP concentrations at Alert,
a ground site in the Canadian High Arctic during October and
November of 2018. The average INP concentrations were
consistent with values from previous ground-based and ship-
based INP measurements in the Arctic. The average INP
concentrations fell within the INP concentration range reported
byPetters and Wright73 at a freezing temperature of �16 �C but
were lower than this range at a freezing temperature of �22 �C,
suggesting that the INPs in the Arctic could be lower than those
in mid-latitude continents at freezing temperatures of �22 �C
and lower.

We used an ammonium sulfate assay and a heat assay to
evaluate the importance of mineral dust INPs and biological
INPs in the Arctic. The results from the ammonium sulfate
assay suggest that mineral dust was an important component of
the INP population for the October samples and November
samples at T#�21 �C and T#�20 �C, respectively. The results
from the heat assay suggest that a large fraction of the INPs were
likely biological for the October samples and November
samples at T $ �21 �C and T $ �16.5 �C, respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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We also measured the concentrations of Al, Na+, and Cl�

during the eld campaign. At the freezing temperature of
�22 �C, we found statistically signicant correlations between
the concentrations of INPs and Al, consistent with mineral dust
as an important component of the INP population. At the
freezing temperature of �16 �C, we observed a weaker but still
statistically signicant correlation between the concentrations
of INPs and Al, although the results from the heat assay indicate
that the majority of INPs at this freezing temperature were likely
biological. This might be because the mineral dust INPs and
biological INPs came from the same source, for example, soil
dust particles. The contribution of soil dust particles to the total
INP population could be explored further with a combination of
a heat assay, ammonium sulfate assay, and H2O2 assay.33,77

To help constrain the source regions of the INPs, FLEXPART
was used to generate footprint PES plots. The footprint PES
plots show the residence time of particles in the layer from 0 to
100 m in altitude during the previous 7 days. The footprint PES
plots suggested the source regions of the INPs were likely at
latitudes >50 �N. Using these PES plots and surface coverage
data, we also calculated the residence time the air masses spent
over each surface type (i.e. bare land, snow, open ocean, and sea
ice). At the freezing temperatures of �16 �C and �22 �C,
statistically signicant positive correlations were found between
the INP concentrations and the residence time the air masses
spent over bare land, while statistically negative correlations
were found between the INP concentrations and the residence
time the air masses spent over sea ice. The results of particle
dispersion modelling and a positive correlation between INP
concentrations and Al suggest that the INPs were mostly from
bare land at latitudes >50 �N. As temperatures in the Arctic
continue to rise, bare land is expected to be exposed for longer
periods of the year and the coverage extent of bare land is ex-
pected to increase.11,15 Hence, INP concentrations in the Arctic
are also expected to increase, potentially resulting in an
important climate feedback mechanism.
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59 J. Fröhlich-Nowoisky, T. C. J. Hill, B. G. Pummer,
P. Yordanova, G. D. Franc and U. Pöschl, Ice nucleation
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