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Abstract. Mixed-phase clouds (MPCs) can have a net warming or cooling radiative effect on climate influenced by the phase

and concentration of cloud particles. They have received considerable attention due to high spatial coverage and occurrence

frequency in the Arctic. To initiate ice formation in MPCs at temperatures above -38 ◦C, ice nucleating particles (INPs)

are required, which therefore have important implications on the radiative properties of MPCs by altering the ice to liquid

ratio of hydrometeors. As a result, constraining ambient INP concentrations could promote accurate representation of cloud5

microphysical processes and reduce the uncertainties in estimating the cloud-phase-related climate feedback in climate models.

Currently, INP parameterizations are lacking for remote Arctic environments. Here we present INP number concentrations

and their variability measured in Ny-Ålesund (Svalbard) at temperatures between 0 and -30 ◦C. No distinguishable seasonal

difference was observed from 12 weeks of field measurements in autumn
:::::
during

:::::::
October

::::
and

:::::::::
November

::
in

:
2019 and spring

:::::
March

::::
and

::::
April

::
in

:
2020.

::::::::
Compared

::
to

:::::::
existing

::::::
studies,

:::
the

:::::::
absence

::
of

:
a
::::::::
seasonal

::::::::
difference

::
is

:::
not

:::::::::
surprising,

::
as

::::
most

::::::::
seasonal10

:::::::::
differences

:::
are

:::::::
reported

:::
for

::::::::
summer

:::::
versus

::::::
winter

:::::
time

::::
INP

::::::::::::
concentrations.

:
In addition, correlating INP concentrations to

aerosol physical properties was not feasible
::::::::
successful. Therefore, we propose a lognormal-distribution-based parameterization

to predict Arctic INP concentration solely as a function of temperature,
::::::::::
specifically

:::
for

:::
the

:::::::::
transition

::::::
seasons

:::::::
autumn

::::
and

:::::
spring

::
to

:::
fill

::
in

:::
the

::::
data

::::
gap

::
in

:::
the

::::::::
literature

::::::::
pertaining

::
to
:::::
these

:::::::
seasons. In practice, the parameterized variables allow for a)

the prediction of the most likely INP concentrations and; b) the retrieval of the governing distribution of INP concentrations at15

given temperatures in the Arctic.

1 Introduction

The Arctic region is extremely sensitive to climate change. During the past several decades, this region has undergone ac-

celerated warming more than twice the rate of the global average (Serreze and Barry, 2011) - a phenomenon termed Arctic

amplification. Many feedback mechanisms are considered to contribute to the rapid warming of the Arctic environment. For20

instance, the phase partitioning in MPCs, i.e., the ratio of supercooled liquid droplets and ice crystals, markedly determines the

cloud optical depth and therefore impacts the radiative budget of the Arctic boundary layer (Pithan and Mauritsen, 2014).

In Arctic MPCs, primary ice formation is facilitated via heterogeneous ice nucleation aided by INPs (Vali et al., 2015).

Despite the scarcity of approximately only 1 out of 106 total aerosol particles acting as INP (at -20 ◦C) in the free troposphere
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(DeMott et al., 2010; Kanji et al., 2017), the variation of INP concentration can indirectly affect the climate by modifying cloud25

microphysical and optical properties and producing precipitation (Lohmann, 2002; Mason et al., 2015). Therefore, global and

regional climate models require accurate representations of complex cloud microphysical processes and INP feedback. So far,

knowledge gaps still exist concerning the spatial and seasonal variations, chemical compositions, and source origins of INPs,

particularly in remote Arctic regions (Hartmann et al., 2020).

Mineral dust and soil particles are effective INPs at temperatures lower than approximately -15 ◦C (Hoose and Möhler,30

2012; Murray et al., 2012; Kanji et al., 2017), yet the number is proportionally low in the Arctic due to reduced sources. In

addition, recent studies (Wilson et al., 2015; DeMott et al., 2016; Irish et al., 2017; McCluskey et al., 2018; Twohy et al., 2021)

present evidence that the emission of sea spray aerosol (SSA)
::::::
aerosols

:
via the bubble bursting mechanism at the ocean surface

(Gantt and Meskhidze, 2013) can be a dominant INP source in remote regions, e.g., the southern ocean, where other active

INPs sources (e.g., mineral dust) are rare. Many recent studies attempted to quantify INP concentrations in diverse environ-35

ments and develop deterministic parameterizations to represent cloud microphysical processes in climate models. For instance,

DeMott et al. (2010) (referred to as D10) incorporate the global average INP observations and improved INP parameterization

by relating the dependence of INP concentrations on temperature and number concentrations of aerosol particles with diame-

ters above 0.5 µm. Tobo et al. (2013) and Schneider et al. (2021) developed INP parameterizations correlated with fluorescent

biological particles and ambient temperatures, respectively, from measurement campaigns in pine forest ecosystems where bi-40

ological aerosols dominate the INP population. In addition, many surface site density (ns) based INP parameterization studies

focused on prevailing INP sources in different environments, e.g., mineral dust (Niemand et al., 2012 (N12); DeMott et al.,

2015 (D15)), and pristine SSA
:::
sea

:::::
spray

:::::::
aerosols (McCluskey et al., 2018, M18). The dominant aerosol compositions define

the major differences in these INP parameterizations, i.e., the slope of INP number concentrations as a function of temper-

ature. Due to the strong temperature dependence, the slope of an INP parameterization was reported to alter the amount of45

outgoing radiation by reforming the vertical distribution of cloud microphysical processes in modeling studies (Hawker et al.,

2021). However, the community still lacks an INP parameterization capable of predicting the INP number concentrations in

pristine regions such as the Arctic. In particular, the previously mentioned parameterizations are not suitable for remote pristine

conditions (see Section 3.2).

Apart from the contribution of localized INP sources, remote effects cannot be ruled out (Schmale et al., 2021) such that50

the changing aerosol emissions at low and mid-latitudes will also impact the Arctic region (Najafi et al., 2015; Lewinschal

et al., 2019). Igel et al. (2017) suggested that long-range transport can be an increasing aerosol source within the framework

of climate change and can impact the low-level Arctic cloud cover where the local aerosol loading is less prevalent. Addi-

tionally, Schrod et al. (2020) revealed that the dominant INP species vary temporally and geographically, which complicates

the realistic representativeness of atmospheric INPs in the Arctic. As a result, the Arctic INP population is considered to have55

a well-mixed composition from marine and terrestrial origin (Murray et al., 2021), and remote and local effects cannot be

easily distinguished (Schmale et al., 2021).
:::::::::::::::
Welti et al. (2018)

:::::::
observed

::::
INP

::::::::::::
concentrations

::::::
follow

:::
the

:::::::::
log-normal

:::::::::
frequency

:::::::::
distribution

::
at

::::::::::
investigated

:::::::::::
temperatures,

:::::::::
explained

::
by

:::
the

:::::::::
successive

::::::
random

:::::::
dilution

::::::
model

:::::::::
(Ott, 1990)

:
. Ott (1990) suggested

that in many atmospheric processes, a substance of interest, e.g., aerosol or INP, undergoes random dilution and mixing during
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atmospheric transport. The resulting frequency of INP concentrations at the destination, e.g., the Arctic, in this case, converges60

to a log-normal distribution after successive random dilutions in the absence of dominating local sources.

INP-related measurements in the remote Arctic are scarce and therefore of extreme value where the ambient aerosols are

in well-mixedandnear-pristine conditions. In this study, we conducted continuous measurements over 12 weeks in the Arctic

gathering extensive INP-related measurement data set, a broader INP-temperature spectrum down to -30� C, and higher tem-

poral resolutions. By quantifying the distribution of INP concentrations, we developed an INP parameterization representative65

of atmospheric background air masses. This parameterization will help evaluate the role of cloud phase interactions in Arctic

MPCs, and contribute to the progress on accurately estimating cloud in�uenced climate predictions in the Arctic (Tan and

Storelvmo, 2019)
:
,
::::::::::
particularly

:::
for

:::
the

::::::::
transition

:::::::
seasons

:::::::
(autumn

:::
and

::::::
spring).

2 Methods

2.1 Overview of �eld campaign and experimental setup70

Under the framework of the NASCENT campaign(Pasquier et al., 2022, in revision, BAMS)
:::::::::::::::::
(Pasquier et al., 2022)

:
, ambient

INP measurements and aerosol characterization took place at the Arctic �eld site in Ny-Ålesund, Svalbard (78.9 °N, 11.9

°E) during October–November 2019 and March–April 2020. Ny-Ålesund is located on the south coast of the Kongsfjorden

in western Svalbard, and it is a well-established international site in the Arctic for scienti�c research. We con�gured ambient

INP and aerosol measurements in a container used as the temporary observatory, which was placed at the southern end of Ny-75

Ålesund town (see Fig. 1a). In addition to the minor anthropogenic emissions from the town, the container was approximately

600 m from the coast of Kongsfjorden, and was surrounded by mountains and glaciers.

The experimental setup is shown in Fig. 1b. Ambient aerosol was sampled through a custom-built total aerosol inlet of4:5

:::
4.5m vertical length, which was kept at a maximal temperature of40

::
40

:
°C. During very cold periods with strong winds (e.g.

ambient temperature of -30 °C with wind chill below -50 °C in March 2020) the temperature temporarily dropped, however,80

never below 0 °C. A
::::::::::
Downstream

:::
of

:::
the

::::
inlet,

::
a �ow splitter (custom-built), a 0.5 long 90°-bendanda three-wayball valve

(Model 120VKD025-L,Pfeiffer Vacuum,Germany)connecteda blower (Model U71HL, Micronel AG, Switzerland)anda

:::::
directs

:::
the

:::::::
aerosol

::::::
in�ow

:::
into

::::
INP

::::
and

::::::
aerosol

:::::::::::
instruments.

:::
For

::::
INP

:::::::::::::
measurements,

::
as

::::::
shown

::
in

::::
Fig.

:::
1b,

:::
the

::::
�rst

::::::::
sampling

:::::
branch

::::
was

::::::::
regulated

::::
with

::
a

::::::
steady

::::
total

::::
�ow

::
of

::::
300

:
L min

::
� 1

:::::::
through

:::
the

::::
inlet

::
to

:::
the

:
high �ow-rate impinger (Coriolis® µ,

Bertin Instruments, France), bothoperatingat300� 1, downstreamto theinlet (similarly to thesetupusedin ? atWolfgangpass85

in Davos).Theblowerwasusedto createanoffset�ow throughtheinlet duringtimestheimpingerwasnot collectingaerosol

for INP analysis.In addition,the total ambient�ow wasdivided into a home-builtonlinecontinuous�ow diffusion chamber

- HINC (Lacher et al., 2017), which sampledambientaerosolcontinuouslyat a �ow rateof .
::::
The

::::
inlet

::::::::
diameter

:::
was

:::
50 mm

:::::
which

:::
was

:::::::
tapered

::
to

::
25

:
mm

::::::
(KF-25

::::
pipe

::::::::
standard)

::::
after

:::
the

::::
�ow

:::::::
splitter.

:
A

:::::::
detailed

::::::
sketch

::
of

:::
the

::::::
applied

:::::
setup

:::
has

:::::::::
previously

::::
been

::::
used

::
in

::::::::::::::::::
Wieder et al. (2022b)

:::::
Figure

:::
1e.

:::::::::
Secondary

::::::::
sampling

::::
lines

::::
that

::::::::
branched

:::
off

:::
the

::::
�ow

::::::
splitter

:::
had

:
a
::::::::
diameter

::
of

::
690

mm
:::
and

::::
were

:::::
used

::
by

::::::::
different

::::::::::
instruments

::::::::
operating

::
at

::::
�ow

::::
rates

:::::::
between

:
0.283stdL minstd L min � 1 (Detailsin Fig. 2).

:::
andL min

:::
� 1.

::::
The

:::
INP

::::::::
sampling

::::
and

:::::::
auxiliary

::::::
aerosol

::::::::::::
measurements

:::
are

:::::::::
explained

::
in

::::
more

:::::
detail

::::::
below.
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Figure 1. On-site instrumental setup in Ny-Ålesund. (a) Location of container for ambient INP and aerosol measurement (Photo CC BY

Radovan Krejci). (b) In-container setup. Ambient aerosol �ow was directed into CCNC (Cloud Condensation Nuclei Counter), HINC (Hor-

izontal Ice Nucleation Chamber, Lacher et al., 2017), Coriolis impinger and DRINCZ (DRoplet Ice Nuclei Counter Zurich, David et al.,

2019), SMPS (Scanning Mobility Particle Sizer) and APS (Aerodynamic Particle Sizer), WIBS (Wideband Integrated Bioaerosol Sensor).

2.1.1 INP sampling and measurements

::::
INPs

::::
were

:::::::::
monitored

:::::
using

::
an

:::::
of�ine

:::::::
method

:::
and

::
an

::::::
online

::::::
method

::
as

:::::::
follows.

:
Using the Coriolis impinger with the cut-off size

of 0.5 µm (
:::::
lower

::::
limit

:::
for

:
aerodynamic diameter), ambient aerosol samples were collected into pure waterandconsecutively95

analyzedfor INP concentrationonsiteusingtheof�ine dropfreezingtechniqueDRINCZ (David et al., 2019). To compensate

the evaporation loss of the sampling liquid (W4502-1L, Sigma-Aldrich, US) during the operation of the impinger, additional

sampling liquid was fed into the sampling cone at a constant feed rate, which varied according to the ambient conditions and

ranged between0:6 and1:0
:::
0.6

:::
and

:::
1.0

:
mL min � 1. Between October 6 and November 15 in 2019, and from March 16 to April

22 in 2020, 137 and 133 samples, respectively, were
:::::::
collected

::::
and analyzed for INP concentration. The INPconcentration100

::::::
analysis

::::
was

:::::::::
performed

:::
on

:::
site

:::::::::::
immediately

::::
after

::::::
sample

::::::::
collection

:::::
using

:::
the

::::::::
DRoplet

:::
Ice

::::::
Nuclei

:::::::
Counter

::::::
Zurich

:::::::::
(DRINCZ,

::::::::::::::
David et al., 2019

:
).

:::::
From

:::::
each

::::::::
collected

::::::
sample,

:::
96

:::::::
aliquots

::
of

:::
50 µL

::::
were

:::::::
pipetted

::::
into

::::
PCR

:::::
trays

:::
and

::::::
cooled

:::::
down

:::
in

:::
the

::::::
ethanol

::::
bath

::
of

::
a

:::::::::
thermostat

:::::::
(Figure

::::
1b).

::::::
During

::::::::
cooling,

:
a

:::::::
camera

:::::::
mounted

::::::
above

:::
the

::::
bath

:::::
took

:::::::
pictures

::
of

:::
the

::::
tray

::::
and

::
the

::::::::::::
corresponding

:::::::::::
temperature

::
of

:::
the

::::
bath

::::
was

::::::::
recorded.

:::::
From

:::
the

::::::
optical

:::::::
intensity

:::::::::
difference

::
of

:::
an

::::::
aliquot

:::::::
between

:::
the

::::
two

:::::::
pictures,

::
its

:::::::
freezing

::::::::::::
(temperature)

:::
was

:::::::
derived.

:::::
From

:::
the

::::::::
impinger

::::
�ow

::::
rate

:::
and

::::::
aliquot

::::::::
volumes,

::::
INP

::::::::::::
concentrations

:::
can

:::
be105
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::::::
derived.

::::
For

::::::
further

::::::
details

:::
we

::::
refer

:::
the

::::::
reader

::
to

:::::::::::::::
David et al. (2019)

:
.
::::
The

:::
INP

::::::::::::
concentration

::::::
(N INP )

:
was calculated at every

integer temperature according to Vali (1971, 2019) as

N INP (T) = �
ln

�
1 �

N fro (T)
N tot

�

Va � C
(1)

whereN fro (T) is the number of frozen aliquots at temperatureT, N tot is the total number of aliquots (N tot = 96), andVa is

the volume of an individual aliquot (Va = 50 µL). C is the normalization factor in order to calculate the INP concentration per110

standard liter of sampled air (std L� 1) and is de�ned as

C =
FCoriolis � tsample

VCoriolis
�

pambient

pstd
�

Tstd

Tambient
(2)

whereFCoriolis is the �ow rate of the impinger (300
:::
300

:
L min � 1), tsample is the sampling time (60 minutes),VCoriolis is the

end volume within the sampling cone (15
::
15 mL), pambient andpstd (1013:25

::::::
1013.25

:
hPa) are the ambient and standard-

condition pressure, andTambient andTstd (273:15
:::::
273.15

:
K) are the ambient and standard-condition temperature. The retrieved115

INP concentrations were corrected for the background of blank samples according to David et al. (2019).
:
as

:::::::
follows.

::::::
Blank

::::::
samples

:::::
were

:::::
taken

::
by

::::::::
installing

:::
an

::::::
unused

::::::::
sampling

:::::
cone

::
in

:::
the

::::::::
impinger

:::
and

:::::
�lling

::
it

::::
with

:::::
water

::::
(15 mL

:
)

::::::
entirely

:::::::
primed

::::
from

:::
the

:::::::
re�lling

::::::
system

::
to

:::::::
account

:::
for

::::::::::::
contamination

::::::::::
originating

::::
from

:::
the

:::::::
re�lling

::::::
system

::::
and

:::
any

:::::::::
impurities

::
in

:::
the

::::::
water.

:::
The

::::
cone

::::
was

::::::::
removed,

::::::
capped,

::::
and

::::::::
manually

:::::
shaken

:::
for

::
a

::::::
minute

::
to

::::::
account

:::
for

::::::::::::
contamination

::::
from

:::
the

::::
cone

:::::::
surface.

::
A

:::::
blank

::::::
sample

:::
was

:::::
taken

:::::
every

:::::
three

::::
days

::::::
during

:::
the

::::::::::
campaigns.

:::
For

:::::
each

::::::
season,

::
a

::
�t

::
of

:::
the

:::::::::::
backgrounds

:::
of

:::
the

::::::
season

:::
was

:::::
used120

::
to

::::::
correct

:::
the

::::
INP

:::::::
samples

::
of

:::
the

::::::::::::
corresponding

:::::::
season.

::::::::
Following

::::::::::
Vali (2019)

:
,

:::
INP

:::::::
samples

:::::
were

::::::::::
background

::::::::
corrected

:::
by

:::::::::
subtracting

:::
the

:::::::::
differential

::::
INP

::::::::
spectrum

::
of

:::
the

:::::
blank

::
�t

:::::
from

::
an

::::
INP

:::::::
sample's

::::::::::
differential

:::
INP

:::::::::
spectrum.

:::
An

::::::::
overview

::
of

:::
the

:::
raw

::::::
frozen

:::::::
fractions

:::
of

:::
INP

:::::::
samples

::::
and

::::::::::
background

::::::
blanks

::
as

:::::
input

:::
for

:::
the

:::::::::
calculation

::
of

:::
the

::::::::::
differential

::::
INP

::::::::
spectrum

:::
are

::::::::
presented

::
in

:::::
Figure

:::
S3

:::::::::::::
(Supplementary

:::::::::::
Information).

:
From the analysis by DRINCZ, the highest temperature at which the INP

concentration could be measured was approximately -5 °C, while the coldest temperature where ice nucleation activity was125

reliably observedis
:::
was

:
-22 °C.

In order to extend the INP temperature spectrum, we utilized the online continuous �ow diffusion chamber HINC (Lacher

et al., 2017) to measure INP concentrations atT = � 30 °C (� 0:4°C
::
�

:::
0.4

:
°C uncertainty) at a relative humidity with respect

to waterRH w = 104 % (� 1:5 %
::
�

:::
1.5

:::
% uncertainty), representing the immersion/condensation freezing mode. The ice

crystals and water droplets were distinguished by a pre-determined size threshold (5 µm) of an optical particle counter (OPC)130

downstream of the chamber (see Fig. 2), considering the operation temperature and particle residence time.
:::
The

:::
ice

::::::::
detection

:::::::
threshold

:::
of

:
5

::::
µm

::
is

:::::::::
unaffected

::
by

:::::::::
inactivated

:::::
large

:::::::
ambient

:::::::
particles

:::::
given

:::::::
HINC's

:::::
upper

::::::
cut-off

::::
size

::
of

:::::::::::::
approximately

:::
2.5

:::
µm

:::::
(D50,

:::
i.e.,

:::
50

::
%

::::
loss

::
for

::::::::
particles

::::
with

:
a
::::::::
diameter

::
of

:::
2.5

::::
µm)

:::
due

:::
to

::
the

:::::::::
horizontal

:::::::::
orientation

:::
of

:::
the

:::::::
chamber.

:
To account

for the false-positive ice count originated from the internal chamber, e.g.,
::
the

:
falling frost from the warmer plate

:::
that

:::
can

:::
be

::::::::::
misclassi�ed

:::
as

::::
INPs, a motorized valve (see Fig. 2) was applied to switch from sample �ow to �ltered air measurements135

regularly (5 min) before and after each sampling period (15 min) to determinea backgroundcounts,which were usedto

determine
:::
the

::::::::::
background

::
ice

:::::::
particle

::::::::::::
concentrations.

::::
The

:::
INP

::::::::::::
concentrations

:::
are

::::::
further

::::::
derived

:::
by

:::::::::
subtracting

:::
the

::::::::::
background

5



Figure 2. Flow diagram of HINC as setup inside the container during �eld measurements in Ny-Ålesund (Figure adapted from Lacher et al.,

2017). The blue part indicates modi�cations from Lacher et al. (2017) to adapt the recirculation of sheath air. MFC, CPC and OPC represent

mass �ow controller, condensation particle counter and optical particle counter, respectively.

::::::::::
interference

::::
from

::::::
sample

::::::::::::
measurements.

:::::::::
Moreover,

:
the limit of detection (LOD) of the instrumentat themeasuringconditions

(details
:::
was

::::
also

:::::::::
determined

:::::
from

:::
the

::::::::::::
concentrations

::::
and

:::::::
standard

:::::::::
deviations

::
of

:::
the

::::::::::
background

:::::::::::
interference

::::::::::::
measurements

::::::::
following

::::::
Poisson

::::::::
statistics

:::::::
(detailed

::::::::::
description in Lacher et al., 2017). Overall, 348 and 594 15-min samples were collected140

using HINC during the campaign in 2019 and 2020, respectively. AtT = � 30 °C, only measured INP concentration larger

than the LOD are presented and used in developing the parameterization, given the 68.3 % con�dence interval of signi�cance

according to the Poisson statistics. For Autumn 2019 and Spring 2020, the number of reported INP observations
::
at

::::::::
T = � 30

°C
:::
that above the LODwere135and323,with themedianINP concentrationsof 2.16and3.16stdL � 1, andLOD equal(1.06

and 1.12 std L� 1, respectively.145

:
)

::::
were

::::
135

:::
and

::::
323,

::::::::::
respectively.

:

2.1.2 Aerosol physical property measurements

Particle size distributions were recorded by two commercial particle sizer spectrometers connected to the total inlet splitter.

Coarse particles (approximately 0.5 - 20 µm) were detected using an Aerodynamic Particle Sizer Spectrometer (APS, Model

3321, TSI Corp., US). Fine particles (Aitken and accumulation mode, range approximately from 15 - 600 nm) were detected150

using a Scanning Mobility Particle Sizer Spectrometer (SMPS, Model 3938, TSI Corp., US). Electrical mobility diameters of

the SMPS and aerodynamic diameters of the APS were converted to volume equivalent physical diameter assuming an average

particle density of 2.0g cm� 3 (Tobo et al., 2019) and a shape factor of 1.2 (Thomas and Charvet, 2017). The concentration

of �uorescent particles was observed using a Wideband Integrated Bioaerosol Sensor (WIBS-5/NEO, DMT, US).
::::
Note

::::
that

:::::
WIBS

:::::::::::::
measurements

::::
were

::::
only

::::::::
available

::::::
during

:::
the

::::::
autumn

::::::::
campaign

:::
in

:::::
2019.155

2.2 Parameterization approach
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The observedINP concentrationswereobtainedby two instruments,with measurementsat T = � 30 usingHINC andfrom

T = � 22to � 5 usingDRINCZ.Consideradatasetwith n observationsandp variables(i.e.,differentmeasuredtemperatures).

TherelationshipbetweenY 2 Rn � p (i.e.,INPconcentrationsin logarithmicscale)andX 2 Rn � p (i. e.,measuredtemperatures)

canbe�t with a linearregressionwith slopevector� , includingtheerrorsof theobservations� :160

Y = X� + �;

The linear regressionwith ordinaryleastsquares(OLS) assumesconstantvariancein the errors(
:
In

::::
this

:::::
study,

:::
we

::::::
aimed

::
to

::::::
predict

:::
the

::::
INP

::::::::::::
concentrations

::::::
solely

::
as

::
a

:::::::
function

:::
of

:::
the

::::::::
observed

:::::::::
nucleation

:::::::::::
temperatures

:::::::::
(explained

:::
in

::::::
Section

:::::
3.2).

:::::
Using

:::::
linear

:::::::::
regression

::
to

::
�t

:::
the

::::::::::
relationship

:::::::
between

:::
the

:::::::::
logarithmic

:::::
space

:::
of

:::
INP

::::::::::::
concentrations

::::
and

:::::::::
nucleation

::::::::::
temperature

::::::
requires

:::
the

::::::::
ordinary

::::
least

:::::
square

:::::::::
technique

::
to

:::::::
estimate

:::
the

::::::::
regression

:::::::::::
coef�cients.

::
A

::::::
critical

:::::::::
assumption

::::::
behind

:::
this

:::::::
method

::
is165

::::::::::::::
homoscedasticity,

:
i.e.,homoscedasticity).By applyingOLS linearregression,however,asseenin Fig. ?? in theresidualplot,

theheteroscedasticINP concentrationsovereachmeasuredtemperatureareobserved,whichmotivatestheuseof weightedleast

squares(WLS, seee.g.Strutz (2010)) linear regressionto scalethe medianlog-normal�t of INP concentrationsat different

temperatures.In WLS, the error term � is assumedto be normally distributedwiththe meanvalue of 0 and non-uniform

variance-covariancematrixE :170

E =

0

B
B
B
B
B
@

� 2
1 0 � � � 0

0 � 2
2 � � � 0

...
...

...
...

0 0 � � � � 2
n

1

C
C
C
C
C
A

We taketheheteroscedasticityinto accountby dividing eachobservationby assigningextranon-negativeweightswi . Let

thematrix W beadiagonalmatrix containingtheseweights:

W =

0

B
B
B
B
B
@

w1 0 � � � 0

0 w2 � � � 0
...

...
...

...

0 0 � � � wn

1

C
C
C
C
C
A

Theweightedleastsquaresestimateis then:175

�̂ WLS = argmin
�

nX

i =1

� 2
i = ( X T WX ) � 1(X T WY);

To minimize theeffectof unevendistributionof theobserveddataset,theweightsizein theweighingmatrix W needsto

beproperlydetermined.In WLS, a typical weighingfactor is to scalethestandarddeviationof theerror � i ::::::
constant

::::::::
variance
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::
of

:::::
errors

:::
for

:::
all

::::::::::
observations

:::::::::
regardless

::
of

::::
the

::::
value

:::
of

:::::::::
regressors.

::::::::
However,

:::
in

::::::
reality,

:::
this

::
is

::::::
hardly

::::::::
achieved,

::
in

:::::::::
particular

::
for

::::::::
real-time

::::::::::::
observational

::::
data

::
in

:::
the

:::::
�eld,

::::
since

::::
INP

:::::::::::::
concentrations

:::::::
naturally

:::::
vary

::::::
several

::::::
orders

::
of

:::::::::
magnitude

::
at

::
a

:::::
given180

::::::::::
temperature.

::
In

::::::::
addition,

:::
the

::::
INP

::::::::::::
concentrations

::
at

:::::
each

::::::::
measured

::::::::::
temperature

:::
are

:::
not

::::::
evenly

::::::::::
distributed,

:::::
which

:::
are

:::::::
limited

::
by

:::::::::::::::
inter-instrumental

:::::::::
differences

::::
and

::::::::
available

::::::
sample

:::::
sizes.

:::
As

::
a

:::::
result,

:::
we

::::::::
observed

::
a

:::::::::::
non-constant

:::::::
variance

::
in

:::
the

::::::
errors

(i.e., wi = 1=� i ) . However,the strengthand other factorsdependingon the intrinsic propertiesof the datacould play a

role when determiningweighing sizes.As a result, to developa linear regressionwithin our observedINP concentrations

in the exponentialareaand temperatures, we selectedthreedifferent weighing matricesW , i. e. , WLS_W� , WLS_Wobs185

and WLS_W� 2, representingweighing factor of 1=� i , numberof observationsat eachmeasuredtemperature,and 1=� 2
i ,

respectively.In Table??, we comparedthe�tting parametersgeneratedby applyingdifferentlinearregressionmethodsto the

observationdataset.Thehighestr2 andthelowestRMSEandMAPE valueswereobtainedfor theWLS methodwhenweighing

theunevendistributionby thenumberof observationsateachmeasuredtemperature.Therefore,thenumberof observationsat

eachtemperaturewaschosenastheweighingfactor in WLS for developingtheparameterizationfor INP concentrations.The190

authorssuggestusingtheweightedleastsquaremethodfor future �eld studieswhenintercomparingthemeasurementsfrom

diverseinstrumentsandmeasuringconditionsto reducethesystematicbias.
:::::::::::::::
heteroscedasticity)

::
of

::::
INP

::::::::::::
concentrations

::::
over

:::
the

::::::::::
investigated

:::::::::::
temperatures

::::
(See

:::
Fig.

:::
S1

::
in

:::
the

:::::::::::::
Supplementary

::::::::::::
Information).

:::
We,

:::::::::
therefore,

::::::
applied

::::::::
weighted

::::::
factors

::
in

::::::
�tting

:::
our

::::::::::::::
parameterization

::
to

::::::
obtain

::::::::
unbiased

:::::::::
regression

::::::::::
coef�cients.

::::
The

::::::
details

:::
are

:::::
given

:::
in

::::::
Section

:::
S1

:::
of

:::
the

:::::::::::::
Supplementary

:::::::::::
Information.”195

3 Results and discussion

3.1 Overview of Arctic ambient INP concentrations

An overview of the observed INP number concentrations as a function of
::::::::
nucleation

:
temperature at Ny-Ålesund (Svalbard,

Norway) within the framework of the Ny-Ålesund AeroSol Cloud ExperimeNT (NASCENT) campaign (Pasquier et al., 2022,

in revision, BAMS) for autumn 2019 and spring 2020 is shown in Fig. 3.The overview of the measurementsite and the200

experimentalsetuparegivenin theSection2.1andFig. 1a.INP concentrations at -30 °C were measured using the Horizontal

Ice Nucleation Chamber (HINC, Lacher et al., 2017). INP spectra above -22 °C were measured with the DRoplet Ice Nuclei

Counter Zurich (DRINCZ, David et al., 2019) using the liquid samples collected by a high �ow-rate impinger (Further
::::::
further

details given in Section 2.1.1). The INP measurements at T < -22 °C were lacking because all droplets froze in most cases,

hindering the calculation of INP concentrations. While concerning observations at T > -5 °C, most INP concentrations were205

below the limit of detection (LOD) of the instrument due to the volume of air sampled, and thus could not be reliably derived.

Overall, in Fig. 3, the INP concentrations were found to increase in avirtually log-linear pattern withthedecreasing temperature

for both observing periods (orange line).To detecttheseasonalityof theobservedINP concentration,we conductedunpaired

t-testswith a signi�cancelevel of 5 % for observedINP concentrationsat eachtemperature
:::
For

::::
INP

::::::::::::
concentrations

::::::::
observed

::
in

::::::
autumn

:::::
2019

::::
and

:::::
spring

::::::
2020,

:::
we

:::::::::
performed

:::::::
unpaired

::::::
t-tests

::
to

:::::
infer

::
if

::::
there

::
is

::
a

:::::::::
signi�cant

::::::::
seasonal

::::::::
difference

:::
at

:::
the210

::
95

::
%

::::::::::
con�dence

:::::::
interval

::::
level

:::
(p

::
<

:::::
0.05). Overall seasonal variation of INP concentrations atall measuredtemperatures
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Figure 3.
:::
Box

::::
plot

::
of

:::::::
observed

:::
INP

:::::::::::
concentrations

::
as

::
a

::::::
function

::
of

::::::::
nucleation

:::::::::
temperature

::::::
during

::
the

:::::::::::
measurement

::::::::
campaigns

::
in

::::::
autumn

::::
2019

:::::
(violet)

:::
and

:::::
spring

::::
2020

::::::
(green)

::
in

::::::::::
Ny-Ålesund,

:::::::
Svalbard.

:::
The

:::::
orange

::::
line

::::::
indicates

::
a

:::::::
log-linear

::
�t

::
to

::
all

::::
data

::::::::
combined.

is indistinguishable
::
the

::::::::::
investigated

:::::::::
nucleation

:::::::::::
temperatures

::
is

::::::::::::
unidenti�able

:::
for

:::
the

:::::::
months

::::::
during

:::::
which

:::
we

::::::::
sampled

::::
INP

::::::::::::
concentrations.

Box plot of observedINP concentrationsasa functionof temperatureduringthemeasurementcampaignsin autumn2019

(blue)andspring2020(green)in Ny-Ålesund,Svalbard.Theorangeline indicatesa log-linear�t to all datacombined.215

3.2
::::::::::
Relationship

::
of

::::
INP

:::::::::::::
concentrations

:::
to

::::::
aerosol

::::
and

:::::::::::::
meteorological

::::::::::
parameters

3.3 RelationshipbetweenINP concentrationsand aerosolproperties

State-of-the-art parameterizations predict INP concentration based on an aerosol property such as numberorsurface
:::
and

::::::
surface

:::
area

:
concentration (e.g., D10, N12,

::::
T13, D15, M18)

::
or

::::::::::::
meteorological

:::::::::
properties

::::
such

::
as

:::::::
ambient

::::::::::
temperature

:::::::::::::::::::::::
(e.g., Schneider et al., 2021)

. We investigated the effectiveness of aerosol
:::
and

:::::::::::::
meteorological

:
properties as predictors for INP concentration at different220

temperatures. Figure 4 shows the observed INP concentrations
::
at

:::::::
different

:::::::::::
investigated

:::::::::::
temperatures for both seasons as a

function of the concentration of particles with a diameter larger than 0.5 µm (n� 0:5� m::::
n0:5). Similarly,otheraerosolproperties,

i. e., total surfacearea(S)and
:::
Fig.

::
5

::::::
shows

::
an

:::::::
example

:::
of

:::
the

::::::::
observed

::::
INP

::::::::::::
concentrations

::::
with

:::::::::
nucleation

::::::::::
temperature

:::
of

:::
-15 °C

:::
for

::::
both

::::::
seasons

:::
as

:
a
::::::::
function

::
of

:::
(a)

::::::
surface

::::
area

::::::::::::
concentration

:::
(S),

::::
and

:::
(b)

:
�uorescent particle concentrationswere

investigatedassociatedwith INP concentrations(seeAppendix??). As discussedin theprevioussection,wedid notobservea225

signi�cant differencein INP concentrationsbetweenautumnandspring.Ontheotherhand,theobservedaerosolconcentrations

in springwere, onaverage, considerablyhigher
:::::::::
(additional

::::::::::
temperatures

:::
are

::::::::
presented

::
in

::::
Fig.

::
S4

::::
and

::
S5

::
in

:::
the

:::::::::::::
Supplementary

:::::::::::
Information).

:::::::::
Moreover,

:::::::::
predictions

:::::
based

:::
on

:
a

::::::::
selection

::
of

:::::::
existing

::::
INP

:::::::::::::::
parameterizations

:::::
using

:::
the

::::
three

::::::::
presented

:::::::
aerosol

::::::::
properties

:::::
(n0:5,

::
S,

:::
and

::::::::::
�uorescent

::::::
particle

:::::::::::::
concentrations)

:::
are

:::::
shown

::
in

:::
the

::::::::::::
corresponding

:::::
panel

::
as

:
a

::::::::
reference

::::::
(Figure

::
4

:::
and

::
5,

9



Figure 4. Observed INP concentration at selected temperatures as a function of the particle larger than0:5 µm (volume equivalent diam-

eter) number concentration (n � 0:5� m:::
n0:5) during sampling in the autumn (blue

::::
violet) and spring (green) campaign. The Spearman's rank

coef�cient (� ) andp value are given for for each plot. Predicted INP concentration by DeMott et al. (2010) (D10) and DeMott et al. (2015)

(D15) are presented in solid gray and black, respectively. Predictions of theparameterizations
:::
D15

:::::::::::::
parameterization outside of the applicable

temperature range
::
(T

::
>

:::
-20 °C

:
) are indicated in dashed lines.

:::
and

::::
more

:::::::::::
temperatures

::::::
shown

::
in

:::
Fig.

:::
S4

:::
and

:::
S5

::
in

:::
the

::::::::::::
Supplementary

::::::::::::
Information).

::::
Note

:::
that

:::
the

:::::::::
mentioned

:::::::::::::::
parameterizations230

:::::::
represent

:::
air

::::::
masses

:::::::::
dominated

::
by

:::::::
speci�c

::::::
aerosol

::::::
types,

:::::
which

:::
are

:::::
likely

:::::::
different

:::::
from

:::
our

::::::::::
observations

::
in

:::
the

::::::
Arctic

::::::
region.

::::::::
Therefore,

::
it

::
is

::::::::::
unsurprising

::::
that

:::
the

::::
three

:::::::::::::::
parameterizations

:::::
(D10,

::::
N12,

:::::
T13)

:::::::::::
overestimate,

:::
and

::::
one

:::::
(M18)

:::::::::::::
underestimates

:::
the

:::
INP

:::::::::::::
concentrations

::::::
(Figure

::
4,

::
5

:::
and

::::
S4).

::::::::::::::::::
Wieder et al. (2022a)

:::::::
recently

::::::::
proposed

:
a

::::::::::::
multiplicative

:::::::::
calibration

:::::
factor

:::
of

:::::
about

::::
0.02

::
for

:::::
D10

:::::::::
predictions

::
of

::::
INP

:::::::::
applicable

::
to

:::
the

::::::
remote

::::::
region

::
of

::::
the

::::
Alps,

::::::
which

:::::::
reduces

:::
the

::::::::
predicted

::::::::::::
concentrations

:::
by

:::::
nearly

::::
two

:::::
orders

::
of

::::::::::
magnitude

::::::
moving

:::
the

::::::::::
predictions

::::
near

:::
the

:::::
center

:::
of

:::
the

:::::::
scattered

:::::
data.

::
A

::::::
special

::::
case

::
is

:::::
given

:::
by

::::
D15235

:::
(for

::
T

:
>

:::
-20

:
°C

:
)

:::::
which

:::::::::::::
underestimates

:::
INP

:::::::::::::
concentrations

::
in

::::::
autumn

::::
and

:::::::::::
overestimates

::::
INP

::::::::::::
concentrations

::
in

:::::
spring

::
at

:::
all

:::
the

::::::::::
temperatures

::::::
shown

::
in

::::
Fig.

::
4.

::::::::
However,

:::::::
despite

:::
the

:::::::::
predictions

:::
of

::::
D15

::::
lying

::::::
within

:::
the

::::::::
observed

:::::
data,

:::
the

::::::::::::::
parameterization

:::
was

::::::::
designed

::
for

:::::::::::::
dust-dominated

:::
air

:::::::
masses,

:::
and

::
it

::::::
remains

:::::::
weakly

:::::::::
constrained

::
at

:::::::::::
temperatures

:::::::
warmer

::::
than

:::
-20 °C

::::::
(shown

::
in

::::::
dashed

:::
lack

:::::
lines

::
in

:::
Fig.

:::
4).

:

::::
From

::::
Fig.

::
4

::::
and

:::
5a,

:::
the

:::::::::
difference

::
in

:::::::
aerosol

::::::
loading

::::::::
between

:::
the

::::::::
observed

:::::::
seasons

::
is

:::::::::::::
non-negligible.

:::::::
Indeed,

:::::::
ambient240

::::::
aerosol

:::::::
number

::::::::::::
concentrations

:::::
were

:::
on

::::::
average

::::
six

:::::
times

::::::
higher

::
in

::::::
spring

::::
2020

:
than in autumn(seeAppendix ??). This

differencein aerosolburden
::::
2019

::::
(see

:::
Fig.

:::
S2

::
in

:::
the

::::::::::::
Supplementary

::::::::::::
Information).

::::
Such

:::
an

:::::::::::
enhancement

::
in

:::
INP

::::::::::::
concentration
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Figure 5.
::::::
Observed

::::
INP

::::::::::
concentration

::
at

::
a

::::::::
nucleation

:::::::::
temperature

::
of

::::
� 15 °C

:::::::
(N� 15°C

INP )
::
as

::
a

::::::
function

::
of

:::
(a)

:::
the

::::::
ambient

::::::
aerosol

::::::
surface

:::
area

::::::::::
concentration

::::
(S),

:::
and

::
(b)

:::
the

::::::
ambient

::::::
number

::::::::::
concentration

::
of

:::::::::
�uorescent

::::::
particles

:::::
during

::::::::
sampling

:
in

:::
the

::::::
autumn

::::::
(violet)

:::
and

:::::
spring

:::::
(green)

::::::::
campaign.

::::
The

::::
green

:::::
points

:::
are

:::::
absent

::
in

:::
(b)

::::::
because

:::
the

::::::::::
�uorescence

:::::::::::
measurements

::::
were

::::
only

::::::::
conducted

::
in

::::::
autumn

::::::::
campaign.

:::
The

:::::::::
Spearman's

::::
rank

::::::::
coef�cient

:::
(� )

:::
and

::::::
p-value

:::
are

:::::
given

:::
for

::::
each

:::::
season

::
in

::::
each

::::
plot

::::
(the

::::::::
correlation

:::
for

::::
both

::::::
seasons

::::::::
combined

::
is

:::::::
presented

::
in

:::::
Table

::
S1

::
in

:::
the

::::::::::::
Supplementary

::::::::::
Information).

::::::
Further

:::::::
indicated

:::
are

::::::::
predicted

:::
INP

:::::::::::
concentrations

:::
by

:::::::::::::::::
Niemand et al. (2012)

:::::
(N12),

::::::::::::::::::
McCluskey et al. (2018)

:::::
(M18),

:::
and

::::::::::::::
Tobo et al. (2013)

:::::
(T13).

:::
was

:::
not

::::::::
observed

:
between the seasonsis not re�ected in the observed

:::::
(Figure

:::
3),

::::::::
although

:::::
from

:::
Fig.

::
4

::::
and

:::
5a,

:
a
::::::::

stronger

:::::::::
correlation

:::::::
between

::::
INP

:::::::::::
concentration

:::
and

:::::::
aerosol

::::::::
properties

::::
was

::::::::
observed

::
for

::::::
spring

:::::
2020.

::::
The

:::::::::
Spearman's

:::::
rank

:::::::::
correlation

:::::::::
coef�cients

::::::::
increased

:::::
from

::::
0.11

:::
and

:::::
0.07

::
in

::::::
autumn

:::::
2019

::
to

::::
0.43

::::
and

::::
0.51

::
in

::::::
spring

::::
2020

:::
for

::::
INP

::::::::::::
concentrations

:::::::::
measured245

:
at

::::
-15

:
°C

::
vs.

::::
n0:5 ::::

and
::
S,

:::::::::::
respectively.

:::
As

:
a
::::::

result,
:::
no

::::::
strong

:::::::::
correlation

:::::::
between

::::
the INP concentrations,challengingthe

accuratepredictionof INP concentrationat low aerosolconcentrationsin theArctic environment.In addition,in Fig 4, ??, and

?? thepredictionsfor INP concentrationsof a selectionof existingparameterizationsareshown.All parameterizationshave

an aerosolcomponent,giving theman outputfor any measuredaerosolconcentration. Threeparameterizations(D10, N12,

T13)overestimate,andone(M18)underestimatestheINP concentrations.Notethatthementionedparameterizationsrepresent250

air massesdominatedby speci�c aerosoltypesdifferent from our observationsinremoteArctic regions.Sincewe observe

insigni�cant aerosolconcentrationdependencefor
:::
and

::::::
aerosol

:::::::::
properties

::
is

::::::::
expressed

:::
for

:::
the

::::
data

::
of

:::::
both

::::::
seasons

:::::::::
combined

:::::
(Table

:::
S1

::
in

:
the INP concentrationinboth observedseasons,we proposeto predict the INP concentrationsolely basedon

temperature.
::::::::::::
Supplementary

:::::::::::
Information).

::
It

::
is

::::::::
important

::
to

:::::::
mention

::::
that

:::
for

:::
our

:::
INP

::::::::::::
observations,

:::
any

::::
INP

::::::::::::::
parameterization

::::
using

::
a

:::::::::::::::
season-dependent

:::::::
variable,

::::
such

::
as

:::::::
aerosol

::::::
number

::::::::::::
concentration

::
or

::::::
surface

::::
area

::::::::::::
concentration

:::::
could

:::::
induce

::
a

::::
bias

::
in255

::
the

::::
INP

:::::::::
prediction

::::
(e.g.,

::::::
higher

::::
INP

::::::::::::
concentrations

::::
with

:::::
higher

:::::::
aerosol

:::::::
loading).

:

3.3 Log-normal distribution basedINP parameterization
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In thederivationof parameterizationsfor INPconcentrations,frequently,
::::
Aside

:::::
from

::::::
aerosol

:::::::::
properties,

::::::::::::
meteorological

::::::::
variables

::::
were

:::::::
explored

::
to

::::::
predict

::::
INP

:::::::::::
concentration

::::::
(Table

:::
S1).

::::::::::::::::::::
Schneider et al. (2021)

::::::
showed

:::
the

:::::::
usability

::
of

:::
the

:::::::
ambient

::::::::::
temperature

::
in

::
the

:::::::::
prediction

::
of

::::
INP

:::::::::::
concentration,

::::::::::::
representative

:::
for

:::::
season

:::::::::
dependent

:::
INP

:::::::
sources.

:::
For

:::
our

:::::::::::
observations,

::::
such

::
a

::::::::::
dependence260

::
of

:::
INP

::::::::::::
concentration

:::
on

:::::::
ambient

::::::::::
temperature

:::
was

::::::
absent

::::
(see

:::::
Table

::::
S1).

:::
As

::::::
argued

:::::
above

:::
for

:::
the

:::::::
particle

::::::::::::
concentration, the

relationswere�rst �tted betweentheobservedINP concentrationandaerosolconcentration(
:::::::
absence

::
of

:
a

::::::
strong

::::::::::
relationship

:::
can

::
be

::::::::
explained

::
as

:::
the

:::::
mean

:::::::
ambient

::::::::::
temperature

::::::
differed

:::::::
between

:::::::
seasons

:::::
while

::
the

::::
INP

:::::::::::
concentration

:::
did

::::
not.

:::
We

::::::::::
investigated

::
the

::::::::
usability

::
of

::::
other

::::::::::
temperature

::::::::
quantities

::::
such

::
as

::::::
virtual

::::::::::
temperature,

::::::::
potential

::::::::::
temperature,

::::
and

::::::::
equivalent

::::::::
potential

:::::::::
temperature

:::::
(Table

::::
S1).

::::::::
However,

:::
the

:::::::::
correlation

:::::::
behavior

:::
did

:::
not

:::::
differ

::::::::::
substantially

::::
from

:::
the

::::::::::
coef�cients

:::::
found

::
for

:::
the

:::::::
ambient

:::::::::::
temperature.265

:::::
Lastly,

:::::::
weakly

::::::::::::::
season-dependent

::::::::
variables

::::
such

::
as

:::::::
relative

::::::::
humidity,

:::::::
pressure

::::
and

::::
wind

:::::
were

::::::::::
investigated.

:::
No

:::::::
relation

::
of

::::
INP

:::::::::::
concentration

::
to

::::::
ground

:::::::::
measured

::::::
relative

::::::::
humidity,

::::::::
pressure

:::
and

:::::
wind

:::::::
direction

:::::
could

:::
be

:::::
found

::::::
(Table

::::
S1).

::
In

::::
turn,

::
a

:::::
weak

:::::::::
correlation

:::
was

:::::
found

:::::::
between

::::
INP

::::::::::::
concentrations

:::
and

::::::
ground

:::::
wind

:::::
speed.

:::::::
Reasons

::::::
behind

::::
these

:::::::::::
observations

:::::
could

:::::::::
potentially

::
be

::::::::
increased

::::::::
transport

:::
and

::::::::
advection

:::
of

::::
INPs

::::
with

:::
the

:::::::::
associated

:::::::
synoptic

:::::
wind

::::::
system,

:::
or

::::
local

::::::
source

:::::::::::
enhancement.

::::
For

:::
the

:::::
latter, e.g.,D10,D15)or surfaceareaconcentration

:::::::
enhanced

::::::::::::
aerosolization

::
of

::::
local

::::
soil

:::
dust

::::::::::::::::::
(cf. Tobo et al., 2019)

:
,

::
or

:::::::
stronger270

::::::
activity

::
of

::::::
bubble

:::::::
bursting

:::::::
induced

:::
sea

:::::
spray

::::::
aerosol

::::::::::
enrichment

::::::::::::::::
(Wilson et al., 2015)

:
,
:::
are

::::::::::
conceivable

:::::::
reasons.

::
In

:::
this

:::::::
section,

:::
we

::::::::::
investigated

:::
the

:::::::
potential

::
of

::::::::
different

::::::
aerosol

:::
and

:::::::::::::
meteorological

::::::::
properties

::
as

:::::::::
predictors

::
of

:::::::
ambient

::::
INP

::::::::::::
concentrations.

:::
No

::::::::::
parameters

::::
with

:
a
:::::::::::
consistently

::::::::
moderate

::
or

::::::
strong

::::::::::
relationship

::
to

::::
INP

:::::::::::
concentration

:::::
could

:::
be

:::::::::
identi�ed.

::::::::::
Furthermore,

::
it

::::
was

::::::::
illustrated

::::
that

:::
any

:::::::::::::::
season-dependent

:::::::
variable

:
(e.g.,N12,M18) at a giventemperature.Subsequently,the

obtainedrelationswere further linked with temperaturesto developa combinedparameterization. This approachrequires275

::::::
aerosol

::::::::::::
concentration,

::
or

:::::::
ambient

:::::::::::
temperature)

::::::
would

::::::
induce

:
a

::::::::
seasonal

:::
bias

:::
in

:::
INP

::::::::::::
concentration

:::::
which

::::
was

:::
not

:::::::::
observed.

:::::
Given

::::
these

::::::::
obstacles

::
to

:::
the

::::::::
inclusion

::
of

::
an

:::::::::
additional

:::::::
property

::
in

:::
the

::::::::
prediction

::
of

:::
the

:::::::
ambient

::::
INP

:::::::::::
concentration

::
in

:::
the

::::::
Arctic,

::
we

::::::
aimed

::
to

::::::
develop

::
an

::::
INP

::::::::::::::
parameterization

:::::::::
insensitive

::
to

:::::::
abruptly

::::::::
enhanced

::::::
loading

:::::
(e.g.,

::::
peak

:::::
events

::
or

::::::::::
seasonality)

::::
that

:::
can

::
be

:::::::::::
implemented

:::
for

::::::::
long-span

::::::::::
predictions.

::
In

:::
the

:::::::::
following

::::::
Section

::::
3.3,

:::
we

::::::::::
investigated

:::
the

::::::::
prediction

:::
of

:::
INP

:::::::::::::
concentrations

:::::
solely

:::::
based

::
on

:::
ice

:::::::::
nucleation

:::::::::::
temperature.280

3.3
::::::::::
Log-normal

::::::::::
distribution

::::::
based

::::
INP

:::::::::::::::
parameterization

:::
The

::::::::
improved

::::::::
accuracy

:::
of

::::::::
advanced

::::
INP

:::::::::::::::
parameterizations

:::::
relies

:::
on a robust relationship between INP concentration and

aerosolnumberor surfaceconcentrations
:
or

:::::::::::::
meteorological

:::::::::
properties

:
–

:
which was not evident in our in-situ observations

.
:::::::
(Section

::::
3.2).

::::::::::::
Alternatively,

:::::::
average

::::
INP

:::::::::::::
concentrations

:::
can

:::
be

::::::::
predicted

::::::
solely

::
by

::
a

:::::::::
nucleation

:::::::::::
temperature

:::::::::
dependent

::::::::::::::
parameterization. For a few decades, it has been known that the temperature dependence of INPparameterization

::::::::::::::
parameterizations285

is critical to represent cloud properties accurately(Hawker et al., 2021; Murray et al., 2021)
:::::::::::::::::::::::::::::::::::::::::::::
(Fletcher et al., 1962; Cooper, 1986; Meyers et al., 1992)

. We present a methodology to optimally �t thetemperaturedependence
::::
slope of INP concentrationfromfrequencydistributions

::::::::
frequency

::::::::::
distributions

:::
as

:
a

:::::::
function

::
of

::::::::::
investigated

:::::::::
nucleation

::::::::::
temperature.

Figure 6 shows the relative frequency distribution of our observed INP concentrations at different measured temperatures for

the two campaigns in autumn and spring combined. The adequate log-normal �ts of the observed distributions of INP concen-290

trations per temperature support the hypothesis of Ott (1990) (see Section 1). Figure??
::
S7

::::
(see

:::::::::::::
Supplementary

:::::::::::
Information)
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Figure 6.Relative frequency distribution of observed INP concentrations (gray histograms) for selected
::::::::
nucleation temperatures. Log-normal

�t curves are presented for each histogram in magenta. The �t of all INP data in this study is presented in a solid black line (�tting parameters

given in Appendix??
::::
Table

:
1). Predictions from existing parameterizationsinidcated

::
are

:::::::
indicated

:
by the gray lines. For Schneider et al.

(2021), the temperature value in parentheses represent the mean ambient temperature during the observations in autumn 2019 and spring

2020, respectively, which were used to obtain the the INP predictions.

Table 1.
:::
List

::
of

::::::::
parameters

:::
for

::
for

:::
the

:::::::
proposed

::::
INP

::::::::::
concentration

:::::::::::::
parameterization

:::::::
(Equation

:::
3).

::::::
Median,

::::
and

::::
lower

:::
and

:::::
upper

::
95

::
%

:::
CI

:::::::
represent

::
the

:::::::::
parameters

:
in

:::::::
Equation

::
3

::
for

:::
the

::::::
median,

:::
and

:::::
lower

:::
and

::::
upper

:::::
bound

::
of

:::
95

::
%

::::::::
con�dence

::::::
interval,

::::::::::
respectively,

::
of

::
the

:::::
linear

::
�t

::
for

:::
the

::::::::
log-normal

:::::::::
distribution.

:::::
Fitting

::::::::
parameter

:
a

:
b

:

::::::
Median

::::::
-0.3504

:::::::
-10.1826

:::::
Lower

::
95

::
%

::
CI

: ::::::
-0.3731

:::::::
-12.7993

:::::
Upper

::
95

::
%

::
CI

: ::::::
-0.3278

::::::
-7.5659
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provides more evidence based on the approximate linearity between the observational and theoretical quantiles of the log-

normal distribution, particularly at lower temperatures (T < � 12 °C), where the closeness of data to the red line assesses the

likelihood that the data set follows the theoretically log-normal distribution. Nevertheless,thetrimmedtailsof thedistributions

canbe identi�ed at highertemperatures(T � � 12 ), whereINP concentrationsarebiasedtowardsthe minimum detectable295

concentration
:::
(see

:::::
more

::::::
details

::
in

::::::
Section

:::
S5

::
in

:::
the

:::::::::::::
Supplementary

:::::::::::
Information). The nature of log-normal INP distributions

has been previously reported from the long-term INP monitoring in Svalbard (Schrod et al., 2020) and the subtropical maritime

boundary layer (Welti et al., 2018). Thus, we propose an INP parameterization that �ts the median value of the log-normal dis-

tribution andtemperatures.To accountfor challengesarisingfrom instrumentallimitations,we usetheweightedleastsquares

method(WLS, details in Section??). To our knowledge,it is the �rst attemptto predict INP concentrations
::::::::::
investigated300

::::::::
nucleation

::::::::::::
temperatures,

:::::::::
represented

:::
as:

:

N INP (T) = ea(T � 273:15)+ b;
::::::::::::::::::::::

(3)

:::::
Where

:::::
N INP ::

is
:::
the

::::
INP

::::::
number

::::::::::::
concentrations

::
in

:::
std

::::
L � 1,

::
T

::
is

:::
the

::::::::::
temperature

::
in

::::::
Kelvin,

:::
and

::
a

:::
and

::
b

::
are

:::
�t

:::::::::
parameters

::::
with

::
the

:::::
value

:::::
given

::
in

:::::
Table

::
1.

::::
Note

::::
that

::::::
instead

::
of

:::::
using

::
an

::::
OLS

:::::
based

:::::
linear

::::::::::
regression,

::
we

:::::::
applied

:
a

:::::
WLS

::::::::
approach

:::
(see

:::::::
Section

::
S1

:
in the Arctic utilizing in-situ measurements.

::::::::::::
Supplementary

:::::::::::
Information)

:::
to

::::::
address

::::
the

:::::::::::::::
heteroscedasticity

::
of

:::::::::
frequency305

::::::::::
distributions

::
of

::::
INP

::::::::::::
concentrations

:::::
over

:::::::
different

::::::::::::
temperatures.

::
In

::::::::
addition,

:::
we

::::
also

:::::
report

:::
the

::::::::
dominant

::::
INP

::::::::::::
concentration

::::::::::
distributions

::::::
within

:::
the

::
95

:::
%

:::::::::
con�dence

::::::
interval

:::::
(i.e.,

::::::
median

::
�

::::::::::
2� standard

:::::::::
deviation),

:::::
based

:::
on

:::
the

:::::
WLS

::
�t

::
of

::::::::::
log-normal

::::::::::
distributions.

::::
The

:::::
�tting

::::::::::
parameters

::
for

:::
the

:::::
lower

::::
and

:::::
upper

::::::
bounds

::
of

::::::::
predicted

::::
INP

:::::::::::
concentration

::::::::::
distribution

:::
are

::::
also

:::::
given

::
in

::::
Table

::
1.

:

In Fig. 6, we compare to previous INP parameterizations that are temperature dependent only (Fletcher et al., 1962; Cooper,310

1986; Meyers et al., 1992). Our �t(�tting parametersgiven in Appendix ??) predicts at least one or two orders of mag-

nitude lower INP concentrations.
::::
than

:::::
these

:::::::::::::::
parameterizations.

:::::
Note

:::
that

:::::
these

:::::
three

:::::::::::::::
parameterizations

::::
were

:::::::
derived

:::::
from

::
the

:::::::::::
observations

::
in

::::::::
different

:::::::::::
environments

::::
(not

::::::
during

:::
the

::::::::
seasonal

::::::::
transition

::::::
months

:::
in

:::
the

:::::::
Arctic). The INP concentration

predicted by Schneider et al. (2021) is closer to our parameterization, yet still slightlyoverestimated
::::::::::::
overestimating

:::
our

:::::
values.

3.4 Comparison to previous Arctic INP �eld observations315

PredictedINPconcentrationsfromtheproposed�t (equation3)comparedtoobservationsfrompreviousArctic �eld campaigns.

An overviewof thedatausedis givenin Table??. (a)All 32098observationaldata.(b) Dataperseason(seasonclassi�cation:

spring(March-May),summer(June-August),autumn(September-November)andwinter (December-February)).The1:1 line

anda deviationof factor 10 aregiven in solid black anddashedblack, respectively.Temperatureof the correspondingINP

concentrationis givenin color.The95 % con�denceintervalof the�t is givenin gray.Thevaluesin theparenthesisrepresent320

thepercentagesof predicteddatafalling within the95% con�denceinterval.

We gathered observations of INP concentrations from previous �eld measurements in the Arctic from 1976 to latest 2021 as

a reference data set to test the parameterization developed for background INP concentration in this study. Generally, INP data

that was clearly archived at locations further north than 66° 340 were considered in this study (see positional information in
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