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Abstract. Aerosols serve as ice nucleating particles (INPs) and play a critical role in the formation of mixed-phase clouds.
10 These clouds are prevalent in the lower and middle troposphere of the Arctic and exert a strong influence on both regional and
global climate. However, limited understanding of INP sources and their temperature-dependent behavior has hindered
accurate predictions of aerosol-cloud interactions in the Arctic. In this study, we investigate the sources, spatial distributions,
seasonal variations, and long-term changes of INPs in the Arctic using a global climate-aerosol model that explicitly represents
INPs from three Arctic aerosol species: mineral dust, marine organic aerosols (MOA), and bioaerosols. Simulations covering
15  the period 19812020 show that Arctic-sourced INPs account for more than 70% of total INPs in the Arctic lower troposphere.
Dust is the largest contributor (36%), followed by bioaerosols (28%) and MOA (9%). They exhibit distinct spatial and seasonal
patterns, underscoring the importance of representing multiple INP species and applying appropriate parameterizations for
each when modeling INPs and mixed-phase clouds in the Arctic. Over the past four decades, Arctic warming increases local
emissions of all three aerosol species by 4.7—18% because of the retreat of snow and sea ice. Nevertheless, INP concentrations
20 in the Arctic lower troposphere decline by 19-29%, primarily because the INPs per unit aerosol mass decrease with increasing
temperature. This indicates that the temperature-driven reduction of ice nucleating efficiency outweighs the emission-driven

increase of INP abundance, except in regions with substantial local increases of emissions.

1 Introduction

Mixed-phase clouds, which consist of supercooled liquid droplets and ice crystals, are widespread in the middle and lower
25 troposphere of the Arctic and play a critical role in the Arctic climate system (Korolev et al., 2017). These clouds typically
form at temperatures between —38 °C and 0 °C, where ice formation requires the presence of acrosol particles that serve as ice
nucleating particles (INPs)—a process known as heterogeneous ice nucleation (Kanji et al., 2017). Among the various
nucleation pathways, immersion freezing—where an INP immersed in a supercooled droplet induces freezing—is considered
the primary mechanism of ice formation in such clouds (Kulkarni et al., 2020). Once ice nucleation is initiated by INPs, water
30 vapor evaporates from surrounding liquid droplets and deposits onto growing ice crystals. Through this process, clouds shift
from being dominated by many small liquid droplets to containing fewer but larger ice crystals (Lamb and Verlinde, 2011). As
a result, aerosols acting as INPs can modify cloud properties such as the liquid and ice water paths, optical depth, radiative
properties (Sun and Shine, 1994), lifetime, and precipitation (Carslaw, 2022). These changes may ultimately exert a substantial
impact on the Arctic climate system. However, ice nucleation mediated by INPs remains one of the most inadequately
35 understood processes in Arctic aerosol-cloud modeling. This inadequate understanding arises from the complex interactions

among aerosols, atmospheric dynamics, and cloud microphysics, as well as from limited knowledge regarding the sources and
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distributions of INPs.
Recent studies have indicated that glacially sourced dust emitted from exposed soil surfaces is a potentially important
source of INPs in the Arctic (Tobo et al., 2019). Marine organic aerosols (MOA) released with sea spray also contribute to INP
40 populations in remote marine regions, including the Arctic (Wilson et al., 2015). In addition, bioaerosols—particularly bacteria
originating primarily from plants—are recognized as a major source of INPs that are active at relatively high temperatures (>
—15 °C) (Kawana et al., 2024; Pereira Freitas et al., 2023; Santl-Temkiv et al., 2019). Dust, MOA, and bioaerosols are therefore
considered key sources of INPs in the Arctic. These aerosol species differ in their ice nucleation active site densities either per
unit mass (nm) or per unit surface area (ns), hereafter referred to as ice nucleating ability (INA) (Demott et al., 2015; Diehl and
45  Mitra, 2015; Hummel et al., 2018; Tobo et al., 2019; Wilson et al., 2015). For example, dust emitted in the Arctic (Arctic dust)
has been shown to exhibit higher INA than other mineral dust types (Tobo et al., 2019), whereas bacterial INPs maintain high
INA at higher subzero temperatures (Diehl and Mitra, 2015).
The Arctic region is warming 2—4 times faster than the global average (Holland and Bitz, 2003; Rantanen et al., 2022).
One key effect of Arctic warming is a reduction of aerosol INA at ambient temperature that leads to a decrease of INP
50 concentrations in clouds (INPcioud), even if the abundance of INP-active aerosols remains unchanged. The possible increase of
cloud reflectivity and cloud cover caused by this reduction of INPeoud may induce negative shortwave and positive longwave
cloud radiative effects (the temperature effect in Matsui et al. (2024)). Conversely, the acceleration of the retreat of sea ice and
snow cover caused by Arctic warming will expose larger oceanic and terrestrial areas and enhance natural aerosol emissions
(Confer and Jaeglé, 2022). This enhancement of emissions can cause an increase of INPcioud that could reduce cloud reflectivity
55 and coverage and lead to cloud radiative effects that would be opposite to those associated with declining INA (the emission
effect in Matsui et al. (2024)). These counterbalancing responses of INPcioud to Arctic warming—INA-driven decreases versus
emission-driven increases—form complex feedbacks that modulate Arctic cloud-climate interactions (Matsui et al., 2024).
Matsui et al. (2024) have shown that the increase of Arctic dust emissions by 20% over the past 40 years because of Arctic
warming has substantially offset the decrease of INPcioud caused by declining INA. However, that work did not consider MOA
60 or bioaerosols. To our knowledge, no study has assessed the long-term changes of INPs due to MOA and bioaerosols while
accounting for the effects of Arctic warming on both their emissions and INA. Furthermore, the spatial distributions and
temporal variations of Arctic INPs from dust, MOA, and bioaerosols remain poorly understood.
Here we use a global climate-aerosol model that explicitly represents the three major INP sources—dust, MOA, and
bioaerosols—as well as their INAs (Kawai et al., submitted) to evaluate the spatial distribution and seasonal variation of
65  INPeioud from these sources in the Arctic and to quantify their contributions to total INPeioud. Importantly, we investigate long-

term changes of INPcioud in the Arctic driven by both increasing aerosol emissions and decreasing INA.

2 Methods
2.1 Global climate-aerosol model CAM-ATRAS

We used the Community Atmosphere Model (CAM) version 5 (Lamarque et al., 2012) coupled with the Aerosol Two-
70 dimensional bin module for foRmation and Aging Simulation (CAM-ATRAS) (Matsui, 2017; Matsui and Mahowald, 2017)
and the Community Land Model (CLM) version 4 (Oleson et al., 2010) within the Community Earth System Model (CESM)
version 1.2.0 (Hurrell et al., 2013). CAM-ATRAS simulates 11 aerosol species, including dust, MOA, and bioaerosols (pollen,
bacteria, and fungal spores), and these three are important contributors to INPs. The model explicitly represents a wide range
of aerosol processes and their roles in ice nucleation. The extensive evaluation of the model in our previous studies using a

75 variety of aerosol observations has demonstrated its reliable performance in simulating aerosol mass and number
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concentrations, size distributions, and optical properties (e.g., Kawai et al., 2021a, b, 2023; Liu et al., 2024a, b; Liu and Matsui,
2022; Matsui et al., 2018a, b, 2024; Matsui and Mahowald, 2017).

In this study, “Arctic aerosols” refer specifically to dust, MOA, and bioaerosols emitted from regions north of 60 °N, while

“non-Arctic aerosols” are those emitted from regions south of 60 °N. Arctic aerosols thus represent locally emitted aerosols

80 within the Arctic, whereas non-Arctic aerosols in the Arctic are transported over long distances from mid- and low-latitudes.

The model uses separate tracers for Arctic and non-Arctic aerosols, and it simulates their emission, transport, deposition, and

ice nucleation processes independently. The INPs originating from Arctic aerosols are termed Arctic INPs, and those from non-

Arctic aerosols are referred to as non-Arctic INPs. Total INPs are defined to be the sum of both Arctic and non-Arctic INPs.
2.2 Aerosol emissions and INP parameterizations

85  In our model, the emissions of dust, MOA, bioaerosols, and sea salt are simulated online every 30 minutes based on simulated
meteorological and surface conditions (Kawai et al., submitted). Dust emission is calculated in CLM4 using an updated version
of the Dust Entrainment and Deposition model (Kok et al., 2014a, b; Zender et al., 2003). The size distribution of emitted dust
particles is adopted from the work of Kok (2011). The emission of bioaerosols is calculated following the approach of Hoose
et al. (2010), with separate emission fluxes calculated for pollen, bacteria, and fungal spores. The total bioaerosol emission is

90 the sum of the emissions from these three components. Because both dust and bioaerosols are emitted from land surfaces not
covered by snow and ice, their emissions are strongly influenced by the fraction of terrestrial snow and ice cover. The model
incorporates an MOA emission calculation scheme derived from Burrows et al. (2013), in which the amount of MOA emissions
depends on sea salt emissions (Mértensson et al., 2003; Monahan et al., 1983). Since MOA and sea salt are emitted only from
ice-free oceans, these aerosol emissions in the Arctic are closely linked to the fraction of seawater covered by ice. For aerosol

95 emissions due to anthropogenic and biomass burning, the model uses the Coupled Model Intercomparison Project Phase 6
(CMIP6) emission dataset (Hoesly et al., 2018; van Marle et al., 2017).

This study focuses on INPs in immersion/condensation freezing processes and uses a model improved by Kawai et al.
(submitted). INPcioud is calculated online based on simulated ambient temperature, aerosol concentrations, INA, and the fraction
of stratus clouds. The calculation includes aerosol species such as dust, MOA, bioaerosols, and black carbon. Species-specific

100  INP parameterizations, as outlined below, are used to account for the temperature dependence of INA based on observational
data. Different parameterizations are used in the model for Arctic dust INPs and non-Arctic dust INPs because of the higher
INA of Arctic dust INPs, as shown by Tobo et al. (2019). The INP concentrations are calculated following Kawai et al. (2023)
for Arctic dust and DeMott et al. (2015) for non-Arctic dust. MOA INPs are computed using the parameterization of Wilson
etal. (2015). Bioaerosol-derived INPs, including INPs from pollen, bacteria, and fungal spores, are treated individually. Pollen
105 INPs are parameterized according to the approach of Diehl and Mitra (2015), while fungal spore INPs follow the
parameterization of Hummel et al. (2018). The model includes two key fungal spore species: spores from Cladosporium sp.
and Mortierella alpina. Bacterial INPs are calculated using two different parameterizations: one based on Diehl and Mitra
(2015) (Base simulation) and the other on Hummel et al. (2018) (LowBac simulation). Compared to the parameterization of
Diehl and Mitra (2015), the scheme of Hummel et al. (2018) exhibits lower bacterial INA at high subzero temperatures (>

110 —15 °C). We mainly show the results of the Base simulation, but the results of both simulations are compared in Section 3.5.
2.3 Simulation setups

Model simulations were conducted for 41 years from 1980 to 2020. The first year was treated as the model spin-up, and the
subsequent 40 years (from 1981 to 2020) were used for analysis. The horizontal resolution of the model is 1.9° x 2.5°. The

model uses 30 vertical layers, spanning from the surface to ~40 km. The model timestep is 30 minutes. Because Arctic mixed-
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115 phase clouds predominantly occur in the lower to middle troposphere, we focus mainly on the lower troposphere (> 730 hPa)
across the Arctic region (> 60 °N) unless otherwise specified.

Temperature and horizontal wind fields in the free troposphere (< 800 hPa) were nudged by the Modern-Era Retrospective
analysis for Research and Applications version 2 (MERRA-2). Sea surface temperature and sea ice data were prescribed using
the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) and the NOAA 1/4° Daily Optimum Interpolation

120  Sea Surface Temperature (OISST) dataset (Hurrell et al., 2008).

2.4 Validation by observations

To evaluate the model performance in capturing the temperature dependence of INPs in the Arctic, we carried out offline
calculations of INP number concentrations and compared the results with INP observations in northern Norway (Conen et al.,
2016); Alert, Canada (Mason et al., 2016); Ny-Alesund, Svalbard (Tobo et al., 2019); and Utqiagvik, Alaska, and northern

125 Greenland (Wex et al., 2019) in the Arctic. The locations of the observational sites are shown in Fig. S1.
We performed three distinct sets of offline calculations for INP number concentrations at temperatures ranging from —30 °C
to —5 °C based on simulated aerosol concentrations at the observation sites in the Arctic. For two of these calculations (Base
and LowBac), we used the INP parameterizations described in Section 2.2: the Base case applied the Diehl and Mitra (2015)
parameterization for bacterial INPs, while the LowBac case adopted the Hummel et al. (2018) parameterization, which assumes
130 lower INA for bacteria. A third calculation, NoBac, excluded bacterial INPs entirely. In each calculation, total INP number
concentrations were computed as the sum of concentrations from all relevant aerosol species—including Arctic dust, non-
Arctic dust, MOA, fungal spores, pollen, black carbon, and bacteria (included differently in the Base and LowBac simulations).
For each of these three offline calculations, temperatures were selected to match the observed values, and INP number

concentrations were averaged over the period 2010-2019 for the months corresponding to each observational dataset.

135 3 Results and Discussion
3.1 Comparisons with INP observations

On a global scale, including MOA and bioaerosols improved the agreement between simulated and observed INPs (Kawai et
al., submitted). Among the Arctic INP observations, the discrepancies between simulated and observed INP number
concentrations are within an order of magnitude for all three cases (Base, LowBac, and NoBac) at Alert, Ny-Alesund in March,
140 and northern Greenland (Figs. 1b, 1d, and 1f). This indicates that the model captures INP concentrations well at these sites.
However, at northern Norway and Utqiagvik at —15 °C and —10 °C, the Base case overestimates INP concentrations by more
than an order of magnitude (Figs. 1a and le). The LowBac and NoBac cases show better agreement with the observations at
these two sites. The overestimation of total INP concentrations in the Base case may therefore be due to an overestimation of
bacterial INPs at relatively higher temperatures (> —15 °C). At Ny-Alesund in July, all three cases overestimate INP
145  concentrations at temperatures of —25 °C to about —10 °C (Fig. 1c). This overestimation is likely due to the overestimation of
dust emissions around Svalbard (Kawai et al., 2023). These results suggest the importance of selecting appropriate INP
parameterizations for each aerosol species, as well as a suitable combination of INP parameterizations when simulating aerosol
INPs in the Arctic. As described in Section 2.2, this study focuses primarily on the Base simulation in subsequent sections. In
Section 3.5, we also consider the results of the LowBac simulation by taking into account the overestimation of INPs observed

150 in Northern Norway and Utqgiagvik.
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Figure 1. Temperature dependence of INP number concentrations at various Arctic locations: (a) Northern Norway, (b) Alert, Canada, (c)
and (d) Ny-Alesund, Svalbard (July and March, respectively), (e) Utgiagvik, Alaska, and (f) Northern Greenland. Data points represent the
mean INP number concentrations, and the error bars indicate interannual variability (maximum—minimum ranges). Observational data are
shown in black. Simulated total INP number concentrations from the Base simulation are shown in red, while those excluding bacterial
contributions (NoBac case) are in blue. Results from the LowBac simulation are shown in green. Simulated INP number concentrations were
calculated offline using parameterizations from the Base and LowBac simulations for the same months as the observations during 2010—
2019.

3.2 Spatial distributions and seasonal variations of Arctic aerosols and INPs

From 1981 to 2020, the average emissions of Arctic dust, Arctic MOA, and Arctic bioaerosols are 44 Tgy!, 0.28 Tgy !, and
6.8 x 10?22y™!, respectively. Arctic dust is emitted primarily from islands in the central Arctic Ocean (Fig. 2a). The emissions
of Arctic MOA are distributed mainly along coastal regions, especially around the Greenland Sea and Norwegian Sea (Fig.
2b). Arctic bioaerosols are emitted widely from continental Arctic regions, including northern parts of Canada, Russia, and
Fennoscandia (Fig. 2c). In the Arctic lower troposphere, these aerosols are distributed in regions corresponding to their
respective emission sources, with vertically mean atmospheric concentrations of Arctic dust, Arctic MOA, and Arctic
bioaerosols of 3.8x10> ng m 3, 4.3 ng m™3, and 2.8x10° m™3, respectively (Fig. 2d—f). Aerosols in these regions consequently
act as INPs and contribute to ice crystal formation in clouds. The vertically mean INP concentrations are 0.46 m—, 0.11 m™,

and 0.35 m™ for Arctic dust, Arctic MOA, and Arctic bioaerosols, respectively (Fig. 2g—i).
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Figure 2. Spatial distributions of Arctic dust, Arctic MOA, and Arctic bioaerosols in the Arctic lower troposphere (> 730 hPa) averaged
over 1981-2020, for (a—c) emission fluxes, (d—f) atmospheric concentrations, and (g—i) INP number concentrations. The numbers in the

upper right corner of each panel represent the 40-year mean values in the Arctic lower troposphere.

In the Arctic, Arctic dust, Arctic MOA, and Arctic bioaerosols are distributed predominantly near the surface (Fig. 3a—).

Their highest concentrations occur during summer and early fall (June—September) because of the retreat of snow and sea ice
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as well as enhanced growth of vegetation that results from higher summer temperatures. Notably, Arctic MOA is present year-

round, and the seasonal variations of Arctic MOA concentrations are weaker than those of Arctic dust and Arctic bioaerosols.
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Figure 3. Vertical distributions and temporal variations of Arctic dust, Arctic MOA, and Arctic bioaerosols for (a—c¢) atmospheric
185  concentrations and (d—f) INP number concentrations. Data are averaged over the Arctic region during 1981-2020. Black lines indicate

monthly mean Arctic temperatures.

Arctic aerosol INPs exhibit broader vertical distributions and are more prevalent during colder seasons than Arctic aerosol
concentrations because INAs increase exponentially with decreasing temperature (Fig. 3d—f). Concentrations of Arctic dust
INPs are high in both summer and fall, not only near the surface but also at altitudes of 400—700 hPa, where temperatures are
190 lower (around —30 °C to —20 °C). Concentrations of Arctic MOA INPs are high during spring, fall, and winter, and they are
highest in the middle and lower troposphere during winter. In summer, Arctic MOA INPs are present in the middle troposphere
at a temperature of about —30 °C. Arctic bioaerosol INPs are present in the Arctic throughout the year, and their simulated
concentrations are highest in the middle troposphere during summer and in the lower troposphere during fall. The high number
concentrations of Arctic bioaerosol INPs in warmer regions (> —15 °C) are attributable to the high INA of bacteria at

195  temperatures above —15 °C (Diehl and Mitra, 2015).
These results indicate that the spatiotemporal variations of Arctic INPs are primarily controlled by both aerosol emissions
and INA in the Arctic. The distinct spatial distributions and seasonal variations of the three species of INPs highlight the
importance of explicitly representing Arctic dust, Arctic MOA, Arctic bioaerosols, and their associated INPs in models because

they are not yet comprehensively treated in most aerosol models.

200 3.3 Contribution of Arctic INPs to total INPs

In the Arctic lower troposphere, Arctic INPs (i.e., INPs from aerosols emitted in the Arctic) contribute more than 70% of the
total INPs (the sum of Arctic and non-Arctic INPs) over the 40-year period (Fig. 4). Arctic dust, Arctic MOA, and Arctic
bioaerosols account for 36%, 8.9%, and 28%, respectively, of the total INPs over the same period. In the lower troposphere,

Arctic dust is the primary contributor to the total (Arctic + non-Arctic) INPs over islands in the central Arctic Ocean (Fig. 4a).
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205  Arctic MOA INPs dominate over the Arctic Ocean, especially near coastal areas (Fig. 4b), while Arctic bioaerosol INPs are
predominant over Arctic continental regions (Fig. 4c). As a result, Arctic INPs dominate total INPs in most regions of the

Arctic lower troposphere over the four decades (Fig. 4d).

(a) (b)
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Arctic bioaerosol INPs / Total INPs Arctic INPs / Total INPs
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210 Figure 4. Spatial distributions of the contributions of (a) Arctic dust, (b) Arctic MOA, (¢) Arctic bioaerosols, and (d) Arctic INPs to total
(Arctic + non-Arctic) INPs in the Arctic lower troposphere (> 730 hPa) during 1981-2020. The numbers in the upper right corner of each

panel are the mean contributions in the Arctic lower troposphere over the 40 years.

Arctic dust INPs dominate in summer; Arctic MOA INPs contribute 20-30% of total INPs in spring and winter; and Arctic
bioaerosol INPs play a significant role from spring to fall over regions with temperatures around —10 °C (Fig. 5). Arctic INPs
215  contribute primarily to total INP concentrations in the lower troposphere from summer to fall, whereas total INPs in the upper
troposphere at around —40 °C to —30 °C are mainly controlled throughout the year by aerosols transported from middle and
low latitudes (Fig. 5d). The contribution of Arctic INPs to total INPs is less than 10% in the middle and upper troposphere

(Fig. 5d).
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Figure 5. Vertical and temporal variations of the contributions of (a) Arctic dust, (b) Arctic MOAs, (¢) Arctic bioaerosols, and (d) Arctic

INPs to total INPs in the Arctic during 1981-2020. Black lines indicate monthly mean Arctic temperatures.

3.4 Changes in Arctic aerosols and INPs over the past four decades

The annual mean surface air temperature in the Arctic increases by 1.6 °C, from —9.5 °C during 1981-1990 to —7.8 °C during
225 2011-2020 (Fig. S2). Snow and sea ice cover in the Arctic decrease from 68% to 66% and from 59% to 52%, respectively,
during the same time interval. This warming trend extends across the Arctic, with snow and sea ice melting over nearly all
land and ocean regions (Fig. 6). The largest increases of surface air temperatures occur on islands and coastal areas in the
central Arctic Ocean. Major snowmelt is observed on islands in the central Arctic Ocean, including Svalbard and the Queen
Elizabeth Islands, as well as in northern Europe around Scandinavia. The sea ice retreat is most severe in the coastal regions
230 ofthe Arctic Ocean. These results illustrate the strong correlation between rising Arctic surface air temperature and decreasing

snow and sea ice cover.
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A Temperature A Snow cover A Sea ice cover
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Figure 6. Spatial distributions of changes in (a) surface temperature, (b) snow cover, and (c) sea ice cover in the Arctic from 1981-1990 to
2011-2020.

235 As aresult of the decrease of snow and ice cover, the emissions of Arctic dust, Arctic MOA, and Arctic bioaerosols increase
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240

by 18% (from 39 Tgy ' to 46 Tgy™"), 9.4% (from 0.27 Tgy ' t0 0.29 Tg y "), and 4.7% (from 6.7 x 102y t0 7.0 x 102 y"),
respectively, from 1981-1990 to 2011-2020 (Figs. 7a—c and S3a—c), though interannual variability is large (Fig. S4a—c). The
vertically mean atmospheric concentrations in the Arctic lower troposphere (> 730 hPa) also increase. Specifically, the mean
mass concentrations of Arctic dust and Arctic MOA increase by 14% (from 3.5 x 10?> ng m™ to 4.0 x 10?> ng m™) and 11%
(from 4.1 ng m™ to 4.5 ng m™), respectively (Figs. 7d—e and S3d—¢). The mean number concentration of Arctic bioaerosols

increases by 1.9% (from 2.8 x 10° m~ to 2.9 x 10° m) (Figs. 7f and S3f).
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245  Figure 7. Spatial distributions of changes in Arctic dust, Arctic MOA, and Arctic bioaerosols for (a—c) emission fluxes, (d—f) atmospheric
concentrations, and (g—i) INP number concentrations in the Arctic lower troposphere (> 730 hPa) from 1981-1990 to 2011-2020. The
numbers in the upper right corner of each panel represent the rates of change in the mean Arctic lower tropospheric values between 1981—
1990 and 2011-2020.

Figure 7a—c shows the spatial correlations between the increase of aerosol emissions and the reduction of snow and sea ice.

250 For example, the increase of Arctic dust emissions is primarily concentrated over islands in the central Arctic Ocean, including
Svalbard and the Queen Elizabeth Islands, where snow cover declines significantly. Likewise, the increase of Arctic MOA
emissions is pronounced along coastal regions surrounding the Arctic Ocean, where there is substantial sea ice loss. Arctic
bioaerosol emissions increase extensively over Arctic continental regions, particularly across Scandinavia, where there is a
decline of snow cover. Conversely, Arctic bioaerosol emissions decrease over eastern Russia, where snow cover increases

255  slightly over the four decades. These results indicate that the retreat of terrestrial snow and sea ice between 1981-1990 and
2011-2020, driven by Arctic warming, led to increased emissions and atmospheric concentrations of Arctic dust, Arctic MOA,
and Arctic bioaerosols.

While Arctic aerosol emissions increase over the four decades, concentrations of Arctic INPs decline (Fig. S4g—i). In the
Arctic lower troposphere, the mean INP number concentrations from Arctic dust, Arctic MOA, and Arctic bioaerosols decrease

260 by 19% (from 0.49 m™ to 0.40 m™>), 29% (from 0.13 m> to 0.09 m3), and 24% (from 0.40 m~ to 0.30 m), respectively
(Figs. 7g—i and S3g—i). The number concentrations of Arctic dust INPs decline across islands in the central Arctic Ocean,
except for areas with notable increases of Arctic dust emissions, such as Svalbard and the Queen Elizabeth Islands. Arctic
MOA INPs decrease over the Arctic Ocean during the past four decades. Arctic bioaerosol INPs decrease across most regions,
particularly over the continents, except over Scandinavia, where Arctic bioaerosol emissions increase substantially.

265 The number concentrations of Arctic INPs and total INPs in the Arctic lower troposphere decrease by 22% and 20%,
respectively, from 1981-1990 to 20112020 (Fig. 8a). The decrease of total INPs in the Arctic lower troposphere is broadly
simulated over islands in the central Arctic Ocean, coastal waters, and continents (Fig. 8c). However, total INPs increase over
some regions where there is a strong growth of aerosol emissions. The spatial distribution of the changes of Arctic INPs is
similar to that of total INPs (Fig. 8e). These results indicate that changes of the total INP number concentrations in the Arctic

270 lower troposphere over the past 40 years are driven largely by a reduction of INPs originating from the Arctic.
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Figure 8. Decadal changes of INP number concentrations in the Arctic lower troposphere (> 730 hPa) between 19811990 and 2011-2020.
275  (a—b) Mean INP number concentrations in the Arctic lower troposphere during 1981-1990 and 2011-2020 for the (a) Base and (b) Lowbac
simulations. (¢—f) Spatial distributions of changes in INP number concentrations between 1981-1990 and 2011-2020. Panels (¢—d) show
total INP concentrations for the (¢) Base and (d) LowBac simulations, while panels (e—f) show Arctic INP (Arctic dust INPs + Arctic MOA
INPs + Arctic bioaerosol INPs) concentrations for the (e) Base and (f) LowBac simulations. In panels (a) and (b), Arctic dust, Arctic MOA,
Arctic bioaerosols, and non-Arctic aerosols (i.e., aerosols emitted from south of 60 °N) are shown in yellow, blue, green, and orange,
280  respectively. Error bars represent interannual variability (maximum—minimum ranges) for each period. In panels (c—f), the numbers in the

upper right corner indicate the rates of change of mean values in the Arctic lower tropospheric between 1981-1990 and 2011-2020.

INP number concentrations of Arctic aerosols decrease over the last four decades, regardless of the increase of Arctic
aerosol emissions. Changes of Arctic INPs are controlled by the balance between the increase of INPs caused by increasing
emissions (emission effect) and the decrease of INPs caused by decreasing INA (temperature effect) (Matsui et al., 2024). The

285 results of this study indicate that the temperature effect outweighs the emission effect in the Arctic for all INP species
considered in this study (dust, MOAs, and bioaerosols emitted in the Arctic), at least from 1981 to 2020. In other words, INA
changes associated with Arctic warming are the dominant factor controlling changes of Arctic INPs associated with climate
change in the Arctic during that time. The results of this study also indicate that the emission effect can be more important than
the temperature effect in regions where Arctic aerosol emissions increase substantially. These results suggest that a better

290 understanding of aerosol emissions and INA and their changes in the Arctic is required for more accurate estimates of INPs

and their effects on clouds in the Arctic.
3.5 Sensitivity of INPs to bacterial INA

As noted in Section 3.1, the Base case overestimates bacterial INP number concentrations in Northern Norway and Utqiagvik.

This study therefore also considers an alternative parameterization for calculating bacterial INPs (Hummel et al., 2018) that is

12
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295 used in the LowBac simulation. This section presents the results of the LowBac simulation and compares them with those of
the Base simulation.

The number concentration of Arctic bioaerosol INPs in the Arctic lower troposphere in the LowBac simulation is less
than 2% of that in the Base simulation (Fig. S3i). The LowBac simulation produces much lower bioaerosol INPs throughout
the lower Arctic atmosphere, but the characteristics of their spatial distribution are similar to those in the Base simulation

300 during 19812020 (Fig. S5).

In the LowBac simulation, the simulated Arctic bioaerosol INPs are highest at high altitudes during summer at around
=30 °C in the Arctic (Fig. S6). The high bacterial INP concentrations at relatively high subzero temperatures (around —10 °C)
seen in the Base simulation are not evident in the LowBac simulation. Similarly, the LowBac simulation produces lower Arctic
INP concentrations than the Base simulation at around —10 °C.

305 The contribution of Arctic INPs to total INPs also differs between the LowBac and Base simulations (Fig. S6). In the
LowBac simulation, Arctic INPs contribute over 80% to total INPs in the Arctic lower troposphere during 1981-2020
compared with a contribution of 73% in the Base simulation. Arctic dust, Arctic MOA, and Arctic bioaerosols account for 66%,
16%, and 0.89% of the total INPs, respectively (Fig. S5b). Arctic bioaerosols make a much smaller contribution to total INPs
over continental areas in the LowBac simulation than the Base case.

310 Despite this substantial difference, there is a decreasing trend of Arctic bioaerosol INP number concentrations during
1981-2020 in both simulations. The decrease in the LowBac simulation is 25%, from 0.0067 m~ (1981-1990) to 0.0050 m3
(2011-2020) (Fig. S3i). The lower concentration of Arctic bioaerosol INPs in the LowBac simulation leads to lower
concentrations of both Arctic INPs and total INPs (Fig. 8b). In the Arctic lower troposphere, the mean number concentrations
of Arctic and total INPs in the LowBac simulation decline by 23% (from 0.64 m™ to 0.49 m®) and 21% (from 0.75 m to

315 0.59 m™), respectively, from 1981-1990 to 2011-2020. While the magnitudes of the concentrations differ considerably, the
rates of reduction over the four decades are nearly identical in the Base and LowBac simulations.

Overall, compared to the Base simulation, the LowBac simulation produces much lower Arctic bioaerosol INP
concentrations that lead to lower concentration of Arctic INPs and total INPs. The result is better agreement with the
observations in Northern Norway and Alaska, although both simulations perform well at the other three observation sites.

320 Recent studies have shown a strong correlation between atmospheric concentration of INPs and bacterial marker genes in the
Arctic summer (Kawana et al., 2024; Santl-Temkiv et al., 2019). Pereira Freitas et al. (2023) have indicated that most of the
high-temperature INPs are driven by biological sources, suggesting that bioaerosols are a significant source of INPs in the
Arctic. This implication contrasts with the low concentration and contribution of bioaerosol INPs in the LowBac simulation.
In addition, our recent study has shown that the Base simulation generally reproduced observed INPs and their temperature

325 dependence on a global scale (Kawai et al., submitted). These results highlight the significant uncertainties in current bacterial
INP parameterizations; different parameterizations can drastically change the simulated bioaerosol INPs and their importance.

Further studies are therefore necessary to obtain a deeper understanding of bioaerosol INA.

4 Conclusions

In this study, we simulated inter-annual changes of aerosols and ice nucleation in mixed-phase clouds in the Arctic during
330 1981-2020 with three primary INP species—dust, MOA, and bioaerosols—that were incorporated into a global climate-
aerosol model. The reasonable agreement between our model simulations and INP observations at Alert, Ny-Alesund in March,
and northern Greenland show the reliability of the model in simulating INPs. However, the model overestimates INPs at high

subzero temperatures (> —15 °C) in Northern Norway, Utqiagvik, and Ny-Alesund in July, likely due to the overestimation of

13
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bacterial INPs in Northern Norway and Utqiagvik and of dust emissions around Svalbard at Ny-Alesund in July.

335 Our simulations show that Arctic INPs dominate total INPs in the Arctic lower troposphere, with Arctic dust (36%) being
the largest contributor, followed by Arctic bioaerosols (28%) and Arctic MOA (8.9%). In contrast, INPs in the middle and
upper troposphere are derived primarily from aerosols transported from non-Arctic sources. The three Arctic INP species
exhibit distinct spatial patterns that closely correspond to those of their aerosol sources. Arctic dust INPs dominate over islands
in the central Arctic Ocean. Arctic MOA INPs are most prominent in coastal regions of the Arctic Ocean. Arctic bioaerosol

340 INPs primarily affect land areas. In addition, this study reveals clear differences in the vertical distributions and seasonal
variations of Arctic INPs among the three species. Arctic dust INPs are abundant in summer at higher altitudes (400700 hPa),
where temperatures range from —30 °C to —20 °C. Arctic MOA INPs peak during spring and winter in the middle troposphere
near —30 °C. Concentrations of Arctic bioaerosol INPs are elevated during summer and early fall at temperatures around
—10 °C. These results highlight the importance of simultaneously considering multiple aerosol species that serve as INPs when

345 predicting their spatial distributions and temporal variations in the Arctic.

Aerosol emissions increased by 18%, 9.4%, and 4.7% for Arctic dust, Arctic MOA, and Arctic bioaerosols, respectively,
from 1981-1990 to 2011-2020, mainly because of the melting of snow and sea ice (Fig. 9). In contrast, Arctic INP
concentrations decreased by 19%, 29%, and 24% as a result of the reduced INA associated with Arctic warming. This contrast
suggests that changes of INA (i.e., the temperature effect) have a greater influence on INP concentrations than increasing

350 emissions (i.e., the emission effect), except in regions where emissions increase substantially and thus outweigh the
temperature effect. These findings highlight the strong influence of warming on Arctic INP concentrations, through its effects

on both aerosol emissions and INA.

Change from 1981-1990 to 2011-2020
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Figure 9. Changes of Arctic dust, Arctic MOA, and Arctic bioaerosols and their associated INPs from 1981-1990 to 2011-2020. Changes
355 in emissions (red), vertically averaged atmospheric concentrations (yellow), and vertically averaged INP number concentrations (blue) are
shown for the Arctic lower troposphere (> 730 hPa) from the Base simulation. The hatched bar indicates the result from the LowBac
simulation. The numbers above each bar indicate the rates of change in the mean values in the Arctic lower troposphere between 1981-1990

and 2011-2020.

A comparison of the two parameterizations for bacterial INA (Base and LowBac) underscores the significant impact of
360 choices of INP parameterization on the simulation results. While the Base simulation produces bioaerosol INP concentrations
approximately 50 times those in the LowBac simulation, the spatial distributions and the rates of reduction from 1981-1990

to 2011-2020 are generally consistent between the two simulations.

Overall, this study highlights the critical importance of selecting appropriate INP parameterizations for each aerosol species
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in order to accurately simulate INPs and mixed-phase clouds in the Arctic lower troposphere. Reducing uncertainties in the
365 INP parameterizations of bioaerosols is particularly crucial given the good agreement between observations and the Base
simulation on a global scale as well as the recent observational studies that have emphasized the significance of bioaerosols
for Arctic INPs. A better understanding of the interplay between aerosol emissions, INA, the contributions of these two factors
to Arctic cloud dynamics, and their temporal variations under Arctic warming is essential for improving predictions of Arctic
climate change and its broader impacts on the global climate system. These findings contribute to advancing our understanding
370 of the complex feedback mechanisms in the Arctic and provide a foundation for future research on INP-related processes in

polar climates.
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