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Text S1: K14 dust emission parameterization
Kok et al. (2014a, b) (K14) is a physically based dust emission scheme that removes the need
to use an empirical dust soil erodibility map in other parameterizations (e.g., Zender et al., 2003).

The vertical dust emission flux, F; (kg m?2 s!), is given by

Uxst—Uxst0

* Ca
E5 > ), (s1)

uf—uft)

Fd = Cdfbarefclay .Da(

Usst
where C,; is the dimensionless dust emission coefficient, f,,,. is the fraction of the surface
consisting of bare soil, f;;4y is the soil clay fraction, p, (kg m™) is the air density, u, (ms™) is the
soil friction velocity, u,, (m s) is the threshold of soil friction velocity above which saltation
occurs, U,s; (m s!) is the soil threshold friction velocity standardized to standard atmospheric
density, U5 (m s7!) is the standardized threshold friction velocity of an optimally erodible soil,

and C, is the dimensionless constant scaling the fragmentation exponent ().
Text S2: Ice nucleation parameterizations

In this section, we introduced five ice nucleation parameterizations used in this study. They can
be classified into two types: the stochastic approach, which treats ice nucleation as a time-
dependent process, and the deterministic approach, which assumes that ice nucleation is time-
invariant and only depends on temperature and aerosol properties. In this study, the CNT
parameterization follows the stochastic approach, while the other four parameterizations follow

the deterministic approach.

S2.1 CNT parameterization
The classical nucleation theory (CNT) scheme is used for heterogeneous ice nucleation in
mixed-phase clouds in EAMv1 simulations. This parameterization was first implemented in a

global climate model by Hoose et al. (2010), and further improved by Wang et al. (2014) by
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introducing a probability density function of contact angles (c.-PDF) for immersion freezing of
natural dust. In CNT, immersion/condensation, contact, and deposition nucleation on dust and BC

are treated. The rate of heterogeneous nucleation per aerosol particle and time, Jj ¢, is expressed

by

A'rg -Ag*-fagg
Jner =" exp (—7 ), (S2)

where A’ is a prefactor, ry is the aerosol particle radius, f is a form factor describing the aerosol’s
ice nucleating ability, Ag* is the activation energy, A gg is the homogeneous energy of germ
formation, k is the Boltzmann constant, and T is the temperature in K. The factor, f, is a function

of contact angle, a., in the form,
f=:@+m)d-m? (S3)

where m = cosa. The contact angle is assumed to follow a log-normal distribution in the form,

1

aocV2m

_ 2
(In(a)—In (1)) ), (S4)

202

p(a) = exp (—
where p is the mean contact angle and o is the standard deviation.

We do not consider the differences in the mineralogical composition in different dust sources.
Thus, dust particles originated from different sources are treated the same in the CNT (i.e., same
contact angle distribution). The parameterization considers the immersion freezing point
depression by coating of sulfate aerosols (Hoose et al., 2010). However, this effect has no

differences for HLD and LLD, because aerosol species (e.g, dust, sulfate) are assumed to be

internally mixed within an aerosol mode in the MAM4 aerosol module (Liu et al., 2016).

S2.2 D15 parameterization
The DeMott et al. (2015; D15) parameterization is a dust immersion freezing ice nucleation

parameterization derived from a combination of laboratory and field data. The laboratory data are
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from ice nucleation experiments on Saharan and Asian desert dust using the Aerosol Interaction
and Dynamics in the Atmosphere chamber. The field data were collected over the Pacific Ocean
basin and US Virgin Islands, which are dominated by Asian and Saharan desert dust, respectively.
Thereby, D15 can be regarded as a LLD ice nucleation parameterization in our study, though it is
also applied to HLD in Figure 8e for sensitivity studies. In D15, dust INP number concentration,
nyyp (std L), is related to temperature, Tj, (K), and the number concentration of dust particles

larger than 0.5 um, ngs.5.m (std cm™), in the form,
nynp(Ty) = (Cf)(na>o.5um)a(273'16_Tk)+ﬁeXp (y(273.16 — Ty,) + 6), (S5)

where cf =3,a=0,=1.25,y=0.46,and § =-11.6.

S2.3 SM20 parameterization

The Sanchez-Marroquin et al. (2020; SM20) parameterization is based on aircraft-collected
freshly emitted Icelandic dust samples and thus is treated as a parameterization for HLD in our
study. It is an immersion freezing ice nucleation scheme formulated in terms of the ice-nucleating
active surface site density (INAS). The total INP concentration, n;yp (L), is given by
Nynp = Nurp{l — exp [=Sgens]} (S6)
where 1y, p (L) is the number concentration of HLD, S, (m?) is the surface area of a single HLD
particle, and ng (m2) is the density of active sites. n, is in the form
ng(T) = 10~00337-0199T (S7)

where T is temperature in °C.

S2.4 Sc20 parameterization
The Schill et al. (2020; Sc20) parameterization is an INAS-based immersion freezing ice

nucleation parameterization based on smoke from western US wildfires and grassland prescribed
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burns. It is an ice nucleation parameterization for biomass burning black carbon (BC), but we apply
it to BC from both biomass burning and fossil fuel combustion. The total INP concentration is
given by the same equation as Eq.(S6), except ny;p is replaced by ng., which is the number
concentration of BC. The ny fit for Sc20 is given by

ns(T) = exp(1.844 — 0.684T — 0.00597T?), (S8)

where T is temperature in °C.

S2.5 M18 parameterization

The McCluskey et al. (2018; M18) parameterization is an INAS based immersion freezing ice
nucleation parameterization for sea spray aerosols (SSAs; includes sea salt and marine organic
aerosol) derived from pristine marine air mass measurements at the Mace Head Research Station.
The total INP concentration is given by the same equation as Eq.(S6), except ny;p is replaced by
Ngsa, Which is the number concentration of SSA. The ng fit for M18 is given by
ng(Ty) = exp (—0.545(T, — 273.15) + 1.0125), (S9)

where T}, is temperature in K.

S2.6 Discussion regarding the choice of dust ice nucleation parameterizations

In this study, we use three dust ice nucleation parameterizations (i.e., CNT, D15, and SM20).
CNT is chosen because it is the default ice nucleation scheme for EAMv1. We use D15 because it
is found to produce the most reasonable INP concentrations in EAMv1 based on our earlier study
(Shi and Liu, 2019). There are various other LLD INP parameterizations, many of which are INAS-
based (e.g., Niemand et al., 2012; Ullrich et al., 2017). The Niemand et al. (2012) parameterization
was tested in Shi and Liu (2019) and was found to overestimate the Arctic INP concentrations with

corrected dust concentrations in EAMv1. There are also INP parameterizations based on dust
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minerology (e.g., Atkinson et al., 2013; Harrison et al., 2019), which are not used because we do
not represent dust speciation in the current model. There are not a lot of HLD INP
parameterizations (or even data) as compared to LLD INP schemes. To our knowledge, Paramonov
et al. (2018) analyze the ice nucleation ability of soil samples collected from Iceland and provide
an INAS-based fit. We use SM20 which was developed based on airborne samples rather than
Paramonov et al. (2018) in our study, due to the possible large differences between soil samples

and airborne dust samples.
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159  Table S1. Arctic burden efficiency (10 mg m?) (mg m2 s!).

Annual MAM JJA SON DJF
Arc 15.88 20.96 20.82 10.49 15.10

NAm 1.99 2.78 3.78 1.68 0.84
NAf 0.62 1.11 0.50 0.35 0.32
CAs 2.58 2.66 4.11 2.51 1.01

MSA 0.76 1.50 0.45 0.49 0.63
EAs 242 2.19 2.99 2.02 2.75

RoW 0.00 0.00 0.00 0.00 0.01
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161  Table S2. Yearly (2007 to 2011) averaged HLD emission flux (Tg yr'!) in CTRL and HLD half.

CTRL HLD half
2007 129.2 64.2
2008 213.8 103.4
2009 1142 50.8
2010 127.1 53.2
2011 137.8 56.7

162
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Figure S1. Same as Figure 1a, but with four sub-sources tagged in the Arctic (Ala: Alaska, NCa:
North Canada; Grl: Greenland and Iceland; NEu: North Eurasia).
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Figure S2. Global distribution of relative contributions (%) to the annual mean (2007 to 2011)
dust column burden from each tagged source region.
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Figure S3. Annual mean (2007 to 2011) lower tropospheric stability (LTS) from MERRA2
reanalysis data and the CTRL simulation. LTS is defined as the potential temperature difference
between 700 and 1000 hPa. The LTS from the CTRL simulation agrees well with the MERRA?2
data.
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Figure S4. Simulated INP concentrations as a function of temperature. The simulated INP
concentrations are derived from a) LLD using classical nucleation theory (CNT), b) LLD and HLD,
both using CNT, ¢) LLD using CNT and HLD using Sanchez-Marroquin et al (2020; SM20), d)
LLD using DeMott et al. (2015; D15), e) LLD and HLD, both using D15, f) LLD using D15 and
HLD using SM20, g) BC using Schill et al. (2020; Sc20), and h) SSA using McCluskey et al.
(2018; M18). The temperature of each data point is also shown by its color. Nine INP datasets are
classified by symbols A to I. This figure is based on the same simulated INP concentrations that
used from Figure 8.
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Figure SS. Percentage difference of zonally averaged dust concentration between CTRL and
sensitivity experiments (i.e., noArc, noNAf, noEAs). Black contours are zonally averaged
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192  Figure S6. Process budget analysis associated with total ice water tendencies from cloud
193  microphysical processes in the Arctic (unit: 107 pg kg™!' s7!). Only the processes that have large
194  changes are shown in this figure.
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Figure S7. Seasonal changes in shortwave downwelling radiative flux at the surface (unit: W m-?)
caused by dust INPs from Arctic (top panel), North Africa (middle panel), and East Asia (bottom
panel). The numbers are averaged radiative flux differences in the Arctic.
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203  Figure S8. Same as Figure S7, but for longwave downwelling radiative flux.
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206  Figure S9. Same as S7, but for net downwelling radiative flux.
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209  Figure S10. Yearly (2007 to 2011) comparisons of dust deposition fluxes in the Arctic (Greenland)
210  for CTRL and HLD half. The locations of the markers are shown by the red triangles on Figure
211 2d. Unit: gm2 yrl,
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214 Figure S11. Yearly (2007 to 2011) comparisons of surface dust concentrations at Alert station for
215 CTRL and HLD half. Unit: ug m=. The measurements are shown by black solid line, with gray
216  shade representing standard deviation. The simulated total dust concentrations are shown by pink

217  soild line, while contributions from seven tagged sources are shown by colored dashed lines.
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