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Abstract We extend a stochastic aerosol‐snow albedo model to explicitly simulate dust internally/
externally mixed with snow grains of different shapes and for the first time quantify the combined effects
of dust‐snow internal mixing and snow nonsphericity on snow optical properties and albedo. Dust‐snow
internal/external mixing significantly enhances snow single‐scattering coalbedo and absorption at
wavelengths of <1.0 μm, with stronger enhancements for internal mixing (relative to external mixing) and
higher dust concentrations but very weak dependence on snow size and shape variabilities. Compared with
pure snow, dust‐snow internal mixing reduces snow albedo substantially at wavelengths of <1.0 μm, with
stronger reductions for higher dust concentrations, larger snow sizes, and spherical (relative to
nonspherical) snow shapes. Compared to internal mixing, dust‐snow external mixing generally shows
similar spectral patterns of albedo reductions and effects of snow size and shape. However, relative to
external mixing, dust‐snow internal mixing enhances the magnitude of albedo reductions by 10%–30%
(10%–230%) at the visible (near‐infrared) band. This relative enhancement is stronger as snow grains become
larger or nonspherical, with comparable influences from snow size and shape. Moreover, for dust‐snow
external and internal mixing, nonspherical snow grains have up to ~45% weaker albedo reductions than
spherical grains, depending on snow size, dust concentration, and wavelength. The interactive effect of
dust‐snow mixing state and snow shape highlights the importance of accounting for these two factors
concurrently in snow modeling. For application to land/climate models, we develop parameterizations for
dust effects on snow optical properties and albedo with high accuracy.

Plain Language Summary Mineral dust is one of the most common and abundant aerosols by
mass, playing a key role in the Earth/climate system. Dust can significantly reduce snow albedo and
accelerate snow/glacier melting after deposition. Previous modeling studies have mainly assumed dust
mixed outside spherical snow grains, whereas in reality dust can also be mixed inside nonspherical snow
grains. Thus, it is imperative to understand and quantify the effects of dust‐snow mixing type (outside vs.
inside snow grains) and snow grain shape (spherical vs. nonspherical) on snow albedo. This study uses an
advanced snow albedo model to simulate dust mixed with snow grains of different shapes. Results show that
dust mixed with snow grains can enhance snow absorption of sunlight and hence reduce snow albedo.
Dust reduces snow albedomore whenmixed inside snow grains thanwhenmixed outside snow grains, while
dust reduces snow albedo less when mixed with nonspherical snow grains than when mixed with spherical
snow grains. This intertwined effect from dust‐snow mixing type and snow shape highlights the
importance of including these two factors simultaneously in snow models. This study further develops
parameterizations to account for dust effects on snowalbedo for convenient application to land/climatemodels.

1. Introduction

Mineral dust, as one of the most common and abundant aerosols by mass, plays a critical role in the Earth
and climate system (Ginoux et al., 2012; IPCC, 2013; Shao et al., 2011). It directly interacts with atmospheric
radiation via light scattering and absorption, resulting in important direct radiative effect (Kok et al., 2017;
Mahowald et al., 2014; Miller et al., 2004). It also affects cloud formation and precipitation by acting as cloud
condensation nuclei (CCN) and ice nuclei (IN) (Creamean et al., 2013; DeMott et al., 2010; Huang et al.,
2014). Moreover, mineral dust can further reduce snow albedo and accelerate snow/glacier melting upon
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deposition onto snow‐/ice‐covered regions (Lee et al., 2017; Qian et al., 2015; Skiles et al., 2018).
Observations have shown substantial dust deposition and induced snow albedo reductions over the global
cryosphere, including East Asian seasonal snowpack (Huang et al., 2011; Wang et al., 2017), North
American mountains (Skiles et al., 2012; Skiles & Painter, 2017), European Alps (Di Mauro et al., 2015;
Dumont et al., 2017), the Tibetan Plateau (Li et al., 2018; Zhang et al., 2018), the Arctic (Doherty et al.,
2010; Dumont et al., 2014), and the Antarctic (McConnell et al., 2007). For example, Skiles et al. (2012)
showed daily mean radiative forcing of up to 214 Wm–2 caused by dust deposition on snow based on 6 years'
observations over Colorado mountains (United States), which leads to significant snow cover loss and accel-
erated snowmelting. Zhang et al. (2018) found up to 10Wm–2 radiative forcing due to dust in snow over the
Tibetan Plateau based on measured dust concentrations, which could reduce snow cover duration by up to 4
days. Thus, it is important to understand and accurately quantify dust‐snow interactions and associated
albedo reductions in order to better estimate dust‐induced snow albedo forcing and subsequent hydro‐
climatic effects.

Previous studies have made great effort to physically model the effects of light‐absorbing aerosols, including
black carbon (BC) and dust, on snow albedo mainly by assuming aerosols mixed outside spherical snow
grains (i.e., external mixing) (Aoki et al., 2011; Flanner et al., 2007; Tuzet et al., 2017; Warren &
Wiscombe, 1980). On this basis, Dang et al. (2015) developed simplified parameterizations for snow albedo
reduction caused by BC and dust externally mixed with snow spheres. Nevertheless, observations have
shown that nonspherical snow grains are common in reality (e.g., Dominé et al., 2003; Erbe et al., 2003).
A number of studies have recently investigated the impact of nonspherical snow grains in snow albedo mod-
eling (e.g., Dang et al., 2016; He, Takano, Liou, Yang, et al., 2017; Kokhanovsky & Zege, 2004; Libois et al.,
2013; Liou et al., 2014; Räisänen et al., 2017), indicating higher pure snow albedo but smaller aerosol‐
induced snow albedo reduction for nonspherical snow grains compared with spherical grains. Moreover,
aerosols such as BC have been found to be mixed inside snow grains (i.e., internal mixing) in many cases
(e.g., Aoki et al., 2000; Magono et al., 1979), which substantially enhance snow albedo reduction relative
to BC‐snow external mixing (Flanner et al., 2012; He et al., 2014). Further combining snow grain nonspheri-
city and BC‐snow internal mixing reveals important interactive effects on snow albedo reduction (He, Liou,
Takano, Yang, et al., 2018, He, Flanner, et al., 2018; Saito et al., 2019). However, these studies only focused
on BC‐snow interactions, while how snow nonsphericity and dust‐snow internal mixing influence snow
albedo reduction has not been investigated. This highlights an urgent need to understand and quantify their
roles in dust‐snow interactions.

Direct snowpack observations, albeit rather limited, have shown evidence on the existence of dust‐snow
internal mixtures (e.g., Hörhold et al., 2012; Kumai, 1976; Spaulding et al., 2011). In general, aerosols tend
to mix externally with snow grains through dry deposition and/or below‐cloud scavenging, while aerosol‐
snow internal mixtures can form through in‐cloud scavenging (Flanner et al., 2012). First, as efficient ice
nuclei, dust particles can enter into ice crystals via several heterogeneous (i.e., contact, immersion, conden-
sation, or deposition) ice nucleation processes (DeMott et al., 2010; Hoose & Möhler, 2012). Second, though
initially insoluble, dust particles can be coated with soluble species (e.g., sulfate and nitrate) during atmo-
spheric transport and become efficient cloud condensation nuclei to form liquid cloud droplets (Levin
et al., 1996; Li & Shao, 2009). The dust‐containing cloud droplets can further freeze homogeneously under
very low temperature (lower than about –40 °C) and/or go through the riming process to form dust‐
containing ice crystals (Liu et al., 2012). Furthermore, ice crystal aggregation, accretion, and riming pro-
cesses during ice growth and precipitation formation periods may lead to multiple dust inclusions in one
ice crystal by merging multiple dust‐containing cloud hydrometeors into a single one, while snowflakes
formed from the growth of dust‐containing ice crystals via the Wegener‐Bergeron‐Findeisen process may
have only single dust inclusion. Besides, dust‐snowmixing state could also be altered by snowpack processes
(e.g., melting, sublimation, sintering, and refreezing) after snowfall and dust deposition (Flanner et al., 2012;
Skiles & Painter, 2017), though observational constraints are rather limited currently. Therefore, it is
imperative to account for dust‐snow internal mixing in estimating the impact of dust deposition on
snow albedo.

One approach to model multiple aerosols internally mixed with snow grains is the dynamic effective med-
ium approximation (DEMA), which has been applied to BC particles but is not applicable to large aerosol
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particles like dust (Flanner et al., 2012). Recently, Liou et al. (2014) developed a stochastic aerosol‐snow
albedo model (SASAM) that explicitly resolves aerosols internally mixed with nonspherical snow grains
based on a geometric‐optics surface‐wave (GOS) approach (Liou & Yang, 2016, and references therein).
The model has been successfully used for BC‐snow albedo studies (He, Takano, & Liou, 2017, He, Liou,
Takano, Yang, et al., 2018) and shows consistent results with the dynamic effective medium approximation
method in the BC‐snow case (He, Flanner, et al., 2018). This provides a powerful tool to investigate dust‐
snow internal mixing.

Therefore, in the present study, we extend the SASAM model capability to account for dust‐snow internal
mixing and investigate its impact. To our knowledge, this is the first study to explicitly quantify the
combined effects of dust‐snow internal mixing and snow grain nonsphericity on snow single‐scattering
properties and albedo (section 3). We also develop a set of new dust‐snow parameterizations for
land/climate modeling applications (section 3). We further discuss radiative implications for dust‐snow
internal mixing (section 4) and sensitivities to dust refractive index and size distribution (section 5).
Finally, we describe how to apply our parameterizations and associated uncertainties (section 6) and
conclude our findings (section 7).

2. Methods
2.1. Model Descriptions

We use a multilayer SASAM originally developed by Liou et al. (2014) and improved subsequently by He,
Takano, Liou, Yang, et al., (2017), He, Liou, & Takano, (2018). It explicitly simulates snow grains of different
shapes internally/externally mixed with multiple polydisperse aerosol particles and associated snow optical
properties and albedo. The model has been primarily applied to BC particles in previous studies (e.g., He
et al., 2014, He, Takano, Liou, Yang, et al., 2017, He, Liou, Takano, Yang, et al., 2018). In this study, we
further extend the model capability to resolve dust‐snow interactions, particularly nonspherical snow grains
internally mixed with size‐resolved dust particles. Specifically, prescribed snow grain structures are gener-
ated in a three‐dimensional coordinate system, with dust particles randomly distributed inside/outside snow
grains using a stochastic procedure (Liou et al., 2014). The number of dust particles mixed with snow grains
is determined by dust and snow densities and sizes as well as dust concentration in snow. The spectral single‐
scattering properties of dust‐snow mixtures are computed based on the geometric‐optics surface‐wave
approach (He et al., 2016; Liou et al., 2011; Liou & Yang, 2016; Takano et al., 2013), which uses a Monte
Carlo photon tracing technique to simulate light scattering and absorption processes for dust‐snowmixtures.
For an ensemble of randomly orientated snow grains, their single‐scattering properties are further averaged
over all directions. The computed single‐scattering properties (i.e., single‐scattering albedo, asymmetry fac-
tor, and extinction efficiency) of dust‐snow mixtures are subsequently used to derive snow albedo through
the adding/doubling radiative transfer scheme (Takano & Liou, 1989) in snowpack. The number and thick-
ness of snow layers in the model are adjustable based on research needs. More details can be found in Liou
et al. (2014).

2.2. Simulations and Parameterizations

In the present study, we consider dust internally/externally mixed with snow grains with volume‐equivalent
sphere radii (Rv) of 100, 500, and 1,000 μm for four typical shapes (Figure 1; see also He, Takano, Liou, Yang,
et al., 2017 for details), including sphere, spheroid, hexagonal plate, and Koch snowflake, which generally
represent the observed key snow shape characteristics (Dominé et al., 2003; Erbe et al., 2003). These obser-
vations suggested that fresh snow grains with relatively small sizes tend to be snowflakes or hexagonal
shapes, while aged snow grains with relatively large sizes are close to spheroids or spheres. However, we note
that observations of snow grain shapes across a wide size range under different snowpack conditions are still
limited, highlighting the necessity of more extensive and systematic snow shape measurements to better
constrain snow albedomodeling. We use theWarren and Brandt (2008) database for spectral snow refractive
indices, with an ice density of 0.917 g cm–3 (Warren &Wiscombe, 1980). Based on the observed range of dust
content in snow (e.g., Huang et al., 2011; Painter et al., 2012; Wang et al., 2017), we account for dust mass
concentrations (Cdust) of 0, 1, 10, 50, 100, 500, and 1,000 ppm (or μg g–1) to demonstrate low to high dust pol-
lution in snow, with a dust density of 2.5 g cm–3 (Zender et al., 2003). The spectral dust refractive indices are
from Dang et al. (2015) based on a comprehensive compilation of available observations, except that the
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imaginary refractive indices at wavelengths of >1 μm are from d'Almeida et al. (1991). We also conduct
sensitivity simulations using different dust imaginary refractive indices to quantify the associated impacts
and uncertainties (see section 5.1). We assume a lognormal dust size distribution with a geometric mean
diameter of 0.65 μm and a geometric standard deviation of 2.0 (equivalent to an effective radius of 1.1
μm), which represents dust from large‐scale transport (Formenti et al., 2011; Maring et al., 2003) and may
be smaller than that from local soil (Kok, 2011). The dust size effects on snow optical properties and
albedo are further quantified through sensitivity simulations (see section 5.2).

We simulate spectral (0.2–5.0 μm with a 0.01‐μm interval) albedo of clean and dust‐containing snow based
on the SASAM model (section 2.1), assuming a homogeneous semi‐infinite snowpack with a solar zenith
angle of 49.5° (i.e., insolation‐weighted mean condition for sunlit Earth hemisphere). The effects of solar
zenith angle on snow albedo have been quantified and parameterized in several previous studies (e.g.,
Marshall, 1989; Saito et al., 2019). We further integrate the spectral snow optical properties and albedo into
broadband values through weighted averages using the incoming solar spectra under typical midlatitude
wintertime clear sky and overcast cloud conditions following Flanner et al. (2007).

Based on the rigorous SASAM model simulations (hereinafter reference calculations), we develop a set of
parameterizations for dust‐induced changes in snow single‐scattering properties and albedo at different
wavelength bands for application to land and climate models. Four widely used band types are considered
in this study, including the broadband type with two bands (visible and near‐infrared (NIR)), the
Community Land Model (CLM) band type (hereinafter CLM bands; Oleson et al., 2004), the Fu‐Liou
Radiative Transfer Model band type (hereinafter Fu‐Liou bands; Fu & Liou, 1993), and the Rapid
Radiative Transfer Model (RRTM) band type (hereinafter RRTM bands; Mlawer & Clough, 1997). We dis-
cuss uncertainties and limitations associated with model simulations and parameterizations in section 6.

3. Results and Discussions
3.1. Effects on Snow Single‐Scattering Properties
3.1.1. Dust‐Snow Internal Mixing
Previous studies have well documented the single‐scattering properties and albedo of clean snow and asso-
ciated influences from snow grain and snowpack properties (e.g., Flanner et al., 2007; Liou et al., 2014;
Warren, 1982; Warren & Wiscombe, 1980). Here, we focus on dust‐induced changes in snow single‐
scattering properties (single‐scattering albedo (ω), asymmetry factor, and extinction efficiency) and albedo.
We find that dust‐snow internal mixing has negligible effects on snow asymmetry factor and extinction effi-
ciency, which is consistent with previous studies (Liou et al., 2014; He, Takano, Liou, Yang, et al., 2017) and
thus not discussed here. However, compared with pure snow, the snow single‐scattering coalbedo (1‐ω,
defined as one minus single‐scattering albedo) and hence snow absorption are substantially enhanced by

Figure 1. Demonstration of dust‐snow internal (i.e., dust mixed inside snow grains; top row) and external (i.e., dust mixed
outside snow grains; bottom row) mixing for four typical snow grain shapes used in this study, including sphere, spheroid,
hexagonal plate, and Koch snowflake.
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dust‐snow internal mixing mainly at wavelengths <~1.0 μm, with larger enhancements for higher dust
concentrations (Figure 2).

Figure 3 quantitatively shows the dust‐induced spectral snow single‐scattering coalbedo enhancement (E1‐ω;
defined as the single‐scattering coalbedo of dust‐containing snow divided by that of pure snow). The
enhancement is the strongest at wavelengths of 0.2–0.4 μm and decreases sharply at wavelengths of >0.4
μm, which reduces to 1.0 (i.e., no enhancement) at wavelengths longer than ~1.0 μm, because of the strong
dust absorption but weak snow absorption at shorter wavelengths. This is similar to the spectral feature of
BC‐snow internal mixing but has much smaller enhancement than that caused by BC with the same

Figure 2. Spectral single‐scattering coalbedo from reference calculations for clean (black lines) and dust‐contaminated snow (colored lines) with a volume‐equiva-
lent sphere radius of 100 μm and four snow grain shapes, including sphere (first column), spheroid (second column), hexagonal plate (third column), and Koch
snowflake (fourth column), for dust‐snow internal (top row) and external (bottom row) mixing.

Figure 3. Spectral snow single‐scattering coalbedo enhancement (E1‐ω; see text for definition) caused by dust‐snow internal (left panel) and external (right panel)
mixing relative to pure snow, based on reference calculations for different dust concentrations in snow (indicated by different colors). The lines and shaded areas
are, respectively, the mean and one standard deviation (1σ) uncertainty range based on calculations using different snow grain shapes (i.e., sphere, spheroid,
hexagonal plate, and Koch snowflake) and snow volume‐equivalent sphere radii (i.e., 100, 500, and 1,000 μm). Note that the uncertainty (shaded area) is small, due
to the small effects of variabilities in snow grain shape and size on E1‐ω (as opposed to the large effects of dust content variabilities on E1‐ω). To highlight the
effective dust effect and its spectral details, results at wavelengths of >1.7 μm are not shown due to negligible dust effects. See Figures S1–S2 for results of each
calculation case.
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concentration in snow (He, Takano, Liou, Yang, et al., 2017), due to the weaker absorption ability of dust per
mass. The dust‐induced E1‐ω varies by several orders of magnitude with different dust mass concentrations
in snow (Cdust), with up to 102 and 105 for Cdust of 1 and 1,000 ppm, respectively (Figures 3 and S1). We
further find very small effects of variabilities in snow grain size and shape on E1‐ω as opposed to the large
effect of dust content variabilities on E1‐ω (Figure 3), which agrees with the findings in the BC‐snow case
(He, Takano, Liou, Yang, et al., 2017).

Moreover, the E1‐ω caused by dust‐snow internal mixing shows a quantitative nonlinear relationship with
Cdust and can be parameterized through the following empirical formulation:

E1−ω ¼ a1 þ a2× Cdustð Þa3 ; (1)

where Cdust has the unit of ppm and ai (i = 1 – 3) is the wavelength‐dependent parameterization coefficient
(independent of snow shape and size). This parameterization is in very good agreement with the reference
calculation based on the rigorous SASAM model simulations at different wavelength bands (Figures 4 and
S3), with the absolute normalized mean bias (NMB) of <0.06%, the normalized root‐mean‐square‐error
(RMSE) of ≤0.1, and the coefficient of determination (R2) of >0.997. For direct application to land/climate
models with explicit snowpack radiative transfer schemes, we provide the parameterization coefficients
for both clear sky and overcast cloud conditions at the CLM, Fu‐Liou, and RRTM wavelength bands in
Table 1. Note that we only parameterize the E1‐ω at wavelength bands shorter than ~1.2 μm, due to negligible
dust effects on snow absorption (i.e., E1‐ω very close to 1.0) at longer wavelengths.

Figure 4. (a–c) Clear sky snow single‐scattering coalbedo enhancement (E1‐ω; see text for definition) caused by dust‐snow internal mixing (relative to pure snow) as
a function of dust concentration in snow from reference calculations (red) and parameterizations (equation (1); blue dashed lines) at different wavelength bands,
including (a) the Community Land Model (CLM) bands, (b) the Fu‐Liou bands, and (c) the Rapid Radiative Transfer Model (RRTM) bands. Results at wavelength
bands of > ~1.2 μm are not shown due to negligible dust effects on E1‐ω. The red lines and shaded areas are, respectively, the mean and one standard deviation (1σ)
uncertainty range based on reference calculations using different snow grain shapes (i.e., sphere, spheroid, hexagonal plate, and Koch snowflake) and volume‐
equivalent sphere radii (i.e., 100, 500, and 1,000 μm). Note that the red solid lines and blue dashed lines are almost overlapped in all cases because of very close
values, and the uncertainty (shaded area) is rather small due to very small snow shape and size effects on E1‐ω as opposed to the large dust effect (see also Figure 3
and text for details). (d–f) Comparisons of the dust‐induced clear sky single‐scattering coalbedo enhancement (E1‐ω) from reference calculations and parameteri-
zations at the (d) CLM, (e) Fu‐Liou, and (f) RRTM bands based on the results shown in (a–c). Also shown are the normalized mean bias (NMB), the root‐mean‐
square‐error (RMSE) normalized by standard deviations of reference calculations, and the coefficient of determination (R2). See Figure S3 for dust‐snow internal
mixing results under the overcast cloud condition and Figures S4–S5 for dust‐snow external mixing results.
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3.1.2. Dust‐Snow External Mixing
Compared to dust‐snow internal mixing, we find very similar spectral impacts of dust‐snow external mixing
on snow single‐scattering coalbedo (Figure 2), with the major snow absorption enhancement at wavelengths
<~1.0 μm. The enhancement (E1‐ω) in spectral single‐scattering coalbedo caused by dust‐snow external mix-
ing relative to pure snow has a similar pattern as shown in the case of dust‐snow internal mixing but with a
smaller magnitude by up to a factor of 2 (Figures 3 and S2). Following the case of dust‐snow internal mixing,
we also develop a parameterization for the E1‐ω caused by dust‐snow external mixing based on the same
formulation (equation (1)). We provide the parameterization coefficients (ai in equation (1)) for the CLM,
Fu‐Liou, and RRTM wavelength bands under clear sky and overcast cloud conditions in Table 1. The
parameterization shows good accuracy at different wavelength bands (Figures S4 and S5), with the NMB
of <6.5%, the normalized RMSE of ≤0.3, and the R2 of >0.98.

3.2. Effects on Snow Albedo
3.2.1. Dust‐Snow Internal Mixing
Because of the enhanced snow absorption caused by dust‐snow internal mixing (section 3.1.1), the dust‐
polluted snow albedo decreases markedly at wavelengths of <1.0 μm compared to pure snow, with stronger
reductions for larger snow grain sizes and dust concentrations (Figures 5 and S6). The albedo reduction
reaches the maximum at short wavelengths (0.2–0.4 μm) and decreases quickly at longer wavelengths to
about 0 beyond ~1.0 μm, with a faster decrease for a larger dust concentration and/or snow grain size
(Figure 6). This is a result of the dominant pure snow absorption at wavelengths of >1.0 μm (Warren,
1982). We find that the maximum spectral snow albedo reduction caused by dust‐snow internal mixing is
more than doubled for snow grain radii (Rv) of 1,000 μm relative to that for Rv of 100 μm, with reduction

Table 1
Parameterization Coefficients (Equation (1)) for Snow Single‐Scattering Coalbedo Enhancement (E1‐ω) Caused by Dust‐Snow Internal and External Mixing Relative
to Pure Snow at Different Wavelength Bands, Including the Community Land Model (CLM) Bands, the Fu‐Liou Bands, and the Rapid Radiative Transfer Model
(RRTM) Bands

Wavelength bands (μm)a

Clear sky Overcast cloud

a1 a2 a3 a1 a2 a3

Dust‐snow internal mixing
CLM bands 0.3–0.7 1.0413E+00 2.4208E‐01 1.0016E+00 1.0388E+00 2.5973E‐01 1.0015E+00

0.7–1.0 1.0168E+00 1.5300E‐03 1.0070E+00 1.0167E+00 1.6200E‐03 1.0061E+00
1.0–1.2 1.0189E+00 1.1230E‐04 1.0840E+00 1.0189E+00 1.1721E‐04 1.0823E+00

Fu‐Liou bands 0.2–0.7 1.0413E+00 2.4208E‐01 1.0016E+00 1.0388E+00 2.5973E‐01 1.0015E+00
0.7–1.3 1.0188E+00 2.6677E‐04 1.0285E+00 1.0188E+00 2.8564E‐04 1.0266E+00

RRTM bands 0.2000–0.2632 –2.1307E+01 1.1746E+02 9.9701E‐01 –2.1307E+01 1.1746E+02 9.9701E‐01
0.2632–0.3448 –1.5815E+01 9.3251E+01 9.9781E‐01 –1.5815E+01 9.3241E+01 9.9781E‐01
0.3448–0.4415 –9.1921E+00 4.0033E+01 9.9849E‐01 –9.2880E+00 4.0605E+01 9.9848E‐01
0.4415–0.6250 1.1116E+00 3.6578E‐01 1.0036E+00 1.1115E+00 3.7389E‐01 1.0035E+00
0.6250–0.7782 1.0302E+00 1.4560E‐02 1.0022E+00 1.0307E+00 1.4800E‐02 1.0024E+00
0.7782–1.2422 1.0185E+00 2.6997E‐04 1.0376E+00 1.0185E+00 2.8921E‐04 1.0356E+00

Dust‐snow external mixing
CLM bands 0.3–0.7 9.5844E‐01 2.0669E‐01 9.6335E‐01 9.5295E‐01 2.2138E‐01 9.6339E‐01

0.7–1.0 9.9926E‐01 1.3700E‐03 9.4175E‐01 9.9921E‐01 1.4600E‐03 9.4123E‐01
1.0–1.2 9.9999E‐01 4.1287E‐05 9.8915E‐01 9.9999E‐01 4.2805E‐05 9.8904E‐01

Fu‐Liou bands 0.2–0.7 9.5844E‐01 2.0669E‐01 9.6335E‐01 9.5295E‐01 2.2138E‐01 9.6339E‐01
0.7–1.3 9.9989E‐01 2.0391E‐04 9.4495E‐01 9.9988E‐01 2.2112E‐04 9.4421E‐01

RRTM bands 0.2000–0.2632 –3.9235E+01 8.8913E+01 9.6241E‐01 –3.9235E+01 8.8913E+01 9.6241E‐01
0.2632–0.3448 –3.2219E+01 7.4963E+01 9.6331E‐01 –3.2216E+01 7.4956E+01 9.6331E‐01
0.3448–0.4415 –1.5490E+01 3.3277E+01 9.6271E‐01 –1.5679E+01 3.3739E+01 9.6270E‐01
0.4415–0.6250 1.0021E+00 3.1460E‐01 9.6614E‐01 1.0010E+00 3.2146E‐01 9.6617E‐01
0.6250–0.7782 9.9889E‐01 1.4270E‐02 9.4205E‐01 9.9906E‐01 1.4510E‐02 9.4230E‐01
0.7782–1.2422 9.9990E‐01 1.9240E‐04 9.5506E‐01 9.9990E‐01 2.0860E‐04 9.5425E‐01

aWe do not parameterize for wavelength bands of >~1.2 μm, due to negligible dust effects on snow single‐scattering coalbedo at these bands. Note that the coeffi-
cients at the first three RRTM bands may lead to E1‐ω less than 1.0 for dust concentrations of <0.25 (0.48) ppm with dust‐snow internal (external) mixing, due to
parameterization errors.
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of up to about 0.05 (0.2) and 0.2 (0.5) for Rv of 100 (1,000) μmwith Cdust of 10 and 100 ppm, respectively. For
fixed Cdust and Rv, spherical snow grains lead to the strongest albedo reduction at wavelengths of <1.0 μm,
while the nonspherical counterparts have up to ~35% weaker reduction depending on snow size, dust
concentration, and wavelength, with the smallest reduction for Koch snowflakes (Figure 6). This is
because nonspherical snow grains tend to have smaller asymmetry factors and thus weaker forward
scattering (Dang et al., 2016).

Figure 5. Spectral snow albedo from reference calculations for clean (black lines) and dust‐contaminated snow (colored lines) with a volume‐equivalent sphere
radius (Rv) of 100 μm and four snow grain shapes, including sphere (first column), spheroid (second column), hexagonal plate (third column), and Koch snow-
flake (fourth column). Results for dust‐snow internal (top row) and external (bottom row) mixing are shown. See Figure S6 for results with a Rv of 1,000 μm.

Figure 6. Spectral snow albedo reduction caused by dust‐snow internal (top row) and external (bottom row) mixing from reference calculations for snow volume‐
equivalent sphere radii (Rv) of 100 μm (dashed lines) and 1,000 μm (solid lines) and four grain shapes, including sphere (blue), spheroid (red), hexagonal plate
(green), and Koch snowflake (orange). Results for dust concentrations in snow (Cdust) of 10 ppm (first column), 100 ppm (second column), and 1,000 ppm (third
column) are shown.
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Further analysis shows that the snow albedo reduction caused by dust‐snow internal mixing can be quanti-
tatively and nonlinearly related to dust concentration and snow grain size and shape, following an empirical
formulation derived from laboratory measurements (Hadley & Kirchstetter, 2012). This formulation is ori-
ginally proposed for BC‐induced snow albedo reduction and has been successfully used to develop BC‐snow
parameterizations (He, Liou, Takano, Yang, et al., 2018; Saito et al., 2019). We find that this formulation is
also applicable to dust‐induced snow albedo reduction (Δα; defined as pure snow albedo minus dust‐
polluted snow albedo) for semi‐infinite snowpack as follows:

Δα ¼ b1× Cdustð Þk; (2)

k ¼ b2× Re=R0ð Þb3 ; (3)

Re ¼ 3Vsnow

4Asnow
; (4)

where Cdust has the unit of ppm, bi (i = 1 – 3) is the parameterization coefficient depending on snow
grain shape and wavelength, R0 (100 μm) is the reference snow grain radius, and Re (unit: μm) is the
snow grain effective radius (i.e., specific projected‐area‐equivalent sphere radius) defined by the snow
grain volume (Vsnow) and projected area (Asnow). This definition of snow grain effective radius is widely
used in snow/ice crystal modeling and satellite retrievals (e.g., Jin et al., 2008; Liou & Yang, 2016) and
can be quantitatively converted to other commonly used snow effective radii, including the
volume‐equivalent sphere radius, the projected‐area‐equivalent sphere radius, and the specific surface‐
area‐equivalent sphere radius. For a broader application of the present parameterization, the detailed
conversion among these snow effective radii can be found in He, Takano, Liou, Yang, et al. (2017)
and Saito et al. (2019).

This parameterization (equations (2–4)) well reproduces the results from the reference calculations at differ-
ent wavelength bands under both clear sky and overcast cloud conditions (Figures 7 and S7–S10) with very
high accuracy (Figures 8 and S14), including the NMB of <4%, the RMSE of ≤0.02, and the R2 of >0.99. We
provide the parameterization coefficients (bi in equations (2 and 3)) at the visible‐NIR bands (Table 2), CLM
bands (Table S1), Fu‐Liou bands (Table S2), and RRTM bands (Table S3) for application to land/climate
models with bulk snow albedo schemes. Note that we only parameterize the Δα at wavelengths shorter than
~1.5 μm for the CLM, Fu‐Liou, and RRTM bands, due to negligible dust effects on snow albedo reduction
(i.e., Δα very close to 0) at longer wavelengths.
3.2.2. Dust‐Snow External Mixing
The spectral pattern of snow albedo reduction caused by dust‐snow external mixing is similar to that caused
by dust‐snow internal mixing but with a smaller magnitude (Figures 5 and 6). The absolute difference in
albedo reductions between dust‐snow external and internal mixing tends to be larger for larger snow grain
sizes. For example, compared with internal mixing, the maximum albedo reduction due to dust‐snow exter-
nal mixing is smaller by up to about 0.05 and 0.1 for Rv of 100 and 1,000 μm, respectively, with a Cdust of 1,000
ppm (Figure 6). Furthermore, the variation in albedo reductions across different snow shapes is larger for
dust‐snow external mixing than internal mixing (Figure 6), for example, with the variation of up to about
0.15 (0.10) for external (internal) mixing at visible wavelengths with a Cdust of 100 ppm and a Rv of 1,000
μm. Interestingly, we find negative snow albedo reductions at wavelengths longer than ~1.0 μm for cases
with both very large dust concentrations (Cdust ≥ 1,000 ppm) and snow grain sizes (Rv ≥ 1,000 μm), which
indicate higher albedo at these NIR wavelengths for dust‐snow external mixtures than pure snow. This is
because of the stronger scattering and hence higher albedo at NIR wavelengths (longer than ~1.0 μm) for
pure dust compared with pure snow and is consistent with the findings in Dang et al. (2015). They showed
that when dust concentrations become large, dust can affect snow albedo by not only absorption but also
scattering at the NIR wavelengths. This results in higher albedo for dust‐snow external mixtures than pure
snow, which also depends on snow grain sizes (e.g., Cdust ≥1,000 ppm for Rv of 1,000 μm and Cdust ≥10,000
ppm for Rv of 100 μm). However, we note that this feature is not seen for dust‐snow internal
mixing (Figure 6).

Following the case of dust‐snow internal mixing, we also develop a parameterization for snow albedo
reduction caused by dust‐snow external mixing based on the same formulation (equations (2–4)). The
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Figure 8. Comparisons of clear sky broadband snow albedo reduction caused by dust‐snow internal (top row) and external (bottom row) mixing from reference
calculations and parameterizations (equations (2–4)) for different snow grain shapes (i.e., sphere, spheroid, hexagonal plate, and Koch snowflake) and volume‐
equivalent sphere radii (i.e., 100, 500, and 1,000 μm). Results at different wavelength bands are shown, including the visible (0.3–0.7 μm) NIR (0.7–5.0 μm) bands
(first column), the Community Land Model (CLM) bands (second column), the Fu‐Liou bands (third column), and the Rapid Radiative Transfer Model (RRTM)
bands (fourth column). Also shown are the normalized mean bias (NMB), the root‐mean‐square‐error (RMSE), the coefficient of determination (R2), and the 1:1
ratio lines (dashed lines). See Figure S14 for results under the overcast cloud condition.

Figure 7. Clear sky broadband snow albedo reduction as a function of dust concentration in snow from reference calculations (points) and parameterizations
(equations (2–4); lines) for dust‐snow internal (top row) and external (bottom row) mixing at the visible (0.3–0.7 μm; first column), near‐infrared (NIR, 0.7–5.0
μm; second column), and all wavelength (all, 0.3–5.0 μm; third column) bands. Results shown here are for snow volume‐equivalent sphere radii (Rv) of 100 μm
(circles or dashed lines) and 1,000 μm (crosses or solid lines) and four grain shapes, including sphere (blue), spheroid (red), hexagonal plate (green), and Koch
snowflake (orange). See Figure S7 for results under the overcast cloud condition and Figures S8–S13 for results at the Community LandModel (CLM) bands, the Fu‐
Liou bands, and the Rapid Radiative Transfer Model (RRTM) bands.
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parameterization shows high accuracy for different wavelength bands under both clear sky and overcast
cloud conditions (Figures 7 and 8 and S11–S14), with the NMB of <7.3%, the RMSE of ≤0.025, and the
R2 of >0.99. We provide the parameterization coefficients (bi in equations (2 and 3)) for the visible‐NIR
bands (Table 2), CLM bands (Table S1), Fu‐Liou bands (Table S2), and RRTM bands (Table S3). We
further compare this parameterization of dust‐snow external mixing with that developed in Dang
et al. (2015) for spherical snow grains, which reveals reasonably good agreement, except for slightly
stronger albedo reductions for small snow sizes (e.g., Re = 100 μm) and weaker reductions for large
snow sizes (e.g., Re = 1,000 μm) from our parameterization (Figure S15). Such differences could be
due to the uncertainties and biases in parameterization development and dust‐snow albedo modeling
in both studies (e.g., different radiative transfer models and dust imaginary refractive indices at
wavelengths of >1 μm).
3.2.3. Enhanced Albedo Reduction by Dust‐Snow Internal Mixing
Figure 9 shows the broadband snow albedo reduction caused by dust‐snow internal and external mixing
as a function of dust concentration in snow or snow grain effective radius (Re defined in equation (4)).
We find a clear indication that snow albedo reductions are significantly enhanced by dust‐snow internal
mixing compared to external mixing, with stronger absolute increases in albedo reduction for larger dust
concentrations and/or snow grain sizes. The relative increases in albedo reduction caused by internal
mixing relative to external mixing tend to be larger for nonspherical snow grains than spherical grains,
which are the largest for Koch snowflake, while larger snow grain sizes also lead to stronger relative
increases (Figures 9 and S16–S17). Moreover, due to the weaker absolute albedo reduction caused by
nonspherical snow grains than spherical grains (Figure 9 and sections 3.2.1 and 3.2.2), such snow non-
sphericity effect could effectively offset the enhancement in albedo reduction induced by dust‐snow

Table 2
Parameterization Coefficients (Equations (2 and 3)) for Broadband Snow Albedo Reduction (Δα) Caused by Dust‐Snow Internal and External Mixing

Snow
grain shape

Wavelength
bands (μm)

Clear sky Overcast cloud

b1 b2 b3 b1 b2 b3

Dust‐snow internal mixing
Sphere 0.3–0.7 1.9645E‐02 3.6062E‐01 1.3040E‐01 2.0192E‐02 3.5836E‐01 1.3089E‐01

0.7–5.0 4.3800E‐04 6.8460E‐01 6.3701E‐02 5.3798E‐04 6.8005E‐01 6.4704E‐02
0.3–5.0 9.2930E‐03 3.9620E‐01 1.1769E‐01 1.1034E‐02 3.8976E‐01 1.1961E‐01

Spheroid 0.3–0.7 1.9082E‐02 3.6058E‐01 1.3625E‐01 1.9629E‐02 3.5825E‐01 1.3677E‐01
0.7–5.0 4.2814E‐04 6.5848E‐01 8.3904E‐02 5.2589E‐04 6.5519E‐01 8.4292E‐02
0.3–5.0 9.1601E‐03 3.9006E‐01 1.2818E‐01 1.0858E‐02 3.8452E‐01 1.2948E‐01

Hexagonal plate 0.3–0.7 1.3728E‐02 3.8436E‐01 1.3842E‐01 1.4133E‐02 3.8197E‐01 1.3900E‐01
0.7–5.0 1.6468E‐04 7.7647E‐01 6.7572E‐02 2.0609E‐04 7.7057E‐01 6.8561E‐02
0.3–5.0 6.2746E‐03 4.2145E‐01 1.2627E‐01 7.4922E‐03 4.1486E‐01 1.2813E‐01

Koch snowflake 0.3–0.7 1.2785E‐02 3.8758E‐01 1.4141E‐01 1.3137E‐02 3.8548E‐01 1.4192E‐01
0.7–5.0 1.2224E‐03 5.0728E‐01 9.5967E‐02 1.2845E‐03 5.2197E‐01 9.7284E‐02
0.3–5.0 7.0077E‐03 4.0317E‐01 1.3358E‐01 8.0574E‐03 4.0081E‐01 1.3516E‐01

Dust‐snow external mixing
Sphere 0.3–0.7 2.0143E‐02 3.4101E‐01 1.3412E‐01 2.0683E‐02 3.3891E‐01 1.3475E‐01

0.7–5.0 5.0201E‐04 6.3134E‐01 3.2224E‐02 6.1437E‐04 6.2870E‐01 3.5624E‐02
0.3–5.0 9.9574E‐03 3.6689E‐01 1.1808E‐01 1.1735E‐02 3.6213E‐01 1.2061E‐01

Spheroid 0.3–0.7 1.5426E‐02 3.6322E‐01 1.3106E‐01 1.5870E‐02 3.6094E‐01 1.3174E‐01
0.7–5.0 2.6587E‐04 6.8982E‐01 2.4354E‐02 3.2737E‐04 6.8684E‐01 2.8197E‐02
0.3–5.0 7.5403E‐03 3.8828E‐01 1.1590E‐01 8.9129E‐03 3.8349E‐01 1.1838E‐01

Hexagonal plate 0.3–0.7 1.1981E‐02 3.8004E‐01 1.3452E‐01 1.2324E‐02 3.7782E‐01 1.3518E‐01
0.7–5.0 2.1928E‐04 6.9666E‐01 3.2261E‐02 2.7003E‐04 6.9379E‐01 3.6103E‐02
0.3–5.0 5.8487E‐03 4.0538E‐01 1.1971E‐01 6.9131E‐03 4.0062E‐01 1.2217E‐01

Koch snowflake 0.3–0.7 1.0425E‐02 3.8807E‐01 1.3562E‐01 1.0720E‐02 3.8592E‐01 1.3627E‐01
0.7–5.0 2.0199E‐04 6.9676E‐01 3.3337E‐02 2.4888E‐04 6.9396E‐01 3.7580E‐02
0.3–5.0 5.0937E‐03 4.1349E‐01 1.2057E‐01 6.0176E‐03 4.0880E‐01 1.2311E‐01

Note. The parameterization coefficients for the Community Land Model (CLM) bands, the Fu‐Liou bands, and the Rapid Radiative Transfer Model (RRTM)
bands are provided in Tables S1, S2, and S3, respectively.
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internal mixing. This highlights the importance of accounting for dust‐snow internal mixing and snow
grain shape concurrently in snow and climate modeling.

To quantitatively understand the albedo reduction enhancement caused by dust‐snow internal mixing rela-
tive to external mixing, we further define an enhancement ratio (EΔα) as the ratio of snow albedo reduction
caused by dust‐snow internal mixing (Δαint) to that caused by external mixing (Δαext):

EΔα ¼ Δαint
Δαext

: (5)

Figures 10 and S18 show the enhancement ratios for different dust concentrations, snow sizes, and
snow shapes. We find that the enhancement ratios are similar for various dust concentrations with fixed
snow grain size and shape, which varies from 1.1 to 1.3 at the visible band and from 1.1 to 3.3 at the
NIR band depending on snow size and shape (Table 3). In general, the enhancement ratio increases as
snow grains become larger or nonspherical, for example, with the all wavelength (0.3–5.0 m) values of
1.29 (1.12) and 1.40 (1.19) for Koch snowflake (sphere) with Re of 100 and 1,000 μm, respectively
(Figure 10). As a result, the effect of snow grain shape on the enhancement ratio is comparable to that
of snow grain size. We note that the albedo reduction enhancement caused by internal mixing relative
to external mixing in dust‐snow interactions is also comparable to that in BC‐snow interactions
(Flanner et al., 2012; He, Liou, Takano, Yang, et al., 2018). Thus, estimates of dust‐induced snow albedo
reductions without accounting for the reduction enhancement by internal mixing may result in impor-
tant biases. The enhancement ratio (Table 3) in the present study provides a useful scaling factor for a
first‐order adjustment of dust‐induced albedo reductions in snow/climate models to account for dust‐
snow internal mixing, since current models almost rely exclusively on the assumption of dust‐snow
external mixing.

Figure 9. (Top row) clear sky broadband snow albedo reduction as a function of dust concentration in snow based on the parameterization (equations (2–4)) for
dust‐snow internal (solid lines) and external (dashed lines) mixing with a snow grain effective radius (Re, defined in equation (4)) of 100 μm. Results shown here
are for snow sphere (blue), spheroid (red), hexagonal plate (green), and Koch snowflake (orange) at the visible (0.3–0.7 μm; first column), near‐infrared
(NIR, 0.7–5.0 μm; second column), and all wavelength (all, 0.3–5.0 μm; third column) bands. (Bottom row) same as Figure 9 (top row), but for snow albedo
reduction as a function of snow grain effective radius (Re) with a dust concentration in snow (Cdust) of 100 ppm. See Figure S16 for results under the overcast cloud
condition and Figure S17 for results with a Re of 1,000 μm and a Cdust of 1,000 ppm.
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4. Radiative Implications

The dust‐snow internal mixing strongly enhances snow albedo reduction compared with external mix-
ing, which has important implications for the associated dust‐induced snow albedo radiative effects.
For example, Painter et al. (2012) measured dust concentrations of 230–860 ppm in aged snow in late
spring (melt season) during 2005–2008 over the Colorado River Basin. Based on the parameterization
in the present study, the corresponding dust‐induced broadband (0.3–5.0 μm) snow albedo reductions
are about 0.137–0.258 (0.099–0.204) for dust externally mixed with snow spheres (Koch snowflakes) with
a typical aged snow effective radius of 1,000 μm, which results in mean springtime surface radiative
effects of 41.0–77.3 (29.7–61.1) W m–2 using the observed surface downward solar radiation of ~300 W m–2

in the area (Painter et al., 2012). This estimate is generally consistent with their results from a sophisticated
snow energy balance model (Skiles et al., 2012). However, we find that dust‐snow internal mixing can
enhance the albedo reductions and hence surface radiative effects by about 20% (40%) for snow spheres
(Koch snowflakes) compared with external mixing, which are equivalent to increases of 6.0–16.0
(11.7–24.4) W m–2 in dust‐induced snow albedo radiative effects. Thus, the resulting absolute surface
radiative effects are 47.0–93.3 (41.5–85.5) W m–2 for dust internally mixed with snow spheres
(Koch snowflakes).

We note that the preceding calculation is not rigorous, which do not account for the variation and dynamic
evolution of snowpack properties and environment conditions. Nevertheless, these estimates highlight that
the dust‐snow mixing state (internal versus external) together with snow grain shape (spherical versus non-
spherical) plays a key role in quantifying dust‐induced snow albedo radiative effects and needs to be
accounted for in snow and climate modeling, particularly over snow‐covered regions with substantial dust
contamination. This could have further implications for water resource management and hydrological fore-
cast (Painter et al., 2010).

Figure 10. Comparisons of clear sky snow albedo reduction caused by dust‐snow internal mixing (y‐axis) and external mixing (x‐axis) for snow sphere (blue),
spheroid (red), hexagonal plate (green), and Koch snowflake (orange) with grain effective radii (Re, defined in equation (4)) of 100 (top row) and 1,000 μm
(bottom row) at the visible (0.3–0.7 μm; first column), near‐infrared (NIR, 0.7–5.0 μm; second column), and all wavelength (all, 0.3–5.0 μm; third
column) bands. Circles are calculated results assuming dust concentrations of 0–1,000 ppm (with an interval of 10 ppm) in snow. Also shown are linear
regression lines (solid lines) and regression slopes (enhancement ratio, EΔα defined in equation (5); colored numbers) for each snow grain shape (see also
Table 3). See Figure S18 for results under the overcast cloud condition.
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5. Sensitivities to Dust Refractive Index and Size Distribution
5.1. Dust Refractive Index

Previous studies (e.g., Balkanski et al., 2007; Dang et al., 2015; Wagner et al., 2012) have shown large varia-
tions in dust imaginary refractive indices, which strongly depend on dust composition (e.g., hematite/iron
content), while the uncertainty in dust real refractive indices is much smaller. Thus, to assess the sensitivity
of dust effects to its refractive indices, we conduct two sensitivity simulations by varying dust imaginary
refractive indices. We use spectral dust imaginary refractive indices from the Wagner et al. (2012) database
for dust with 2.7% hematite content as an upper limit (hereinafter the Wagner12 case) and the Balkanski
et al. (2007) database for dust with 0.9% hematite content as a lower limit (hereinafter the Balkanski07 case).
The dust imaginary refractive indices used in our standard simulations are approximately in the middle of
this range.

Table 3
Enhancement Ratio (EΔα Defined in Equation (5)) in Broadband Snow Albedo Reductions Caused by Dust‐Snow Internal
Mixing Relative to External Mixing for Different Snow Effective Radii (Re defined in Equation (4)) and Shapes

Snow
grain shape

Clear sky Overcast cloud

Wavelength bands (μm)

0.3–0.7 0.7–5.0 0.3–5.0 0.3–0.7 0.7–5.0 0.3–5.0

Re = 50 μm
Sphere 1.097 1.113 1.108 1.098 1.111 1.106
Spheroid 1.209 1.113 1.204 1.209 1.121 1.205
Hexagonal plate 1.168 1.107 1.165 1.168 1.113 1.166
Koch snowflake 1.212 1.594 1.268 1.212 1.528 1.254

Re = 100 μm
Sphere 1.104 1.232 1.124 1.104 1.221 1.120
Spheroid 1.216 1.314 1.229 1.216 1.308 1.226
Hexagonal plate 1.178 1.262 1.188 1.177 1.257 1.187
Koch snowflake 1.223 1.774 1.288 1.222 1.694 1.273

Re = 250 μm
Sphere 1.113 1.424 1.148 1.113 1.397 1.142
Spheroid 1.229 1.671 1.269 1.228 1.638 1.262
Hexagonal plate 1.194 1.522 1.225 1.193 1.496 1.219
Koch snowflake 1.240 2.082 1.323 1.239 1.980 1.306

Re = 500 μm
Sphere 1.120 1.602 1.168 1.119 1.559 1.159
Spheroid 1.241 2.039 1.308 1.239 1.974 1.296
Hexagonal plate 1.209 1.774 1.259 1.208 1.726 1.250
Koch snowflake 1.257 2.388 1.357 1.256 2.264 1.338

Re = 750 μm
Sphere 1.124 1.722 1.181 1.123 1.669 1.171
Spheroid 1.249 2.307 1.334 1.247 2.217 1.319
Hexagonal plate 1.219 1.950 1.281 1.217 1.884 1.269
Koch snowflake 1.269 2.605 1.380 1.267 2.466 1.360

Re = 1,000 μm
Sphere 1.126 1.816 1.191 1.125 1.754 1.179
Spheroid 1.255 2.527 1.354 1.253 2.415 1.336
Hexagonal plate 1.227 2.089 1.298 1.225 2.010 1.285
Koch snowflake 1.278 2.780 1.399 1.276 2.629 1.377

Re = 1,500 μm
Sphere 1.130 1.962 1.205 1.129 1.885 1.191
Spheroid 1.265 2.887 1.386 1.262 2.738 1.364
Hexagonal plate 1.239 2.310 1.324 1.237 2.209 1.308
Koch snowflake 1.292 3.061 1.428 1.290 2.891 1.404

Re = 2,000 μm
Sphere 1.133 2.076 1.215 1.131 1.988 1.200
Spheroid 1.273 3.185 1.411 1.270 3.004 1.386
Hexagonal plate 1.248 2.487 1.344 1.246 2.366 1.326
Koch snowflake 1.303 3.288 1.451 1.301 3.103 1.426
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We find that the spectral patterns of snow single‐scattering coalbedo enhancement (E1‐ω defined in
section 3.1.1) in the two sensitivity simulations are similar to that in the standard simulation. However,
the magnitude of E1‐ω is significantly affected by dust imaginary refractive indices, with differences of up
to one order of magnitude between theWagner12 and Balkanski07 cases for dust‐snow external and internal
mixing, particularly at visible wavelengths (Figure 11). TheWagner12 case shows the highest E1‐ω, while the
Balkanski07 case has the lowest E1‐ω, due to much smaller dust imaginary refractive indices in the
Balkanski07 case. As a result, the Wagner12 case leads to much stronger dust‐induced snow albedo reduc-
tions than the Balkanski07 case (e.g., by more than a factor of 2 at the visible band) for both dust‐snow exter-
nal and internal mixing with different snow grain shapes (Figures 12 and S19). The albedo reductions from
the standard simulation lie in themiddle of those from the two sensitivity simulations. The differences (abso-
lute values <0.05) among these cases are much smaller at the NIR band (Figures 12 and S19).

Moreover, the snow albedo reduction enhancement (EΔα defined in equation (5)) caused by dust‐snow inter-
nal mixing relative to external mixing in the two sensitivity simulations shows similar patterns and varia-
tions with snow grain size and shape as those in the standard simulation, where EΔα tends to be larger as
snow grains become larger or nonspherical. The magnitude of EΔα only varies slightly (relative differences
<10%) with dust imaginary refractive indices at the visible (0.3–0.7 μm) and all wavelength (0.3–5.0 μm)
bands for different snow grain sizes and shapes (Figures 13 and S20–S22). Although the relative

Figure 11. Spectral snow single‐scattering coalbedo enhancement (E1‐ω; see text for definition) caused by dust‐snow internal (left column) and external (right col-
umn) mixing relative to pure snow, based on standard simulations (solid lines) and sensitivity simulations by varying dust refractive indices (top row) and size
distributions (bottom row). Dust concentrations of 10 (red), 100 (blue), and 1,000 ppm (orange) are shown. Each line (solid, dashed, or dotted) is the mean value
based on calculations using different snow grain shapes (i.e., sphere, spheroid, hexagonal plate, and Koch snowflake) and volume‐equivalent sphere radii (i.e., 100
and 1,000 μm). Note that the variation caused by snow shape and size is very small for each line and thus not shown here (see also Figure 3 and text for detail).
In the top row, the dashed and dotted lines represent results using spectral dust imaginary refractive indices from theWagner et al. (2012) and Balkanski et al. (2007)
databases, respectively, compared with spectral dust imaginary refractive indices from the Dang et al. (2015) database used in standard simulations (solid lines). In
the bottom row, the dashed and dotted lines represent results using dust effective radii (Rdust) of 2.5 and 5.0 μm, respectively, compared with a Rdust of 1.1 μm
used in standard simulations (solid lines).
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differences in EΔα at the NIR band between the Wagner12 and Balkanski07 cases can be as large as 50%, the
absolute NIR albedo reductions are much smaller compared with visible albedo reductions. Interestingly, we
find that the albedo reduction enhancement (EΔα) is generally larger for smaller dust imaginary refractive
indices, with the strongest (weakest) enhancement for the Balkanski07 (Wagner12) case.

5.2. Dust Size Distribution

In addition to refractive indices, dust size distribution is also associated with large uncertainty and spatio-
temporal variations, which is strongly affected by dust source and transport (Mahowald et al., 2014; Shao
et al., 2011). In the standard simulation, we assume a lognormal dust size distribution with a geometric mean
diameter of 0.65 μm and a geometric standard deviation of 2.0 (equivalent to an effective radius of 1.1 μm)

Figure 12. Clear sky visible (0.3–0.7 μm; red) and near‐infrared (NIR, 0.7–5.0 μm; blue) broadband snow albedo reduction as a function of dust concentration in
snow for dust‐snow internal (first and third rows) and external (second and fourth rows) mixing for sphere (first column), spheroid (second column), hexagonal
plate (third column), and Koch snowflake (fourth column) with a snow volume‐equivalent sphere radius of 100 μm, based on sensitivity simulations by varying
dust refractive indices (top two rows) and size distributions (bottom two rows). In top two rows, the dashed and dotted lines represent results using spectral
dust imaginary refractive indices from theWagner et al. (2012) and Balkanski et al. (2007) databases, respectively, compared with spectral dust imaginary refractive
indices from the Dang et al. (2015) database used in standard simulations (solid lines). In bottom two rows, the dashed and dotted lines represent results using
dust effective radii (Rdust) of 2.5 and 5.0 μm, respectively, comparedwith a Rdust of 1.1 μmused in standard simulations (solid lines). See Figure S19 for results with a
snow grain radius of 1,000 μm.
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typically for dust from long‐range transport (Formenti et al., 2011; Maring et al., 2003), while dust near
sources tends to have larger sizes (Kok, 2011). Thus, to assess the sensitivity of dust effects to its size
distribution, we conduct two additional sensitivity simulations by varying dust size distributions. We
assume lognormal dust size distributions with effective radii of 2.5 and 5.0 μm (i.e., geometric mean

Figure 13. Same as Figure 10 (standard simulations) but for different sensitivity simulations with a snow volume‐equivalent sphere radius of 100 μm under the
clear sky condition. The top two rows are results using spectral dust imaginary refractive indices from the Wagner et al. (2012) and Balkanski et al. (2007) data-
bases, respectively. The bottom two rows are results using dust effective radii (Rdust) of 2.5 and 5.0 μm, respectively. See Figure S20 for results under the overcast
cloud condition and Figures S21–S22 for clear sky and overcast cloud results with a snow grain radius of 1,000 μm.
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diameters of 1.5 and 3.0 μm and geometric standard deviations of 2.0 and 2.0), respectively, in the two sen-
sitivity simulations (hereinafter the Rdust2.5 and Rdust5.0 cases).

We find that the snow single‐scattering coalbedo enhancement (E1‐ω defined in section 3.1.1) caused by dust‐
snow internal/external mixing is affected by dust size distributions mainly at wavelengths smaller than 0.4
μm in the Rdust2.5 and Rdust5.0 simulations (Figure 11), with up to a factor of approximately three variations
among the standard and two sensitivity simulations. The E1‐ω at the visible wavelengths decreases with
increasing dust effective radii (Figure 11). As a result, the dust‐induced snow albedo reduction also decreases
with increasing dust effective radii at the visible band for both dust‐snow internal and external mixing
(Figures 12 and S19), with negligible variations at the NIR band. This is consistent with the BC‐snow inter-
action case (He, Liou, & Takano, 2018), where BC‐induced snow albedo reductions decrease with increasing
BC effective radii. The variation (up to ~40%) in visible albedo reductions tends to be smaller for larger snow
sizes or nonspherical snow grains. However, the impact of dust size distribution on snow absorption and
albedo reduction is much smaller than that of dust refractive indices.

Furthermore, the snow albedo reduction enhancement (EΔα defined in equation (5)) caused by dust‐snow
internal mixing relative to external mixing is only slightly affected by dust size distributions for different
snow grain sizes and shapes (Figures 13 and S20–S22), with relative differences of <~10% at the visible
and all wavelength bands among the standard and two sensitivity simulations (i.e., Rdust2.5 and Rdust5.0).
We find that the albedo reduction enhancement (EΔα) tends to be smaller for larger dust effective radii with
relatively large snow radii (e.g., 1,000 μm), whereas it is the opposite with relatively small snow radii (e.g.,
100 μm). This interesting feature requires further investigations.

6. Parameterization Application and Uncertainty

In this study, we have developed a set of parameterizations (equations (1–4)) for dust‐induced changes in
snow optical properties and albedo to account for internal and external mixing between dust and snow
grains with different shapes for application to land/climate models. Specifically, for models with explicit
snowpack radiative transfer schemes such as CLM/CESM, the snow single‐scattering properties (i.e.,
single‐scattering albedo, asymmetry factor, and extinction efficiency) are usually required. Thus, equation (1)
can be used to account for the dust‐induced changes in snow single‐scattering albedo and hence the effect of
dust‐snow internal mixing (i.e., enhanced snow absorption), while dust‐snow internal mixing has negligible
impacts on snow extinction efficiency and asymmetry factor. The effect of dust‐snow external mixing can be
incorporated using either this study's single‐scattering albedo parameterization for external mixing (equa-
tion (1)) or the weighted sums/averages of single‐scattering properties from snow and dust, which have been
used in previous models (e.g., Flanner et al., 2007; Warren & Wiscombe, 1980). The snow grain shape effect
can be further included by using the parameterizations for snow single‐scattering properties developed in
He, Takano, Liou, Yang, et al. (2017). Recently, He, Flanner, et al. (2018) have successfully implemented
similar parameterizations for internal mixing of BC and nonspherical snow grains into the SNICAR/CLM
model, providing an example of feasible implementation. For models with bulk snow albedo schemes
(i.e., no explicit snowpack radiative transfer computations) such as Noah‐MP/WRF, equations (2–4) can
be adopted for direct implementation to account for albedo changes in semi‐infinite snowpack caused by
dust internally/externally mixed with snow grains of different shapes.

We also realize that our parameterization development is associated with uncertainties and limitations.
For example, we consider up to 1,000 ppm dust concentrations in snow that cover the majority of
observed conditions (e.g., Huang et al., 2011; Qian et al., 2015; Wang et al., 2017), but extremely severe
dust pollution in snow (>1,000 ppm) has also been measured occasionally (Painter et al., 2012), where
the present parameterizations should be cautiously applied. Besides, dust properties (e.g., refractive
index, size distribution, and particle morphology), strongly affected by its source, transport, and deposi-
tion, have high spatiotemporal heterogeneity and large uncertainty (Ginoux et al., 2012; Mahowald
et al., 2014; Shao et al., 2011). We adopt the observed typical properties of dust particles from large‐scale
transport, which is reasonable for application in global climate models that rarely resolve subgrid pro-
cesses of local soil dust. Furthermore, we assume monodisperse snow grain sizes, an assumption often
used in previous modeling studies (Aoki et al., 2011; Liou et al., 2014; Warren & Wiscombe, 1980),
whereas observations showed that polydisperse snow size distributions are common (Nakamura et al.,
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2001). Saito et al. (2019) recently developed snow albedo parameterizations that account for observed
distributions of snow grain shapes and sizes, which tend to produce higher albedo than that using
monodisperse snow spheres or Koch snowflakes (as used in this study) in the case of BC‐snow
internal mixing. Thus, it is important to incorporate observed snow size and shape distributions in
modeling dust‐snow interactions in future work.

7. Conclusions

In this study, we extended the SASAM capability to explicitly simulate dust internally/externally mixed
with snow grains of different shapes and for the first time quantified the combined effects of dust‐snow
internal mixing and snow nonsphericity on snow optical properties and albedo. For application to
land/climate models, we further developed a set of new parameterizations to account for dust‐induced
changes in snow optical properties and albedo. We also discussed important radiative implications for
dust‐snow internal mixing and associated uncertainties as well as sensitivities of dust effects to dust
refractive indices and size distributions.

We found that dust‐snow internal and external mixing significantly enhances snow single‐scattering coal-
bedo and hence snow absorption relative to pure snow, primarily at wavelengths of <1.0 μm, with larger
enhancements for internal mixing (relative to external mixing), higher dust concentrations, and shorter
wavelengths. This enhancement varies by several orders of magnitude with different dust contents in snow
but is very weakly affected by variabilities in snow grain size and shape. Due to the enhanced snow absorp-
tion, dust‐snow internal mixing reduces snow albedo substantially at wavelengths of <1.0 μm relative to
pure snow, with stronger reductions for higher dust concentrations, larger snow grain sizes, and spherical
(relative to nonspherical) snow grain shapes. Compared with internal mixing, dust‐snow external mixing
shows similar spectral patterns of albedo reductions and effects of snow grain size and shape at wavelengths
of <1.0 μm. Further analysis indicated that relative to external mixing, dust‐snow internal mixing enhances
snow albedo reductions by 10%–30% at the visible band and 10%–230% at the NIR band. This relative
enhancement is generally stronger as snow grains become larger or nonspherical, with comparable influ-
ences from snow grain size and shape.

Moreover, for both dust‐snow internal and external mixing, spherical snow grains lead to the strongest snow
albedo reduction, while the nonspherical counterparts have up to ~45% weaker reduction depending on
snow size, dust concentration, and wavelength, with the smallest reduction for Koch snowflakes. The inter-
active effect of dust‐snowmixing state (enhanced albedo reductions from internal mixing relative to external
mixing) and snow nonsphericity (weakened albedo reductions from nonspherical grains relative to spherical
grains) reveals the importance of accounting for these two factors concurrently in snow and
climate modeling.

Further sensitivity studies showed that the dust impacts on snow absorption and albedo are significantly
affected by dust imaginary refractive indices, with more than a factor of 2 variations at the visible wave-
lengths, whereas the sensitivity to dust size distribution is relatively weaker andmainly at wavelengths smal-
ler than ~0.4 μm, with less than ~40% variations at the visible wavelengths. The dust‐induced snow
absorption enhancement and albedo reduction tend to be larger for larger dust imaginary refractive indices
or smaller dust effective radii. However, the snow albedo reduction enhancement caused by dust‐snow inter-
nal mixing relative to external mixing is only slightly affected by dust refractive indices and size distribu-
tions, with relative differences of <~10% at the visible and all wavelength bands.

For convenient application to land/climate models, we developed parameterizations for snow single‐
scattering coalbedo and snow albedo as a function of dust concentration in snow and/or snow grain size
and shape, with high accuracies. Further, applying the present parameterizations to measured dust con-
centrations in Colorado snowpack as a case study, we suggested that dust‐snow internal mixing can sub-
stantially (up to 40%) increase snow albedo reduction and associated surface radiative effects compared
with dust‐snow external mixing, depending on snow grain size, grain shape, and dust concentration.
This highlights the essential role of dust‐snow mixing state together with snow grain shape in estimat-
ing dust‐induced snow albedo radiative effects, particularly over snow‐covered regions with severe
dust contamination.
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