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Abstract we quantify the effects of grain shape and multiple black carbon (BC)-snow internal mixing on
snow albedo by explicitly resolving shape and mixing structures. Nonspherical snow grains tend to have
higher albedos than spheres with the same effective sizes, while the albedo difference due to shape effects
increases with grain size, with up to 0.013 and 0.055 for effective radii of 1,000 um at visible and near-infrared
bands, respectively. BC-snow internal mixing reduces snow albedo at wavelengths < ~1.5 um, with
negligible effects at longer wavelengths. Nonspherical snow grains show less BC-induced albedo reductions
than spheres with the same effective sizes by up to 0.06 at ultraviolet and visible bands. Compared with external
mixing, internal mixing enhances snow albedo reduction by a factor of 1.2-2.0 at visible wavelengths
depending on BC concentration and snow shape. The opposite effects on albedo reductions due to snow grain
nonsphericity and BC-snow internal mixing point toward a careful investigation of these two factors
simultaneously in climate modeling. We further develop parameterizations for snow albedo and its reduction
by accounting for grain shape and BC-snow internal/external mixing. Combining the parameterizations with
BC-in-snow measurements in China, North America, and the Arctic, we estimate that nonspherical snow grains
reduce BC-induced albedo radiative effects by up to 50% compared with spherical grains. Moreover, BC-snow
internal mixing enhances the albedo effects by up to 30% (130%) for spherical (nonspherical) grains relative
to external mixing. The overall uncertainty induced by snow shape and BC-snow mixing state is about 21-32%.

Plain Language Summary Pure snow strongly reflects sunlight, the degree of which is regulated by
grain size and shape. Observations have shown that snow can be significantly darkened by impurities,
such as black carbon (BC), which is the most important light-absorbing aerosol. However, the combined
effects of the two critical factors, snow grain shape and BC-snow mixing structure, have not been previously
investigated, the neglect of which could introduce large uncertainties in the estimates of snow albedo in
terms of BC-induced darkening. We have developed a snow model to quantify the impact of the preceding
two factors on snow albedo by means of resolving the structures of BC-snow mixtures for different grain
shapes. Both snow grain shape and multiple BC-snow internal mixing play important roles in their impacts on
snow albedo. For application to climate models, we construct a scheme to parameterize snow albedo and
its darkening in terms of snow grain size, shape, and BC content.

1. Introduction

Snow albedo is a key climate parameter that significantly affects surface energy balance in the Earth system.
Reduction of snow albedo enhances surface warming (Hansen & Nazarenko, 2004; Qian et al., 2009), acceler-
ates snow melting (Menon et al., 2010; Ming et al., 2015), and further alters large-scale hydrological cycle
(Qian et al.,, 2009, 2011). Ample evidences have revealed significant snow albedo reductions associated with
impurity contamination (e.g., Dang et al,, 2017, Lee et al,, 2017, Qian et al., 2015), in particular black carbon
(BC), the most important light-absorbing aerosol (Bond et al., 2013; Painter et al., 2013). Moreover, snow grain
properties, including size, shape, and packing structures, can further influence snow albedo and its reduction
caused by BC (e.g., Flanner et al, 2007; He et al, 2014; He, Takano, & Liou, 2017; Kokhanovsky, 2013;
Kokhanovsky & Zege, 2004; Liou et al., 2014; Réisanen et al.,, 2017; Warren & Wiscombe, 1980). Thus, quantify-
ing the effects of both BC and snow grain properties is critical to accurate predictions of snow albedo and
associated climatic impact.
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In the past few decades, substantial efforts have been made to improve modeling of snow albedo altered
by impurity. For example, Wiscombe and Warren (1980) developed a radiative transfer model for pure snow
by assuming spherical snow grains. Warren and Wiscombe (1980) further accounted for BC contamination
in snow by assuming BC-snow external mixing and found a decrease of up to 15% in visible albedo caused
by 1 ppm BC in snow. Using this model and BC-in-snow measurements, Warren and Wiscombe (1985) esti-
mated a spectrally averaged BC-induced snow albedo reduction of up to 0.015 and 0.035 for fresh and aged
snow over the Arctic, respectively. Following the work of Warren and Wiscombe (1980), Flanner et al. (2007)
developed a more sophisticated multilayer snow albedo model (SNICAR) that includes a dynamic snow
aging process and the effect of impurities externally mixed with snow spheres. They showed annual
BC-induced area-mean Arctic albedo reductions (including the effects of both reduced snow cover and
albedo) of 0.047 and 0.017 in strong and weak boreal fire years, respectively. Recently, Aoki et al. (2011)
developed a physically based multilayer snow albedo model (PBSAM) to account for external mixing of
impurity involving spherical snow grains and snow aging.

In addition, for application to climate models, a number of snow albedo parameterizations have been
developed by assuming spherical snow grains externally mixed with impurities. Marshall and Warren
(1987) showed that snow albedo can be parameterized by snow depth, grain size, BC concentration, and
environmental variables (e.g., solar zenith angle, cloud transmittance, and underlying ground albedo), which
has been implemented in a global climate model (Marshall & Oglesby, 1994). Gardner and Sharp (2010)
developed a theoretically based parameterization for broadband snow albedo as a function of solar zenith
angle, snow depth, cloud optical depth, specific snow surface area, and BC concentration. Dang et al.
(2015) recently derived a simplified snow albedo parameterization to account for BC-induced albedo reduc-
tion depending on BC content and snow grain size.

However, the effects of nonspherical snow shape and multiple BC-snow internal mixing, which are
commonly observed in real snowpack (Dominé et al, 2003; Erbe et al., 2003; Flanner et al, 2012;
Magono et al, 1979), have not been understood or included in snow models and parameterizations.
Kokhanovsky and Zege (2004) found that using spherical snow grains causes substantial errors in snow
albedo modeling. They developed an asymptotic analytical radiative transfer (AART) theory for nonspheri-
cal grains in a vertically homogeneous snowpack. Fu (2007) showed that asymmetry factors of nonspheri-
cal ice crystals are much smaller than those of spheres and formulated a parameterization for hexagonal
ice crystals. Using this parameterization, Dang et al. (2016) found higher albedos and less BC-induced
albedo reductions for nonspherical snow grains than spherical counterparts by assuming BC-snow external
mixing. Flanner et al. (2012) estimated that 32-73% of BC particles in snow are internally mixed with
snow grains. They employed a dynamic effective medium approximation approach to quantify the effect
of multiple BC particles internally mixed with spherical snow grains and showed up to 86% increase in
snow albedo effect caused by internal mixing relative to external mixing. None of these studies, however,
have simultaneously accounted for snow grain nonsphericity and BC-snow internal mixing. For this
reason, it is imperative to assess the combined effects of both factors in order to accurately estimate
snow albedo and BC-induced radiative effects, as well as to derive a physical understanding of their
intricate interactions.

Recently, Liou et al. (2014) developed a stochastic snow albedo model to explicitly resolve nonspherical
snow grains internally mixed with impurities based on a geometric-optics surface-wave (GOS) approach,
which provides a powerful tool for understanding the combined effects of snow grain shape and multiple
BC-snow internal mixing. Using Liou et al.'s (2014) model, our previous study (He, Takano, Liou, Yang, et al.,
2017) has quantified the impact of both factors on snow single-scattering properties and developed a set of
parameterizations for use in climate models.

Further to the study reported in He, Takano, Liou, Yang, et al. (2017), the present study quantifies the
impacts of snow grain shape and multiple BC-snow internal mixing on snow albedo. Moreover, we develop
for the first time a set of snow albedo parameterizations that simultaneously account for the preceding two
factors for applications to land surface and climate models. Combining the parameterizations with BC-
in-snow measurements, we further estimate BC-induced snow albedo reductions and associated surface
radiative effects over the Northern Hemispheric snowpack as well as the uncertainties caused by snow
grain shape and BC-snow mixing state.
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2, Methods
2.1. Single-Scattering Properties of Clean and Dirty Snow

Calculations of the single-scattering properties for clean and BC-contaminated snow have been described
and presented in details in He, Takano, Liou, Yang, et al. (2017). Here we provide a brief summary of key
elements involved in the computation. We take into account four snow grain shapes (Figure S1 in the
supporting information), namely sphere, Koch snowflake, spheroid, and hexagonal plate, with volume-
equivalent sphere radii (R,) of 50, 100, 500, 1,000, and 2,000 um (Table S1). These shapes capture the major
morphological characteristics of observed snow grain structures (Dominé et al., 2003; Erbe et al., 2003). The
snow size range in this study spans observed values in real snowpack (LaChapelle, 1969; Nakamura et al.,
2001). Snow spectral refractive index is from Warren and Brandt (2008). Note that we use R, to define model
scenarios/experiments in order to generate a comprehensive snow albedo data set for further analysis, while
we use a parameter defined as snow effective size, rather than R,, in albedo parameterizations (see
section 2.3).

For multiple BC-snow internal mixing, we follow a stochastic procedure (Liou et al., 2014) to randomly distri-
bute a number of BC particles inside snow grains in order to reflect the effects of stochastic processes
involved in the formation of BC-snow mixtures (Flanner et al, 2012). Even if the BC-snow mixing state
changes during snow aging processes and leads to a different distribution of BC particles in a snow grain,
BC positions cannot be known to certainty so that the stochastic approach must be followed. We compute
the number of BC within each grain based on snow and BC particle sizes, their densities, and BC mass content
in snow. We employ BC spheres (after aging processes in the atmosphere) with an effective radius of 0.1 um
(Schwarz et al., 2013). We use densities of 1.7 g cm > (Bond & Bergstrom, 2006) and 0.917 g cm™> (Wiscombe
& Warren, 1980) for BC and ice, respectively, and the BC spectral refractive index presented in Krekov (1993).
Based on the observed BC content in snowpack (Qian et al., 2015), BC mass concentrations (Cgc) of 0, 1, 10, 50,
100, 500, 1,000 ppb (or ng g~ ') are utilized in this study. We note that extremely high BC concentrations
(Cgc > 1,000 ppb) have also been observed over the Northern China snowpack (Wang et al., 2013). For
comparison with internal mixing, we have also conducted computations for BC-snow external mixing under
the same conditions.

We follow the GOS approach (He et al., 2015, 2016; Liou et al., 2011, 2014) to compute the spectral single-
scattering properties (i.e., extinction efficiency, asymmetry factor, and single-scattering albedo) of clean
and BC-contaminated snow at wavelengths (1) of 0.2-5 um with an interval of 0.01 pm. The GOS approach
explicitly resolves snow grain shapes and BC-snow mixing structures and has been cross validated with lab
measurements (He et al.,, 2015) and other optical methods (He et al.,, 2016; Liou et al., 2011; Takano et al.,
2013). Liou and Yang (2016) provided a comprehensive review of the GOS approach.

2.2. Snow Albedo Calculation

We calculate spectral snow albedo using the adding/doubling method (Takano & Liou, 1989a, 1989b) and the
precomputed spectral single-scattering properties of clean and contaminated snow (see section 2.1). We
assume a homogeneous plane-parallel snowpack with an optically semi-infinite depth. Dang et al. (2016)
showed that fresh snowpack deeper than 0.3 m is effectively semi-infinite and that snow albedo is more
sensitive to snowpack thickness for aged snow. In the calculations, the underlying ground surface is taken
to be black. We use a solar zenith angle of 49.5°, whose cosine value (0.65) represents the insolation-weighted
mean solar zenith cosine for sunlit Earth hemisphere (Dang et al., 2015). The snow albedo under other solar
zenith angles can be approximated by altering the snow grain size (Marshall, 1989).

Based on the spectral snow albedo, we further compute broadband snow albedo (@) as follows:

Ia;s;d/l
JSA*CM

a= (M
where q; is the spectral snow albedo and s; is the incident solar spectrum available from the American
Society for Testing and Materials reference data set (see He, Takano, Liou, Yang, et al., 2017 for more details),
which approximately represents the mean clear-sky condition in northern midlatitudes. We note that Aoki
et al. (2003) found negligible differences between clear- and cloudy-sky conditions for visible snow albedo
but a higher near-infrared (NIR) albedo under cloudy sky relative to clear sky.
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2.3. Parameterization

For a direct application to land surface and climate models, we develop a set of parameterizations for pure
snow albedo and BC-induced albedo reduction to account for the effects of snow grain shape and BC-snow
internal/external mixing, based on the theoretically computed snow albedo (see section 2.2). We consider
four types of solar spectral bands: a broadband type with 3 bands (ultraviolet (UV), visible, and NIR), a
Community Land Model (CLM) band type with 5 bands (referred to as CLM bands) (Oleson et al., 2004), a
Fu-Liou/Fu-Liou-Gu Radiative Transfer Model band type with 6 bands (referred to as FL/FLG bands) (Fu &
Liou, 1993; Gu et al.,, 2006), and a Rapid Radiative Transfer Model (RRTM) band type with 14 bands (referred
to as RRTM bands) (Mlawer & Clough, 1997). The detailed band information has been provided in the support-
ing information (Tables S2-S4). For the broadband type with three bands (i.e., UV, visible, and NIR), we
separate UV and visible bands at 0.3 um in order to have a visible band (0.3-0.7 um) consistent with those
used in climate models (e.g, CLM) and previous studies (e.g., Dang et al, 2015). Also, the UV band
(0.2-0.3 um) has negligible solar radiation reaching the surface.

For the parameterization, we follow He, Takano, Liou, Yang, et al. (2017) to define a snow effective radius (R.,
see Table S1) using the specific projected area (i.e., ratio of projected area to mass) as follows:

Re=— )

Asnow
=— (3)
’ Pivsnow

or equivalently,

3 Vsnow

R, =
¢ 4Agow

(4)

where p; is the pure ice density, Vinow is the snow grain volume, Agp o is the snow grain projected area aver-
aged over all directions, and y is the specific projected area, which is a fundamental property controlling
absorption efficiency of nonspherical particles (Mitchell et al., 1996). This definition of effective size (radius
of specific-projected-area-equivalent sphere) has been widely used in ice crystal modeling (Foot, 1988; Fu
et al,, 1999; Liou & Yang, 2016) and remote sensing retrievals (Jin et al., 2008; Zege et al., 2008).

Compared with radii of projected-area-equivalent (R,) or volume-equivalent (R,) spheres, we have R, <R, <R,
(Fu et al,, 1999). Furthermore, R, defined in this study can be quantitatively related to another commonly
defined effective size (Rssp = 3/(p;f), see Table S1) using the specific surface area £ (ratio of surface area to
mass) (e.g., Dang et al,, 2015, Flanner et al,, 2007). He, Takano, Liou, Yang, et al. (2017) found that Rssa = R,
for sphere, hexagonal plate, and spheroid, since the surface area is 4 times larger than the projected area
averaged over all directions for these convex shapes. However, the complex concave shape of Koch snow-
flake significantly increases its surface area and hence reduces Rssp, leading to Rssa = 0.544R, (He, Takano,
Liou, Yang, et al., 2017). The relationship between Rssa and R, allows the application of the present parame-
terizations to climate models that use Rssa.

3. Results and Discussions
3.1. Pure Snow Albedo Affected by Grain Shape

The effect of grain size on snow albedo has been well documented in the literature (e.g., Aoki et al., 2003,
Warren, 1982, Wiscombe & Warren, 1980). Thus, the present study focuses on snow shape effects. Figure 1
shows the spectral albedo of fresh (R, = 100 pm) and aged (R, = 1,000 pm) pure snow for spheres, Koch snow-
flakes, spheroids, and hexagonal plates. Albedos of spheres and spheroids are very close (differences <0.005)
at wavelengths <2.8 um, as a result of the offsetting effects from smaller asymmetry factors and larger single-
scattering coalbedos for spheroids relative to spheres (He, Takano, Liou, Yang, et al., 2017). Koch snowflakes
show the highest albedo at wavelengths <2.8 um primarily because of small asymmetry factors (He, Takano,
Liou, Yang, et al., 2017), followed by hexagonal plates, while spheres and spheroids have the lowest albedo.
The largest albedo differences among these shapes reach up to 0.15 at wavelengths of 1-1.4 pm and
1.6-2.6 um, which, however, become very small for aged snow at 1.6-2.6 um (Figure 1). We find that snow
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Figure 1. Spectral pure snow albedo from theoretical calculations for sphere
(red), Koch snowflake (orange), spheroid (blue), and hexagonal plate (green)
with volume-equivalent sphere radii (R,) of 100 um (solid lines) and 1,000 um
(dotted lines). Note that blue lines are overlapped with red lines due to close
values.

albedo is insensitive to grain shape and size at wavelengths >2.8 um,
due to the strong snow absorption (and hence low albedo).

Dang et al. (2015) parameterized pure snow albedo as a function of
effective size by assuming snow spheres. Following their empirical
formulation, we develop an albedo parameterization for optically thick
snow to include both spherical and nonspherical snow grains using the
effective size (R, defined in equation (2)) as follows:

as = by + by xR, + by xR? (5)
Ry = logyo(Re/Ro) (6)

where ag is the snow albedo, Ry (= 100 um) is the reference grain
effective radius, and b; (i = 0-2) is the parameterization coefficient
affected by snow shape and wavelength. R, in equation (6) has a unit
of micrometer. Table 1 shows the broadband parameterization coeffi-
cients (b; in equation (5)) at UV (0.2-0.3 um), visible (0.3-0.7 pm), and
NIR (0.7-4.0 um) bands. Figure 2 indicates that the parameterized
results closely match with the “exact” theoretical calculations for
different snow shapes at these three bands, with a normalized mean
bias (NMB) close to 0, a R* of 0.9999, and a root-mean-square error
(RMSE) of 0.0004 (Figure 3a). To aim at wider applications, we also
provide the parameterization coefficients for the CLM bands (Table S2),

FL/FLG bands (Table S3), and RRTM bands (Table S4), with very high parameterization accuracies

(Figures S2-S5).

Compared with the parameterization for snow spheres developed by Dang et al. (2015), the present results
are slightly lower by <0.5% and <2.5% for visible and NIR bands, respectively, due to the use of different
radiative transfer models and incident solar spectra. We find that the broadband albedo difference in con-
junction with shape effects increases with grain size at visible and NIR bands (Figure 2). The snow visible
and NIR albedos are higher for Koch snowflakes than spheres by 0.007 and 0.043 for an effective radii (R,)
of 100 um, respectively, and by 0.013 and 0.055 for R, = 1,000 pm. The difference at the NIR band mainly
results from wavelengths of 0.7-1.5 pm (Figure S2). Thus, the present results suggest that snow albedo could
be underestimated by more than 0.01 and 0.05 at visible and NIR bands, respectively, when snow spheres
with the same effective radii are assumed instead of more realistic nonspherical grains. The grain nonspheri-
city effect can be even larger if considering the same snow volume/mass (equivalently R,) rather than
effective size (Re) (see section 3.4). Wang et al. (2017) found that the spectrally (0.4-1.4 um) averaged albedos
of spherical snow grains are lower than those of hexagonal plates and fractal grains by 0.008 and 0.017,
respectively, based on the AART theory (Kokhanovsky & Zege, 2004). Dang et al. (2016) quantified that if

Table 1
Broadband Coefficients for the Parameterization (Equations (5) and (6)) of Pure Snow Albedo With Different Grain Shapes
Snow grain shape Wavelength bands (um) bo by b,
Sphere 0.2-0.3 9.89547E-01 4.87194E-05 —1.09677E-03
0.3-0.7 9.80508E-01 —1.36104E-02 —1.95416E-02
0.7-4.0 6.44881E-01 —1.84202E-01 —2.64706E-02
Koch snowflake 0.2-0.3 9.95458E-01 —2.50167E-04 —1.13382E-03
0.3-0.7 9.87015E-01 —1.34250E-02 —1.33287E-02
0.7-4.0 6.87695E-01 —1.72401E-01 —2.65446E-02
Spheroid 0.2-0.3 9.92066E-01 2.76519E-04 —1.63098E-03
0.3-0.7 9.81658E-01 —1.56109E-02 —1.93986E-02
0.7-4.0 6.41406E-01 —1.88446E-01 —2.47061E-02
Hexagonal plate 0.2-0.3 9.93774E-01 —1.94799E-04 —1.13673E-03
0.3-0.7 9.84617E-01 —1.44812E-02 —1.56859E-02
0.7-4.0 6.66866E-01 —1.77890E-01 —2.75902E-02

Note. See the supporting information for other types of wavelength bands.
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Figure 2. Broadband pure snow albedo as a function of snow effective radius (R, defined in equation (2)) from theoretical calculations (points) and the
parameterization (equations (5) and (6)) developed in this study (solid lines) at ultraviolet (UV, 0.2-0.3 um), visible (0.3-0.7 um), and near-infrared (NIR, 0.7-4.0 um)
bands for sphere (red), Koch snowflake (orange), spheroid (blue), and hexagonal plate (green).
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nonspherical grains are modeled as spheres, their effective radii need to be scaled down by a factor of 1.2-2.5
to achieve the correct albedo, depending on grain shape, size, and wavelength. The present results show
scaling factors of 1.9-2.2 (1.7-1.8) for Koch snowflakes and 1.4-1.7 (1.3-1.4) for hexagonal plates at visible
(NIR) bands. Therefore, it is important to account for nonspherical snow shapes in climate modeling.
Observations (e.g., Dominé et al., 2003, Erbe et al., 2003) suggest that Koch snowflakes and spheroids could
be used to mimic fresh and aged snow, respectively.

3.2. BC-Induced Snow Albedo Reduction

The effect of BC-snow external mixing on snow albedo has been investigated in details by previous studies
(e.g., Dang et al., 2016, Flanner et al., 2007, Wiscombe & Warren, 1980). In this work, we focus on investigating
the impact of BC-snow internal mixing and the resulting differences between internal and external mixing on
snow albedo reduction (see section 3.3). Figure 4 shows the spectral snow albedo reduction caused by multi-
ple BC-snow internal mixing for spherical grains, Koch snowflakes, and spheroids. We do not show results for
hexagonal plates, since the BC-induced albedo reduction is very close (differences <0.002) to that for Koch
snowflakes (Liou et al., 2014). The major albedo reductions are at UV and visible wavelengths, regardless of
snow shape, size, and BC content, with much smaller reductions at 0.7-1.5 um and negligible BC effects at
wavelengths >1.5 um (Figure 4), because of the strong absorption by pure snow at NIR wavelengths
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Figure 3. (a) Comparisons of broadband pure snow albedo at ultraviolet (UV, 0.2-0.3 um), visible (0.3-0.7 pm), and near-infrared (NIR, 0.7-4.0 um) bands from
theoretical calculations and the parameterization (equations (5) and (6)) developed in this study for sphere, Koch snowflake, spheroid, and hexagonal plate with
different sizes (see Table S1 for details). (b) Comparisons of broadband BC-induced snow albedo reduction at UV, visible, and NIR bands from theoretical calculations
and the parameterization (equations (7) and (8)) developed in this study for sphere, Koch snowflake, and spheroid internally mixed with different BC contents
(see Table S1 for details). (c) Same as Figure 3b but for BC-snow external mixing. Also shown in all panels are the normalized mean bias (NMB), root-mean-square error
(RMSE), and coefficient of determination (R?) for the parameterizations. The dashed lines are 1:1 ratio lines.
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Figure 4. Snow albedo from theoretical calculations as a function of wavelength and BC content in snow for sphere
(green), Koch snowflake (blue), and spheroid (red) with volume-equivalent sphere radii (R,) of (a) 100 um and

(b) 1,000 um. Spectral BC-induced snow albedo reduction from theoretical calculations for BC contents (Cgc) of (c) 100 ppb
and (d) 1,000 ppb internally mixed within snow sphere (solid line), Koch snowflake (dotted line), and spheroid

(dashed line) with volume-equivalent sphere radii (R,) of 100 um (blue) and 1,000 um (red).

(Warren & Wiscombe, 1980). We find that spheres and spheroids show similar spectral albedo reductions for
different BC concentrations and snow sizes (Figure 4). The BC-induced albedo reduction for Koch snowflakes
is much smaller than that for spheres by up to ~0.1 at UV and visible wavelengths (Figures 4c-4d) as a result
of smaller asymmetry factors and hence less forward scattering for Koch snowflakes (He, Takano, Liou, Yang,
et al., 2017). The larger extinction coefficients for Koch snowflakes also contribute to the smaller BC-induced
albedo reduction when using the same R, (or grain volume) instead of R, (see section 3.4).

Following the empirical formulation proposed by Hadley and Kirchstetter (2012) based on laboratory
measurements, we further develop a parameterization of albedo reduction (Aa;) caused by BC-snow internal
mixing for optically thick snow with different grain shapes as follows:

A(ls = doX(Cgc)k (7)

k = dy % (Re/Ro)™ ®

where Cgc (in units of ppb) is the BC mass content in snow, Ry (= 100 um) is the reference snow effective
radius, R, (unit: um) is the snow effective radius defined in equation (2), and d; (i = 0-2) is the parameterization
coefficient as a function of snow shape and wavelength. Table 2 shows the broadband parameterization
coefficients (d; in equations (7) and (8)) at UV (0.2-0.3 um), visible (0.3-0.7 um), and NIR (0.7-4.0 um) bands.
We find that the parameterized results fit closely with the “exact” theoretical calculations for different snow
shapes at these three bands (Figure 5), with a NMB of 0.02, a R? of 0.994, and a RMSE of 0.005 (Figure 3b). For a
broader application, we also provide the parameterization coefficients for the CLM bands (Table S5), FL/FLG
bands (Table S6), and RRTM bands (Table S7), with very high parameterization accuracies (Figures S6-S9). To
enhance applicability to climate and land surface models, we further extend the present parameterization
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Table 2
Broadband Coefficients for the Parameterizations (Equations (7) and (8)) of Snow Albedo Reductions Caused by BC-Snow
Internal and External Mixing

Snow grain shape® Wavelength bands (um) do dq dy
BC-Snow Internal Mixing

Sphere 0.2-0.3 6.67899E-03 3.79850E-01 1.62639E-01
0.3-0.7 4.00225E-03 4.47263E-01 1.34864E-01
0.7-4.0 1.59399E-04 7.38319E-01 5.60124E-02

Koch snowflake 0.2-0.3 4.79623E-03 4.08959E-01 1.53431E-01
0.3-0.7 2.80587E-03 4.72359E-01 1.33016E-01
0.7-4.0 1.29313E-03 4.28793E-01 1.13120E-01

Spheroid 0.2-0.3 6.41487E-03 4.06470E-01 1.35791E-01
0.3-0.7 4.00213E-03 4.57966E-01 1.25910E-01
0.7-4.0 1.48671E-04 7.46812E-01 5.15241E-02

BC-Snow External Mixing

Sphere 0.2-0.3 5.31081E-03 3.96987E-01 1.54618E-01
0.3-0.7 3.01470E-03 4.68312E-01 1.27961E-01
0.7-4.0 1.10568E-04 7.53732E-01 6.62209E-02

Koch snowflake 0.2-0.3 3.09660E-03 4.20585E-01 1.55643E-01
0.3-0.7 1.57041E-03 5.02587E-01 1.27417E-01
0.7-4.0 5.03177E-05 7.92972E-01 7.16926E-02

Spheroid 0.2-0.3 4.61057E-03 4.01980E-01 1.54512E-01
0.3-0.7 2.39483E-03 4.82428E-01 1.25756E-01
0.7-4.0 7.33963E-05 7.78737E-01 6.55470E-02

Note. See supporting information for other types of wavelength bands.
®We do not parameterize for hexagonal plate, since its BC-induced albedo reduction is very close to that for Koch

snowflake.
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Figure 5. Broadband BC-induced snow albedo reduction for BC-snow (top row) internal and (bottom row) external mixing as a function of BC concentration
from theoretical calculations (points) and the parameterization (equations (7) and (8)) developed in this study (lines) at (left column) ultraviolet (UV, 0.2-0.3 pm),
(middle column) visible (0.3-0.7 um), and (right column) near-infrared (NIR, 0.7-4.0 um) bands for sphere (circle and solid line), Koch snowflake (cross and dotted
line), and spheroid (triangle and dashed line) with volume-equivalent sphere radii (R,) of 100 um (blue) and 1,000 um (red).
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Figure 6. (top row) Broadband BC-induced snow albedo reduction as a function of BC concentration internally mixed in snow (Cgc) from the parameterization
(equations (7) and (8)) developed in this study at (left column) ultraviolet (UV), (middle column) visible, and (right column) near-infrared (NIR) bands for sphere
(solid line), Koch snowflake (dotted line), and spheroid (dashed line) with snow effective radii (R defined in equation (2)) of 100 um (blue) and 1,000 um (red).
(bottom row) Same as Figure 6 (top row) but for BC-induced snow albedo reduction as a function of snow effective radius (R,) with Cgc of 100 ppb (blue)
and 1,000 ppb (red). See Figure S10 for the results of BC-snow external mixing.

(equations (7) and (8)) to include BC-snow external mixing scenarios with very high accuracies (Figures 3c and
S6-59). We have provided the parameterization coefficients in Tables 2 and $8-510 for the different types of
wavelength bands. Note that we do not show results for wavelengths >1.5 um, due to negligible BC effects
on snow albedo at these wavelengths.

Figure 6 shows the broadband snow albedo reduction caused by BC-snow internal mixing as a function of BC
content or snow effective radius (R) for different snow shapes based on the parameterization (equations (7)
and (8)). The albedo reductions at UV and visible bands are a factor of 2-10 stronger than that at the NIR
band, depending on snow size and BC content (Figure 6). The broadband albedo reductions are very close
(relative differences <5%) for spheroids and spheres, except for a 10-20% difference under very high BC con-
tents (>1,000 ppb) at the UV band, where the incident solar energy is rather small. Koch snowflakes consis-
tently show less broadband albedo reductions than spheres at UV and visible wavelengths by up to 0.06 (or
30% in relative difference), whereas they display slightly (<0.016) stronger reductions at the NIR band for very
large sizes (R, > 1,000 pm). For 100 ppb BC in snow, we find that visible albedo reductions are smaller for
Koch snowflakes than spheres by 0.007 and 0.013 for fresh (R, = 100 um) and aged (R, = 1,000 pm) snow,
respectively. Thus, considering the nature of grain nonsphericity, assuming spherical snow grains with the
same effective sizes, may cause nontrivial biases in determining BC-induced snow albedo reduction. He
et al. (2014) found that Koch snowflakes decrease BC-induced albedo reduction by 20-40% in comparison
with spherical counterparts for BC-snow internal mixing. Moreover, the difference in albedo reductions
among different shapes varies with grain size and BC concentration (Figure 6), implying that snow shape
effects could be spatiotemporally heterogeneous. We note that the impact of grain nonsphericity on
BC-contaminated snow albedo is further enlarged with the same R, rather than R, (see section 3.4).
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Figure 7. (a) BC-induced snow albedo reduction as a function of BC concentration in snow at the visible band (0.3-0.7 um)
for sphere (red) and Koch snowflake (blue) with BC-snow internal (solid line) and external (dashed line) mixing with a
snow effective radius (R, defined in equation (2)) of 100 um. (b) The enhancement due to internal mixing relative to
external mixing for the BC-induced snow albedo reduction with an R, of 100 um shown in Figure 7a. (c) Same as Figure 7a
but for an R, of 1,000 pm. (d) Same as Figure 7b but for an R, of 1,000 um.

3.3. Effects of Multiple BC-Snow Internal Mixing

Figure 7 shows the snow albedo reduction caused by BC-snow internal and external mixing for spheres and
Koch snowflakes with R, of 100 and 1,000 um at the visible band (0.3-0.7 um). Compared with external
mixing, multiple BC-snow internal mixing enhances albedo reduction by a factor of 1.2-1.4 and 1.4-2.0 for
spheres and Koch snowflakes, respectively, depending on BC content. For example, 100 ppb BC in fresh snow
(Re = 100 um) leads to albedo reductions of 0.031 and 0.025 for internal mixing in the cases of spheres and
Koch snowflakes, respectively, while the reductions are 0.026 and 0.016 for external mixing counterparts. The
enhancement from BC-snow internal mixing slightly decreases as snow size increases (Figures 7b and 7d; see
also Flanner et al,, 2012). In addition, the effect of snow grain nonsphericity for external mixing is stronger
than that for internal mixing (Figures 7a and 7c). We further note that Koch snowflakes internally mixed with
BC have albedo reductions similar to those for spheres externally mixed with BC (Figures 7a and 7c), revealing
that snow nonsphericity effects may offset the effects of multiple internal mixing under certain circumstances
(Figure S11). Thus, it is imperative to assess the uncertainty associated with snow grain shape and BC-snow
mixing state simultaneously (see section 4).

Moreover, the enhancement due to multiple BC-snow internal mixing is much larger for BC contents of
<200 ppb than higher contents (Figures 7b and 7d). This suggests that BC-snow mixing state is particularly
important for regions with relatively low BC concentrations. Observations have shown that the majority of
Northern Hemispheric snowpack has BC concentrations of <200 ppb (Qian et al., 2015), where BC-snow
internal mixing can lead to a factor of up to 1.4 (2.0) stronger albedo reductions for spheres (Koch snowflakes)
relative to external mixing. However, the highly polluted northeastern China has BC contents of >1,000 ppb
(Wang et al., 2013), where internal mixing enhances albedo reductions by about 20% and 40% for spheres
and Koch snowflakes, respectively.

To date, only very few studies have explicitly accounted for BC-snow internal mixing. Flanner et al. (2012)
found a 43-86% higher BC-induced global land snow albedo forcing for combined BC-snow internal and
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Figure 8. (a, b) Pure snow albedo and (c, d) BC-induced albedo reduction (with 100 ppb BC internally mixed with snow) at
the visible band (0.3-0.7 um) as a function of (a, ¢) snow volume-equivalent radius (R,) and (b, d) snow effective radius
(Re defined in equation (2)) for sphere (red), spheroid (blue), Koch snowflake (orange), and hexagonal plate (green). Note
that values for hexagonal plates are not shown in Figures 8c and 8d, owing to very close BC-induced albedo reductions
between hexagonal plates and Koch snowflakes. See text for details.

external mixing than that for purely external mixing by assuming spherical snow grains. Liou et al. (2014)
pointed out that BC-snow internal mixing has different impacts on Koch snowflakes and spherical grains.
He et al. (2014) showed that the BC-induced albedo forcing for Koch snowflakes over global land
snowpack is increased by 40-60% due to internal mixing relative to external mixing. Wang et al. (2017)
found that internal mixing further lower snow albedo by 0.005 for 100 ppb BC and 0.036 for 3000 ppb BC
for hexagonal grains compared with external mixing.

3.4. Effects of Snow Volume Equivalent and Effective Radii

There are two measures of snow grain sizes used in this study, the volume-equivalent radius (R,) and the
effective radius (R, defined in equation (2)). We used R, to construct different snow shapes with the same
grain volume and conducted albedo calculations to generate a data set for parameterization, and at the same
time, we used R, as a key parameter in albedo parameterizations. We note that the shape effects on snow
albedo and BC-induced albedo reduction are enlarged under the same R, compared with the same R.. For
example, when assuming the same R, the differences between spheres and Koch snowflakes in pure snow
albedo and BC-induced albedo reduction at the visible band increase by 10-30% and 20-60%, respectively,
in comparison to assuming the same R, (Figure 8). This is because nonspherical snow grains have a smaller R,
than spheres under the same R, (or grain volume) (see also Table S1). As a result, a smaller R, of nonspherical
grains leads to a smaller snow single-scattering coalbedo and a larger snow extinction coefficient. For pure
snow, a smaller single-scattering coalbedo (compared to the case with the same R,) results in a higher snow
albedo for nonspherical grains (Figures 8a and 8b), which reinforces the effect of a smaller asymmetry factor
(see section 3.1), while a larger snow extinction coefficient makes negligible contributions due to the assump-
tion of optically semi-infinite snow layers. Thus, the difference in pure snow albedo between nonspherical
and spherical grains is larger under the same R, than that under the same R.. For BC-contaminated snow
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Figure 9. (a) Spatial distributions of observed BC concentrations in snow over China, North America, and the Arctic through January to May during 2007-2013. See
text for details. (b) Regional mean (solid dots), median (bold bar), interquartile range (i.e., between 25th and 75th percentiles; box), and maximum/minimum
(whiskers) within £1.5 times interquartile range for BC concentrations in snow over China, North America, and the Arctic. (c) Snow albedo reductions (integrated
through 0.2-5.0 um wavelengths) caused by observed BC concentrations shown in Figure 9b for fresh (blue, R, = 100 um) and aged (red, Re = 1,000 um) snow with
BC-snow internal mixing for spheres (circles) and Koch snowflakes (squares) as well as BC-snow external mixing for spheres (triangles) and Koch snowflakes
(diamonds). Also shown is one standard deviation (1¢) uncertainty (vertical lines) due to the variability of BC concentrations within each region. (d) Same as Figure 9¢
but for surface radiative effects caused by BC-induced snow albedo reductions shown in Figure 9c. In the calculations, we assume that the ground surface is
covered by thick snow with no canopy based on the snow cover fraction obtained from MERRA-2. See Figure S12 for overall variations of albedo reductions and
radiative effects caused by snow shape, BC-snow mixing state, and BC content in snow over the three regions.

with the same R,, both the larger snow extinction coefficient and the smaller asymmetry factor of
nonspherical grains reduce the penetration depth of solar radiation into snow and hence BC absorption in
snow, while in the case of snow with the same R,, only the asymmetry factor contributes to the difference
between nonspherical and spherical snow grains. This leads to smaller BC-induced albedo reductions for
nonspherical grains and larger differences in albedo reductions between spherical and nonspherical grains
when assuming the same R, instead of the same R, (Figures 8c and 8d).

4. Implication for Snow Albedo Radiative Effects

To quantify surface radiative effects caused by BC contamination in real snowpack, we use a comprehensive
set of BC-in-snow measurements (Figure 8a) in Northern Hemisphere based on field campaigns over the
Arctic in spring of 2007-2009 (Doherty et al., 2010), North America in winter of 2013 (Doherty et al., 2014),
and Northern China in winter of 2010 and 2012 (Wang et al,, 2013; Ye et al., 2012), which has been summar-
ized and presented in Qi, Li, He, et al. (2017) and Qi, Li, Li, et al. (2017). Combining these BC observations with
the present parameterizations for BC-induced albedo reduction (equations (7)-(8)), we compute the corre-
sponding snow albedo reductions by assuming optically thick snow layers. We further derive surface radia-
tive effects by multiplying the albedo reduction with surface downward solar radiation under the all-sky
condition obtained from the Modern-Era Retrospective analysis for Research and Applications version 2
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Table 3
Regional Mean BC-Induced Snow Albedo Reductions and Surface Radiative Effects Based On Observed BC Concentrations in Snow
Sphere Koch snowflake
Re =100 pm Re = 1,000 um Re =100 pm Re = 1,000 um

Observed BC Internal External Internal External Internal External Internal External

Region content (ppb) mixing mixing mixing mixing mixing mixing mixing mixing
Snow Albedo Reduction
China 526.5 0.034 0.029 0.090 0.077 0.030 0.018 0.083 0.053
North America 28.7 0.009 0.007 0.015 0.012 0.008 0.004 0.014 0.007
Arctic 174 0.007 0.006 0.011 0.009 0.007 0.003 0.011 0.005
Surface Radiative Effect (W m72)

China 526.5 1.32 1.1 3.46 297 1.17 0.70 3.21 2.06
North America 28.7 0.51 0.41 0.87 0.70 0.50 0.24 0.85 042
Arctic 174 0.40 0.31 0.62 0.49 0.39 0.18 0.61 0.29

(MERRA-2) reanalysis data produced by the NASA Global Modeling and Assimilation Office (https://gmao.
gsfc.nasa.gov/reanalysis/MERRA-2/), assuming that no canopy covers the ground snow. The preceding
assumptions could lead to an overestimate of BC radiative effects if the regions were largely snow free,
particularly for midlatitude snowpack regions in late spring. To alleviate this overestimation, we multiply
the surface radiative effects by the snow cover fraction from MERRA-2 and average the hourly surface
radiation and snow cover fraction data over the period of BC measurements (i.e., from January to May in
2007-2013) and three individual regions (i.e., Arctic, North America, and China). To assess the uncertainty
caused by combined effects of snow grain shape and BC-snow mixing state, we employ eight computation
scenarios with different snow shapes (sphere or Koch snowflake) and BC-snow mixing states (internal or
external) for fresh (R, = 100 pm) and aged (R, = 1,000 pm) snow.

Figure 9a shows the spatial distribution of BC-in-snow observations over China, North America, and the
Arctic. Figure 9b illustrates that China snowpack has the highest regional mean BC content in snow
(~500 ppb), particularly at hot spots in northeastern China, while the regional mean BC contents are much
lower in the Arctic (~20 ppb) and North America (~30 ppb). Accordingly, the regional mean BC-induced snow
albedo reductions are 0.029, 0.007, and 0.006 in China, North America, and the Arctic, respectively, in the case
of fresh snow spheres externally mixed with BC (Figure 9c), which correspond to surface radiative effects of
1.11,0.41,and 0.31 W m~2 (Figure 9d). We find that aged snow increases albedo reductions and surface radia-
tive effects by a factor of 1.5-3.0 relative to fresh snow (Figures 9c and 9d). A change in snow grain shape
from spheres to Koch snowflakes leads to a decrease of 30-50% in the BC-induced albedo effects over the
three regions for external BC-snow mixing but a decrease of less than 15% for internal mixing (Table 3). A
change in the BC-snow mixing state from external to internal mixing leads to an increase of 15-30% in the
albedo effects for snow spheres over the three regions but can reach up to 130% for Koch snowflakes in
the Arctic (Table 3). The results indicate that snow shape and BC-snow mixing state could have opposite
impacts on BC-induced albedo effects, so that it is necessary to use realistic shape and mixing state in climate
modeling and analysis. Finally, the overall uncertainty (1) induced by snow shape and BC-snow mixing state
is 21-32% in the aforementioned three regions.

The present estimates have limitations, which require further improvements. For example, we assume
semi-infinite snow layers with no canopy and only include BC as an absorbing aerosol in snow, which could
overestimate BC-induced surface radiative effects. In the calculation of regional mean values, spatial variation
in the sampling density of observed BC content in snow was not accounted for, which could introduce uncer-
tainty. Finally, for a comprehensive understanding, a coupling of dynamic snow models with climate models
using realistic meteorological conditions is required.

5. Conclusions

We quantified the impact of snow grain shape and multiple BC-snow internal mixing on snow albedo by
explicitly resolving the structures of BC-snow mixtures for spheres, Koch snowflakes, spheroids, and hexago-
nal plates. We further developed a set of parameterizations for pure snow albedo and BC-induced albedo
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reduction to account for snow shape and BC-snow internal/external mixing for application to climate models.
We then estimated BC-induced albedo reduction and surface radiative effects over the major snowpack in
Northern Hemisphere as well as associated uncertainties caused by snow shape and BC-snow mixing state.

We found that Koch snowflakes had the highest albedo, followed by hexagonal plates, while spheroids and
spheres with the same effective sizes (R,) had the lowest albedo. The broadband albedo difference due to
shape effects increased with snow grain size, with higher albedos for Koch snowflakes than spherical counter-
parts by 0.013 (0.055) with a R, of 1,000 um at visible (NIR) bands. As such, snow albedo could be underesti-
mated if spherical grains with the same effective sizes were assumed instead of more realistic nonspherical
grains. We further parameterized pure snow albedo as a function of effective size for different shapes based
on the “exact” theoretical calculations, with very high accuracies.

We found that multiple BC-snow internal mixing mainly led to snow albedo reductions at UV and visible
wavelengths, with negligible effects at wavelengths >1.5 um, while the reductions were much larger for
aged snow than fresh snow. For the same effective size, spheres and spheroids showed similar BC-induced
albedo reductions. However, the albedo reductions for Koch snowflakes were smaller than those for spheres
by up to 0.06 at UV and visible wavelengths, depending on grain size and BC content. We further parameter-
ized the BC-induced albedo reduction for both internal and external mixing as a function of BC content and
snow effective size for different shapes with reference to the “exact” theoretical calculations, with very
high accuracies.

Compared with external mixing, multiple BC-snow internal mixing enhanced snow albedo reductions by a
factor of 1.2-1.4 (1.4-2.0) for spheres (Koch snowflakes), with stronger enhancements for small BC concentra-
tions (particularly <200 ppb). Furthermore, the enhanced albedo reduction due to internal mixing can be
offset by the weakened albedo reduction due to snow grain nonsphericity.

Combining the present parameterizations with observations of BC content in snow, we estimated regional
mean BC-induced snow albedo reductions of 0.029, 0.007, and 0.006 in China, North America, and the
Arctic, respectively, corresponding to surface radiative effects of 1.11, 0.41, and 0.31 W m~2 for fresh snow
spheres externally mixed with BC. Using Koch snowflakes reduced the albedo effects by up to 50%, while
assuming internal rather than external mixing enhanced the albedo effects by up to 30% (130%) for spherical
(nonspherical) snow grains. The overall uncertainty (10) caused by snow shape and BC-snow mixing state was
on the order of 21-32% in the three regions.

Overall, both snow grain shape and multiple BC-snow internal mixing are key elements in resolving BC-snow
interactions and associated radiative effects. The present parameterizations can be conveniently incorpo-
rated into land surface and climate models. For further study on the evaluation of BC-induced snow albedo
effects under various environmental conditions, a coupling of climate models with dynamic snow models
is necessary.
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