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Resolving Size Distribution of Black Carbon Internally Mixed
With Snow: Impact on Snow Optical Properties and Albedo

Cenlin He'2 "), Kuo-Nan Liou?, and Yoshi Takano?

"Advanced Study Program, National Center for Atmospheric Research, Boulder, CO, USA, 2Joint Institute for Regional Earth
System Science and Engineering and Department of Atmospheric and Oceanic Sciences, University of California, Los
Angeles, CA, USA

Abstract we develop a stochastic aerosol-snow albedo model that explicitly resolves size distribution of
aerosols internally mixed with various snow grains. We use the model to quantify black carbon (BC) size
effects on snow albedo and optical properties for BC-snow internal mixing. Results show that BC-induced
snow single-scattering coalbedo enhancement and albedo reduction decrease by a factor of 2-3 with
increasing BC effective radii from 0.05 to 0.25 um, while polydisperse BC results in up to 40% smaller visible
single-scattering coalbedo enhancement and albedo reduction compared to monodisperse BC with
equivalent effective radii. We further develop parameterizations for BC size effects for application to
climate models. Compared with a realistic polydisperse assumption and observed shifts to larger BC
sizes in snow, respectively, assuming monodisperse BC and typical atmospheric BC effective radii could
lead to overestimates of ~24% and ~40% in BC-snow albedo forcing averaged over different BC and
snow conditions.

Plain Language Summary Snow albedo is a key element in the Earth and climate system, which is
regulated by snow and impurity properties. Snow albedo can be substantially reduced by the presence of
light-absorbing aerosols, such as black carbon (BC). However, very little attention has been paid to the impact
of BC size on snow albedo reduction, while observations have shown large variations in BC size distribution in
the atmosphere and snow. In this study, we have developed a new aerosol-snow albedo model to resolve
aerosol size distribution mixed within various snow grains. We find that the BC effects on snow albedo
decrease with increasing BC effective sizes and are also influenced by different assumptions of BC size
distributions. We further develop parameterizations for BC size effects for application to climate models.
This study points toward an urgent need for not only better model characterizations but also extensive
measurements of BC size distribution in snow.

1. Introduction

Light-absorbing aerosols significantly reduce snow albedo after deposition onto snowpack (e.g., Flanner
et al, 2007; Lee et al,, 2017; Zhao et al., 2014), which further alters surface energy balance and hydrological
cycle and hence regional climate (Menon et al., 2010; Qian et al., 2015). Black carbon (BC), the most important
light-absorbing aerosol (Bond et al., 2013), has been observed as a strong driver to accelerated glacier retreat
and snowmelt over high mountains (Di Mauro et al., 2017; Painter et al.,, 2013), midlatitude seasonal snow-
pack (Sterle et al,, 2013; Wang et al,, 2017), and polar regions (McConnell et al., 2007; Pedersen et al,, 2015).
The impacts of BC on snow albedo can be affected by a number of factors, including BC content in snow,
BC and snow particle properties, and environmental conditions (e.g., He et al., 2014; He, Takano, & Liou,
2017; Kokhanovsky, 2013; Raisdnen et al., 2017; Warren & Wiscombe, 1980). Thus, accurate predictions of
BC effects on snow albedo and regional climate require comprehensive understanding and quantification
that integrates these key factors.

Many modeling efforts have been made to investigate the effects of snow depth, density, grain size, BC con-
centration, and environmental variables (e.g., solar zenith angle and cloud cover) on snow albedo and its
reduction by BC contamination (e.g., Aoki et al., 2011; Gardner & Sharp, 2010; Warren, 1982). These studies
have assumed BC particles externally mixed with spherical snow grains in albedo modeling. However, snow
grains tend to be nonspherical in reality (Dominé et al., 2003). Recent studies (Dang et al.,, 2016; Tuzet et al.,
2017; Wang et al,, 2017) further accounted for snow grain nonsphericity in BC-snow external mixing
and showed smaller BC-induced albedo reductions for nonspherical snow grains than their spherical
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counterparts. Moreover, Flanner et al. (2012) found that 32-73% of BC particles in global surface snow are
internally mixed with snow, which enhances BC-induced snow albedo forcing by up to 86% compared with
purely external mixing for snow spheres. Liou et al. (2014) and He et al. (2018) further combined the impact of
BC-snow internal mixing and snow grain shapes and showed that the enhanced BC-induced snow albedo
reduction by internal mixing could be offset by snow nonsphericity effect.

However, very little attention has been paid to the impact of BC size on snow albedo reduction, while obser-
vations have shown large variations in BC size distribution in the atmosphere and snow (Schwarz et al., 2013).
Assuming lognormal BC size distributions in external mixing of BC and snow spheres, Dang et al. (2015) found
smaller BC mass absorption cross sections for larger BC effective radii (area-weighted mean radii) from 0.05 to
0.15 um. Assuming BC internally mixed with snow spheres, Flanner et al. (2012) also showed decreasing BC
effective mass absorption cross sections with increasing BC effective radii from 0.05 to 0.5 um. They further
indicated noticeably weaker BC absorption in snow for lognormal BC size distributions compared with mono-
disperse BC with equivalent effective radii. Therefore, resolving BC size distribution and its impact could be
critical to accurate estimates of BC-induced snow albedo reduction.

This study for the first time develops a novel aerosol-snow albedo model that explicitly resolves size distribu-
tion of aerosols internally mixed with various shapes of snow grains by extending our previous work (Liou
et al., 2014; He, Takano, Liou, Yang, et al.,, 2017; He et al., 2018). We use the model to quantify BC size effects
on snow albedo and single-scattering properties. We further develop parameterizations for BC size effects for
application to climate models and show climatic implications for BC-snow albedo forcing.

2. Methods
2.1. A Stochastic Aerosol-Snow Albedo Model

Liou et al. (2014) have developed a multilayer Stochastic Aerosol-Snow Albedo Model (SASAM) that simulates
multiple monodisperse aerosols internally/externally mixed with different shapes of snow grains. In the
present study, we extend the SASAM model to explicitly resolve aerosol size distribution in aerosol-snow
internal mixing. Specifically, we generate aerosols by random sampling from their size distributions (see
the supporting information for details) and distribute them randomly within snow grains following a stochas-
tic procedure (Liou et al., 2014) in order to represent the stochastic nature of atmospheric processes that form
BC-snow mixtures (Flanner et al., 2012). Different snow grain structures are constructed in a 3-D coordinate
system. We further compute spectral single-scattering properties (i.e., extinction efficiency [Q.], single-
scattering albedo [w], and asymmetry factor [g]) of aerosol-snow mixtures using the geometric-optics surface
wave (GOS) approach, described in details by Liou and Yang (2016). The GOS method can deal with complex
particle structures with a wide size range and a high computational efficiency, which has been comprehen-
sively validated with other particle-optic methods and laboratory measurements (He et al., 2015, 2016; Liou
et al, 2011; Takano et al., 2013). Using the spectral single-scattering properties computed by GOS, we calcu-
late spectral snow albedo based on the adding/doubling radiative transfer scheme (Takano & Liou, 1989). The
SASAM model can be applied to various types of aerosols, including BC and dust. The number of snow layers
in the SASAM model can be adjusted according to research goals. Snow aging processes are not accounted
for in the current model.

2.2. Theoretical Calculations

In this study, we account for three types of snow grains, including sphere, spheroid, and Koch snowflake
(Figure S1), with volume-equivalent sphere radii (R,) of 100, 500, and 1,000 um. These shapes are typical
examples representing major structural characteristics of observed snow grains (Dominé et al., 2003). For
comparison, we assume both monodisperse (constant radii) and polydisperse (lognormal) BC spheres
internally mixed with snow, with BC effective radii (Rgc; area-weighted mean radii) of 0.05, 0.10, 0.15, 0.20,
and 0.25 pm within the observed size range (Schwarz et al.,, 2013). Following Dentener et al. (2006) and
Flanner et al. (2012), we use a geometric standard deviation of 1.8 for lognormal BC number size distributions.
As such, the resulting geometric mean radii are 0.021, 0.042, 0.063, 0.084, and 0.105 pm, corresponding to
the aforementioned effective radii, respectively. We assume BC mass concentrations (Cgc) of 10, 100, and
1,000 ppb (i.e, ng g~') in snow to represent slight, moderate, and severe BC contamination (Qian et al.,
2015). We use BC and ice densities of 1.7 (Bond & Bergstrom, 2006) and 0.917 g cm™> (Warren &
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Figure 1. (a—c) Enhancement (E;_,,) of broadband snow single scattering coalbedo (1-w) caused by black carbon (BC) concentrations (Cgc) of 10 (blue), 100 (orange),
and 1,000 (red) ppb in snow as a function of BC effective radii by assuming polydisperse (dashed lines) and monodisperse (solid lines) BC inside snow grains at
ultraviolet (UV, left column), visible (middle column), and near-infrared (NIR, right column) bands. The dots and vertical lines, respectively, are mean values and 95%
uncertainty ranges by accounting for different snow shapes (i.e., spheres, spheroids, and Koch snowflakes) and volume-equivalent sphere radii (i.e., 100, 500,

and 1,000 pm). (d—f) Same as the (a—c) but for BC-induced broadband snow albedo reduction (Aa) with mean values (dots) and uncertainty range (1c; vertical lines)
by assuming different snow shapes (i.e., spheres, spheroids, and Koch snowflakes) with a volume-equivalent sphere radius of 100 um. See Figure S4 for snow albedo
reductions with volume-equivalent sphere radii of 500 and 1,000 um. Note that uncertainties associated with some points in (a)-(f) are rather small.

Wiscombe, 1980), respectively. As a result, the number of BC inside each snow grain can be computed based
on BC and snow particle sizes and densities as well as BC mass concentration. Spectral refractive indices of BC
and snow are from Krekov (1993) and Warren and Brandt (2008), respectively.

We use the SASAM model (see section 2.1) to compute spectral optical properties and albedo of clean and
BC-contaminated snow for wavelengths of 0.2-1.0 um with a 0.01 pm interval, since BC in snow has rather
small effects at wavelengths >1.0 um (He, Takano, Liou, Yang, et al,, 2017; He et al,, 2018). We assume a
homogeneous semiinfinite snowpack with an optical depth of 960 to obtain observed pure snow albedo fol-
lowing He et al. (2014), and a black underlying ground surface. We use a solar zenith angle of 49.5° with a
cosine value of 0.65, which represents the insolation-weighted mean value for sunlit Earth hemisphere and
the effective value for diffuse radiation under clouds (Dang et al., 2015). Broadband snow optical properties
and albedo are further computed at ultraviolet (UV, 0.2-0.3 um), visible (0.3-0.7 um), and near-infrared (NIR,
0.7-1.0 um) bands by integrating spectral values weighted by the incoming solar irradiance from the
American Society for Testing and Materials reference data set (available at http://rredc.nrel.gov/solar/spec-
tra/am1.5/; see also He, Takano, Liou, Yang, et al., 2017 for details). We note that negligible solar radiation
reaches the surface at the UV band.

3. Results and Discussions

3.1. Impact on Snow Single-Scattering Properties

We do not discuss snow extinction efficiency and asymmetry factor in this study, because of negligible BC
effects on these two properties (Figures S2 and S3), whereas BC significantly enhances snow single-scattering
coalbedo (He, Takano, Liou, Yang, et al., 2017). Thus, we focus on BC size effects on snow single-scattering
coalbedo. Figures 1a-1c show the BC-induced enhancement (E;.,) in snow single-scattering coalbedo
(1-w) as a function of BC effective radii (Rgc) for monodisperse and polydisperse BC with different
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Figure 2. (a—c) Ratios of black carbon (BC)-induced enhancement (£;_,,) in broadband snow single-scattering coalbedo (1-w) with polydisperse BC (Eq_, poly) to that
with monodisperse BC (E1-4, mono) as a function of BC effective radii (Rgc) for BC concentrations (Cgc) of 10 (blue), 100 (orange), and 1,000 (red) ppb in snow at ultra-
violet (UV, left column), visible (middle column), and near-infrared (NIR, right column) bands. The dots and vertical lines, respectively, are mean values and

uncertainty ranges (10) by accounting for different snow shapes (i.e., spheres, spheroids, and Koch snowflakes) and volume-equivalent sphere radii (i.e., 100, 500,
and 1,000 pum). (d-f) Same as the (a—c) but for ratios of BC-induced broadband snow albedo reduction (Aa) with polydisperse BC (Aapoly) to that with monodisperse
BC (Admono)-

concentrations in snow. Here E;_, is defined as the ratio of single-scattering coalbedo for BC-contaminated
snow to that for pure snow. The results show that snow grain shapes and sizes have rather small impacts
on Eq_, (1o variation <5%), consistent with previous studies (He, Takano, Liou, Yang, et al., 2017). The E;_,,
depending on Rgc, are 15-55 and 2.5-6 at the visible band for 1,000 and 100 ppb BC in snow, respectively,
which are about 1 order of magnitude higher than those at the NIR band. We find decreasing E;_,, with
increasing Rgc in all cases (Figures 1a-1c). The decreases are stronger for higher BC concentrations, with a
50-60% (60-75%) lower visible E;, for a Rgc of 0.25 um than that for a Rgc of 0.05 pm with 100
(1,000) ppb BC in snow. This agrees with the conclusion in Flanner et al. (2012), which showed that BC
absorption in snow decreases as Rgc increases from 0.05 to 0.5 pm.

Furthermore, we find that E;_, for polydisperse BC is consistently lower than that for monodisperse BC
regardless of BC effective radii, concentrations, snow grain sizes, and shapes (Figures 1a-1c). The relative dif-
ferences in E;_, between polydisperse and monodisperse BC increase as Rgc decreases or BC concentration
increases (Figures 2b and 2c), with a stronger dependence on Rgc for higher BC concentrations, except for the
UV band (Figure 2a). For 1,000 ppb BC in snow, polydisperse BC shows lower visible E;_, than monodisperse
BC by ~40% and ~10% with Rgc of 0.05 and 0.25 pm, respectively, while the relative differences are ~13% and
~2% for 10 ppb BC (Figures 2a-2c). Compared with the visible band, the differences in E,_,, at the NIR band
between polydisperse and monodisperse BC are much smaller (Figure 2c). Flanner et al. (2012) also found
smaller BC absorption in snow for polydisperse BC relative to that for monodisperse BC, with larger differ-
ences for smaller Rgc.

3.2. Impact on Snow Albedo

Snow albedo is significantly affected by snow grain size, grain shape, and BC concentration, which has been
discussed in details by previous studies (e.g., He et al., 2018; Warren & Wiscombe, 1980). Here we focus on BC
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size effects on BC-induced snow albedo reduction. Figures 1d-1f show the BC-induced snow albedo reduc-
tion (Aa) as a function of Rgc for monodisperse and polydisperse BC with different concentrations in fresh
snow (R, = 100 um). The results indicate that Aa decreases substantially with increasing Rgc in all cases, with
a factor of 2-3 decrease in Aa for an increasing Rgc from 0.05 to 0.25 pm. For example, the visible Aa are ~0.1
and ~0.0035 for 1,000 and 10 ppb BC in snow, respectively, with a Rgc of 0.05 pm, which reduce to ~0.05 and
~0.0012 for a Rgc of 0.25 um. Similar strong decreases in Aa with Rgc also occur at the UV and NIR bands,
except for 10 ppb BC at the NIR band (Figure 1f). We find that the sensitivity of Aa to snow grain shapes
(i.e., relative change in Aa caused by different shapes) is weak for high BC concentrations (>100 ppb) at
the UV and visible bands (Figures 1d and 1e) but becomes important for small BC concentrations (10 ppb)
particularly at the NIR band (Figure 1f). However, the values of Aa at the NIR band are a factor of 2-25 smaller
than those at the UV and visible bands. These features of Aa have also been found for aged snow with R, of
500 and 1,000 um (Figure S4).

Moreover, similar to E;_,,, we find that Aa for polydisperse BC is consistently lower than that for monodisperse
BC under different BC effective radii, concentrations, snow grain sizes, and shapes. Figures 2d-2f show that
the relative differences in Aa between polydisperse and monodisperse BC decrease as the Rgc increases, with
differences of 30% and 10% for Rgc of 0.05 and 0.25 um at the visible band, respectively, for 100 ppb BC in
snow. Contrary to E;_,, the relative differences in Aa between polydisperse and monodisperse BC are larger
for lower BC concentrations. For example, the relative differences for 10 ppb BC at the visible band are a fac-
tor of 1.3-2.8 larger than those for 1,000 ppb BC (Figure 2e). In addition, the results indicate larger relative
differences in Aa between polydisperse and monodisperse BC at the NIR band than those at the visible
and UV bands, though much smaller values of Aa at the NIR band. We further note that the relative differ-
ences are sensitive to snow grain sizes and shapes for small BC concentrations (10 ppb) and all cases at
the NIR band (Figure 2f), which are dominated by snow shape effects (Figures S5 and S6).

3.3. Parameterizations for BC Size Effects

For application to land surface and climate models, we further develop parameterizations to account for BC
size effects on snow single-scattering coalbedo enhancement (E;_,,) and albedo reduction (Aa) caused by BC-
snow internal mixing. Figure 3 summarizes the E;_,, and Aa of polydisperse BC with different Rgc as a function
of those with a Rgc of 0.05 um for various snow grain sizes, grain shapes, and BC concentrations. We find that
the Eq.,, and Aa for a certain Rgc (E1- gsc @and Aagsc) have good quantitative relationships with those for a Rgc
of 0.05 um (Eq-4,rBC = 0.05 and Aagsc = 0.05), respectively, as follows:

f,
Er—opoc = dipac X EJ?&RBC:O.OS (1a)
with
Rec \™ Rec \™
d/LRBc = (m) 7fAIRBc = m (1b)
Adgye = Kjpae X AORyc=0.05 (2a)
with
Rec \**
Kiree =\ 50 2b
Hfnc (0.05) (2b)

where d; gy, f1.r,c, and k; g, are empirical coefficients depending on wavelength (1) and BC effective radii
(Rgo). The my, n,, and p; are derived from nonlinear regression processes with R of >0.96 and normalized
mean biases of —2.5%-2% (Figure 3). Here the results for the case of Rgc = 0.05 um (Eq.,,rBC = 0.05 and
Aagpc = 005) are used as reference values in the parameterization. The coefficients (m,, n,, and p,; see
Table S1) represent the mean impact of Rgc on E;_,, and Aa under different BC and snow conditions (i.e.,
BC concentration, snow grain size, and shape). Similar relationships have also been found for monodisperse
BC (see Figure S7 and Table S1).

In addition, we also summarize the E;_,, and Aa for polydisperse BC as a function of those for monodisperse
BCin all cases, as illustrated in Figure 4. Interestingly, Aa and the logarithm of E;_, for polydisperse BC show
good linear relationships with those for monodisperse BC, respectively. Thus, we quantitatively relate the E;_,
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Figure 3. (a—c) Black carbon (BC)-induced enhancement (E;_,,) in broadband snow single scattering coalbedo (1-w) for polydisperse BC with effective radii (Rgc) of
0.05 (black), 0.1 (blue), 0.15 (green), 0.2 (orange), and 0.25 (red) pm (E1_,, gec) as a function of that with an effective radius of 0.05 um (E_,, gac = 0.05) at ultraviolet
(UV, left column), visible (middle column), and near-infrared (NIR, right column) bands by accounting for snow spheres (circles), spheroids (squares), and Koch
snowflakes (triangles) with volume-equivalent sphere radii of 100, 500, and 1,000 um for BC concentrations of 10, 100, and 1,000 ppb in snow. (d-f): Same as the (a-c)
but for BC-induced broadband snow albedo reduction (Aa). Also shown are best fitting lines (solid), total R? and normalized mean biases (NMB), and parameteri-
zation equations (equations (1a) and (1b) and (2a) and (2b); see Table S1 for coefficient values). Note that x axis and y axis in (a-c) have logarithmic scales.

and Aa for polydisperse BC (Eq.q,poly and Aapy,) to those for monodisperse BC (Eq.,mono @nd Admono)s
respectively, as follows:

E1—poly = @i X EY (3)

1—m,mono

Adpoly = €; X Amono (4)

where a,, b;, and ¢, are empirical wavelength-dependent coefficients derived from linear regression pro-
cesses, with R? of >0.95 and normalized mean biases of —1%-2% (Figure 4). The coefficients (a;, b;, and ¢;; see
Table S1) represent the mean effects of accounting for BC polydisperse size distribution in BC-snow internal
mixing compared with monodisperse size distribution under different BC and snow conditions.

The present parameterizations (equations (1a) and (1b), (2a) and (2b), (3), and (4)), as first-order approxima-
tions, can be used to adjust £;_,, and Aa depending on either Rgc or polydisperse/monodisperse size distribu-
tion with a high accuracy. We note that these relationships should be used with caution when applying to
extremely small (Rgc < 0.05 um) or large (Rgc > 0.25 um) BC particles.

4, Climatic Implications

The aforementioned analysis highlights the critical role of BC particle size in determining BC-induced snow
albedo reduction. Previous studies often assumed Rgc of 0.05-0.1 um (typical values for BC in the atmo-
sphere) in snow albedo modeling (e.g., Dang et al., 2015; Flanner et al.,, 2007; He et al, 2018; Warren &
Wiscombe, 1980). However, recent observations (Schwarz et al., 2013) have shown that a significant portion
of BC particles in snow can shift to larger sizes (radii >0.25 pm), which are much larger than those typically
seen in the atmosphere. Based on the present parameterization (equations (2a) and (2b)), we estimate that
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Figure 4. (a—c) Black carbon (BC)-induced enhancement (£;_,,) in broadband snow single scattering coalbedo (1-w) for polydisperse BC (Eq_g,poly) as a function of
that for monodisperse BC (E1_,mono) at ultra-violet (UV, left column), visible (middle column), and near-infrared (NIR, right column) bands by accounting for snow
spheres (circles), spheroids (squares), and Koch snowflakes (triangles) with volume-equivalent sphere radii of 100 (blue), 500 (orange), and 1,000 (red) pm for BC
concentrations of 10, 100, and 1,000 ppb with BC effective radii of 0.05, 0.1, 0.15, 0.2, and 0.25 um. (d-f) Same as the (a—c) but for BC-induced broadband snow albedo
reduction (Aa). Also shown are 1:1 ratio lines (black dashed), best fitting lines (dark green solid), total R? and normalized mean biases (NMB), and parameterization
equations (equations (3) and (4); see Table S1 for coefficient values). Note that x axis and y axis in (a—c) have logarithmic scales.

BC-induced snow albedo reduction can be decreased by about 38% and 45% (relative differences) at the
visible and NIR bands, respectively, averaged over different BC concentrations and snow grain sizes and
shapes, when increasing Rgc from 0.05 to 0.25 um for polydisperse BC. For example, as Rgc increases from
0.05 to 0.25 um, the snow albedo reduction (integrated through the solar spectrum) decreases by 0.006
and 0.032 (absolute values) for 100 ppb BC in fresh (R, = 100 um) and aged (R, = 1,000 pm) snow,
respectively, averaged over different snow grain shapes. This leads to reductions of about 1.2 (0.54) and
6.4 (2.9) W m~2 in springtime BC-snow albedo radiative forcing for fresh and aged snow, respectively, over
the northern midlatitude (Arctic) snowpack, where the monthly all-sky downward surface solar radiation is
~200 (~90) W m™2 in spring (Dang et al., 2017). This suggests that previous modeling studies using typical
atmospheric BC sizes (Rgc < 0.1 um) have likely overestimated BC contamination effects on snow albedo,
and the observed shift to larger BC sizes in snow could averagely reduce BC-snow albedo forcing by ~40%
or more for BC-snow internal mixing under different BC and snow conditions.

Moreover, we find that assuming monodisperse BC, instead of polydisperse BC, overestimates BC-induced
snow albedo reduction by about 17% (32%) at the visible (NIR) band, averaged over different BC concentra-
tions, effective radii, snow grain sizes, and shapes, based on the present parameterization (equation (4)). This
leads to a mean overestimate of ~24% in BC-snow albedo forcing for BC-snow internal mixing caused by the
monodisperse assumption. For example, the BC-induced albedo reductions (integrated through the solar
spectrum) increase by up to 0.006 and 0.018 (absolute values) for 100 ppb BC in fresh and aged snow
averaged over different snow grain shapes, respectively, when assuming monodisperse BC instead of poly-
disperse BC. This results in increases of up to 1.2 (0.54) and 3.6 (1.6) W m~2 in springtime BC-snow albedo
forcing for 100 ppb BC in fresh and aged snow, respectively, over the northern midlatitude (Arctic) snowpack.
Thus, it is necessary to explicitly account for polydisperse BC size distribution in BC-snow internal mixtures.
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We note that the BC size effects are comparable to the impacts of snow grain shape (spherical versus non-
spherical) and BC-snow mixing state (internal versus external) on BC-induced snow albedo reduction (He
etal, 2018). This points toward an urgent need for not only better model characterizations but also extensive
measurements of BC size distribution in snow, since rather limited observations are currently available.

5. Conclusions

We have developed a novel SASAM that explicitly resolves size distribution of aerosols internally mixed with
various shapes of snow grains. We used this model to quantify BC size effects on snow optical properties and
albedo for BC-snow internal mixing. We found that BC-induced snow single-scattering coalbedo enhance-
ment and albedo reduction decrease by a factor of 2-3 as BC effective radii increase from 0.05 to 0.25 um.
Compared with monodisperse BC, polydisperse BC with equivalent effective radii leads to consistently lower
BC-induced snow single-scattering coalbedo enhancement and albedo reduction in all cases (e.g., by up to
40% at the visible band), with the relative differences increase as BC effective radii decrease. Moreover, the
BC size effects are insensitive to snow grain shape and size for BC-induced snow single-scattering coalbedo
enhancement, but are more sensitive for BC-induced snow albedo reduction with small BC concentrations
and at the NIR band.

For application to land surface and climate models, we further developed parameterizations to account for
BC size effects on snow albedo and single-scattering coalbedo. We found that the observed shift to larger
BC sizes in snow could averagely reduce BC-snow albedo forcing by ~40% or more for BC-snow internal mix-
ing, while assuming monodisperse BC leads to an overestimate of ~24% in BC-snow albedo forcing averaged
over different BC and snow conditions, compared with a more realistic polydisperse assumption. The results
highlight the critical role of BC particle size in understanding BC-snow interactions and the necessity for more
extensive measurements and better model characterizations of BC size distribution in snow.

In addition, the SASAM model and approach developed here are also applicable to other light-absorbing
aerosols, including dust, which usually coexists with BC in snow (Skiles & Painter, 2017; Wang et al., 2017).
The dust size effects on snow albedo, albeit expected to be qualitatively similar to BC size effects, require
further quantifications. Moreover, modeling studies (e.g., Dang et al,, 2017) have suggested that the presence
of dust in snow could reduce the BC impact on albedo and hence may weaken BC size effects, which will be
investigated in future work.
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