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Abstract. We implement a set of new parameterizations into
the widely used Snow, Ice, and Aerosol Radiative (SNICAR)
model to account for effects of snow grain shape (spheri-
cal vs. nonspherical) and black carbon (BC)-snow mixing
state (external vs. internal). We find that nonspherical snow
grains lead to higher pure albedo but weaker BC-induced
albedo reductions relative to spherical snow grains, while
BC-snow internal mixing significantly enhances albedo re-
ductions relative to external mixing. The combination of
snow nonsphericity and internal mixing suggests an impor-
tant interactive effect on BC-induced albedo reduction. Com-
parisons with observations of clean and BC-contaminated
snow albedo show that model simulations accounting for
both snow nonsphericity and BC—snow internal mixing per-
form better than those using the common assumption of
spherical snow grains and external mixing. We further apply
the updated SNICAR model with comprehensive in situ mea-
surements of BC concentrations in the Tibetan Plateau snow-
pack to quantify the present-day (2000-2015) BC-induced
snow albedo effects from a regional and seasonal perspective.
The BC concentrations show distinct and substantial sub-

regional and seasonal variations, with higher values in the
non-monsoon season and low altitudes. As a result, the BC-
induced regional mean snow albedo reductions and surface
radiative effects vary by up to an order of magnitude across
different sub-regions and seasons, with values of 0.7-30.7
and 1.4-58.4 W m~2 for BC externally mixed with fresh and
aged snow spheres, respectively. The BC radiative effects are
further complicated by uncertainty in snow grain shape and
BC-snow mixing state. BC—snow internal mixing enhances
the mean albedo effects over the plateau by 30-60 % relative
to external mixing, while nonspherical snow grains decrease
the mean albedo effects by up to 31 % relative to spheri-
cal grains. Based on this study, extensive measurements and
improved model characterization of snow grain shape and
aerosol-snow mixing state are urgently needed in order to
precisely evaluate BC—snow albedo effects.
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1 Introduction

Snow albedo, a critical element in the Earth and climate sys-
tem, can be significantly affected by light-absorbing impu-
rities in snow (Warren and Wiscombe, 1980; Hansen and
Nazarenko, 2004; Jacobson, 2004; Flanner et al., 2009; Liou
et al., 2014), which further influences surface energy flux and
regional hydrological cycles (Menon et al., 2010; Qian et al.,
2011, 2015) through a positive snow albedo feedback (Qu
and Hall, 2006). With the strongest light-absorbing ability,
black carbon (BC) has been identified as one of the most im-
portant contributors to snow albedo reduction and snow melt-
ing after its deposition onto global snowpack (Ramanathan
and Carmichael, 2008; Bond et al., 2013), including over
the Arctic (McConnell et al., 2007; Meinander et al., 2013),
North American mountains (Qian et al., 2009; Sterle et al.,
2013; Skiles and Painter, 2016; Wu et al., 2018), European
glaciers (Painter et al., 2013; Di Mauro et al., 2017), Asian
seasonal snowpack (Wang et al., 2013, 2017; Zhao et al.,
2014), and the Tibetan Plateau (Xu et al., 2009; Qian et al.,
2011; Wang et al., 2015; Lee et al., 2017; Li et al., 2017,
2018; Zhang et al., 2017a, b, 2018). In addition, snow albedo
can be affected by snow grain size, grain shape, and snow-
pack structures (Wiscombe and Warren, 1980; Flanner et al.,
2007; Kokhanovsky, 2013; Liou et al., 2014; Qian et al.,
2014; He et al., 2017a; Réiisdnen et al., 2017), which com-
plicates the BC—snow-radiation interactions. Thus, it is criti-
cally important to account for the effects of snow grain prop-
erties and BC particles in order to accurately estimate snow
albedo and subsequent hydro-climatic impacts.

The Tibetan Plateau (TP), also known as the Third Pole, is
covered by the largest mass of snow and ice outside the Arc-
tic and Antarctic (Kang et al., 2010; Yao et al., 2012). It is the
source region of major Asian rivers, providing fresh water for
billions of people (Qin et al., 2006; Immerzeel et al., 2010).
Meanwhile, because of its thermal heating, the TP has pro-
found dynamical influences on the atmospheric circulation in
the Northern Hemisphere and long been identified to be crit-
ical in regulating the Indian and East Asian monsoons (Man-
abe and Terpstra, 1974; Yeh et al., 1979; Yao et al., 2012).
The TP is very sensitive to the changes in snow albedo and
cover, which alter surface heat and water balances and fur-
ther disturb the Asian hydrological cycle and monsoon cli-
mate (Kang et al., 2010). Observations have shown substan-
tial BC concentrations in snow over the TP and suggested
that BC deposition is an important driver of strong albedo re-
ductions and accelerated glacier retreat in the region (Ming
et al., 2008, 2013; Xu et al., 2009; Qu et al., 2014; Ji et al.,
2015; Niuetal.,2017; Liet al., 2017; Zhang et al., 2018). Re-
cent studies found that BC particles over the TP are primarily
from South and East Asia, while long-range transport from
northern mid-latitudinal source regions outside Asia also has
non-trivial contributions (Kopacz et al. 2011; Lu et al., 2012;
He et al., 2014a, b; Zhang et al., 2015; Li et al., 2016; Yang
et al., 2018).
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To estimate BC-induced snow albedo effects over the
TP, previous studies often used observed BC concentrations
in snow/ice as inputs to snow albedo models by assuming
spherical snow grains and BC—snow external mixing (e.g.,
Ming et al., 2013; Jacobi et al., 2015; Schmale et al., 2017;
Zhang et al., 2018). This simplified treatment of BC—snow
interactions has been widely used in snow albedo modeling
over various snow-covered regions (e.g., Warren and Wis-
combe, 1980; Flanner et al., 2007; Aoki et al., 2011). How-
ever, snow grains are usually nonspherical (Dominé et al.,
2003) and internally mixed with BC particles (Flanner et
al., 2012) in real snowpack, which could significantly af-
fect BC—snow albedo effects. For example, Kokhanovsky
and Zege (2004) pointed out that substantial errors could oc-
cur if assuming spherical snow grains in albedo modeling.
Dang et al. (2016) found that, compared with spherical snow
grains, the nonspherical counterparts lead to higher pure
snow albedo but smaller BC-induced albedo reduction for
BC—snow external mixing. In addition, Flanner et al. (2012)
showed that there could be up to 73 % of BC in global snow-
pack internally mixed with snow grains, which increases BC-
induced albedo effects by up to 86 % relative to purely exter-
nal mixing for spherical snow grains. Moreover, recent stud-
ies (He et al., 2014b, 2018a; Liou et al., 2014), combining
both effects of snow nonsphericity and BC—snow internal
mixing, revealed that the enhancement in snow albedo re-
duction caused by internal mixing can be weakened by snow
nonsphericity effect. Therefore, ignoring these two critical
factors in previous studies could lead to biased estimates of
BC-induced snow albedo effects over the TP and elsewhere,
which highlights the necessity of accounting for the two fea-
tures together in snow albedo modeling and assessing the as-
sociated uncertainty.

In this study, we implement a set of new BC—snow param-
eterizations (He et al., 2017b) into the widely used Snow,
Ice, and Aerosol Radiative (SNICAR) model (Flanner et al.,
2007) to consider the effects of snow nonsphericity and BC—
snow internal mixing. We further apply the updated SNICAR
model with a comprehensive set of in situ measurements
of BC concentrations in the TP snowpack to estimate the
present-day (2000-2015) BC-induced snow albedo effects
and associated uncertainties from snow grain shape (spher-
ical vs. nonspherical) and BC—snow mixing state (external
vs. internal) from a regional and seasonal perspective. To the
best of our knowledge, this is the first attempt to quantify
BC—snow albedo effects over the TP by taking into account
the aforementioned two factors concurrently with observa-
tional constraints. We describe BC observations in the TP
snowpack in Sect. 2. We implement the BC—snow parame-
terizations and evaluate model results in Sect. 3. We further
quantify and discuss the BC—snow albedo effects and associ-
ated uncertainties in Sect. 4. Finally, we present conclusions,
implications, and future work in Sect. 5.

www.atmos-chem-phys.net/18/11507/2018/
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Figure 1. Observed BC concentrations in snow over the Tibetan Plateau (TP) during (a, d) monsoon, (b, €) non-monsoon, and (¢, f) annual
periods in 2000-2015 (see Table S1 for details). (a—c) Spatial distributions of seasonal mean BC concentrations at altitudes > 5200 (circles)
and <5200 m (triangles) in six sub-regions, including the northwestern TP (NWTP), north of the TP (NOTP), the northeastern TP (NETP),
the southeastern TP (SETP), the central TP (CTP), and the Himalayas (HIMA). (d—f) Box plots of observed BC concentrations in snow
(shown in a—c) within each sub-region, with medians (middle bars), interquartile ranges (between 25th and 75th percentiles; boxes), and
maxima/minima (whiskers) within 1.5 x interquartile ranges. Some box plots are shrunk due to limited samples. Results for altitudes
>5200 and <5200 m are shown as left and right box plots within each sub-region, respectively, with circles and triangles indicating mean

values. Note that some sub-regions only have observations at altitudes > 5200 or < 5200 m.

2 BC observations in the Tibetan snowpack

We collect available in situ observations of BC concentra-
tions in snow/ice over the TP and surrounding areas dur-
ing 2000-2015 from historical measurements (see Table S1
for summary). Although the features of BC concentrations
at each site have been described in detail by previous ob-
servational studies, the present analysis seeks to summarize
all these measurements in order to understand the regional
and seasonal characteristics of BC pollution in the TP snow-
pack and more importantly to estimate the corresponding
BC-snow albedo effects and associated uncertainties due to
snow grain shape and BC—snow mixing state using an up-
dated snow model (see Section 3).

For detailed analyses, we divide the entire TP and sur-
rounding areas into six sub-regions (Fig. 1), including the
northwestern TP (NWTP; 34-40°N, 70-78°E), north of
the TP (NOTP; 40-45° N, 70-95° E), the northeastern TP
(NETP; 34-40° N, 95-105° E), the southeastern TP (SETP;
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27-34°N, 95-105° E), the central TP (CTP; 30-36° N, 78—
95°E), and the Himalayas (HIMA). We note that NOTP
represents the Tianshan region. Due to its proximity to the
TP, we analyze it together with the TP snowpack in this
study. Moreover, BC concentrations in the TP snowpack
show distinct altitudinal and seasonal variations within each
sub-region (Fig. 1a—f), with much larger values at relatively
lower altitudes (<5200 m a.s.1.) and in the non-monsoon sea-
son (October—May; Xu et al., 2009), compared with higher
altitudes (>5200ma.s.l.) and the monsoon season (June—
September; Xu et al., 2009), respectively. Thus, we con-
duct analyses according to different altitudes (above or below
5200 m a.s.l.) and seasons (monsoon or non-monsoon). In ad-
dition, for any observational site with multiple measurements
during the same season, we average the measurements to rep-
resent the mean BC pollution condition for this site during
the season. As a rather limited number of sites provide ver-
tically resolved BC measurements throughout snowpack, we

Atmos. Chem. Phys., 18, 11507-11527, 2018
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average BC concentrations throughout snow layers at these
sites, which may introduce some uncertainties.

Figure 1a—f show that BC concentrations in snow are gen-
erally much higher during the non-monsoon period than dur-
ing the monsoon period by up to one order of magnitude,
except for NWTP and NOTP. This is because the four sub-
regions (NETP, SETP, CTP, and HIMA) are dominated by
the strong BC emissions in the non-monsoon season (partic-
ularly winter and spring) over South and East Asia (Lu et al.,
2012; Zhang et al., 2015; Yang et al., 2018) and the efficient
wet removal of BC in Asia in the monsoon season (Xu et
al., 2009; He et al., 2014a). In contrast, the high concentra-
tions during the monsoon period over NWTP and NOTP are
primarily caused by the enrichment of BC via sublimation
and/or melting of snow (Ming et al., 2009; Yang et al., 2015)
and emissions from Central Asia and Middle East (Kopacz
et al., 2011; Schmale et al., 2017).

Furthermore, BC concentrations are consistently larger at
low altitudes (<5200 m) than at high altitudes (> 5200 m) by
a factor of 2-10 in each sub-region (Fig. 1a—f), which is con-
sistent with previous studies (Ming et al., 2009, 2013) that
suggested that BC concentrations decrease with increasing
elevations. Such altitudinal contrast in BC concentrations are
maximal (with differences larger than one order of magni-
tude) over HIMA and SETP. This elevational dependence can
be attributed to the stronger local emissions at lower eleva-
tions, the reduced efficiency of BC transport to higher eleva-
tions, and the higher temperature at lower elevations leading
to stronger snow melting and hence BC enrichment in snow
(e.g., Ming et al., 2013; Niu et al., 2017; Zhang et al., 2018).

Among the six sub-regions, the high-altitude areas in
HIMA and SETP show the lowest BC concentrations (5—
30 ppb) throughout the year (Fig. 1d—f), while NETP (with
only low-altitude sites) during the non-monsoon season is
most severely polluted by BC (~ 4300 ppb). The results fur-
ther indicate that BC concentrations in low-altitude areas
across different sub-regions are comparable (190—450 ppb)
during the monsoon season but are much more variable dur-
ing the non-monsoon season (Fig. 1d—f). The variation of
BC concentrations across the sub-regions is a result of com-
bined effects of the aforementioned factors (e.g., regionally
and seasonally dependent impacts from BC source, transport,
removal, and snow aging). We note that the current observa-
tions over the TP are still rather limited spatially and tempo-
rally, leading to questions of representativeness and introduc-
ing uncertainty in the analysis. Thus, the large sub-regional,
altitudinal, and seasonal heterogeneity of BC concentrations
in the TP snowpack highlights an urgent need for extensive
measurements.
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3 Model description, implementation, and evaluation
3.1 SNICAR model

Flanner et al. (2007) developed a multi-layer Snow, Ice, and
Aerosol Radiative (SNICAR) model, which has been widely
used for snowpack simulations globally. It is also coupled
to global climate models (e.g., Community Earth System
Model, CESM) to investigate effects of impurity contami-
nation, snow grain properties, and snow aging on snowpack
albedo. A detailed model description has been presented by
Flanner et al. (2007) and implementation in CESM is de-
scribed by Oleson et al. (2013). Here we briefly summarize
the key model elements related to the present study. SNICAR
simulates snowpack radiative transfer based on the theory
from Wiscombe and Warren (1980) and the multi-layer two-
stream radiative transfer solution from Toon et al. (1989).
It resolves vertical distributions of snow properties, impu-
rity distributions, and heating throughout the snowpack col-
umn, as well as impact of underlying ground surfaces. The
number of snow layers can be specified by users according
to research objectives. The default SNICAR model assumes
spherical snow grains and external mixing between impuri-
ties and snow grains. As inputs to radiative transfer calcula-
tions, the optical properties (extinction cross section (Qext),
single-scattering albedo (w), and asymmetry factor (g)) of
snow grains and impurities, archived as lookup tables, are of-
fline computed by the Mie theory based on particle size dis-
tributions and refractive indices. SNICAR utilizes clear- and
cloudy-sky surface incident solar flux typical of mid-latitude
winter. The input parameters for SNICAR include incident
radiation type (direct or diffuse), solar zenith angle, number
of snow layers with thickness, density, and grain effective
radius in each layer, underlying ground albedo, and aerosol
concentrations in snow. In this study, we use the stand-alone
version of SNICAR (available at http://snow.engin.umich.
edu/snicarcode/) and implement new parameterizations of
snow nonsphericity and BC—snow internal mixing into it (see
Sects. 3.2 and 3.3). The updated SNICAR model is available
at https://github.com/EarthSciCode/SNICARv2.

3.2 Implementation of nonspherical snow grains

Previous studies commonly used an effective spherical snow
grain with an equal volume to area ratio (i.e., equal sur-
face area-weighted mean radius; hereinafter effective radius,
Re) to represent its nonspherical counterpart (e.g., Fu et al.,
1999; Grenfell et al., 2005). The equal-effective-radius rep-
resentation works well in computing extinction efficiency
and single-scattering albedo but is inaccurate for asymme-
try factor (Dang et al., 2016). To explicitly resolve snow
grain shapes, Liou et al. (2014) have developed a stochas-
tic snow albedo model based on a geometric-optics surface-
wave (GOS) approach (Liou et al., 2011; He et al., 2015,
2016; Liou and Yang, 2016). Further, He et al. (2017b) devel-
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oped a parameterization to account for snow nonsphericity
effects on asymmetry factors for three typical grain shapes,
including spheroid, hexagonal plate, and Koch snowflake
(see Fig. 1 of He et al. 2017b). They parameterized the asym-
metry factor (gns) of nonspherical snow grains as follows:

&ns = &hex X Cy, (1
fix " a

Ce = a0 @R, @)
fs,hex

where a; (i = 0-2) is the wavelength-dependent coefficient
available in He et al. (2017b). R (unit: um) is equal to the
snow effective radius (R.) for spheroid or hexagonal plate,
and R./0.544 for Koch snowflake due to its complex concave
shape. fs x and fs nex are the shape factors (i.e., ratio of Ry
of a nonspherical grain to that of an equal-volume sphere) of
a nonspherical grain (x: spheroid, hexagonal plate, or Koch
snowflake) and hexagonal plate, respectively. C, is the cor-
rection factor, and gpex is the asymmetry factor for hexagonal
shapes computed as follows (Fu, 2007):

1-g

Shex = —(~—— +g/, 3)
2w

¢ =bo+by x AR+ by x AR?,

for0.1 < AR < 1.0 (4a)

¢ =co+c1 xIn(AR) + ¢» x In* (AR),

for 1.0 < AR <20, (4b)

where o is the snow single-scattering albedo, and g’ is the
asymmetry factor related to geometric reflection and refrac-
tion. b; and ¢; (i = 0-2) are the wavelength-dependent coef-
ficients available in Fu (2007). AR is the snow aspect ratio
(i.e., ratio of grain width to length).

Here we implement the He et al. (2017b) parameteriza-
tion (Egs. 1-4) for snow asymmetry factor into SNICAR
to account for nonspherical shapes. Due to the coarse spec-
tral resolution (6 bands) of the parameterization, we further
use a piece-wise shape-preserved polynomial interpolation
method (Fritsch and Carlson, 1980) to interpolate the param-
eterized results into 470 bands (0.3-5 um with a 10 nm res-
olution) used in SNICAR. The same interpolation method is
also applied to implementing the single-scattering co-albedo
parameterization for BC-contaminated snow (see Sect. 3.3).
We use the extinction efficiency and single-scattering albedo
of equal-effective-radii spheres for those of the nonspherical
grains.

Figure 2a—c show the spectral snow asymmetry factors
for different grain shapes based on the updated SNICAR
model. Compared with spherical snow grains, nonspherical
grains (particularly Koch snowflakes) result in up to ~ 17 %
smaller asymmetry factors at wavelengths <~ 3.0 um, con-
sistent with previous studies (Liou et al., 2014; Dang et
al., 2016). We note that the results slightly (<3 %) overesti-
mate the asymmetry factors at two spectral peaks within 1.5—
2.5 um for spheroids with large sizes (R. > 500 um), due to
parameterization uncertainties (He et al., 2017b).

www.atmos-chem-phys.net/18/11507/2018/
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As a result of the smaller asymmetry factors, nonspheri-
cal snow grains lead to weaker forward scattering and hence
higher albedo relative to their spherical counterparts (Figs. 3
and S1 in the Supplement). We find up to about 2% and
27 % higher albedo for Koch snowflakes in the visible (0.3—
0.7um) and near-infrared (NIR, 0.7-5um) bands, respec-
tively, compared to equal-R. spheres (Fig. 3d and e). These
results show good agreement with the conclusions from pre-
vious studies (Wang et al., 2017; He et al., 2018a). The re-
sults also have important implications for snow grain size
retrievals via the use of albedo models to match observed
spectral reflectance. For example, Dang et al. (2016) and He
et al. (2018a) suggested that if a nonspherical grain is simu-
lated as a sphere, its effective size has to be scaled down by
a factor of 1.2-2.5 to obtain the correct snow albedo.

3.3 Implementation of BC—snow internal mixing

Flanner et al. (2012) showed that the effect of BC—snow
internal mixing can be equivalent to applying an enhance-
ment ratio to BC absorption cross sections with the exter-
nal mixing assumption and developed a lookup table for the
enhancement ratio. Recently, He et al. (2017b) explicitly re-
solved the structures of BC—snow internal mixtures for dif-
ferent snow shapes and found that inclusions of BC increase
snow single-scattering co-albedo (1-w) and hence absorption
but have negligible effects on snow asymmetry factor and
extinction efficiency. They further parameterized the effect
of internal mixing on 1-w as follows:

El_y» =do x (Cpc +da)™, &)

where E_,, is the co-albedo enhancement defined as the ra-
tio of single-scattering co-albedo for BC-contaminated snow
to that for pure snow, which is a function of BC mass
concentration in snow (Cpc, unit: ppb). d; (i =0-2) is the
wavelength-dependent parameterization coefficient available
in He et al. (2017b).

Here we implement the He et al. (2017b) parameteriza-
tion (Eq. 5) for snow single-scattering co-albedo to account
for BC—snow internal mixing. We note that the BC mass
absorption cross section (MAC) at 550nm used in He et
al. (2017b) is 6.8 m?> g~! with a BC density of 1.7 gcm™3
and an effective radius of 0.1 um. Thus, to obtain a BC
MAC of 7.5m? g~! at 550 nm recommended by Bond and
Bergstrom (2006), we adjust the BC size and density in this
study. We assume a lognormal BC size distribution with a
geometric mean diameter of 0.06 um following Dentener et
al. (2006) and Yu and Luo (2009) and a geometric standard
deviation of 1.5 following Flanner et al. (2007) and Aoki et
al. (2011). Then, we tune the BC density to 1.49 gcm™3 to
match the MAC (7.5m? g~ !). The resulting BC size effect
on E1_, is quantified using a parameterization developed by
He et al. (2018b) as follows:

Frrpe
Ei—w,Rgc = ki, Rpc ¥ El—w,RBC=O.05’ (6a)
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(c¢) 1000 um for pure snow (dotted lines), snow externally mixed with 100 ppb BC (dashed lines), and snow internally mixed with 100 ppb
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SNICAR model. The results for 1000 ppb BC and diffuse snow albedo are shown in Fig. S2 in the Supplement. (d—f) Same as (a—c), but for
broadband albedo reduction as a function of BC concentration in snow with Re of 100 um at (d) visible (VIS, 0.3-0.7 um), (e) near-infrared
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shown in Figs. S3 and S4 in the Supplement, respectively.

with

Rpc\™ Rpc\"™
dA,RBC = (m) s fk,RBC = m s (6b)

where E1_y rpe and Ej_, rpc=0.05 are the Eq_,, for a cer-
tain BC effective radius (Rpc, unit: pm) and a Rpc of
0.05 um (reference case), respectively. kj gy and fi gpe are
empirical parameters relying on wavelength and BC size. m,
and n,_are wavelength-dependent coefficients available in He
et al. (2018b). We should note that BC MAC could vary sig-
nificantly in reality (e.g., from 2 to 15 m? g~! at 550 nm) due
to uncertainties from particle density, size, structure, and re-
fractive index (Bond and Bergstrom, 2006). Thus, we use the
recommended value (7.5 m? g~!) derived from a comprehen-
sive review of measurements to reduce the potential uncer-
tainty from BC MAC in this study. Compared with the cur-
rent estimates, using a smaller BC MAC (e.g., 6.8 m? g~ ! at
550nm as used in He et al., 2017b) would lead to weaker
BC-induced snow albedo reductions, the quantification of
which is beyond the scope of this study and will be inves-
tigated in future work. In addition, the adjusted BC density
and size used in the present study are still within the ob-
served ranges, with 1.2-1.9 gecm ™ for densities (Bond and
Bergstrom, 2006; Long et al., 2013) as well as 0.01-0.15 pm
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and 1.2-2.0 for geometric mean diameters and standard de-
viations (Bond et al., 2006), respectively.

Figure 2d—f show the spectral single-scattering co-albedo
of snow internally mixed with BC based on the updated
SNICAR model. The strongest co-albedo enhancement (up
to about 4 orders of magnitude for 1000 ppb BC) is in the
visible band, with negligible effects at wavelengths > 1 um.
As a result of the enhanced snow absorption, snow albedo
reduces about two-fold more due to internal mixing than ex-
ternal mixing (Figs. 4 and S2-S4 in the Supplement). In con-
trast, BC decreases snow albedo much less for nonspherical
snow grains than spherical grains (Figs. 4 and S3-S4 in the
Supplement), suggesting an important interactive effects of
snow grain shape and BC—snow mixing state on snow albedo
reductions. For example, BC-sphere external mixing leads to
similar visible albedo reductions with BC-hexagonal plate
internal mixing. This is consistent with our previous find-
ings (He et al., 2018a). Although the internal mixing effect
dominates at the NIR wavelengths (Fig. 4e), the NIR albedo
reduction is a factor of 3-5 lower than the visible reduc-
tion. Thus, both snow nonsphericity and BC—snow internal
mixing play comparably important roles in determining all-
wavelength albedo reductions (Fig. 4f). This highlights the
significance of simultaneously accounting for these two fac-
tors in accurate estimates of BC—snow albedo effects.

Atmos. Chem. Phys., 18, 11507-11527, 2018



C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

11514

Table 1. Parameter values used in SNICAR simulations when comparing with observed snow albedo (see Figs. 6 and 7). The observed snowpack properties are used in each case when
they are available. Four types of snow shapes (sphere, spheroid, hexagonal plate, and Koch snowflake) and/or two types of BC—snow mixing (internal and external) are assumed in the

simulations.

Observational cases

Model parameters

Solar  Underlying Snow Snow Snow Snow BC content

zenith ground layer thickness effective density (ppb)
References Type Radiation  angle albedo (cm) radius (um) (kg m3) (ppb)
Pure snow
Hadley and Laboratory Direct 0° 0 1 Semi- 55/65/110 550 0
Kirchstetter (2012) measurement infinite
Brandt et Open-field Diffuse 0* 2 15 80/95/140/160 150
al. (2011) experiment 40 500* 300
Painter et Field diffuse 0* 1 100 750 350
al. (2007) measurement
Grenfell et Field Diffuse 0.6  Multiple layers with layer-specific
al. (1994) measurement properties (see reference for details)
BC-contaminated snow
Pedersen et Field Diffuse 0.2 1 Multiple cases with case-specific 150* Case-specific (see
al. (2015) measurement properties (see reference for details) reference for details)
Svensson et Open-field Direct 61.3° 0.1  Multiple layers with layer-specific snow 232/489/554/
al. (2016) experiment properties and vertically averaged BC 1030/6420

concentrations (see reference for details)

Meinander et Field Direct 55° 0* 2 0.5 1000 350 87.1
al. (2013) measurement 9.5 5000 350
Brandt et Open-field Diffuse 0* 2 15 80/95/140/160 150 2250
al. (2011) experiment 40 500%* 300 20
Hadley and Laboratory Direct 0° 0 1 Semi- 55/65/110 550 110/450/860/
Kirchstetter (2012)  measurement infinite 1680

* The parameters are assumed in simulations due to the lack of measurements. Note that the assumed underlying ground albedos have rather small effects on albedo simulations due to thick snow optical

depths.

www.atmos-chem-phys.net/18/11507/2018/

Atmos. Chem. Phys., 18, 11507-11527, 2018



C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

11515

(a) =

o
3 087 100 ppb BC 0.8; 500 ppb BC r 1000 ppb BC
e}
©
g o06r 06f
S - - - He2017 parameterization
© —— Flanner2012 lookup table
s 04r 0.4f
8 Sphere
S Spheroid
» 0.2f 0.2f

0 : : : 0 : : :

0.3 0.6 0.9 12 15 03 0.9 12 15 03 0.6 0.9 12 15

Wavelength (um)
0.3 : : : 0.1 ‘ ‘ ‘ 0.2 : : :
VIS (0.3-0.7 um) (d) NIR (0.7-5.0 um) (e) All (0.3-5.0 um) ()
0.25}
0.15

o
[N}

g
N
a

Broadband snow albedo reduction

0.1

0.05

0

L L L 0 L
0 500 1000 1500 2000 O 500

1000 1500 2000 O 500 1000 1500 2000

BC in snow (ppb)

Figure 5. Comparisons of SNICAR simulated direct-beam albedo of semi-infinite snow layers between using the Flanner et al. (2012) lookup
table (solid lines) and the He et al. (2017b) parameterization (dashed lines) for BC internally mixed with snow grains with an effective radius
of 100 um for sphere (blue), spheroid (red), hexagonal plate (green), and Koch snowflake (orange). (a—c) Spectral (0.3—1.5 um) snow albedo
for BC concentrations of (a) 100, (b) 500, and (c¢) 1000 ppb. (d—f) Broadband snow albedo reduction as a function of BC concentration in
snow at (d) visible (VIS, 0.3-0.7 um), (e) near-infrared (NIR, 0.7-5 um), and (f) all (0.3-5 um) wavelengths. The results for snow effective
radii of 500 and 1000 um are shown in Figs. S5 and S6 in the Supplement, respectively.

Moreover, to cross-validate model results, we compare the
simulated snow albedo and its reduction for BC—snow in-
ternal mixing using the He et al. (2017b) parameterization
with those using the Flanner et al. (2012) lookup table. We
find very good agreement (mean differences <3 %) between
the two schemes for different snow sizes and shapes (Figs. 5
and S5-S6), although the He et al. (2017b) parameterization
leads to slightly stronger and weaker albedo reductions for
higher (> 1000 ppb) and lower (< 1000 ppb) BC concentra-
tions, respectively. Compared with the lookup table method,
the newly implemented parameterization in this study can be
applied to a wider range of snow grain size, shape, and BC
concentration scenarios without sacrificing computational ef-
ficiency.

3.4 Comparisons with observations
3.4.1 Pure snow albedo
We evaluated spectral pure snow albedo from SNICAR sim-

ulations by comparing with observations (Fig. 6) from labo-
ratory measurements (Hadley and Kirchstetter, 2012), open-

www.atmos-chem-phys.net/18/11507/2018/

field experiments (Brandt et al., 2011), and field measure-
ments in the Rocky Mountains (Painter et al., 2007) and at
the South Pole (Grenfell et al., 1994). To conduct reasonable
comparisons, we used the observed snow density, grain size,
thickness, snowpack layer, direct or diffuse radiation, solar
zenith angle, and underlying ground albedo in model simula-
tions for each case (see Table 1 and Fig. 6 for details), except
for underlying ground albedos in the Brandt et al. (2011) and
Painter et al. (2007) cases and the grain size of the second
snow layer in the Brandt et al. (2011) case because of un-
available measurements. Thus, we assumed black underlying
grounds (albedo =0) in the two cases, which has negligible
effects on albedo estimates due to thick snow optical depths.
In the Brandt et al. (2011) case, we further assumed an effec-
tive radius of 500 um (typical for aged snow) in the second
snow layer to make it optically semi-infinite, which is consis-
tent with the observed condition. We also assumed four types
of snow shapes (sphere, spheroid, hexagonal plate, and Koch
snowflake) in the simulations to investigate shape effects, due
to the lack of measurements.

Atmos. Chem. Phys., 18, 11507-11527, 2018
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We find that model simulations generally capture the ob-
served patterns of spectral snow albedo in all cases (Fig. 6).
However, assuming spherical grains tends to underestimate
snow albedo in the NIR band, while using nonspherical
grains improves model results. For example, compared with
the observations (Painter et al., 2007), simulations assum-
ing snow spheres show a systematic underestimation of up
to ~ 0.1 at wavelengths > 0.7 um, particularly at 1.0-1.2 um
(Fig. 6¢), while simulations assuming hexagonal plates well
match the observations. Similarly, in the observational case
of Grenfell et al. (1994), assuming hexagonal plates and

Atmos. Chem. Phys., 18, 11507-11527, 2018

Koch snowflakes substantially reduces model underestimates
at 1.5-2.5 pm relative to assuming spheres, though leading to
a slight overestimate at 0.9—1.3 ym (Fig. 6d). In contrast, in
comparison with the laboratory measurements from Hadley
and Kirchstetter (2012), the spherical assumption works rea-
sonably well, particularly for large sizes, with only slight
(<0.05) underestimates. This is because the snow grains cre-
ated in those experiments tend to be spherical. Nevertheless,
using spheroids and hexagonal plates in this case still leads to
slightly better model results for large (R, =65 and 110 pm)
and small (R, =55um) grain sizes, respectively (Fig. 6a).

www.atmos-chem-phys.net/18/11507/2018/



C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

In the observational case of Brandt et al. (2011), they de-
termined snow effective sizes by matching model results
with the measured NIR (1.0-1.3 um) albedo. We find that as-
suming different snow shapes results in drastically different
grain sizes retrieved by matching their measured NIR albedo
(Figs. 6b and 7d), with effective radii of 80 and 160 um for
spheres and Koch snowflakes, respectively. This implies the
necessity of accounting for realistic grain shapes in snow
grain size retrievals.

We note that model results in all cases show slight but con-
sistent albedo overestimates around 400 nm compared with
observations (Fig. 6), probably due to the uncertainty of ice
refractive indices. In this work, we used ice refractive indices
from the most widely used database (Warren and Brandt,
2008) obtained from measurements in the Antarctic, which
shows a very low ice absorption coefficient around 400 nm.
However, based on more recent measurements in Antarctic
snow, Picard et al. (2016) found a much higher ice absorp-
tion coefficient around 400 nm than that from Warren and
Brandt (2008), which suggested that the uncertainty in ice
visible absorption is probably larger than generally appreci-
ated. Therefore, the weak snow absorption caused by refrac-
tive indices used in this study could lead to the overestimates
in modeled albedo around 400 nm.

3.4.2 BC-contaminated snow albedo

We further compared BC-contaminated snow albedo from
SNICAR simulations with observations (Fig. 7) from labo-
ratory measurements (Hadley and Kirchstetter, 2012), open-
field experiments (Brandt et al., 2011; Svensson et al., 2016),
and field measurements in the Arctic (Meinander et al., 2013;
Pedersen et al., 2015). Similar to Sect. 3.4.1, we used the ob-
served BC concentration in snow, snow density, grain size,
thickness, snowpack layer, direct or diffuse radiation, solar
zenith angle, and underlying ground albedo in model simula-
tions for each case (see Table 1 and Fig. 7 for details), except
for the snow density in the Pedersen et al. (2015) case and the
underlying ground albedo in the Meinander et al. (2013) case
because of unavailable measurements. Thus, we assumed a
typical fresh snow density of 150 kg m™—> in the former case
and a black underlying ground (albedo = 0) in the latter case.
Compared with assuming a black underlying ground, we find
that using a non-black underlying ground albedo typically
observed over the Tibetan Plateau (Qu et al., 2014) only leads
to very small (<5 %) relative differences in albedo calcula-
tions in the Meinander et al. (2013) case. Due to the lack of
measurements, we further assumed BC internally or exter-
nally mixed with different snow shapes in the simulations to
quantify the combined effects of BC—snow mixing state and
snow grain shape.

Compared with the widely used assumption of BC ex-
ternally mixed with spherical snow grains, we find that ac-
counting for both internal mixing and snow nonsphericity
improves model simulations (Fig. 7). For example, assuming
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BC-sphere external mixing leads to a systematical underes-
timate of polluted snow albedo for <2000 ppb BC compared
with the observations from Svensson et al. (2016), while
assuming BC-Koch snowflake internal mixing reduces the
model underestimate (Fig. 7b), with the normalized mean
bias (NMB) and root-mean-square error (RMSE) decreas-
ing from —0.04 to 0.01 and from 0.033 to 0.019, respec-
tively. Similarly, in the observational case of Pedersen et
al. (2015), simulations assuming BC-spheroid external mix-
ing perform better than those assuming BC-sphere external
mixing (Fig. 7a), reducing the NMB from —0.012 to —0.003
and RMSE from 0.028 to 0.025. Compared with the observa-
tions of Meinander et al. (2013), model results using spheri-
cal snow grains underestimate the spectral snow albedo con-
taminated by BC (Fig. 7c), regardless of model assumptions
of BC—snow mixing state. Using nonspherical grains instead
increases the simulated albedo and reduces model biases in
this case, although it is still unable to fully capture the ob-
served pattern (Fig. 7c). Considering that snow grains tend
to be spherical in the observations from Hadley and Kirch-
stetter (2012), we assumed BC-sphere external/internal mix-
ing in the comparisons. The model results with external mix-
ing are systematically biased high, particularly for large BC
concentrations (>110ppb), while using internal mixing ef-
fectively reduces the albedo overestimates (Fig. 7e). As such,
the observations fall between the results of external and in-
ternal mixing, suggesting a combination of partial external
and internal mixing would best match the observations. Com-
pared with the way of increasing BC MAC for BC—snow ex-
ternal mixing to reduce model overestimates in polluted snow
albedo, which was used in Hadley and Kirchstetter (2012),
the present study provides a physically based alternative (i.e.,
internal mixing) for model improvements. In fact, it is very
likely that a large portion of BC is internally mixed with
snow grains in the experiments of Hadley and Kirchstet-
ter (2012), as they produced the BC-contaminated snow via
freezing of aqueous hydrophilic BC suspensions.

We note that the snow grain sizes reported by the afore-
mentioned field studies are retrieved by different meth-
ods, including matching snow model results with measured
albedo spectra (Painter et al., 2007; Hadley and Kirchstet-
ter, 2012; Pedersen et al., 2015) and visual estimates with
tools (Grenfell et al., 1994; Meinander et al., 2013; Svens-
son et al., 2016) that are not equivalent to the snow effec-
tive size (i.e., surface area-weighted mean radius) defined in
SNICAR. This could introduce uncertainties to snow albedo
calculations and model—observation comparisons.

4 BC-snow albedo effects and uncertainties over the
Tibetan Plateau
Based on the observed BC concentrations in snow (see

Sect. 2), we applied the updated SNICAR model (see Sect. 3)
to quantify the present-day (2000-2015) BC—snow albedo
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Figure 7. Comparisons of BC-polluted snow albedo from observations and SNICAR simulations using observed snowpack properties (see
Table 1 and text for details). (a) Observations (x axis) are obtained from field measurements in the Arctic (Pedersen et al., 2015). Model re-
sults (y axis) for spheres (circles) and Koch snowflake (triangles) are shown as lower and upper limits for shape effects, along with BC—snow
external (blue) and internal (orange) mixing. Also shown is the best case (red asterisks; BC-spheroid external mixing) that matches observa-
tions. (b) Observations (red asterisks; broadband albedo for 0.285-2.8 um) are obtained from open-field experiments in Finland (Svensson et
al., 2016). Model results for spheres (circles) and Koch snowflake (triangles) are shown as lower and upper limits for shape effects, along with
BC-snow external (blue) and internal (orange) mixing. (¢) Observations (black lines) are obtained from field measurements in the European
Arctic (Meinander et al., 2013). Model results assuming sphere (blue), spheroid (red), hexagonal plate (green), and Koch snowflake (orange)
along with BC—snow external (dashed lines) and internal (solid lines) are shown. (d) Observations (black) are obtained from open-field exper-
iments in New York (Brandt et al., 2011). BC is assumed to be externally mixed with snow spheres (blue), spheroids (red), hexagonal plates
(green), and Koch snowflakes (orange). The effective radii (Re) for each snow shape are obtained to best match observations at wavelengths
of 1-1.3 um. (e) Observations (circles) are obtained from laboratory measurements (Hadley and Kirchstetter, 2012). BC is assumed to be
externally (solid lines) and internally (dashed lines) mixed with snow spheres.

reduction and associated surface radiative effects over the TP.
We conducted albedo simulations at each observational site
using the measured snowpack thickness and density (see Ta-
ble S1 in the Supplement) concurrently with BC measure-
ments. If the snow property measurements are missing at
certain site, the data from nearby sites are used instead. We
then computed the regional mean values by averaging across
all sites within each sub-region and season. We used typi-
cal effective radii of 100 and 1000 um for fresh and aged
snow, respectively, to demonstrate snow aging and size ef-
fects. Due to the lack of measurements for snow grain shape
and BC—snow mixing state, we considered eight simulation
scenarios with the combination of four snow shapes (sphere,
spheroid, hexagonal plate, and Koch snowflake) and two
mixing states (internal and external). In the simulations, the
underlying ground albedo over the TP is 0.1 at the visi-
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ble band (0.3-0.7 um) and 0.2 at the NIR band (0.7-5 um),
following observations (Qu et al., 2014). We adopted a so-
lar zenith cosine of 0.65 (i.e., an angle of 49.5°), which is
equivalent to the insolation-weighted solar zenith cosine in
the sunlit hemisphere. The effect of solar zenith angle on
snow albedo can be approximated via changing snow effec-
tive size (Marshall, 1989). Previous studies (e.g., Aoki et al.,
2003; Dang et al., 2016) indicated that the impact of snow
shape and BC contamination decreases with an increasing
solar zenith angle. Following Dang et al. (2017), we com-
pute all-sky snow albedo via averages of clear- and cloudy-
sky albedo weighted by cloud cover fraction. The mean cloud
cover fraction and all-sky surface downward solar radiation
in different sub-regions and seasons (see Table S2 in the
Supplement) are derived from the multi-year (2000-2015)
monthly mean Modern-Era Retrospective Analysis for Re-
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malayas (HIMA). (a—c) Box plots of mean snow albedo reductions within each sub-region based on SNICAR simulations using the observed
BC concentrations in snow (Fig. 1), snow thicknesses, and snow densities (see text for details). Results for altitudes >5200 and <5200 m
are shown as left and right box plots within each sub-region, respectively, with circles and triangles indicating mean values. Model results
assume BC externally and internally mixed with spheres, spheroids, hexagonal plates, and Koch snowflakes for fresh (blue, Re = 100 pm)
and aged (red, Re = 1000 um) snow. Each data point used for the box plot is the sub-regional average assuming a type of snow shape and
BC-snow mixing, and hence the box plot indicates the variation caused by effects of snow shape and BC—snow mixing state. Note that some
sub-regions only have BC observations at altitudes > 5200 or <5200 m (see Fig. 1). (d—f) Same as (a—c), but for BC-induced all-sky surface
radiative effects caused by the snow albedo reductions shown in (a—c). Calculations use the surface downward solar radiation and cloud cover
fraction from the MERRA-2 reanalysis fields (see text and Table S2 in the Supplement for details).

search and Applications version 2 (MERRA-2) reanalysis BC-snow mixing state are comparable to those of snow
meteorological fields (https://gmao.gsfc.nasa.gov/reanalysis/ size/aging (Tables 2 and S3 in the Supplement). For exam-

MERRA-2/) with a spatial resolution of 0.5° x 0.625°. ple, BC-sphere internal mixing leads to an albedo reduction
Figure 8a—c show the regional mean BC-induced snow of 0.114 for fresh snow in low-altitude CTP during the non-
albedo reductions in different sub-regions and seasons. The monsoon season, while BC-Koch snowflake external mixing
spatiotemporal distribution of albedo reductions generally leads to a reduction of 0.119 for aged snow.
follows that of BC concentrations in snow (Fig. 1d—f), with Moreover, BC—snow internal mixing enhances the mean
stronger albedo reductions in low-altitude areas and the albedo reductions by 30-60 % (relative difference) across all
non-monsoon period. We find that snow albedo decreases the sub-regions and seasons, with similar enhancements for
by a factor of 2-3 more for aged snow (Table S3 in the different snow shapes and sizes (Tables 2 and S3 in the Sup-
Supplement) than for fresh snow (Table 2), due to larger plement). For example, assuming BC-sphere external mixing
grain sizes for aged snow. This aging and size effect dom- leads to an annual albedo reduction of 0.066 (0.164) for fresh
inates the albedo reductions in most of TP sub-regions, (aged) snow in NETP, while the internal mixing counterpart
particularly during the monsoon season (Fig. 8a—c). How- results in a reduction of 0.095 (0.225). Our results are par-
ever, in severely polluted sub-regions including the low- tially different from those in He et al. (2018a), which showed

altitude areas of NETP, SETP, CTP, and HIMA during the a stronger enhancement (relative difference) in albedo reduc-
non-monsoon season, the effects of snow grain shape and tion caused by internal mixing for nonspherical grains than
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Table 2. Regional and seasonal mean BC-induced all-sky snow albedo reductions for fresh snow over the Tibetan Plateau during 2000-2015. See Table S3 for results of aged snow.

Fresh snow (Re = 100 um)

BC mean External mixing Internal mixing
Region™* Season content (ppb) Sphere Spheroid  Hexagonal plate  Koch snowflake Sphere Spheroid  Hexagonal plate  Koch snowflake
High alt. 163 05x1072  05x1072 0.4 x 1072 04x1072 | 07x1072  0.6x1072 0.5x 1072 0.5x 1072
Monsoon
< Low alt.
S Highalt 294 08x 1072 0.7x 1072 0.6x 1072 0.6x1072 | L1x1072  1.0x1072 0.8x 1072 0.7 x 1072
£ Lowalt ’ 1151.8 66x1072  6.1x1072 52x 1072 49x1072 | 98x1072  9.1x1072 7.7 x 1072 7.2 x 1072
High alt. 175 06x1072  05x1072 0.4 x 1072 04x1072 | 08x1072 0.7x1072 0.6 x 1072 0.5x 1072
Annual
Low alt.
High alt. 63.2 14x1072  12x1072 1.0 x 1072 09x1072 | 18x1072 1.6x1072 14 %1072 1.2x 1072
Monsoon ) ) 2 -2 -2 -2 -2 -2
Low alt. 446.0 4.7 %10 43 %10 3.6 x 10 3.3x% 10 6.5 x 10 6.0 x 10 5.0x 10 4.6 x 10
& Highalt o 3316 34x1072 3.1x1072 2.6x1072 23x1072 | 47x1072  43x1072 36x1072 33x1072
© Lowalt 1632.9 77x1072  7.1x1072 6.1 x 1072 57x1072 | 114x 1072 10.6x 1072 9.1 x 1072 8.4x 1072
High alt. 146.3 21x1072  1.9x1072 1.6 x 1072 14x1072 | 28x1072  26x1072 2.1x 1072 1.9 x 1072
Annual ) ) ) ) ) ) ) )
Low alt. 263.5 3.4x%10 3.1%x 10 2.6 % 10 24x%10 4.7 % 10 43 %10 3.5% 10 33x 10
High alt. 143.6 23x1072  21x1072 1.7 x 1072 1.6x1072 | 30x1072  27x1072 23 x 1072 2.1x 1072
Monsoon -2 -2 -2 -2 -2 -2 -2 -2
o Lowalt. 2722 3.5% 10 32x%10 2.6x% 10 24x%10 4.8x 10 4.4 %10 3.6x% 10 33x10
W Highalt. o on 011 14x1072  13x1072 1.1 x 1072 10x1072 | 18x1072  1.7x1072 14 %1072 13x 1072
Z  Lowalt. , 64.7 14x1072  13x1072 1.1x 1072 10x1072 | 18x1072  1.7x1072 14 %1072 1.3 x 1072
High alt. 87.4 1.6x1072  1.5x1072 1.2x1072 1L1x1072 | 22x1072  20x1072 1.6 x 1072 15x 1072
Annual ) ) _2 —2 -2 -2 -2 -2
Low alt. 191.4 2.8x 10 2.6x% 10 2.1x 10 2.0x% 10 3.8x 10 3.5% 10 29x 10 2.6 % 10
High alt. Monsoon
o Lowalt 190.9 23x1072  2.1x1072 1.7 x 1072 1.6x1072 | 31x1072  29x1072 24x1072 22x1072
H High alt Non-monsoon
Z  Low alt. 43232 151%x 1072 14.0 x 1072 11.8 x 1072 11.0x1072 | 223x 1072  20.8x 1072 17.8 x 1072 16.5x 1072
High alt. Annual
Low alt. 823.0 66x1072  6.1x1072 5.1x 1072 47x1072 | 95x1072  87x1072 7.2 x 1072 6.7 x 1072
High alt. 5.2 03x1072  02x1072 0.2x 1072 02x1072 | 04x1072  03x1072 0.3 %1072 0.3 x 1072
Monsoon -2 —2 -2 -2 -2 -2 -2 -2
L Lowalt 263.6 3.2x%10 2.9x% 10 24x%10 22x%10 43 %10 4.0 x 10 33x 10 3.0x 10
£ High alt. 13.7 05x1072  05x1072 0.4 x 1072 04x1072 | 07x1072  0.6x1072 0.5x 1072 0.5x 1072
m Non-monsoon ) ) -2 -2 -2 -2 -2 -2
“  Low alt. 1110.9 6.7x 10 6.2 10 52x% 10 4.8x10 9.8 x 10 9.0 x 10 7.7 % 10 7.1x 10
High alt. 9.0 04x1072  04x1072 0.3 x 1072 03x1072 | 05x1072  05x1072 0.4 x 1072 0.4 x 1072
Annual -2 -2 -2 -2 -2 -2 -2 -2
Low alt. 249.4 3.1% 10 2.8x 10 23 %10 2.1%10 42 %10 3.9x% 10 32x10 2.9 % 10
High alt. Monsoon
o Lowalt 368.6 40x1072  36x1072 3.0x 1072 28x1072 | 55x1072  50x1072 42x1072 3.8x 1072
m High alt Non-monsoon
Z  Low alt. ’ 89.1 18x1072  1.6x1072 13 x 1072 12x1072 | 23x1072  2.1x1072 1.7 %1072 1.6 x 1072
High alt. Annual
Low alt. 138.3 24x1072  22x1072 1.8 x 1072 16x1072 | 31x1072 28x 1072 24x1072 22x 1072

* Six sub-regions: the Himalayas (HIMA), the central Tibetan Plateau (CTP), the northwestern Tibetan Plateau (NWTP), the northeastern Tibetan Plateau (NETP), the southeastern Tibetan Plateau (SETP), and north of the Tibetan Plateau (NOTP).

Each sub-region is further divided into high (>5200 m) and low (<5200 m) altitudes.
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Table 3. Regional and seasonal mean BC-induced all-sky surface radiative effects (W m~2) for fresh snow over the Tibetan Plateau during
2000-2015. See Table S4 in the Supplement for results of aged snow.

Fresh snow (Re = 100 um)

External mixing

Internal mixing

Sphere  Spheroid Hexagonal Koch | Sphere Spheroid Hexagonal Koch
Region™ Season plate  snowflake plate  snowflake
High alt. 1.4 1.3 1.1 1.0 2.0 1.8 1.5 1.4
Monsoon
Low alt.
§ Highalt. 2.0 1.8 1.5 1.4 2.6 2.4 2.0 1.8
£ Lowalt. 16.2 15.0 12.8 11.9 23.9 222 19.0 17.6
High alt. 1.5 1.4 12 1.1 2.0 1.8 1.5 1.4
Annual
Low alt.
Highalt. 42 3.9 3.2 3.0 5.6 5.1 42 3.9
Low alt. 14.7 135 11.2 10.3 20.5 187 15.6 14.3
& Highal 7.7 7.0 5.8 53 10.6 9.7 8.1 74
O  Lowalt. 173 16.2 13.8 12.8 25.8 24.1 20.6 19.1
Highalt. 53 4.9 4.0 3.7 72 6.6 5.4 5.0
Low alt. 8.7 8.0 6.6 6.1 11.9 10.9 9.1 8.3
Highalt. 72 6.6 55 5.0 9.7 8.8 73 6.7
~ Lowalt 113 103 8.5 7.8 153 14.0 11.6 10.7
E Highalt. 2.7 2.5 2.1 1.9 3.6 32 2.7 2.4
£ Lowalt. 2.7 2.5 2.1 1.9 3.6 33 2.7 25
Highalt. 3.9 35 2.9 2.7 5.1 4.7 3.9 35
Low alt. 6.6 6.1 5.0 4.6 9.0 8.2 6.8 6.2
High alt Monsoon
Low alt. 6.5 6.0 5.0 4.6 8.9 8.2 6.8 6.3
& Highalt.
H Lowal,  ommonsoon g, 28.4 24.1 23| 454 423 362 33.6
High alt. Annual
Low alt. 153 14.0 117 10.7 21.8 20.0 16.7 15.4
Highalt. 0.7 0.6 0.5 0.5 1.0 0.9 0.8 0.7
Low alt. 8.5 7.7 6.4 59 115 10.6 8.8 8.0
&  High alt. 12 1.1 0.9 0.8 1.5 1.4 1.1 1.0
D Lowal, Nommonsoon g 13.4 11.4 105 | 213 19.7 16.6 15.4
Highalt. 0.9 0.8 0.7 0.6 1.3 12 1.0 0.9
Low alt. 73 6.6 55 5.0 9.9 9.0 75 6.9
High alt. Monsoon
Low alt. 11.2 10.2 8.4 7.7 15.4 14.1 11.7 10.7
& Highalt.
S Lowalr INon-monsoon 2.9 2.7 22 2.0 3.8 3.5 2.9 2.6
High alt.
LO%V a,  Amoual 48 44 3.6 3.3 6.4 5.8 48 44

* Six sub-regions: the Himalayas (HIMA), the central Tibetan Plateau (CTP), the northwestern Tibetan Plateau (NWTP), the northeastern Tibetan Plateau (NETP), the
southeastern Tibetan Plateau (SETP), and north of the Tibetan Plateau (NOTP). Each sub-region is further divided into high (> 5200 m) and low (< 5200 m) altitudes.

spherical grains, due to different environmental conditions
and snow albedo models used in the two studies. We further
find that nonspherical snow grains weaken the mean albedo
reductions by up to 31 % relative to spherical grains in dif-
ferent sub-regions and seasons, with the strongest weakening
for Koch snowflakes (Fig. 8a—c). The nonsphericity effect is
smaller for aged snow compared with fresh snow (Tables 2

www.atmos-chem-phys.net/18/11507/2018/

and S3 in the Supplement), consistent with our previous find-
ings (He et al., 2018a).

Although the BC concentrations in the TP snowpack tend
to dominate the regional and seasonal pattern of snow albedo
reductions for fresh/aged snow (Figs. 1d—f and 8a—c), the
combined effects of snow grain shape and BC—snow mix-
ing state can complicate the picture. For example, with the
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widely used assumption of BC externally mixed with snow
spheres, the non-monsoon albedo reductions are 0.034 and
0.067 for high-altitude CTP and low-altitude SETP with
BC concentrations of 332 and 1111 ppb in fresh snow, re-
spectively. However, if BC particles were internally mixed
with snow spheres in CTP and externally mixed with Koch
snowflakes in SETP, the albedo reductions in the two ar-
eas would become the same (0.047), regardless of the sub-
stantially different BC concentrations. This points toward
an imperative need for both extensive measurements and
improved model characterization of snow grain shape and
aerosol-snow mixing state for accurate quantification of BC-
induced snow albedo reductions over the TP and elsewhere
with strong heterogeneity of snowpack properties and con-
tamination.

Figure 8d—f show the regional mean surface radiative ef-
fects caused by BC-induced snow albedo reductions, which
vary from 0.7 to 11.2Wm™2 across different sub-regions
during the monsoon season and from 1.2 to 30.7 W m~2 dur-
ing the non-monsoon season for BC externally mixed with
fresh snow spheres. The sub-regional variation increases to
1.4-37.7 and 3.5-58.4 W m~2 for aged snow during the mon-
soon and non-monsoon periods, respectively (Tables 3 and
S4 in the Supplement). In general, the spatiotemporal dis-
tribution of surface radiative effects follows that of snow
albedo reductions (Fig. 8a—f). The impacts of snow non-
sphericity and BC—snow internal mixing on the surface ra-
diative effects are similar to those on the albedo reductions
discussed above. The maximum surface radiative effect over
the TP can reach up to 45.4 (79.99Wm~2 in NETP dur-
ing the non-monsoon season for BC internally mixed with
fresh (aged) snow spheres (Tables 3 and S4 in the Supple-
ment). The mean BC-induced snow albedo effects in the rel-
atively clean TP areas (e.g., high-altitude HIMA and SETP)
are comparable to those over the Arctic and North American
snowpack (Dang et al., 2017; He et al., 2018a), while the ef-
fects in the contaminated TP areas (e.g., low-altitude HIMA,
CTP, SETP, and NETP) are generally similar to those in the
low-elevation Alps (Painter et al., 2013) and northern China
snowpack (Wang et al., 2017).

Previous studies have shown accelerated snowmelt caused
by BC-snow albedo effects in the TP. For example, Ya-
sunari et al. (2010) estimated that BC-induced albedo re-
ductions over Himalayan glaciers could result in an extra
snowmelt of 1-7mmday ' during the melting/summer sea-
son. Qian et al. (2011) found a BC-induced snowmelt of up
to 1.3mmday~! in late spring and early summer averaged
over the entire TP. Our results further suggest that the uncer-
tainty associated with snow shape and BC—snow mixing state
could lead to a substantial variation in BC-induced albedo
reduction and hence snowmelt, which has significant impli-
cations for runoff and water management in Asia. Accurate
quantifications of the impact of snow grain shape and BC-
snow mixing state on snowmelt and subsequent hydrologi-
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cal processes require interactive land surface and/or climate
modeling, which will be investigated in future work.

We note that the present estimates of BC-induced snow
albedo effects have uncertainties and limitations. For exam-
ple, different techniques have been used to measure BC con-
centration in snow and ice, which may lead to discrepan-
cies and inconsistency among observations and in model-
observation comparisons (Qian et al., 2015 and references
therein). Additionally, BC measurements across the TP are
from various sample types, such as surfaces of snowpack
(with fresh and aged snow) and glacier (with both snow and
firn and granular ice), which may introduce uncertainty to
the understanding of BC contamination patterns (Zhang et
al., 2017a; Li et al., 2018). In addition, in the model, we
do not account for the vertical variability of BC and snow
grain properties in the TP snowpack as well as some com-
plex snowpack processes, including dynamic snow aging and
melting, post-depositional enrichment, and melting water
scavenging, which may exert non-trivial effects on BC—snow
albedo effects (e.g., Flanner et al., 2007; Qian et al., 2014;
Dang et al., 2017). These uncertainties associated with mod-
eling and measurements may decrease the signal-to-noise
ratio for the detection of BC effects on snow albedo, par-
ticularly in relatively clean regions with small BC-induced
albedo reductions (e.g., <0.01). Thus, improved and robust
estimates require both accurate snow albedo modeling and
snowpack measurements.

5 Conclusions, implications, and future work

We implemented a set of new BC—snow parameterizations
into SNICAR, a widely used snow albedo model, to account
for the effects of snow nonsphericity and BC—snow internal
mixing. We evaluated model simulations by comparing with
observations. We further applied the updated SNICAR model
with a comprehensive set of in situ measurements of BC con-
centrations in the Tibetan Plateau (TP) snowpack (glacier)
to quantify the present-day BC-induced snow albedo effects
and associated uncertainties from snow grain shape and BC—
snow mixing state.

Based on the SNICAR model updated with new BC-
snow parameterizations, we found that nonspherical snow
grains tend to have higher pure albedos but lower BC-
induced albedo reductions compared with spherical snow
grains, while BC—snow internal mixing substantially en-
hances albedo reductions relative to external mixing. Com-
pared with observations, model simulations assuming non-
spherical snow grains and BC—snow internal mixing per-
form better than those with the common assumption of snow
spheres and external mixing. The results suggest an impor-
tant interactive effect from snow nonsphericity and internal
mixing, and highlight the necessity of concurrently account-
ing for the two factors in snow albedo and climate modeling.

www.atmos-chem-phys.net/18/11507/2018/
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We further applied the updated SNICAR model with com-
prehensive in situ observations of BC concentrations in snow
and snowpack properties over the TP to quantify the present-
day (2000-2015) BC-induced snow albedo effects. We found
that BC concentrations show distinct sub-regional and sea-
sonal variations. The concentrations are generally higher in
the non-monsoon season and low-altitudes (<5200 m) than
in the monsoon season and high-altitudes (> 5200 m), respec-
tively. The spatiotemporal distributions of snow albedo re-
ductions and surface radiative effects generally follow that of
BC concentrations. As a result, the BC-induced mean albedo
effects vary by up to an order of magnitude across differ-
ent sub-regions and seasons, with values of 0.7-30.7 (1.4—
58.4) W m~2 for BC externally mixed with fresh (aged) snow
spheres.

Moreover, the BC—snow albedo effects over the TP are
significantly affected by the uncertainty in snow grain shape
and BC—snow mixing state. We found that BC—snow internal
mixing enhances the mean albedo effects by 30-60 % rela-
tive to external mixing across different sub-regions and sea-
sons, while nonspherical snow grains reduce the albedo ef-
fects by up to 31 % relative to spherical grains. These effects
become comparably important with the snow aging and size
effect over polluted areas. Therefore, the combined effects of
snow grain shape and BC—snow mixing state can complicate
the spatiotemporal features of BC—snow albedo effects over
the TP, with significant implications for regional hydrologi-
cal processes and water management.

In summary, this study points toward an imperative need
for improved measurements and model characterization of
snow grain shape and aerosol-snow mixing state in order
to accurately estimate BC—snow albedo effects. In future
work, we will incorporate the new features of the updated
SNICAR model into land surface and climate models, in-
cluding CESM-Community Land Model (CLM) for global
modeling and WRF-Noah-MP for regional modeling, to ac-
count for the effects of snow grain shape and aerosol-snow
mixing state and to assess the associated uncertainties and
hydrological feedbacks in global/regional climate system.

Data availability. Users can access the data used and produced
by this study via the supplementary materials and the correspond-
ing author without any restrictions. The updated SNICAR model
can be downloaded at https://github.com/EarthSciCode/SNICARv2
(last access: 12 August 2018).

The Supplement related to this article is available
online at https://doi.org/10.5194/acp-18-11507-2018-
supplement.

Author contributions. CH designed and performed the parameteri-
zation implementation and model simulations. MF offered data and
help in developing model codes. FC and MB helped refine model

www.atmos-chem-phys.net/18/11507/2018/

11523

experiments. SK and JM provided black carbon observations. KNL
and YQ gave valuable comments. CH prepared the manuscript and
all co-authors helped improve the manuscript.

Competing interests. The authors declare that they have no conflict
of interest.

Special issue statement. Study of ozone, aerosols, and radiation
over the Tibetan Plateau (SOAR-TP) (ACP/AMT inter-journal SI)
SI statement: “this article is part of the special issue: Study of
ozone, aerosols, and radiation over the Tibetan Plateau (SOAR-TP)
(ACP/AMT inter-journal SI)”. It is not associated with a conference.

Acknowledgements. The authors thank the three reviewers for
their constructive comments. Cenlin He thanks Wenfu Tang and
Roy Rasmussen for helpful discussions. Cenlin He was supported
by the NCAR Advanced Study Program (ASP) Fellowship. The
National Center for Atmospheric Research (NCAR) is sponsored
by the National Science Foundation (NSF). The State Key Program
of the National Natural Science Foundation of China is under Grant
91537211 and NCAR Water System. Kuo-Nan Liou was supported
by NSF Grant AGS-1660587. The contribution of Yun Qian in
this study was supported as part of the Energy Exascale Earth
System Model (E3SM) project, funded by the U.S. Department of
Energy, Office of Science, Office of Biological and Environmental
Research’s Earth System Modeling program. The Pacific Northwest
National Laboratory (PNNL) is operated for DOE by the Battelle
Memorial Institute under contract DE-AC06-76RLO 1830. The
National Center for Atmospheric Research is sponsored by the
National Science Foundation.

Edited by: Yan Yin
Reviewed by: three anonymous referees

References

Aoki, T., Hachikubo, A., and Hori, M.: Effects of snow physical
parameters on shortwave broadband albedos. J. Geophys. Res.,
108, 4616, https://doi.org/10.1029/2003JD003506, 2003.

Aoki, T., Kuchiki, K., Niwano, M., Kodama, Y., Hosaka, M., and
Tanaka, T.: Physically based snow albedo model for calculat-
ing broadband albedos and the solar heating profile in snowpack
for general circulation models, J. Geophys. Res., 116, D11114,
https://doi.org/10.1029/2010JD015507, 2011.

Brandt, R. E., Warren, S. G., and Clarke, A. D.: A controlled
snowmaking experiment testing the relation between black
carbon content and reduction of snow albedo, 116, D08109,
https://doi.org/10.1029/2010JD015330, 2011.

Bond, T. C. and Bergstrom, R. W.: Light absorption by carbona-
ceous particles: An investigative review, Aerosol Sci. Technol.,
40, 27-67, 2006.

Bond, T. C., Habib, G., and Bergstrom, R. W.: Limita-
tions in the enhancement of visible light absorption due
to mixing state, J. Geophys. Res.-Atmos., 111, D20211,
https://doi.org/10.1029/2006jd007315, 2006.

Atmos. Chem. Phys., 18, 11507-11527, 2018


https://github.com/EarthSciCode/SNICARv2
https://doi.org/10.5194/acp-18-11507-2018-supplement
https://doi.org/10.5194/acp-18-11507-2018-supplement
https://doi.org/10.1029/2003JD003506
https://doi.org/10.1029/2010JD015507
https://doi.org/10.1029/2010JD015330
https://doi.org/10.1029/2006jd007315

11524

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen,
T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Kircher, B.,
Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C.,
Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., Zhang,
S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson,
M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz, J.
P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender, C.
S.: Bounding the role of black carbon in the climate system:
A scientific assessment, J. Geophys. Res.-Atmos., 118, 1-173,
https://doi.org/10.1002/jgrd.50171, 2013.

Dang, C., Fu, Q., and Warren, S.: Effect of Snow Grain
Shape on Snow Albedo, J. Atmos. Sci., 73, 3573-3583,
https://doi.org/10.1175/JAS-D-15-0276.1, 2016.

Dang, C., Warren, S. G., Fu, Q., Doherty, S. J., and Sturm,
M.: Measurements of light-absorbing particles in snow across
the Arctic, North America, and China: Effects on sur-
face albedo, J. Geophys. Res.-Atmos., 122, 10149-10168,
https://doi.org/10.1002/2017JD027070, 2017.

Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Gen-
eroso, S., Ginoux, P., Gong, S., Hoelzemann, J. J., Ito, A.,
Marelli, L., Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M.,
van der Werf, G. R., and Wilson, J.: Emissions of primary
aerosol and precursor gases in the years 2000 and 1750 pre-
scribed data-sets for AeroCom, Atmos. Chem. Phys., 6, 4321—
4344, https://doi.org/10.5194/acp-6-4321-2006, 2006.

Di Mauro, B., Baccolo, G., Garzonio, R., Giardino, C., Massabo,
D., Piazzalunga, A., Rossini, M., and Colombo, R.: Impact of
impurities and cryoconite on the optical properties of the Morter-
atsch Glacier (Swiss Alps), The Cryosphere, 11, 2393-2409,
https://doi.org/10.5194/tc-11-2393-2017, 2017.

Dominé, F., Lauzier, T., Cabanes, A., Legagneux, L., Kuhs, W. F,,
Techmer, K., and Heinrichs, T.: Snow metamorphism as revealed
by scanning electron microscopy, Micros. Res. Tech., 62, 33-48,
2003.

Flanner, M. G., Zender, C. S., Randerson, J. T., and Rasch,
P. J.: Present-day climate forcing and response from black
carbon in snow, J. Geophys. Res.-Atmos., 112, D11202,
https://doi.org/10.1029/2006jd008003, 2007.

Flanner, M. G., Zender, C. S., Hess, P. G., Mahowald, N. M.,
Painter, T. H., Ramanathan, V., and Rasch, P. J.: Springtime
warming and reduced snow cover from carbonaceous particles,
Atmos. Chem. Phys., 9, 2481-2497, https://doi.org/10.5194/acp-
9-2481-2009, 2009.

Flanner, M. G., Liu, X., Zhou, C., Penner, J. E., and Jiao, C.:
Enhanced solar energy absorption by internally-mixed black
carbon in snow grains, Atmos. Chem. Phys., 12, 46994721,
https://doi.org/10.5194/acp-12-4699-2012, 2012.

Fritsch, F. N. and Carlson, R. E.: Monotone Piecewise Cubic Inter-
polation, SIAM J. Num. Anal., 17, 238-246, 1980.

Fu, Q.: A new parameterization of an asymmetry factor of cir-
rus clouds for climate models, J. Atmos. Sci., 64, 4140-4150,
https://doi.org/10.1175/2007JAS2289.1, 2007.

Fu, Q., Sun, W. B., and Yang, P: On modeling of scat-
tering and absorption by nonspherical cirrus ice par-
ticles in thermal infrared wavelengths. J.  Atmos.
Sci., 56, 2937-2947, https://doi.org/10.1175/1520-
0469(1999)0562937:MOSAAB.2.0.CO;2, 1999.

Grenfell, T. C., Warren, S. G., and Mullen, P. C.: Reflection of solar
radiation by the Antarctic snow surface at ultraviolet, visible, and

Atmos. Chem. Phys., 18, 11507-11527, 2018

C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

near-infrared wavelengths, J. Geophys. Res., 99, 18669-18684,
1994.

Grenfell, T. C., Neshyba, S. P, and Warren, S. G.: Represen-
tation of a nonspherical ice particle by a collection of inde-
pendent spheres for scattering and absorption of radiation: 3.
Hollow columns and plates, J. Geophys. Res., 110, D17203,
https://doi.org/10.1029/2005JD005811, 2005.

Hadley, O. L. and Kirchstetter, T. W.: Black-carbon reduc-
tion of snow albedo, Nat. Clim. Change, 2, 437-440,
https://doi.org/10.1038/NCLIMATE1433, 2012.

Hansen, J., and Nazarenko, L.: Soot climate forcing via snow
and ice albedos, P. Natl. Acad. Sci. USA, 101, 423-428,
https://doi.org/10.1073/pnas.2237157100, 2004.

He, C., Li, Q. B., Liou, K. N., Zhang, J., Qi, L., Mao, Y.,
Gao, M., Lu, Z., Streets, D. G., Zhang, Q., Sarin, M. M.,
and Ram, K.: A global 3-D CTM evaluation of black carbon
in the Tibetan Plateau, Atmos. Chem. Phys., 14, 7091-7112,
https://doi.org/10.5194/acp-14-7091-2014, 2014a.

He, C., Li, Q. B., Liou, K. N., Takano, Y., Gu, Y., Qi, L.,
Mao, Y. H., and Leung, L. R.: Black carbon radiative forcing
over the Tibetan Plateau, Geophys. Res. Lett., 41, 7806-7813,
https://doi.org/10.1002/2014GL062191, 2014b.

He, C., Liou, K. N., Takano, Y., Zhang, R., Levy Zamora, M.,
Yang, P, Li, Q., and Leung, L. R.: Variation of the radiative
properties during black carbon aging: theoretical and experi-
mental intercomparison, Atmos. Chem. Phys., 15, 11967-11980,
https://doi.org/10.5194/acp-15-11967-2015, 2015.

He, C., Takano, Y., Liou, K. N., Yang, P, Li, Q., and Mack-
owski, D. W.: Intercomparison of the GOS approach,
superposition T-matrix method, and laboratory measure-
ments for black carbon optical properties during aging,
J. Quant. Spectrosc. Radiat. Transfer., 184, 287-296,
https://doi.org/10.1016/j.jqsrt.2016.08.004, 2016.

He, C., Takano, Y., and Liou, K. N.: Close packing effects on
clean and dirty snow albedo and associated climatic implications,
Geophys. Res. Lett., 44, https://doi.org/10.1002/2017GL072916,
2017a.

He, C., Takano, Y., Liou, K. N., Yang, P., Li, Q., and Chen, F.: Im-
pact of snow grain shape and black carbon-snow internal mixing
on snow optical properties: Parameterizations for climate mod-
els, J. Climate, 30, 10019-10036, https://doi.org/10.1175/JCLI-
D-17-0300.1, 2017b.

He, C., Liou, K. N., Takano, Y., Yang, P, Qi, L., and Chen,
F.: Impact of grain shape and multiple black carbon inter-
nal mixing on snow albedo: Parameterization and radiative
effect analysis, J. Geophys. Res.-Atmos., 123, 1253-1268,
https://doi.org/10.1002/2017JD027752, 2018a.

He, C., Liou, K. N., and Takano, Y.: Resolving size distribution of
black carbon internally mixed with snow: Impact on snow opti-
cal properties and albedo, Geophys. Res. Lett., 45, 2697-2705,
https://doi.org/10.1002/2018GL077062, 2018b.

Immerzeel, W. W., van Beek, L. P. H., and Bierkens, M. F. P.: Cli-
mate Change Will Affect the Asian Water Towers, Science, 328,
1382-1385, https://doi.org/10.1126/science.1183188, 2010.

Jacobi, H.-W., Lim, S., Ménégoz, M., Ginot, P.,, Laj, P, Bona-
soni, P., Stocchi, P., Marinoni, A., and Arnaud, Y.: Black car-
bon in snow in the upper Himalayan Khumbu Valley, Nepal:
observations and modeling of the impact on snow albedo,

www.atmos-chem-phys.net/18/11507/2018/


https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1175/JAS-D-15-0276.1
https://doi.org/10.1002/2017JD027070
https://doi.org/10.5194/acp-6-4321-2006
https://doi.org/10.5194/tc-11-2393-2017
https://doi.org/10.1029/2006jd008003
https://doi.org/10.5194/acp-9-2481-2009
https://doi.org/10.5194/acp-9-2481-2009
https://doi.org/10.5194/acp-12-4699-2012
https://doi.org/10.1175/2007JAS2289.1
https://doi.org/10.1175/1520-0469(1999)0562937:MOSAAB.2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)0562937:MOSAAB.2.0.CO;2
https://doi.org/10.1029/2005JD005811
https://doi.org/10.1038/NCLIMATE1433
https://doi.org/10.1073/pnas.2237157100
https://doi.org/10.5194/acp-14-7091-2014
https://doi.org/10.1002/2014GL062191
https://doi.org/10.5194/acp-15-11967-2015
https://doi.org/10.1016/j.jqsrt.2016.08.004
https://doi.org/10.1002/2017GL072916
https://doi.org/10.1175/JCLI-D-17-0300.1
https://doi.org/10.1175/JCLI-D-17-0300.1
https://doi.org/10.1002/2017JD027752
https://doi.org/10.1002/2018GL077062
https://doi.org/10.1126/science.1183188

C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

melting, and radiative forcing, The Cryosphere, 9, 1685-1699,
https://doi.org/10.5194/tc-9-1685-2015, 2015.

Jacobson, M. Z.: Climate response of fossil fuel and biofuel
soot, accounting for soot’s feedback to snow and sea ice
albedo and emissivity, J. Geophys. Res.-Atmos., 109, D21201,
https://doi.org/10.1029/2004jd004945, 2004.

Ji,Z.,Kang, S., Cong, Z., Zhang, Q., and Yao, T.: Simulation of car-
bonaceous aerosols over the Third Pole and adjacent regions: dis-
tribution, transportation, deposition, and climatic effects, Clim.
Dynam., 45, 2831-2846, https://doi.org/10.1007/s00382-015-
2509-1, 2015.

Kang, S., Xu, Y., You, Q., Fluhel, W.-A., Pepin, N., and Yao, T.:
Review of climate and cryosphere change in the Tibetan Plateau,
Environ. Res. Lett.,, 5, 015101, https://doi.org/10.1088/1748-
9326/5/1/015101, 2010.

Kopacz, M., Mauzerall, D. L., Wang, J., Leibensperger, E.
M., Henze, D. K., and Singh, K.: Origin and radia-
tive forcing of black carbon transported to the Himalayas
and Tibetan Plateau, Atmos. Chem. Phys., 11, 2837-2852,
https://doi.org/10.5194/acp-11-2837-2011, 2011.

Kokhanovsky, A.: Spectral reflectance of solar light from dirty
snow: a simple theoretical model and its validation. The
Cryosphere, 7, 1325-1331, https://doi.org/10.5194/tc-7-1325-
2013, 2013.

Kokhanovsky, A. A. and Zege, E. P.: Scattering optics of snow,
Appl. Optics, 43, 1589-1602, 2004.

Lee, W.-L., Liou, K. N., He, C., Liang, H.-C., Wang, T.-C., Li, Q.,
Liu, Z., and Yue, Q.: Impact of absorbing aerosol deposition on
snow albedo reduction over the southern Tibetan plateau based
on satellite observations, Theor. Appl. Climatol., 129, 1373—
1382, https://doi.org/10.1007/s00704-016-1860-4, 2017.

Li, C, Bosch, C., Kang, S., Andersson, A., Chen, P., Zhang, Q.,
Cong, Z., Chen, B., Qin, D., and Gustafsson, O.: Sources of black
carbon to the Himalayan-Tibetan Plateau glaciers, Nat. Com-
mun., 7, 12574, https://doi.org/10.1038/ncomms 12574, 2016.

Li, X. F, Kang, S., He, X., Qu, B., Tripathee, L., Jing, Z.,
Paudyal, R., Li, Y., Zhang, Y., Yan, F, Li, G., and Li, C.:
Light-absorbing impurities accelerate glacier melt in the Cen-
tral Tibetan Plateau, Sci. Total Environ., 587-588, 482-490,
https://doi.org/10.1016/j.scitotenv.2017.02.169, 2017.

Li, X., Kang, S., Zhang, G., Que, B., Tripatheea, L., Paudyal,
R., Jing, Z., Zhang, Y., Yan, F, Li, G., Cui, X., Xu, R,
Hu, Z., and Li, C.: Light-absorbing impurities in a south-
ern Tibetan Plateau glacier: Variations and potential impact on
snow albedo and radiative forcing, Atmos. Res., 200, 77-87,
https://doi.org/10.1016/j.atmosres.2017.10.002, 2018.

Liou, K. N. and Yang, P.: Light Scattering by Ice Crystals: Fun-
damentals and Applications, 168—173, Cambridge Univ. Press,
Cambridge, UK, 2016.

Liou, K. N., Takano, Y., and Yang, P.: Light absorption and scat-
tering by aggregates: Application to black carbon and snow
grains, J. Quant. Spectrosc. Radiat. Transfer, 112, 1581-1594,
https://doi.org/10.1016/j.jqsrt.2011.03.007, 2011.

Liou, K. N., Takano, Y., He, C., Yang, P, Leung, R. L., Gu, Y.,
and Lee, W. L.: Stochastic parameterization for light absorp-
tion by internally mixed BC/dust in snow grains for application
to climate models, J. Geophys. Res.-Atmos., 119, 7616-7632,
https://doi.org/10.1002/2014JD021665, 2014.

www.atmos-chem-phys.net/18/11507/2018/

11525

Long, C. M., Nascarella, M. A., and Valberg, P. A.: Carbon black vs.
black carbon and other airborne materials containing elemental
carbon: physical and chemical distinctions, Environ. Pollut., 181,
271-286, 2013.

Lu, Z. F, Streets, D. G., Zhang, Q., and Wang, S. W.: A novel back-
trajectory analysis of the origin of black carbon transported to
the Himalayas and Tibetan Plateau during 19962010, Geophys.
Res. Lett., 39, L01809, https://doi.org/10.1029/2011g1049903,
2012.

Manabe, S. and Terpstra, T. B.: The effects of mountains on the
general circulation of the atmosphere as identified by numerical
experiments, J. Atmos. Sci., 31, 3-42, 1974.

Marshall, S. E.: A physical parameterization of snow albedo for
use in climate models, NCAR Cooperative Thesis, 123, 175 pp.,
Boulder, CO, National Center for Atmospheric Research, 1989.

McConnell, J. R., Edwards, R., Kok, G. L., Flanner, M. G., Zender,
C.S., Saltzman, E. S., Banta, J. R., Pasteris, D. R., Carter, M. M.,
and Kahl, J. D. W.: 20th-century industrial black carbon emis-
sions altered arctic climate forcing, Science, 317, 1381-1384,
https://doi.org/10.1126/science.1144856, 2007.

Meinander, O., Kazadzis, S., Arola, A., Riiheld, A., Riisdnen, P.,
Kivi, R., Kontu, A., Kouznetsov, R., Sofiev, M., Svensson, J.,
Suokanerva, H., Aaltonen, V., Manninen, T., Roujean, J.-L., and
Hautecoeur, O.: Spectral albedo of seasonal snow during inten-
sive melt period at Sodankyld, beyond the Arctic Circle, At-
mos. Chem. Phys., 13, 3793-3810, https://doi.org/10.5194/acp-
13-3793-2013, 2013.

Menon, S., Koch, D., Beig, G., Sahu, S., Fasullo, J., and Orlikowski,
D.: Black carbon aerosols and the third polar ice cap, At-
mos. Chem. Phys., 10, 4559-4571, https://doi.org/10.5194/acp-
10-4559-2010, 2010.

Ming, J., Cachier, H., Xiao, C., Qin, D., Kang, S., Hou, S., and
Xu, J.: Black carbon record based on a shallow Himalayan ice
core and its climatic implications, Atmos. Chem. Phys., 8, 1343—
1352, https://doi.org/10.5194/acp-8-1343-2008, 2008.

Ming, J., Xiao, C. D., Cachier, H., Qin, D. H., Qin, X., Li, Z. Q.,
and Pu, J. C.: Black Carbon (BC) in the snow of glaciers in west
China and its potential effects on albedos, Atmos. Res., 92, 114—
123, https://doi.org/10.1016/j.atmosres.2008.09.007, 2009.

Ming, J., Xiao, C. D., Du, Z. C, and Yang, X. G.: An overview
of black carbon deposition in High Asia glaciers and its
impacts on radiation balance, Adv. Water Res., 55, 80-87,
https://doi.org/10.1016/j.advwatres.2012.05.015, 2013.

Niu, H. W,, Kang, S. C., Zhang, Y. L., Shi, X. Y., Shi, X. F,
Wang, S. J., Li, G., Yan, X., Pu, T., and He, Y.: Distribution
of light-absorbing impurities in snow of glacier on Mt. Yu-
long, southeastern Tibetan Plateau, Atmos. Res., 197, 474-484,
https://doi.org/10.1016/j.atmosres.2017.07.004, 2017.

Oleson, K., Lawrence, D. M., Bonan, G. B., Flanner, M. G., Kluzek,
E., Lawrence, P. J., Levis, S., Swenson, S. C., Thornton, P.
E., Dai, A., Decker, M., Dickinson, R., Feddema, J., Heald,
C. L., Hoffman, F., Lamarque, J.-F., Mahowald, N., Niu, G.-
Y., Qian, T., Randerson, J., Running, S., Sakaguchi, K., Slater,
A., Stockli, R., Wang, A., Yang, Z.-L., and Zeng, X.: Techni-
cal description of version 4.5 of the Community Land Model
(CLM), NCAR Technical Note NCAR/TN-503+STR, 420 pp.,
https://doi.org/10.5065/D6RR1W7M, 2013.

Painter, T. H., Barrett, A. P, Landry, C. C., Neff, J. C,
Cassidy, M. P, Lawrence, C. R., McBride, K. E., and

Atmos. Chem. Phys., 18, 11507-11527, 2018


https://doi.org/10.5194/tc-9-1685-2015
https://doi.org/10.1029/2004jd004945
https://doi.org/10.1007/s00382-015-2509-1
https://doi.org/10.1007/s00382-015-2509-1
https://doi.org/10.1088/1748-9326/5/1/015101
https://doi.org/10.1088/1748-9326/5/1/015101
https://doi.org/10.5194/acp-11-2837-2011
https://doi.org/10.5194/tc-7-1325-2013
https://doi.org/10.5194/tc-7-1325-2013
https://doi.org/10.1007/s00704-016-1860-4
https://doi.org/10.1038/ncomms12574
https://doi.org/10.1016/j.scitotenv.2017.02.169
https://doi.org/10.1016/j.atmosres.2017.10.002
https://doi.org/10.1016/j.jqsrt.2011.03.007
https://doi.org/10.1002/2014JD021665
https://doi.org/10.1029/2011gl049903
https://doi.org/10.1126/science.1144856
https://doi.org/10.5194/acp-13-3793-2013
https://doi.org/10.5194/acp-13-3793-2013
https://doi.org/10.5194/acp-10-4559-2010
https://doi.org/10.5194/acp-10-4559-2010
https://doi.org/10.5194/acp-8-1343-2008
https://doi.org/10.1016/j.atmosres.2008.09.007
https://doi.org/10.1016/j.advwatres.2012.05.015
https://doi.org/10.1016/j.atmosres.2017.07.004
https://doi.org/10.5065/D6RR1W7M

11526

Farmer, G. L.: Impact of disturbed desert soils on duration
of mountain snow cover, Geophys. Res. Lett., 34, L12502,
https://doi.org/10.1029/2007GL030284, 2007.

Painter, T. H., Flanner, M. G., Kaser, G., Marzeion, B., VanCuren,
R. A., and Abdalati, W.: End of the Little Ice Age in the Alps
forced by industrial black carbon, P. Natl. Acad. Sci. USA, 110,
15216-15221, https://doi.org/10.1073/pnas. 1302570110, 2013.

Pedersen, C. A., Gallet, J.-C., Strom, J., Gerland, S., Hudson, S. R.,
Forsstrom, S., Isaksson, E., and Berntsen, T. K.: In situ obser-
vations of black carbon in snow and the corresponding spectral
surface albedo reduction, J. Geophys. Res. Atmos., 120, 1476—
1489, https://doi.org/10.1002/20141D022407, 2015.

Picard, G., Libois, Q., and Arnaud, L.: Refinement of the ice ab-
sorption spectrum in the visible using radiance profile mea-
surements in Antarctic snow, The Cryosphere, 10, 2655-2672,
https://doi.org/10.5194/tc-10-2655-2016, 2016.

Qian, Y., Gustafson Jr., W. I, Leung, L. Y. R., and Ghan,
S. J.: Effects of soot-induced snow albedo change on snow-
pack and hydrological cycle in western United States based
on Weather Research and Forecasting chemistry and regional
climate simulations, J. Geophys. Res.-Atmos., 114, D03108,
https://doi.org/10.1029/2008JD011039, 2009.

Qian, Y., Flanner, M. G., Leung, L. R., and Wang, W.: Sensitiv-
ity studies on the impacts of Tibetan Plateau snowpack pollu-
tion on the Asian hydrological cycle and monsoon climate, At-
mos. Chem. Phys., 11, 1929-1948, https://doi.org/10.5194/acp-
11-1929-2011, 2011.

Qian, Y., Wang, H., Zhang, Flanner, M. G., and Rasch, P. J.: A Sen-
sitivity Study on Modeling Black Carbon in Snow and its Radia-
tive Forcing over the Arctic and Northern China, Environ. Res.
Lett., 9, 064001, https://doi.org/10.1088/1748-9326/9/6/064001,
2014.

Qian, Y., Yasunari, T. J., Doherty, S. J., Flanner, M. G., Lau, W.
K., Ming, J., Wang, H., Wang, M., Warren, S. G., and Zhang,
R.: Light-absorbing particles in snow and ice: Measurement and
modeling of climatic and hydrological impact, Adv. Atmos. Sci.,
32, 64-91, 2015.

Qin, D. H,, Liu, S. Y., and Li, P. J.: Snow cover distribution, variabil-
ity, and response to climate change in western China, J. Clim., 19,
18201833, 2006.

Qu, B, Ming, J., Kang, S.-C., Zhang, G.-S., Li, Y.-W., Li, C.-D.,
Zhao, S.-Y., Ji, Z.-M., and Cao, J.-J.: The decreasing albedo of
the Zhadang glacier on western Nyaingentanglha and the role
of light-absorbing impurities, Atmos. Chem. Phys., 14, 11117-
11128, https://doi.org/10.5194/acp-14-11117-2014, 2014.

Qu, X. and Hall, A.: Assessing Snow Albedo Feedback
in Simulated Climate Change, J. Climate, 19, 2617-2630,
https://doi.org/10.1175/JCLI3750.1, 2006.

Ramanathan, V. and Carmichael, G.: Global and regional cli-
mate changes due to black carbon, Nat. Geosci., 1, 221-227,
https://doi.org/10.1038/Ngeo156, 2008.

Rdisdnen, P., Makkonen, R., Kirkevag, A., and Debernard, J. B.:
Effects of snow grain shape on climate simulations: sensitivity
tests with the Norwegian Earth System Model, The Cryosphere,
11, 2919-2942, https://doi.org/10.5194/tc-11-2919-2017, 2017.

Schmale, J., Flanner, M., Kang, S., Sprenger, M., Zhang, Q.,
Guo, J., Li, Y., Schwikowski, M., and Farinotti, D.: Modu-
lation of snow reflectance and snowmelt from Central Asian

Atmos. Chem. Phys., 18, 11507-11527, 2018

C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

glaciers by anthropogenic black carbon, Sci. Rep.-UK, 7, 40501,
https://doi.org/10.1038/srep40501, 2017.

Skiles, S. M. and Painter, T. H.: Daily evolution in dust and
black carbon content, snow grain size, and snow albedo during
snowmelt, Rocky Mountains, Colorado, J. Glaciol., 63, 118-132,
https://doi.org/10.1017/jog.2016.125, 2016.

Sterle, K. M., McConnell, J. R., Dozier, J., Edwards, R., and Flan-
ner, M. G.: Retention and radiative forcing of black carbon
in eastern Sierra Nevada snow, The Cryosphere, 7, 365-374,
https://doi.org/10.5194/tc-7-365-2013, 2013.

Svensson, J., Virkkula, A., Meinander, O., Kivekis, N., Hannula,
H.-R., Jarvinen, O., Peltoniemi, J. 1., Gritsevich, M., Heikkil4,
A., Kontu, A., Neitola, K., Brus, D., Dagsson-Waldhauserova,
P., Anttila, K., Vehkamiki, M., Hienola, A., de Leeuw, G., and
Lihavainen, H.: Soot-doped natural snow and its albedo-results
from field experiments, Boreal Environ. Res., 21, 481-503, 2016.

Toon, O. B., McKay, C. P., Ackerman, T. P., and Santhanam, K.:
Rapid calculation of radiative heating rates and photodissocia-
tion rates in inhomogeneous multiple scattering atmospheres, J.
Geophys. Res., 94, 16287-16301, 1989.

Wang, M., Xu, B., Cao, J., Tie, X., Wang, H., Zhang, R., Qian,
Y., Rasch, P. J., Zhao, S., Wu, G., Zhao, H., Joswiak, D.
R., Li, J., and Xie, Y.: Carbonaceous Aerosols Recorded in a
Southeastern Tibetan Glacier: Analysis of Temporal Variations
and Model Estimates of Sources and Radiative Forcing, At-
mos. Chem. Phys., 15, 1191-1204, https://doi.org/10.5194/acp-
15-1191-2015, 2015.

Wang, X., Doherty, S. J., and Huang, J.: Black carbon and
other light-absorbing impurities in snow across north-
ern China, J. Geophys. Res.-Atmos., 118, 1471-1492,
https://doi.org/10.1029/2012JD018291, 2013.

Wang, X., Pu, W., Ren, Y., Zhang, X., Zhang, X., Shi, J., Jin,
H., Dai, M., and Chen, Q.: Observations and model simula-
tions of snow albedo reduction in seasonal snow due to insol-
uble light-absorbing particles during 2014 Chinese survey, At-
mos. Chem. Phys., 17, 2279-2296, https://doi.org/10.5194/acp-
17-2279-2017, 2017.

Warren, S. G. and Brandt, R. E.: Optical constants of ice from the
ultraviolet to the microwave: A revised compilation, J. Geophys.
Res., 113, D14220, https://doi.org/10.1029/2007JD009744,
2008.

Warren, S. G. and Wiscombe, W. J.: A Model for the Spectral
Albedo of Snow. 2. Snow Containing Atmospheric Aerosols, J.
Atmos. Sci., 37, 2734-2745, 1980.

Wiscombe, W. J. and Warren, S. G.: A model for the
spectral albedo of snow: I. Pure snow, J, Atmos. Sci.,
37, 2712-2733, https://doi.org/10.1175/1520-0469(1980)037%
3C2712:AMFTSA% 3E2.0.CO;2, 1980.

Wu, L., Gu, Y., Jiang, J. H., Su, H., Yu, N., Zhao, C., Qian, Y., Zhao,
B., Liou, K.-N., and Choi, Y.-S.: Impacts of aerosols on seasonal
precipitation and snowpack in California based on convection-
permitting WRF-Chem simulations, Atmos. Chem. Phys., 18,
5529-5547, https://doi.org/10.5194/acp-18-5529-2018, 2018.

Xu, B. Q., Cao, J. J., Hansen, J., Yao, T. D., Joswia, D. R.,
Wang, N. L., Wu, G. J.,, Wang, M., Zhao, H. B., Yang, W.,
Liu, X. Q., and He, J. Q.: Black soot and the survival of Ti-
betan glaciers, P. Natl. Acad. Sci. USA, 106, 22114-22118,
https://doi.org/10.1073/pnas.0910444106, 2009.

www.atmos-chem-phys.net/18/11507/2018/


https://doi.org/10.1029/2007GL030284
https://doi.org/10.1073/pnas.1302570110
https://doi.org/10.1002/2014JD022407
https://doi.org/10.5194/tc-10-2655-2016
https://doi.org/10.1029/2008JD011039
https://doi.org/10.5194/acp-11-1929-2011
https://doi.org/10.5194/acp-11-1929-2011
https://doi.org/10.1088/1748-9326/9/6/064001
https://doi.org/10.5194/acp-14-11117-2014
https://doi.org/10.1175/JCLI3750.1
https://doi.org/10.1038/Ngeo156
https://doi.org/10.5194/tc-11-2919-2017
https://doi.org/10.1038/srep40501
https://doi.org/10.1017/jog.2016.125
https://doi.org/10.5194/tc-7-365-2013
https://doi.org/10.5194/acp-15-1191-2015
https://doi.org/10.5194/acp-15-1191-2015
https://doi.org/10.1029/2012JD018291
https://doi.org/10.5194/acp-17-2279-2017
https://doi.org/10.5194/acp-17-2279-2017
https://doi.org/10.1029/2007JD009744
https://doi.org/10.1175/1520-0469(1980)037% \ignorespaces 3C2712:AMFTSA% \ignorespaces 3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1980)037% \ignorespaces 3C2712:AMFTSA% \ignorespaces 3E2.0.CO;2
https://doi.org/10.5194/acp-18-5529-2018
https://doi.org/10.1073/pnas.0910444106

C. He et al.: Black carbon-induced snow albedo reduction over the Tibetan Plateau

Yang, J., Kang, S., Ji, Z., and Chen, D.: Modeling the origin of an-
thropogenic black carbon and its climatic effect over the Tibetan
Plateau and surrounding regions, J. Geophys. Res.-Atmos., 123,
671-692, https://doi.org/10.1002/2017JD027282, 2018.

Yang, S., Xu, B., Cao, J., Zender, C. S., and Wang, M.: Climate
effect of black carbon aerosol in a TP glacier, Atmos. Environ.,
111, 71-78, https://doi.org/10.1016/j.atmosenv.2015.03.016,
2015.

Yao, T., Thompson, L. G., Mosbrugger, V., Zhang, F., Ma, Y.,
Luo, T., Xu, B., Yang, X., Joswiak, D. R., Wang, W., Joswiak,
M. E., Devkota, L. P, Tayal, S., Jilani, R., and Fayziev,
R.: Third Pole Environment (TPE), Environ. Dev., 3, 52-64,
https://doi.org/10.1016/j.envdev.2012.04.002, 2012.

Yasunari, T. J., Bonasoni, P, Laj, P.,, Fujita, K., Vuillermoz, E.,
Marinoni, A., Cristofanelli, P., Duchi, R., Tartari, G., and Lau,
K. M.: Estimated impact of black carbon deposition during pre-
monsoon season from Nepal Climate Observatory — Pyramid
data and snow albedo changes over Himalayan glaciers, At-
mos. Chem. Phys., 10, 6603—66135, https://doi.org/10.5194/acp-
10-6603-2010, 2010.

Yeh, T.-C., Gao, Y. X., Tang, M. C., Luo, S. W., Shen, C. B., Gao,
D. Y, Song, Z. S, Qian, Y. F,, Yuan, F. M., Li, G. Q., Ding, Y.
H., Chen, Z. T., Zhou, M. Y., Yang, K. J., and Wang, Q. Q.: Me-
teorology of Qinhai-Xizhang (Tibetan) Plateau, Science Press,
Beijing, 300 pp., 1979 (in Chinese).

Yu, F. and Luo, G.: Simulation of particle size distribution with
a global aerosol model: contribution of nucleation to aerosol
and CCN number concentrations, Atmos. Chem. Phys., 9, 7691—
7710, https://doi.org/10.5194/acp-9-7691-2009, 2009.

www.atmos-chem-phys.net/18/11507/2018/

11527

Zhao, C., Hu, Z., Qian, Y., Ruby Leung, L., Huang, J., Huang, M.,
Jin, J., Flanner, M. G., Zhang, R., Wang, H., Yan, H., Lu, Z., and
Streets, D. G.: Simulating black carbon and dust and their radia-
tive forcing in seasonal snow: a case study over North China with
field campaign measurements, Atmos. Chem. Phys., 14, 11475—
11491, https://doi.org/10.5194/acp-14-11475-2014, 2014.

Zhang, R., Wang, H., Qian, Y., Rasch, P. J., Easter, R. C., Ma, P--
L., Singh, B., Huang, J., and Fu, Q.: Quantifying sources, trans-
port, deposition, and radiative forcing of black carbon over the
Himalayas and Tibetan Plateau, Atmos. Chem. Phys., 15, 6205—
6223, https://doi.org/10.5194/acp-15-6205-2015, 2015.

Zhang, Y. L., Kang, S., Cong, Z., Schmale, J., Sprenger,
M., Li, C., Yang, W. Gao, T., Sillanpad, M., Li, X,
Liu, Y., Chen, P, and Zhang, X.: Light-absorbing impu-
rities enhance glacier albedo reduction in the southeastern
Tibetan Plateau, J. Geophys. Res.-Atmos., 122, 6915-6933,
https://doi.org/10.1002/2016JD026397, 2017a.

Zhang, Y. L., Kang, S., Li, C., Gao, T., Cong, Z., Sprenger,
M., Liu, Y, Li, X., Guo, J., Sillanpdda, M., Wang, K.,
Chen, J., Li, Y., and Sun, S.: Characteristics of black car-
bon in snow from Laohugou No. 12 glacier on the north-
ern Tibetan Plateau, Sci. Total Environ., 607-608, 1237-1249,
https://doi.org/10.1016/j.scitotenv.2017.07.100, 2017b.

Zhang, Y., Kang, S., Sprenger, M., Cong, Z., Gao, T., Li, C., Tao,
S., Li, X., Zhong, X., Xu, M., Meng, W., Neupane, B., Qin,
X., and Sillanpdéd, M.: Black carbon and mineral dust in snow
cover on the Tibetan Plateau, The Cryosphere, 12, 413431,
https://doi.org/10.5194/tc-12-413-2018, 2018.

Atmos. Chem. Phys., 18, 11507-11527, 2018


https://doi.org/10.1002/2017JD027282
https://doi.org/10.1016/j.atmosenv.2015.03.016
https://doi.org/10.1016/j.envdev.2012.04.002
https://doi.org/10.5194/acp-10-6603-2010
https://doi.org/10.5194/acp-10-6603-2010
https://doi.org/10.5194/acp-9-7691-2009
https://doi.org/10.5194/acp-14-11475-2014
https://doi.org/10.5194/acp-15-6205-2015
https://doi.org/10.1002/2016JD026397
https://doi.org/10.1016/j.scitotenv.2017.07.100
https://doi.org/10.5194/tc-12-413-2018

	Abstract
	Introduction
	BC observations in the Tibetan snowpack
	Model description, implementation, and evaluation
	SNICAR model
	Implementation of nonspherical snow grains
	Implementation of BC--snow internal mixing
	Comparisons with observations
	Pure snow albedo
	BC-contaminated snow albedo


	BC--snow albedo effects and uncertainties over the Tibetan Plateau
	Conclusions, implications, and future work
	Data availability
	Author contributions
	Competing interests
	Special issue statement
	Acknowledgements
	References

