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Abstract. A snow survey was carried out to collect 13 sur-
face snow samples (10 for fresh snow, and 3 for aged snow)
and 79 subsurface snow samples in seasonal snow at 13 sites
across northeastern China in January 2014. A spectropho-
tometer combined with chemical analysis was used to quan-
tify snow particulate absorption by insoluble light-absorbing
particles (ILAPs, e.g., black carbon, BC; mineral dust, MD;
and organic carbon, OC) in snow. Snow albedo was measured
using a field spectroradiometer. A new radiative transfer
model (Spectral Albedo Model for Dirty Snow, or SAMDS)
was then developed to simulate the spectral albedo of snow
based on the asymptotic radiative transfer theory. A compari-
son between SAMDS and an existing model — the Snow, Ice,
and Aerosol Radiation (SNICAR) — indicates good agree-
ments in the model-simulated spectral albedos of pure snow.
However, the SNICAR model values tended to be slightly
lower than those of SAMDS when BC and MD were con-
sidered. Given the measured BC, MD, and OC mixing ra-
tios of 100-5000, 2000-6000, and 1000-30000ng g~!, re-
spectively, in surface snow across northeastern China, the
SAMDS model produced a snow albedo in the range of
0.95-0.75 for fresh snow at 550 nm, with a snow grain op-
tical effective radius (Regr) of 100 um. The snow albedo re-
duction due to spherical snow grains assumed to be aged
snow is larger than fresh snow such as fractal snow grains

and hexagonal plate or column snow grains associated with
the increased BC in snow. For typical BC mixing ratios of
100ng g~ ! in remote areas and 3000ng g~! in heavy indus-
trial areas across northern China, the snow albedo for internal
mixing of BC and snow is lower by 0.005 and 0.036 than that
of external mixing for hexagonal plate or column snow grains
with Regr of 100 um. These results also show that the simu-
lated snow albedos by both SAMDS and SNICAR agree well
with the observed values at low ILAP mixing ratios but tend
to be higher than surface observations at high ILAP mixing
ratios.

1 Introduction

Mineral dust (MD), black carbon (BC), and organic carbon
(OC) are three main types of insoluble light-absorbing par-
ticles (ILAPs) that play key roles in regional and global cli-
mate (Bond et al., 2013; Dang and Hegg, 2014; Hansen et al.,
2005; IPCC, 2013; Li et al., 2016; McConnell et al., 2007;
Pu et al., 2015). ILAPs deposited on snow have been found
to shorten the snow cover season by decreasing the snow
albedo and accelerating snow melt (Brandt et al., 2011; Flan-
ner et al., 2007, 2009; Hadley and Kirchstetter, 2012). The
Takla Makan and Gobi deserts and several other deserts are
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well known dust sources across northern China. MD particles
produced in these deserts can be lifted up in the atmosphere
and transported to the downwelling regions (Che et al., 2011,
2013; Chen et al., 2013; Huang et al., 2008; Jaffe et al., 1999;
X. Wang et al., 2008, 2010; Zhang et al., 2003). Carbona-
ceous aerosols, such as BC and OC, generated from the in-
complete combustion of fossil fuels and from biomass burn-
ing, are also major anthropogenic pollutants. A mixing ratio
of 10ng g~! of soot in snow can reduce snow albedo by 1 %
(Warren and Wiscombe, 1980). 150ngg~! of BC embed-
ded in sea ice can reduce ice albedo by up to 30 % (Light et
al., 1998). At 500nm 1ngg~! of BC has approximately the
same effect as 50ng g~! of dust on the albedo of snow and
ice (Warren, 1982). Yasunari et al. (2015) suggested that the
existence of snow darkening effect in the earth system asso-
ciated with ILAPs contributes significantly to enhanced sur-
face warming over continents in northern hemispheric mid-
latitudes during boreal spring, raising the surface skin tem-
perature by approximately 3—6 K near the snow line. Model-
ing soot in snow as an “external mixture” (impure particles
separated from ice particles), if it is actually located inside
the ice grains as an “internal mixture”, may underestimate
its true effect on albedo reduction by 50 % (Warren and Wis-
combe, 1985). Assuming internal rather than external mix-
ing of BC in snow increased BC absorption coefficient by a
factor of 2 and gained better agreement with empirical data
(Cappa et al., 2012; Hansen and Nazarenko, 2004). Increas-
ing the size of snow grains could decrease snow albedo and
amplify the radiative perturbation of BC (Hadley and Kirch-
stetter, 2012). For a snow grain optical effective radius (Refr)
of 100 um, the albedo reduction caused by 100ng g~! of BC
is 0.019 for spherical snow grains but only 0.012 for equidi-
mensional nonspherical snow grains (Dang et al., 2016). BC
coated with non-absorbing particles absorbs more strongly
than the same amount of BC in an uncoated particle, but
the magnitude of this absorption enhancement is yet to be
quantified (Fierce et al., 2016). A modeling study suggested
that BC—snow internal mixing increases the albedo forcing
by 40-60 % compared with external mixing, and coated BC
increases the forcing by 30-50 % compared with uncoated
BC aggregates, whereas Koch snowflakes reduce the forc-
ing by 20-40 % relative to spherical snow grains (He et al.,
2014).

Although MD is a less efficient absorber than BC and
OC, field campaigns on collecting seasonal snow samples
across northern China and the Himalayas have shown high
MD loadings (Guan et al., 2015; Kang et al., 2016; Wang et
al., 2012, 2013a). In some regions, especially areas with thin
and patchy snow cover and mountainous regions, soil dust
significantly decreases the snow albedo, exceeding the influ-
ence of BC. However, models did not capture these potential
large sources of local dust in snowpack and may overestimate
BC forcing processes (Painter et al., 2007, 2010, 2012). Re-
cently, several seasonal snow collection campaigns were per-
formed across northern China, the Himalayas, North Amer-
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ica, Greenland and the Arctic (Cong et al., 2015; Dang and
Hegg, 2014; Doherty et al., 2010, 2014; Huang et al., 2011;
Xu et al., 2009, 2012; Zhao et al., 2014). However, determin-
ing the effects of ILAPs on snow albedo reduction continues
to be challenging (Huang et al., 2011; Wang et al., 2013a,
2015; Ye et al., 2012; Zhang et al., 2013a).

To date, only a few studies have compared modeled and
observed snow albedo reduction due to ILAPs in snow (Dang
et al., 2015; Flanner et al., 2007, 2012; Grenfell et al., 1994,
Liou et al., 2014; Warren and Wiscombe, 1980). To gain
some in-depth knowledge on this topic, a 2014 snow sur-
vey was first performed across northeastern China to analyze
light absorption of ILAPs in seasonal snow, and modeling
studies were then conducted to compare snow albedo reduc-
tion due to various assumptions of internal-external mixing
of BC in snow and different snow grain shapes.

2 Experimental procedures
2.1 Snow field campaign in January 2014

There was less snowfall in January 2014 than in previous
years (e.g., 2010), and thus only 92 snow samples (13 sur-
face snow including 10 fresh and 3 aged ones, and 79 sub-
surface snow samples) at 13 sites were collected during this
snow survey. The snow sampling sites in this study were
numbered starting at 90 (see Fig. 1 and Table 1) following
the chronological order from Wang et al. (2013a) and Ye
et al. (2012). Samples at sites 90-93 were collected from
grassland and cropland areas in Inner Mongolia. Sites 94—
98 and 99-102 were located in the Heilongjiang and Jilin
provinces, respectively, which were the most heavily pol-
luted areas in northern China during winter. The snow sam-
pling procedures were similar to those used in the previous
survey conducted in 2010 across northern China (Huang et
al., 2011). To prevent contamination, the sampling sites were
positioned 50 km from cities and at least 1 km upwind of ap-
proach roads or railways; the only exception was site 101,
which was positioned downwind and close to villages. Two
vertical profiles of snow samples (“left” and “right”) were
collected through the whole depth of the snowpack at all the
sites to reduce the possible contamination by artificial effects
during the sampling process, and the dusty or polluted layers
were separately collected during the sampling process. All
of the datasets in seasonal snow listed in Table 1 are aver-
age values from the two adjacent snow samples through the
whole depth of the snowpack. Snow grain sizes (Ry,) were
measured by visual inspection on millimeter-gridded sheets
viewed through a magnifying glass. The snow samples were
kept frozen until the filtration process was initiated. In a tem-
porary lab based in a hotel, we quickly melted the snow sam-
ples in a microwave, let them settle for 3—5 min, and then
filtered the resulting water samples through a 0.4 um Nucle-
pore filter to extract particulates.
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Figure 1. Spatial distribution of the averaged AOD retrieved from
Aqua-MODIS over northern China from October 2013 to Jan-
uary 2014. The red dots are MODIS active fire locations, and the
black dots are the sampling locations. The site numbers begin at 90
in this study, which are numbered in chronological order followed
by Wang et al. (2013a) and Ye et al. (2012). “A” and “F” refer to
aged snow and fresh snow, respectively.

2.2 Chemical speciation

Major water-soluble ions and trace elements in surface snow
samples during this snow survey have already been inves-
tigated by Wang et al. (2015). However, the importance of
ILAPs in seasonal snow during this survey has not been dis-
cussed yet, which will be addressed below. Briefly, major
ions (SOZ‘, NO3, C17,Na®, K*, and NHI) were analyzed
with an ion chromatograph (Dionex, Sunnyvale, CA), and
trace elements of Fe and Al were measured by inductively
coupled plasma mass spectrometry (ICP-MS). These analyt-
ical procedures have been described elsewhere (Yesubabu et
al., 2014). In this paper, the major ions are used to retrieve
the sea salt and bio-smoke potassium (K]Jgiosmoke). Previous
studies have revealed considerable variations in iron (Fe) of
2-5 % in dust (Lafon et al., 2006), although Al is more sta-
ble than Fe in the earth’s crust. Hence, we retrieved the mass
concentration of MD via the Al concentration, assuming a
fraction of 7% in MD (Arhami et al., 2006; Lorenz et al.,
2006; Zhang et al., 2003). Sea salt was estimated following
the method presented in Pio et al. (2007):

Seasalt = Nag, 4+ CI~ + 0.12Na{, +0.038Nag, + 0.038Nag,
+0.25Nag,, (1)

where subscript Ss means sea salt sources, and Nagg was cal-
culated using the following formula (Hsu et al., 2009):

Nags = Naroral — Al x (Na/Al)cryst- 2

Following Hsu et al. (2009), the contribution of Kgiosmoke
was determined using the following equations:

www.atmos-chem-phys.net/17/2279/2017/
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Figure 2. The variation in AOD at 500 nm at different sites mea-
sured using a Microtops IT Sunphotometer over northeastern China
in January 2014.

Kgiosmoke = Krotal — Kpust — Kss, 3)
Kpust = Al x (K/ADcrusts 4)
Nags = Narorar — Al x (Na/ADcrust, 3)
Kss = Nagg x 0.038, (6)

where Kl—;iosmoke’ Kpust, and Kgg refer to bio-smoke potas-
sium, dust-derived potassium, and sea-salt-derived potas-
sium, respectively. Equations (4), (5), and (6) were derived
from Hsu et al. (2009) and Pio et al. (2007).

2.3 Spectrophotometric analysis

Recent studies indicated that the light absorption by MD
should be more sensitive to the presence of strongly ab-
sorbing iron oxides such as hematite and goethite than to
other minerals (Alfaro et al., 2004; Sokolik and Toon, 1999).
Thus, it is now possible to assess the absorption properties
of MD by using iron oxide content (Bond et al., 1999). In
this study, the iron in seasonal snow is assumed to originate
from MD during this survey, following the procedures per-
formed by Wang et al. (2013a). We measured the mixing ra-
tios of BC and OC using an integrating sphere/integrating
sandwich spectrophotometer (ISSW), which was first de-
scribed by Grenfell et al. (2011) and used by Doherty et
al. (2010, 2014) and Wang et al. (2013a). The equivalent BC
(Cxa™), maximum BC (Cp&Y), estimated BC (CL), fraction
of light absorption by non-BC ILAPs (f> ), and absorp-
tion Angstrdm exponent of all ILAPs (Atot) were described
by Doherty et al. (2010). Previous studies have concluded
that ILAPs are primarily derived from BC, OC, and Fe. The
mass loadings of BC (Lpc) and OC (Loc) were calculated
using the following equation:

Tiot (A) = BB (A) X Lec+Boc (A) x Loc+Bre (M) X Lge. (7)

Here, it (1) refers to the measured optical depth. Lgc and
Loc can be determined from this equation assuming that the
mass absorption coefficients (MACs) for BC, OC, and Fe are
6.3, 0.3, and 0.9 m? g’], respectively, at 550 nm and that the
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absorption Angstrém exponents (A or AAE) for BC, OC, and
Fe are 1.1, 6, and 3, respectively (e.g., Egs. 2 and 3 in Wang
etal.,, 2013a).

2.4 Aerosol optical depth and snow albedo
measurements

The Microtops IT Sunphotometer has been widely used to
measure aerosol optical depth (AOD) in recent years (More
et al., 2013; Porter et al., 2001; Zawadzka et al., 2014) and
is recognized as a very useful tool for validating aerosol
retrievals from satellite sensors. Ichoku et al. (2002b) and
Morys et al. (2001) provided a general description of the Mi-
crotops IT Sunphotometer’s design, calibration, and perfor-
mance. To better understand the background weather con-
ditions in the local atmosphere during this snow survey, we
used a portable and reliable Microtops IT Sunphotometer at
wavelengths of 340, 440, 675, 870, and 936 nm instead of the
CE318 sun tracking photometer to measure the surface AOD
in this study. AOD measurements were collected in cloud-
free conditions between 11:00 and 13:00 (Beijing local time)
to prevent the effects of optical distortions due to large so-
lar zenith angles. Then, the Moderate Resolution Imaging
Spectroradiometer (MODIS) on the Aqua and Terra satellites
was used to retrieve the AOD and fire spot datasets (Kauf-
man et al., 1997; Zhang et al., 2013b; Zhao et al., 2014).
The retrieved MODIS AOD is reliable and accurate when ap-
plied to three visible channels over vegetated land and ocean
surfaces (Chu et al., 2002; Ichoku et al., 2002a; Remer et
al., 2002). Fire locations are based on data provided by the
MODIS Fire Information for Resource Management Sys-
tem (FIRMS) system from October 2013 to January 2014.
The land-cover types (Figs. 6 and 7) were obtained from
the Collection 5.1 MODIS global land-cover type product
(MCDI12C1) at a 0.05° spatial resolution and included 17 dif-
ferent surface vegetation types (Friedl et al., 2010; Loveland
and Belward, 1997).

Snow albedo plays a key role in energy balance and cli-
mate in the cryosphere (e.g., Hadley and Kirchstetter, 2012;
Liou et al., 2014; Warren and Wiscombe, 1985). Wright et
al. (2014) indicated that the spectral albedo measured using
an Analytical Spectral Devices Inc. (ASD) spectroradiometer
at 350-2200 nm is in agreement with albedo measurements
at the Baseline Surface Radiation Network (BSRN). Wuttke
et al. (2006a) pointed out that the spectroradiometer instru-
ment is considered as the most capable, rapid, and mobile
for conducting spectral albedo measurements during short
time periods, especially in very cold regions (e.g., in the Arc-
tic). The major advantage is the more extensive wavelength
range, and the cosine error is less than 5 % for solar zenith
angles below 85° at a wavelength of 320 nm (Wuttke et al.,
20064, b). In this study, snow albedo measurements were ob-
tained using a HR-1024 field spectroradiometer (SVC, Spec-
tra Vista Corporation, Poughkeepsie, NY, USA). This instru-
ment has a spectral range of 350-2500 nm with resolutions of

Atmos. Chem. Phys., 17, 2279-2296, 2017
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3.5nm (350-1000 nm), 9.5 nm (1000-1850 nm), and 6.5 nm
(1850-2500 nm). Normally, the relative position of the spec-
troradiometer is at a distance of 1 m from the optical ele-
ment for the active field of view (Carmagnola et al., 2013). A
standard “white” reflectance panel with a VIS-SWIR broad-
band albedo of 0.98 (P,) was used to measure the reflectance
spectra along with the target. The reflectance spectra of sur-
face snow (R;) and the standard panel (Rp) were measured
at least 10 times. Then, the snow albedo () was calculated
as follows:

@ = (Ry/Rp) X P;. ®)

The nominal field of view (FOV) lens is 8° to enable the
instrument to look at different size targets. In order to re-
ceive more direct solar radiation, the direction of the instru-
ment was oriented to the sun horizon angles to measure snow
albedo. The small size of the fore optics greatly reduces er-
rors associated with instrument self-shadowing. Even when
the area viewed by the fore optic is outside the direct shadow
of the instrument, the instrument still blocks some of the il-
lumination (either diffuse skylight or light scattered off sur-
rounding objects) that would normally strike the surface un-
der observation for measuring full-sky irradiance throughout
the entire 350-2500 nm wavelengths. Further information on
the HR-1024 field spectroradiometer used and on the cali-
bration procedure can be found in Wright et al. (2014). The
measured solar zenith angles and the other parameters used
to simulate snow albedo in this study have been labeled in
Fig. 11.

2.5 Model simulations

BC and MD sensitivity effects on the snow albedo simu-
lated by the Snow, Ice, and Aerosol Radiation (SNICAR)
model have been validated through recent simulations and
field measurements (Flanner et al., 2007, 2009; Qian et al.,
2014; Zhao et al., 2014). We used the offline SNICAR model
to simulate the reduction in surface snow albedo resulting
from ILAP contamination (Flanner et al., 2007), and we com-
pared the results with our spectroradiometer surface mea-
surements. The SNICAR model calculates the snow albedo
as the ratio of the upward to downward solar flux at the snow
surface. The measured parameters, including the measured
snow grain radius (Ry,), snow density, snow thickness, solar
zenith angle 6, and mixing ratios of BC and MD, were used
to run the SNICAR model under clear sky conditions. The
visible and near-infrared albedos of the underlying ground
were 0.2 and 0.4, respectively, as derived from MODIS re-
mote sensing. The MAC of BC was assumed to be 7.5 m? g~!
at 550 nm.

The Spectral Albedo Model for Dirty Snow (SAMDS)
based on asymptotic radiative transfer theory was used for
calculating spectral snow albedo as a function of the snow
grain radius, the mixing ratios of ILAPs (BC, MD, and OC),
and MACs of impurities. A detailed description of asymp-
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totic analytical radiative transfer theory for SAMDS can be
found in Zhang et al. (2017). Briefly, the surface albedo
can be calculated using the following asymptotic approxi-
mate analytical solution derived from radiative transfer the-
ory (Kokhanovsk and Zege, 2004; Rozenberg, 1962; Zege et
al., 1991):

Rq (1) = exp(=4S(A) e (vo)). €))

Here, R4 (}) is the plane albedo, vy is the solar zenith an-
gle, and . (vp) refers to the escape function in radiative trans-
fer theory and is parameterized following Kokhanovsky and
Zege (2004):

3
wn(vo) = 7(1 +2cosp), (10)

where A is the wavelength, S(A) is the similarity parameter,
and

Sy = [T (11
»)= 30'ext(1_g). )

Here, oans and oey; are the absorption and extinction coeffi-
cients, respectively, and g is the asymmetry parameter (the
average cosine of the phase function of the medium).

According to Egs. (18) and (25) in Kokhanovsky and
Zege (2004), the extinction coefficients of particles can be
expressed as follows:

e 3C
1—-g 2retf’

(12)

Oext =

where [, is the photon transport path length, C, is the vol-
umetric snow particle concentration, and g is the effective

grain size, which equals the radius of the volume-to-surface
equivalent sphere: reff = %, where V and A are the average
volume and cross-sectional (geometric shadow) area of snow
grains, respectively.

The absorption coefficient oy, in Eq. (11) for arbitrarily
shaped and weakly absorbing large grains is proportional to

the volume concentration (Kokhanovsky and Zege, 2004):

' 4mk(A)

Oabs = -Cy, (13)
where k(1) is the imaginary component of the complex re-
fractive index for ice, and B is a factor that is only depen-
dent on particle shape. The theory based on the ray-optics
approach shows that g in Eq. (11) and B in Eq. (13) are 0.89
and 1.27 for spheres, 0.84 and 1.50 for hexagonal plates or
columns, and 0.75 and 1.84 for fractal grains, respectively.
The total absorption coefficient, o,ps, can be derived from

the absorption by snow, oy, and the absorption by ILAPs
BC _MD OCy.
(aabs » Oabs » and Oabs ):

s BC MD oC
Oabs = ;kr;sow F Oabs T Tabs T Oabs - (14)
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The hemispherical reflectance with a zenith angle vy can be
expressed as follows:

Rq (1) = exp(—4

[ 4B 2m.rg Dice - 2reft N Dice - 2re . ice - 27
Ii ff k(W) + p = A -MACE&-CB(\‘F P ff 'MAC&?,‘?’CMD#’ Pi 1

s e -MACSS - Cj
Vou-g 2 9(1—g) 9(1—g) 9(1—g) abs * Coc

—3 (142 ))
. cos 1
7 0

= exp(—v/94.746» ’“T'T k(1) +5.163 - regy - (MACES - Cie + MACYD - Cypy + MACSS - Che)

-(1+2cos UO)), for spherical grains;

n-reff-(k(x>+a-cgc+ﬁ-C§4D+X-Cgc)

= exp( —4.95- 3

-(1+2cos 1)0)), for hexagonal grains;

7o (k) +a - Che +B-Ciyp + 1 Che)

A

= exp( —4.38-

(1 +2cos uo)). for fractal grains. (15)

Previous studies have also shown that the spectral snow
albedo is more sensitive to snow grain size and light con-
ditions than BC contamination and snow depths at near-
infrared wavelengths (Warren, 1982). Therefore, the snow
grain optical effective radius (Refr) was retrieved based on
the spectral albedo measured at A = 1.3 um, where snow
grain size dominates the snow albedo variations and the ef-
fects of ILAPs at this wavelength are negligible (Warren and
Wiscombe, 1980).

3 Results
3.1 The spatial distribution of AOD

AOQOD is a major optical parameter for aerosol particles and
a key factor affecting global climate (Holben et al., 1991,
2001, 2006; Smith et al., 2014; Srivastava and Bhardwaj,
2014). Most of the snow samples were collected in the after-
noon at the Aqua-MODIS (13:30LT) overpass time in order
to compare the local AODs at sampling sites by using a spec-
troradiometer with the satellite remote sensing. The AOD
spatial distribution derived from the Aqua-MODIS satellite
over northern China associated with sampling site numbers
is shown in Fig. 1 during this snow survey. The average
AOQOD in the studied area ranged from 0.1 to 1.0 and exhib-
ited strong spatial inhomogeneity. The largest AOD values
(up to approximately 1.0) retrieved from the MODIS satellite
were associated with anthropogenic pollution over northeast-
ern China during the 2014 sampling period. These large val-
ues, which exceeded 0.6, were related to local air pollution
from industrial areas (Che et al., 2015; P. Wang et al., 2010).
In contrast, the MODIS-Aqua results indicate that the small-
est AOD values (as low as 0.1) at 550 nm were found over
the Gobi desert in Inner Mongolia and were related to strong
winter winds. Similar patterns in the retrieved MODIS AOD
were found by Zhao et al. (2014) and Zhang et al. (2013b).
Although previous studies have indicated that AOD values
across northeastern China are among the highest in East Asia
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(Ax et al., 1970; Bi et al., 2014; Che et al., 2009; Routray et
al., 2013; Wang et al., 2013b; Xia et al., 2005, 2007), field
experiments of aerosol optical properties across northeast-
ern China were limited. Compared with the retrieved AOD
by remote sensing, the surface measurements of AOD were
also conducted during this snow survey (Fig. 2). Generally,
the measured AOD gradually increased from inner Mongo-
lian regions to the industrial areas across northeastern China.
In Inner Mongolia, the average AOD was less than 0.25 for
sites 90 to 93 under clear sky conditions. We found a large
discrepancy of 40-50 % in the same area within the 1 h mea-
surements collected from sites 95a and 95b, which could
be possibly correlated with regional biomass burning. How-
ever, AOD exceeded 0.3 at sites 98 and 101, which were
significantly influenced by anthropogenic air pollution from
industrial areas across northern China. MODIS active fires
were often spatially distributed over northeastern China and
mainly resulted from human activities during cold seasons.

3.2 Contributions to light absorption by ILAPs

The aged surface snow samples were collected at three sites
and fresh surface snow samples were collected at the other
sites during this snow survey conducted in January 2014.
Ches Cp, CE%"V, o e Ator, and snow parameters, such
as snow depth, snow density, measured snow grain radius
(Rm), and snow temperature, are given in Table 1 and Fig. 3
for each snow layer following Wang et al. (2013a). In Inner
Mongolia, the snow cover was thin and patchy. The average
snow depth at sites 90, 91, 93, and 94 was less than 10 cm,
which was significantly smaller than those (13 to 20cm) at
sites 95-97 near the northern border of China. The snow sam-
ples were collected from drifted snow in Inner Mongolia, and
the mass loadings of ILAPs in seasonal snow are mainly due
to blowing soil dust. Therefore, the vertical profiles of snow
samples mixed with blowing soil from these sites are insuf-
ficient to represent the seasonal evolution of wet and dry de-
position to snow (Wang et al., 2013a). However, the light ab-
sorption of ILAPs is still dominated by OC in these regions,
which has been illustrated in the following section. The max-
imum snow depth was found to be 46 cm at site 102 inside
a forest near the Changbai Shan. Snow depth varied from 13
to 46 cm at sites 98 to 102 with an average of 27 cm. Ry, of
the snow samples varied considerably from 0.07 to 1.3 mm.
Rp increased with the snow depth from the surface to the
bottom, larger than recorded in previous studies because of
snow melting by solar radiation and the ILAPs (Hadley and
Kirchstetter, 2012; Motoyoshi et al., 2005; Painter et al.,
2013; Pedersen et al., 2015). The snow density exhibited lit-
tle geographical variation across northern China at 0.13 to
0.38 gcm™>. High snow densities resulted from melting or
snow aging. Similar snow densities have been found in the
Xinjiang region in northern China (Ye et al., 2012). At site
90, we only collected one layer of snow samples from cen-
tral Inner Mongolia, and C{{. was 330 ng g~ ! for aged snow.
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Figure 3. Vertical temperature, snow density, and measured snow
grain radius (R ) profiles at each site during the 2014 Chinese snow
survey.

Along the northern Chinese border at sites 91-95, C. in
the cleanest snow ranged from 30 to 260ng g~!, with only
a few values exceeding 200ng g~ !. The _ ne(frtl—BC value varied
remarkably from 29 to 78 %, although BC was still a ma-
jor absorber in this region. Heavily polluted sites were lo-
cated in industrial regions across northeastern China (sites
99-102). The surface snow Cy. in this region ranged from
510 to 3700ng g~!, and the highest CSE in the subsurface
layer of the four sites was 2900ng g~! (Table 1). In addition,

o pc Was typically 35-74 %, indicating significant light-
absorbing contributions by OC and MD from human activity
in the heavily polluted areas. Aot ranged from 2.1 to 4.8. A
higher A is a good indicator of soil dust, which is primarily
driven by the composition of mineral or soil dust. In contrast,
a lower Ay of 0.8—1.2 indicates that ILAPs in the snow are
dominated by BC (Bergstrom et al., 2002; Bond et al., 1999).

To better understand the distribution of C%S(‘: in seasonal
snow across northern China, the spatial distribution of CeBsé
in the surface and average snow measured during this snow
survey is shown in Fig. 4. The spatial distributions of Cf.
in the surface and average snow measured using the ISSW
spectrophotometer during the 2014 survey generally ranged
from 50 to 3700 and 60 to 1600ng g~ !, with medium values
of 260 and 260 ng g~ !, respectively. These variations in CSt
were very similar to those of the previous snow campaign by
Wang et al. (2013a); however, they were much higher than
those in the Xinjiang region of northwestern China (Ye et
al., 2012), along the southern edge of the Tibetan Plateau
(Cong et al., 2015), and across North America (Doherty et
al., 2014).

Figure 5 compares Cj{. values measured via the ISSW
method with the calculations during 2010 (Wang et al.,,
2013a) and 2014 snow surveys. The two results agreed very
well (R? = 0.99), indicating that Eq. (7) worked well for this
measurement, and the CCBS(": measured via the ISSW method
was reliable. To compare with the mixing ratio of OC cal-
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Figure 5. Comparisons between the calculated and optically mea-
sured C%Sé in surface snow during the 2010 and 2014 snow sur-

veys. The datasets of measured C%S(t: in 2010 from sites 3—40 were
reprinted from Wang et al. (2013a).

culated from Eq. (7), we used the calculated C%Sé listed in
Figs. 6-7 and Table 2 in the following sections.

In Fig. 6, the sampling areas were located in grasslands,
croplands, and urban and built-up regions across northern
China that were likely influenced by human activity (Huang
et al., 2015). According to Table 2 and Fig. 6, the NHI con-
centrations emitted from agricultural sources at all sites ac-
counted for less than 2.8 % because the sites were positioned
50km from cities. However, large fractions of both SOi_
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secondary ions (SOi_, NO3', and NHI), and sea salt in the surface

snow samples collected in January 2014. The distribution of 17 different surface vegetation types retrieved from MODIS global land cover
type product (MCD12C1) with 0.05 spatial resolution was used in this study. The datasets of SOﬁ_, NO3', and NHI were reprinted from

Wang et al. (2015).

Table 2. Chemical species (ng g~!) in surface snow for sites across northeastern China in January 2014. The datasets of SOﬁ_, NOj3', and

NHI were reprinted from Wang et al. (2015).

Sit. MD BC  OC Kf . SO;” NO; NHf Seasalt
90 1900 380 6700 327 1685 213 22 868
91 1700 180 590 179 853 465 36 827
92 1300 60 280 150 511 105 19 456
93 1700 80 450 213 718 387 90 960
94 3300 300 2700 118 1335 550 28 554
95 2000 90 600 164 587 523 39 669
96 2300 280 3900 309 1285 493 91 1227
97 2400 280 2400 173 1163 407 38 753
98 3900 1600 13300 633 3096 747 195 2516
99 3000 770 4700 372 3379 1492 155 2310
100 3800 570 4000 260 4237 2258 487 2195
101 3500 4200 32000 1337 12382 2364 - 5131
102 5800 1700 2400 488 8034 3631 769 4420
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Figure 7. The light absorption of ILAPs in surface snow in January 2014. The distribution of 17 different surface vegetation types retrieved
from MODIS global land cover type product (MCD12C1) with 0.05 spatial resolution were used in this study.

and NO; were observed, varying from 14.8 to 42.8 % at all
sites, with the highest fraction of 24.2-42.8 % found in in-
dustrial areas. These results show that SO?[ and NO;” made
the greatest contributions to the total chemical concentration
in the surface snow as a result of significant anthropogenic
emissions of fossil-fuel combustion in heavy industrial areas.
More specifically, the largest MD contribution ranged from
35.3 to 46 % at sites 91 to 95 due to strong winds during
winter, while the MD fractions were only 5.7 to 31 % at the
other sites. Fractions of BC and OC were similar to those
above, showing that biomass burning was a major source
during winter in the sampling region. Zhang et al. (2013b)
showed that OC and BC fractions vary more widely in the
winter than other seasons due to industrial activity in China.
Sulfate peaks were found in summer (15.4 %), whereas ni-
trate peaks were observed in spring (11.1 %). K]-giosmoke was
found to be a good tracer of biomass burning, ranging from
1.3 to 5.1 % along the northern Chinese border compared
to lower values found at lower latitudes (1.5-2.3 %), and it
exhibited much higher contributions in Inner Mongolia and

Atmos. Chem. Phys., 17, 2279-2296, 2017

along the northern Chinese border due to increased emissions
from cooking, open fires, and agricultural activities. The frac-
tion of sea salt was found to range from 6.3 to 20.9 %. Wang
et al. (2015) showed that higher C1~ /Na™ ratios in sea-
sonal snow found in the 2014 Chinese survey were 1-2 times
greater than those of seawater, implying that they constituted
a significant source of anthropogenic C1~.

Light absorption by ILAPs can be determined from ISSW
measurements combined with chemical analysis of Fe con-
centration, assuming that the light absorption of dust is dom-
inated by Fe (Wang et al., 2013a). However, Fe can also orig-
inate from industrial emissions, such as the metal and steel
industries (Hegg et al., 2010; Ofosu et al., 2012). Doherty
et al. (2014) used a similar method to distinguish contribu-
tions of ILAPs in snow in central North America. Although
heavy MD loading was observed in the 2014 snow survey,
the fraction of light absorption due to MD (assumed to exist
as goethite) was generally less than 10 % across northeastern
China (Fig. 7), which was much smaller than that observed
in the Qilian Shan (e.g., Fig. 11 of Wang et al., 2013a). Here,
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Figure 8. Spectral albedo of snow with different contaminants for
a 60° solar zenith angle and a 100 um Regf. Solid and dashed lines
show the SAMDS and SNICAR model predictions for BC and MD.
Dotted lines show the SAMDS model predictions for all ILAPs,
including BC, MD, and OC.

light absorption was mainly dominated by BC and OC in
snow in January 2014. By contrast, the fraction of light ab-
sorption due to BC varied from 48.3 to 88.3 % at all sites,
with only one site dominated by OC (site 90 in central In-
ner Mongolia). Compared to the light absorption patterns in
the Qilian Shan, MD played a less significant role in particu-
late light absorption in snow across the northeastern Chinese
sampling areas.

3.3 Simulations of snow albedo

Snow albedo reduction due to BC has been examined in pre-
vious studies (Brandt et al., 2011; Hadley and Kirchstetter,
2012; Yasunari et al., 2010). Here, a new radiative transfer
model (SAMDS) based on the asymptotic radiative transfer
theory is developed to assess the effects of various factors
on snow albedo, including ILAPs in snow, the snow grain
shapes, and the internal-external mixing of BC and snow.
The snow albedos derived from the SNICAR and SAMDS
models are presented in Fig. 8. We ran the models at a so-
lar zenith angle 6 of 60°, which is comparable with our ex-
perimental method for measuring snow albedo across north-
eastern China. The BC MAC used in the two models was
7.5 m? g’l at 550 nm, which was assumed in the most re-
cent climate assessment and is appropriate for freshly emit-
ted BC (Bond and Bergstrom, 2006; Bond et al., 2013; War-
ren, 1982). Mixing ratios of BC, MD, and OC were chosen
to vary in the following ranges: 0.1-5, 2-6, and 1-30pg g~ !,
respectively, encompassing the values measured in snow sur-
faces across northeastern China in this and previous studies
(Doherty et al., 2010, 2014; Wang et al., 2013a, 2014; Warren
and Wiscombe, 1980; Ye et al., 2012). Results showed that
the albedo of fresh snow at 550 nm with Regr of 100 um sim-
ulated by SAMDS is generally in the range of 0.95-0.75 for
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ILAP-contaminated snow across northeastern China (Fig. 8).
The spectral albedos of pure snow derived from the SNICAR
(dashed lines) and SAMDS (solid lines) models agree well.
However, there is a slight tendency for the SNICAR model
values to become lower than SAMDS model values when BC
and MD are considered. The 1-3 % deviation between the
SNICAR- and SAMDS-modeled snow albedos at 550 nm for
BC mixing ratios of 1-5pg g~! indicates that albedo reduc-
tion by ILAPs in the SNICAR model was greater than in the
SAMDS model. This deviation is in part due to the differ-
ent parameterization of snow grain shapes, mixing states of
snow and BC, and physical-chemical properties of impurities
between the two models (Zhang et al., 2017). More notably,
snow albedos decreased significantly within the UV-visible
wavelength, especially for the higher OC (dotted lines) mix-
ing ratios in Fig. 8. This may be attributed to the fact that OC
strongly absorbs UV-visible radiation and masks BC absorp-
tion for high AAE of OC, which decreases remarkably with
increasing wavelengths (Warren and Wiscombe, 1980).

As shown in Fig. 9, we also estimated the reduction in
the spectrally weighted snow albedo for different Regr val-
ues using the SNICAR and SAMDS models. A larger reduc-
tion in snow albedo by both BC- and MD-contaminated snow
was found for larger snow grains (Fig. 9a-b). For example,
snow albedo reduction attributable to 1, 1, and 10 ug g~! for
BC, MD, and OC, respectively, was 37, 41, and 38 % greater
in 200 um snow grains (0.081, 0.0019, and 0.047) than in
100 um snow grains (0.059, 0.0013, and 0.034). Both the
SNICAR and SAMDS models indicated that the snow albedo
is more sensitive to BC, especially at low ILAP mixing ra-
tios. For example, 200ng g~! of BC decreased 0.03 snow
albedo at Regr of 200 um, which is much larger than the snow
albedo reduction of 0.003 and 0.018 by 2000ng g~" of MD
and OC at Rq¢ of 200 um. As Hadley and Kirchstetter (2012)
noted, compared with pure 55 um snow grains, 300ng g~! of
BC contamination and growth of Ref to 110 um caused a net
albedo reduction of 0.11 (from 0.82 to 0.71) or 61 % more so-
lar energy absorption by snow. The difference in snow albedo
reduction between SNICAR and SAMDS models increased
with increasing BC mixing ratio or Refr (Fig. 9a). However,
the snow albedo reduction simulated by SNICAR is not al-
ways larger than that by SAMDS when the input contami-
nant is MD instead of BC (Fig. 9b). For example, for Ref of
100 pum, the snow albedo reduction from SAMDS is higher
than that from SNICAR at MD mixing ratio <2600ngg~"
but lower at MD mixing ratio >2600ngg~!. The turning
point of MD mixing ratio is not constant and depends on the
value of Regr. This phenomenon may be a result of the dif-
ferent input optical properties of MD between SAMDS and
SNICAR models (Flanner et al., 2007; Zhang et al., 2017).
The SAMDS model also considers the effect of OC on snow
albedo, while SNICAR model does not. The albedo reduction
by OC is non-negligible due to its high loading. As shown,
5000ng g~! of OC was found to reduce the snow albedo by
0.016-0.059 depending on the snow grain size (50-800 um).
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Figure 10. Spectral albedo of snow as a function of BC mixing ra-
tios in snow by using SMDAS model for (a) the irregular morphol-
ogy of snow grains (fractal grains, hexagonal plates or columns, and
spheres), (b) internal-external mixing of BC and hexagonal plate
or column snow grains. Also shown are model parameters, includ-
ing integrate spectral wavelengths (400—1400 nm), solar zenith an-
gle (0), mass absorption coefficient (MAC) of BC, and snow grain
optical effective radius (Reff)-

Previous studies have also indicated that the mixing ra-
tio of BC (10-100ng g~ ') in snow may decrease its albedo
by 1-5 % (Hadley and Kirchstetter, 2012; Warren and Wis-
combe, 1980). Liou et al. (2011) demonstrated that a small
BC particle on the order of 1 um internally mixed with snow
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grains could effectively reduce visible snow albedo by as
much as 5-10 %. They also found that internal mixing of BC
in snow reduces snow albedo more substantially than exter-
nal mixing, and the snow grain shape plays a critical role
in snow albedo calculations through its forward scattering
strength by modeling the positions of BC internally mixed
with different snow grain types (Liou et al., 2014). Figure 10a
illustrates the effect of snow shape (fractal grain, hexagonal
plate or column, and sphere) on snow albedo at the spec-
tral wavelengths of 400-1400 nm with Reg of 100 pm sim-
ulated by the SAMDS model. As shown, the differences in
snow albedo caused by three snow shapes are remarkable.
The snow albedo for spherical snow grains is higher than that
for the other two shapes, which is because the scattering by
spherical snow grains is more in the forward direction and
less to the sides, resulting in a larger g and a smaller B, as dis-
cussed in Sect. 2.5. In addition, the snow albedo reduction for
aged snow such as spherical snow grains is gradually larger
than fresh snow such as fractal snow grains and hexagonal
plate or column snow grains with the increased BC in snow. It
shows that snow albedo by spherical snow grains is typically
lower by 0.017-0.073 than the fractal snow grains, and by
0.008-0.036 than the hexagonal plate or column snow grains
as a function of BC mixing ratios (0-5000ngg~"). Dang
et al. (2016) assessed the effects of snow grain shapes on
snow albedo using the asymmetry factors g of nonspherical
ice crystal developed by Fu (2007). They obtained similar re-
sults showing that the albedo reduction caused by 100ng g~!
of BC for spherical snow grains is larger by 0.007 than non-
spherical snow grains with the same area-to-mass ratio for
Regr of 100 pm. Figure 10b shows the spectral albedo of snow
for the internal-external mixing of BC and snow with Regr
of 100 um for a solar zenith angle 6 of 60° as a function
of BC mixing ratio. For a given shape (hexagonal plates or
columns), we found that snow albedo as a function of BC
mixing ratios calculated from this study decreases as the frac-
tion of the internal mixing increases (Fig. 10b). In previous
studies, the BC mixing ratios in seasonal snow were up to
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Figure 11. Measured and modeled spectral albedos of snow at sites (a) 90, (b) 91, (c) 93, (d) 95, (e) 98, and (f) 101. Shaded gray bands
correspond to measured spectral albedos using spectroradiometer. Solid red and blue lines correspond to spectral albedos simulated by the
SAMDS and SNICAR models with measured snow grain radii (Rm), and shaded light red and blue bands correspond to the albedos with
calculated snow grain optical effective radii (Refr). Contaminants only include BC and MD in the SAMDS and SNICAR models. In the
SNICAR model, the ratio of Fe in dust was assumed to be 2.8 %. Dashed red lines are similar to solid red lines, although OC should be added

to the list of contaminants in the SAMDS model.

3000ng g~! due to heavy industrial activities across north-
ern China, but the lowest mixing ratios of BC were found in
the remote northeastern area on the border of Siberia, with
a median value in surface snow of 100ng g~! (Huang et al.,
2011; Wang et al., 2013a, 2014; Ye et al., 2012). As a result,
snow albedo by internal mixing of BC and snow is lower than
external mixing by up to 0.036 for 3000ng g~! BC in snow
in the heavy industrial regions across northeastern China,
whereas it is 0.005 for 100ngg~! BC in snow in northern
China near the border of Siberia. We indicated that the snow
grain shape effect on snow albedo between spherical snow
grains and fractal snow grains is relatively larger than the
effect of the internal-external mixing of BC and snow as a
function of the BC mixing ratios. However, He et al. (2014)
also pointed out that the snow albedo reductions computed by
previous models under assorted assumptions vary by a factor
of 2to 5.

3.4 Comparison between the observed and modeled
snow albedo

Although the snow albedo reduction due to ILAPs has been
investigated by model simulations in recent studies (Brandt
et al., 2011; Flanner et al., 2007; Hadley and Kirchstetter,
2012; Liou et al., 2011, 2014; Warren and Wiscombe, 1980),
we noted that there were still limited field campaigns on
collecting snow samples and measuring ILAPs in seasonal
snow associated with the snow albedo reduction at middle
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latitudes in the Northern Hemisphere (Doherty et al., 2010,
2014; Wang et al., 2013a; Ye et al., 2012). Snow albedo un-
der clear sky conditions was measured at six sites, which
was compared to SNICAR and SAMDS model simulations
based on two-stream radiative transfer solution of Toon et
al. (1989) (Fig. 11). Model input parameters, including 9,
Rm, Reff, and the mixing ratios of BC (C{), MD (Cwmp),
and OC (Coc), are also displayed in Fig. 11. The MAC of
BC used in the ISSW is 6.3m?g~! at 550 nm, although a
value of 7.5 is used in the SNICAR and SAMDS models.
Thus, the value of Cfj. was corrected by dividing it by 1.19
(see Fig. 11) when BC was used as the input parameter to the
snow albedo models (Wang et al., 2013a). The snow albedos
measured at 550 nm varied considerably from 0.99 to 0.61
due to different mixing ratios of ILAPs and snow param-
eters such as snow grain size. The snow albedos predicted
by the SNICAR and SAMDS models agreed well at most
sites based on the same input parameters. The snow albe-
dos of the SNICAR and SAMDS models retrieved with Ry,
complemented the surface measurements for lower values
of Ciy¢, Cwmp, and Coc (Fig. 11a—d). The highest Ci. val-
ues were 1500ng g~! (corrected value of 1200ngg™") and
3700ng g~ ! (corrected value of 3100ng g~ ') at sites 98 and
101, respectively, across industrial regions. The OC and MD
mixing ratios were as high as 32000 and 3900ng g™, re-
spectively, in this region. Therefore, we found a larger dif-

ference in snow albedo of up to 0.2 at higher C{{., Cmp, and
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Coc values between the surface measurements and the mod-
eled albedos by both SAMDS and SNICAR models with the
input of Ry, (solid red and blue lines in Fig. 11e—f). When
the snow albedo at the inferred wavelength simulated by us-
ing Ry, was not accounted for, we also calculated the snow
albedos using the SAMDS and SNICAR models with Regr
as shown in Fig. 11 (shaded light red and blue bands). Re-
sults showed that compared with the snow albedos simulated
using R, these values were more approximate to the sur-
face measurements, especially at near-infrared wavelengths,
although still slightly higher than the surface measurements
(shaded gray bands). This may be attributed to the fact that
Regr at these two sampling sites was much larger than Rp,.
We assumed that, for the same snow grains, ILAPs are able
to enhance the Regr in spite of the same Ry, which should be
verified by future field measurements of snow albedos.

Results shown in Figs. 9 and 11 confirm that BC, OC, and
MD are three main types of ILAPs in snow that can reduce
spectral snow albedo. The magnitudes of snow albedo reduc-
tion due to ILAPs found in our measurements were generally
comparable to those produced by the SAMDS and SNICAR
models (Flanner et al., 2007; Zhang et al., 2017). When the
mixing ratios of ILAPs are not quite high, we indicate that
100-500ng g~ ! of BC can lower the snow albedo by 0.014—
0.0309 relative to pure snow with a snow grain size of 100 pm,
according to our snow field campaign. Furthermore, MD was
found to be a weak absorber due to its lower MD MAC,
supporting previous observations made by Warren and Wis-
combe (1980). The OC MAC is also lower and comparable to
that of the MD. A clear decreasing trend in the surface snow
albedo due to the high ambient mixing ratios of OC from
Inner Mongolia to northeastern China was found. The radia-
tive transfer model results presented by Zhang et al. (2017)
and measurement results of this study show that the spectral
albedo of snow reduction due to the increased OC mixing ra-
tios (above 20 ug g~ ') is larger by a factor of 3 if assuming
the snow grain size of 800 compared to 100 um.

4 Conclusions

High AODs measured using a sunphotometer and remote
sensing devices showed continued heavy pollution in in-
dustrial regions across northern China. The measured C%%
through the 2014 survey via the ISSW spectrophotometer in
surface and average snow were much larger than those of
previous snow field campaigns. Light absorption was likely
dominated by BC and OC in seasonal snow during the entire
campaign, as demonstrated with reasonably assumed values
of MAC:s for BC, OC, and Fe.

Model simulation results indicated that the snow albedo
for spherical snow grains is typically lower than that for
the fractal snow grains and hexagonal plate or column snow
grains with Reg of 100 um. The internal mixing of BC and
snow absorbs substantially more light than external mixing.
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Snow albedos simulated using the SNICAR and SAMDS
models using Ry, agreed well with the measured ones from
the spectroradiometer at low mixing ratios of BC, MD, and
OC, but with large discrepancies for heavy loading of ILAPs
in snow. Snow albedo reduction simulated by SMDAS and
SNICAR models is significantly higher using R of snow
grains than using Ry, especially in the case of near-infrared
wavelengths. The mixing ratio of OC should be added as an
input parameter to the SNICAR model for determining snow
albedo.

Future snow survey studies across northern China should
be performed to address the large variations in ILAPS in sea-
sonal snow across the region. Additional model simulations
and comparisons with measurements are needed to verify
Resr effect under the scenario of high mixing ratios of ILAPs
in snow.

5 Data availability
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