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Abstract.

A snow survey was carried out to collect 13 surface snow samples (109 for fresh snow,

and 3 for aged snow); and 79 sub-surface snow samples in seasonal snow at 13 sites in

January 2014 across nertheastnortheastern China. A spectrophotometer combined

withand-the chemical analysis werewas used to quantify sseparate—snow particulate

absorption by insoluble light-absorbing particles (ILAPs, —{e.q. black carbon, BC:

mineral dust, MD-erganic—carbon—OC: and organic carbon, OCmineral-dust—MB) in

snow.; and-the-sSnow albedo was measured by using a field spectroradiometer-during

thisperiods. In-this-study—aAA new radiative transfer model (Spectral Albedo Model

for Dirty Snow, or SAMDS) iswas then developed to medel-simulate the spectral

albedo reduction-due-toH-APs-ofir snow based on the asymptotic radiative transfer

theory. FheA comparison between SAMDS and an existing model - the Snow, Ice,

and Aerosol Radiation (SNICAR) medelindicates that good agreements in the model

simulated the-spectral albedos of pure snow-derivedfrom-these-modelsagree—well,

however, there—is—ashehttendeney—for-the SNICAR model values tended to be

slichtlvte—become lower than those of SAMDS medel walses—when BC and MD

arewere considered.Fhe—+results—indicate—that Given the measured BC, MD and OC

mixing ratios of 100-5000—rg—g*, 2000-6000—hrg—g™, and 1000-30000 ng g™,

respectively, in surface snow across northeastern China, SAMDS model produced a

snow albedo in the range of 0.95-0.75 forthe-snow-albedo—of fresh snow at 550 nm

with a snow grain optical effective radius (Reff) of 100 um-is—generally-inarangeof

0.95-0.75 by-using SAMBS-medel. tThe snow albedo reduction due to spherical snow

grains assumed asfer—aged-snow—due—to sphericalaged snow gratas—is gradualltely

larger than fresh snow fersuch as Keeh-snowflakefractal snow grains, and hexagonal

plates/columns snow grains associated with the increased BC in snow. For typically
2




BC mixing ratios of 100 ng g*in remote areas and 3000 ng g? in heavy industrial

areas across northern China, aneffectiveradius-oF100wm-—the snow albedo reduction

caused-by-100-ppb-offor —internal mixed-BCmixing of BC and snow is>Xo&-butonly

XXis lower by 0.005 and 0.036 than that ferof external mixed—BCmixing for

5  hexagonal plates/columns snow grains with Ref of 100 um. A—comparison-between

10  respectively—The result also shows that the simulated snow albedos by both SAMDS

and SNICAR agree well with the observed values at low ILAPsS mixing ratios, but

tend to be higher cempared—withthan surface observations at high ILAPs mixing

ratios.
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43 1 Introduction

Mineral dust (MD), black carbon (BC) and organic carbon (OC) are three main types
of insoluble light-absorbing particles (ILAPs) that play key roles in regional and

global climate (Bond et al., 2013; Dang and HeggBang-etal, 2014 Flanneretal;

2007-2009; Hansen et al., 2005; IPCC, 2013; Li et al., 2016; McConnell et al, 2007;

Pu et al., 2015Jaffe-et-ab—1999). Anthropogenic dust (AD) s a major form of mineral

dust—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; Flanner

et al., 2007, 2009; Hadley and Kirchstetter, 2012). Fhe-AD-MD-particles content-can

{Acosta—et-al—2011:-Mahowald-et-al-—2005:Qiae-et-al—2013). The Taklimakan and

Gobi desert, and several other deserts are well known-te-be-maior dust sources across

northern China—and. MD particles produced in these deserts can be lifted up in the

atmosphere and transported to the downwelling regions—via—wet-and-dry-deposiions

(Che et al., 2011, 2013; Chen et al., 2013; Huang et al., 2008; Jaffe, et al., 1999:

Wang et al., 2008, 2010a; Zhang et al., 2003). C-Butrecentstudiesindicated-thatthe
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Compared-to-ABMD -carbonaceous aerosols, such as BC and OC, generated from the

incomplete combustion of fossil fuels and from biomass burning are also major

anthropogenic pollutants. H-APs-deposited-on-snow-have-been-found-to-shertenthe

Warren-and-Wiscombe(1980) found-that-Aa mixing ratio of 10 ng g™ of soot in snow

can reduce snow albedo levels-by 1% (Warren and Wiscombe, 1980). Lightetal

{1998} determined-that-150 ng g* of BC embedded in sea ice can reduce ice albedo

levels by a—maximum—ofup to 30% (Light et al., 1998). 1 ng g* of BC has

approximately the same effect en-the-albede-ofsnow-and-ice-at 500-am-as 50 ng g of

dust on the albedo of snow and ice at 500 nm (Warren, 1982). Dehertyetal{2013)
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increased-mixing-ratio-of BC - by-up-toafactorof 5-Yasunari et al. (2015) suggesteds

that the existence of snow darkening effect in the Earth system associated with dust.

BC—and—OCILAPs contributes significantly to enhanced surface warming over

continents in northern hemisphere midlatitudes during boreal spring, raising the

surface skin temperature by approximately 3—6 K near the snowline. Modeling soot in

snow as an “external mixture” (impurities 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 Wiscombe, 1985).\MWarren—-and

instead-located-inside-the-ice-grains-as-an-internal mixtare” Assuming internal rather

than external mixing of BC in snow increases BC absorption coefficient by a factor of

two and gained better agreement with empirical data (Cappa et al., 2012; Hansen and

Nazarenko, 2004Hansen—etal—2004-—Cappa—-etal-—2012) Hansen—etal—{(2004)and

lincreasing the size of snow grains could decrease snow albedo and amplifiedy the

radiative perturbation of BC (Hadley and Kirchstetter, 2012). For a snow graing

optical effective radius (Reff) of 100 umeam, the albedo reduction caused by 100 ng g

of BC is 0.019 for spherical snow grains but only 0.012 for equidimensional

nonspherical snow grains (Dang et al., 2016). Fierce-etal{2016) pointed-outthat BC

thatis coated with non-absorbing particles matertal-absorbs more strongly than the

9



same amount of BC in an uncoated particle, but the magnitude of this absorption

enhancement is yet to be guantified (Fierce et al., 2016).-stil-a-chalenge: A modeling

study suggested thatHe-etal{(2014)-indicated-that BC-snow internal mixing increases

the albedo forcing by 40-60% compared with external mixing, and coated BC

5 increases the forcing by 30-50% compared with uncoated BC aggregates, whereas

Koch snowflakes reduce the forcing by 20—40% relative to spherical snow grains (He

et al., 2014)
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Although AB-MD is a less efficient absorber than BC and OC,-i+-situ field campaigns

measurements on collectingef seasonal snow samples across northern China and the
Himalayas have shown high AB-MD loadings (Guan et al., 2015; Kang et al., 2016;
Wang et al., 2012; Wang et al.,; 2013a). In some regions, especially areas with thin
and patchy snow cover and mountainous regions, soil dust significantly decreases the
snow albedo, exceeding the influence of BC. However, models dide not capture these
potentially large sources of local dust in snowpack and may overestimate BC forcing
processes (Painter et al., 2007, 2010, 2012). Recently, several seasonal snow
collection campaigns were performed across northern China, the Himalayas, North
America, 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, determining the effects of Hght-abserbing-tmpurities| LAPs on snow albedo

reduction continues to ivelve-be challengingpresent-numereus-chatenges (Huang et

al., 2011; Wang et al., 2013a, 2015; Ye et al., 2012; Zhang et al., 2013a).

11



To dateourknowledge, thereare-only a few studies have that-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\Warren

etal, 1980Ref). W

10

15

2015a)—In-thispaper-To gain some in-depth knowledge on this topicia-this-study, a

20 2014 snow survey was first performed across northeastern China to analyze light

absorption of ILAPs in seasonal snow, and modeling studies were then conducted

tothe—comparison—of compare snow albedo reduction due to various assumptions of

internal/external mixing ofed BC in snow and different snow grain shapes.Fhis-paper
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20 2 Experimental procedures

2.1  Snow field campaign in January 2014 January

2014 tThere was less snowfall in January 2014 than in previous vears (e.q., 2010),

and thus only 92 snow samples (13 surface snow including 10 fresh and 3 aged ones,

and 79 sub-surface snow samples) at 13 sites were collected during this snow survey.
13
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13-sites-were-colected—The snow sampling sites in this study were numbered starting

began—at 90 (see Fiqure 1 and Table 1). following thewhich—are—numbered—in

chronological order fromfelewed—by Wang et al. (2013a), and Ye et al. (2012).

Samples from-at sites 90-93 were collected from grassland and cropland areas in Inner
Mongolia. Sites 94-98 and sies-99-102 were located in the Heilongjiang and Jilin
provinces, respectively, which are-were the most heavily polluted areas in northern
China during winter. The snow sampling procedures routes-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 approach 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 we—note—that-the dusty or polluted layers were separately

collected during the sampling process.WWe—gathered—the—left”and—right”snow

the datasets ef—€uv. €Y _and -€L_in seasonal snow listed in from-Ttable 1 are

the-average values from the two adjacent snow samples through the whole depth of

the snowpack. Snow grain sizes (Rm) 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 temporary lab based in a

hotel, we quickly melted the snow samples in a microwave, let them settle for 3-5
14
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minutes, and then filtered the resulting water samples through a 0.4-um nuclepore

filter to extract particulates.-and

2.2  Chemical speciation

Fhe-mMajor water-soluble ions and trace elements in surface snow samples during

this snow survey have already been investigated by Wang et al. (2015). However, the

importance of ILAPs in seasonal snow during this survey havehas not been discussed

shown-vet,- which will be addressed below. Forthe-importance-ofthe H-APS HA-SRow-

(20092010} Briefly, major ions (SO7S042—, NO;NOs, CI, Na*, K*, and
NH,NH4") 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 analytical procedures have been described elsewhere

(Yesubabu et al., 2014). In this paper, the major ions are used to retrieve the sea salt

eompenents-aerosel-and_biosmoke potassium (Kg;esmoke ) Kepissmore— K pisgmore - HRHER

snew-survey. Previous studies have revealed considerable variations in iron (Fe) of
15
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2-5% in dust (Lafon et al., 2006), although Al is more stable than Fe in the earth’s
crust. Hence, we retrieved the mass concentration of minerals—MD via the Al
concentration assuming a fraction of 7% when—estimating—thein MDedust levels
(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):

Sea salt = Nag+C1+0.12Nag+0.038Nag +0.038Nag,+0.25Nag;, (1)

where subscript Ss_means sea salt— sources, where—Nag, Was calculated using the
following formula (Hsu et al., 2009):

Nags = Narg — AIX(Na/Al) o (2)
Following Hsu et al. (2009), the contribution of K, K piosmoke Was determined

using the following equations:

Kiosmoke = Krotal = Kpust = Kss, 3)

Kpust = AIX(K/AD o 4)

Nag, = Narg — AIX(Na/Al) ., o (5)

Kg, = Nag;x0.038,— (6)
where K. K Biosmoker Kpuste and Kg_refer to biosmoke potassium, dust-derived

potassium, and sea-salt-derived potassium, 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 absorbing iron oxides such as hematite and goethite than to

other minerals (Alfaro et al., 2004; Sokolik and Toon, 1999)As-Alfaro-etal——(2004)
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{SekelikandTFoon—1999). Thus, it is now possible to assess the absorption properties

of mineral-dustMD by using iron oxide content (Bond et al., 1999). In this study, the

iron (Hereinafter Hereafter-simply “Fe” the-same-as-Fe) in seasonal snow is assumed

to be originating erigirated—from mineraldustMD during this survey, —which

followinged the procedures performed by Wang et al., (2013a). Assuming-that-tren

efiginated-from-mineral-dust-in-seasonal-snow,—w\We measured the mixing ratios of

BC and OC using an integrating sphere/integrating sandwich spectrophotometer

(ISSW), which was first described by Grenfell et al. (2011) and used by Doherty et al.

(2010, 2014) and Wang et al. (2013a)-te-measure-mixingratios-oF BCand-OC. The

equivalent BC (C2” C;"), maximum BC (

Cper Cic), estimated BC (CaCre),

fraction of light absorption by non-BC ILAPs ( £ B;fff(fn_BC), and absorption

Angstrom exponent of all ILAPs —(Awt) were described by Doherty et al. (2010).

Previous studies have concluded that Hght-abserbing—particlesILAPs are primarily

derived from BC, OC, and Feiren{Fe}. The mass loadings of BC (Ly.) and OC

(Loc)ane-0C were calculated using the following equation:
Tt (M) = B M) *Lpc + B (W *Loc + B, (M) *Le. (7

Here, 1, (A)_refers to the measured optical depth. Ly-_and Lyc_ksc-ang-toc-can be

determined from this equation assuming that the mass absorption coefficientsmass

absorption—efficiencies (MACsB) for BC, OC, and Fe are 6.3, 0.3, and 0.9 m? g7,

respectively, at 550 nm and that the absorption Angstrom exponents (A or AAE) for

17
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BC, OC and Fe are 1.1, 6, and 3, respectively (e.g., Equations (2) and (3) in Wang et

al., 2013a).

2.4 Aerosol optical depth and snow albedo measurements

The Microtops IT Sun photometer 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.V

{AOD)- Ichoku et al. (2002b) and Morys et al. (2001) provided a general description

of the Microtops I Sun photometer’s design, calibration, and performance. Fhe

and-leheku-et-al{(2002b)--To better understand the background weather conditions in

the local atmosphere_during this snow survey, we used a portable and reliable

Microtops IT Sun photometer at wavelengths of 340, 440, 675, 870, and 936 nm

instead of the CE318 sun tracking photometer to measure the surface AOD in this

this-study- AOD measurements were collected in cloud-free conditions between 11:00

am and 1:00 pm (Beijing local time) to prevent the effects of optical distortions due to
large solar zenith angles. We—usedThen, the Moderate Resolution Imaging

Spectroradiometer (MODIS) on the Agua and Terra satellites was used to retrieve the

18
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AOD and fire spot datasets (Kaufman et al., 1997; Zhang et al., 2013b; Zhao et al.,
2014). The retrieved MODIS AQOD is reliable and accurate when applied 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 FIRMS system from October 20142013 to January 20152014. The

land-cover types (Figures 6 and 7) were obtained from the Collection 5.1 MODIS

global land-cover type product (MCD12C1) at a 0.05°spatial resolution and included

17 different surface vegetation types (Friedl et al., 2010; Loveland and Belward,

1997).

Snow albedo plays a key role in affecting—the—energy balance and climate 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 by

using an Analytical Spectral Devices (ASD) sSpectroradiometers 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 instrument is

considered as the-merethe most capable, rapid, and mobile to conduct spectral albedo

measurements during short time periods, especially in the very cold regions (e.g. in

the Arctic). The major advantage is the more extensive wavelength range, and the

cosine error is less than 5% for solar zenith angles below 85° at the wavelength of 320

nmhave beenused to-measure the surface spectral-albedo (Kotthaus et al., 2014;
Wright-et-al—2014-Wuttke et al., 2006a, b). In the-2014-Chinese-surveythis study,
snow albedo measurements were obtained using a HR-1024 field —spectroradiometer
(SVC, Spectra Vista Corporation, Poughkeepsie, NY, USA). This instrument has a
spectral range of 350-2500 nm with resolutions of 3.5 nm (350--1000 nm), 9.5 nm

(1000—-1850 nm), and 6.5 nm (1850-—-2500 nm). Normally, the relative position of the

19
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spectroradiometer is at a distance of 1m from the optical element for the active field

1m-abevethe-ground-(Carmagnola et al., 2013). A standard “white” reflectance panel

with a VIS-SWIR broadband albedo of 0.98 (P,) was used to measure the reflectance
spectra along with the target. The reflectance spectra of surface snow (Rs) and the
standard panel (Rp) were measured at least ten times. Then, the snow albedo (o) was
calculated as follows:

o= (Ry/R,)*P;. (8)

The nominal fielled of view (FOV) lens is 8° to enable the instrument to look at

different size targets. In order to receive more direct solar radiation, tFhe direction of

the Instrument was oriented to the sSun- hHorizon angles to measure snow albedoin

ordertoreceive-more-direct solarradiation. The small size of the fore optics greatly

reduces errors 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 illumination (either diffuse skylight or light scattered off

surrounding objects) that would normally be striking the surface under observation for

measuring full-sky-irradiance throughout the entire 350——-2500 nm wavelengths.

Further information on HR-1024 field spectroradiometer use and on the calibration

procedure can be found in Wright et al. (2014).. The measured solar zenith angles and

the other parameters datasets-used to simulate snow albedo in this study have been

labeled in Figure 11.

2.5 Model simulations

BC and dust-MD sensitivity effects on the snow albedo simulated by the Snow, Ice,

and Aerosol Radiation (SNICAR) model have been validated through recent

20
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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 ILAPs contamination (Flanner et al., 2007), and
we compared the results with our spectroradiometer surface measurements. The
SNICAR model calculates the snow albedo as the ratio of the upward and-to
downward solar flux at the snow surface. The measured parameters, including the
measured snow grain radius_(Rm), snow density, snow thickness, solar zenith angle 6,
and mixing ratios of BC and ABMD, 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 remote sensing. The mass

absorption-cross-section{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, ABMD, and OC), and ass

absorption—efficienciesMACs of impurities—was—used—and—is—based-—on-—asymptotic
radiative—transfer—theory. A detailed description of asymptotic analytical radiative

transfer theory for SAMDS couldcan be found byin Zhang

etal. (201 ) Fhismodelexphicithy-considers{)-mixing states-hbetween-imptirities-and

Briefly, the surface albedo can be calculated using the following asymptotic

approximate analytical solution derived from radiative transfer theory (Kokhanovsk
and Zege, 2004; Rozenberg, 1962; Zege et al., 1991):
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R4() = exp(-4S(M)p(vo)). 9)
Here, Ry(4)R,()) is the plane albedo, v,_V,—is the solar zenith angle, and u(v,)

u(vy) refers to the escape function in radiative transfer theory; and ean—is be

parameterized following Kokhanovsky and Zege (2004):
3
H(vo) = 5 (1+2 cos vy ), (10)

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

SO\,) = ’%. (11)

Here, o,,. and o, Ou —ane-0,,—are the absorption and extinction coefficients,

respectively, and —Q g is the asymmetry parameter (the average cosine of the phase

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

ly, 3Cy

-8 2reff

: (12)

where |, 1, is the photon transport path length, C, C, is the volumetric snow
particle concentration, and I r. is the effective grain size, which is-equals to the

radius of the volume-to-surface equivalent sphere: r ﬂ_ Al where \7_@

ef — LA Teff— ﬁl

K_land—l—are the average volume and average-cross-sectional (geometric shadow)
area of snow grains, respectively.

The absorption coefficient o, o,,. in Equation (11) for arbitrarily shaped and

weakly absorbing large grains is proportional to the volume concentration

(Kokhanovsky and Zege, 2004):

22
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Gabs=B - @ -Gy, (13)
where k(A4)-k()) is the imaginary component of the complex refractive index for ice,

and BB is a factor that is only dependent on the-particle shape. The theory based on

the ray-optics approach shows that g in Equation (11) and B in Equation (13) are 0.89

and 1.27 for spheres, 0.84 and 1.50 for hexagonal plates/columns, and 0.75 and 1.84

for fractal grains, respectively.

The total absorption coefficient, o, c.,., can be derived from the absorption by

snow, ST 1% and the absorption by light-abserbing-impuritiesI LAPS (—o

BC MDdust OCy. dust BC and ocC.
“Oabs:Oabs iﬂcabs '_§abs_'_§abs.' §abs.7
— ~SNOW BC dastMD BE oC
Oabs™0abs ' Oabs T Oabs Sabs T Oabs . (14)

23



ve

SUrei feey 10y (PS00TH) - SRS e T g SE TR

(sT)

surel  euoBexsy oy "t (Oasoag4). Goo.fozwmo.?hm@o.?gé&%ﬁ SO )

‘surelb |eoliayds

o)t ((%as00z+1)- (P00 - VNS Sy TN, oz§o<2+omo TROVIAD - F21- €916+ - % - 9VL'Y6 \( —)dxd
L B=1)6 s sap 0 D6 (8-D6_ (8=D6_ X ~(B=De6
AA o> S0d NnTﬁvm . AUwomw mbmo<2 *MO.HN.DOMQ |_|$Mr\ - ML< A S T .ww* 11Q2wmm.wo . s mn_mo<2 EQHN.OOMQ ATUMQ m£m0<2 ,to.MN ®2Q |TA)AVM .H uhN e .V
—)dxe = ()P

:SMO]]0} Se passaldxa aq ued A% s|Bue YlIuszZ e yiim 20uL)dPaI [eoreydsIuay oy,




10

15

20

was—presented—byZhang—etal—{2016)—Previous studies have also shown that the

spectral snow albedo is more sensitive to snow grain size and light conditions than BC
contamination and snow depths at near-infrared wavelengths (Warren, 1982).
Therefore, the snow grain optical effective radius (Reir) was retrieved based on the
spectral albedo measured at A=1.3 pm-(Fable-4), where snow grain size dominates the
snow albedo variations and the effects of Hghi-abserbing—particles|LAPs at this

wavelength are negligible (Warren and Wiscombe, 1980).

3 Results

3.1  The spatial distribution of AOD

The-AOD 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 afternoon at the

Agqua-MODIS (13:30 LT) overpass time in order to compare the local AODs atin

sampling sites by using an spectroradiometer with the satellite remote sensing. The

AODs spatial distribution derived from the Aqua-MODIS satellite over northern

China from—OectobertoJanuary—associated with sampling site numbers is shown in

Figure 1 during this snow survey. Fer—most-of-the-snow-samples—colected—in-the

ary—The average AOD
in the studied area ranged from 0.1 to 1.0 and exhibited strong spatial inhomogeneity.

The largest AODs values (up to approximately 1.0) retrieved from the MODIS
25
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satellite were associated with anthropogenic pollution over northeastern China during
the 2014 sampling period. These large values, which exceeded 0.6, were related to
local air pollution from industrial areas (Che et al., 2015b; Wang et al., 2010ba). In

contrast, the MODIS-Aqua results indicate that the smallest AODs 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 AODs values northeasterner China are among the highest in East Asia
(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

northeastern China have-beenwere limited.

OO increased higher—

moved— S portheastnortheastern

In Inner Mongolia,
the average AOD was less than 0.25 for sites +-XX90 to 6-XX93 under clear sky
conditions. We found large discrepancy wariations-of 40-50% in the same area within
in-the 1-hour measurements collected from sites 95ax2¢ and 6bx2X95b, which

could be possibly:—these—variations—were correlated with regional biomass burning

processes. However, AODs exceeded 0.3 at sites 9-XX98 and 1232101, which were
significantly influenced by anthropogenic air pollution from industrial areas across
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northern China. MODIS active fires are—were often spatially distributed over

northeastern China and mainly resulted from human activities during colder seasons.

3.2 Samplingstatistics-Contributions to light absorption by ILAPs

Generally—we-only-—collected-tThe aged surface snow samples were collected at in

three sites —whHeand fresh surface snow samples werewaswere collected at the

est max

other sites during this snow survey conducted in January 2014. Cga Cht, CreXCpeX,

Col g e £ e, Awt and snow parameters, such as snow depth, snow
density, measured snow grain radius_(Rm), and snow temperature, are given in Table 1

and Figure 3 for each snow layer following Wang et al. (2013a). Average—Cge

max | equiv H 13 9 i 9
CBC v CBC

fayer—In Inner MongoliaGeneraly, tThe snow cover was thin and patchy——taner

Meongeolia—and-t. The average snow depth at sites 90, 91, 93, and 94 was less than 10

cm, which was significantly smaller than those (13 to 20 cm) at sites 95-97 near the

northern border of ChinaFhe-average-snow-depth-waslessthan-10-cm-from-sites 90.

China—rangingfrom-13-to20-cmat-sites-95-97. The snow samples 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 insufficient to represent the

seasonal evolution of wet and dry deposition to snow (Wang et al., 2013a). However,

the light absorption of ILAPs is still dominated by OC in these regions, which wiH

behas been illustrated in the following section—which-are-slightlylowerthanthat near
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of China—+ranging-from-13-to-20-em-at-sites-95-97. The maximum snow depth was

found to be 46 cm at site 102 inside a forest near the Changbai Mountains. Snow

depth varied from 13 to 46 cm at sites 98 to 102 with an average of 27 cm¥Fhe

fel-during-the 2014-snew-survey-period—Ry of the surface-snow samples grathradius
varied considerably from 0.07 to 1.3 mm. RnFhe-srew-grain-size increased with the

snow depth from the surface to the bottom-and—was, larger than that-previeusly
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 little geographical variation across
northern China at 0.13 to 0.38 g cm. High snow densities were resulted from melting
or snow aging. Similar snow densities have been found in the Xinjiang region in

northern China (Ye et al., 2012). Atin this-studysite 90, we only collected one layer of

snow samples from central Inner Mongolia, and C§ithe-BCmixingratio was 3304 ng

g' forin aged snow. Along the northern Chinese border at sites 91-95, CH-BE

contamination in the cleanest snow ranged from 3027 to 260 ng g% with only a few

values exceeded 200 ng g*. The f:eft]BQ £ sc_value varied remarkably from 29 to

78%, although BC was still a major absorber in this region. Heavily polluted sites

were located in industrial regions across northeastern China (sites 99-102). The

surface snow C§e_BG-in this region ranged from 51008 to 3651700 ng g, and the
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highest Che_BG-in the sub-surface layer of the four sites «22-Check-the-sites-and

the—values}—was 2900882 ng g (in—Table 1). In addition, thefraction—of total

f o fon.sc_Was_typically 35-74%, indicating

significant light-absorbing contributions bythatHeght-abserption—r—snow—is—ainly

attributable to OC and ABMD from human activity in the heavily polluted areas. Aot

ranged from 2.1 to 4.8. A higher Awt 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 |LAPshght-abserbingparticulates in the snow are dominated by

BC (Bergstrom et al., 2002; Bond et al., 1999).

To better understand the BC-distribution of C;Sé Che in seasonal snow across

northern China, an-the spatial distribution of interannual-comparison-of-Coi Che_the

BC-content-in the surface and average snow measured during thise snow 2010-and
2014-Chinese-surveys was—performed—and-the—results-isare shown in Figure 4-and

Table 2. The spatial distributions of Cgg Cit. EC-in the surface and average snow

measured using an-the ISSW spectrophotometer during the 2014 survey generally

ranged from 502 to 2651-3700 ng g and 602 to 160035 ng g*— with the medium

values of 260 ng g*; and 260 ng g™, respectivelyrespectively. These variations of

est

Cae Clic: were very similar to those of the previous snow campaign by .-as shewn-in

Figure-4-{Wang et al.; (2013a), although-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

etal., 2014).
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Figure 5 compares Cjthe-BC-mixing—ratio values measured via the ISSW method

with the calculations during 2010 (Wang et al., 2013a) and 2014 snow surveys.

measured—via—the 1SSW-—method—The two results agreed very well (R?=0.99),

indicating that Equation (7) werked-worked agreed—well for this measurement, in

Figure 5-Thus.and the Ch. BC-content-measured via the ISSW method was-was
found—to—bereasenable—and-reliable. To compare with the mixing ratio of OC
calculated from Equation (7), we used the calculated C§y-BC-mixing—ratios listed in

Figures 6-78 and Table 23 in the following sections.
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strong-correlations-between-NH,* /SO, -and NH4*/NO;-shown-in-Figures-6b-and-6¢
(R?=0.91-and-R?=0.94respectively:n=12)-suggest-that-fineparticlescharacterized-as
(NH-:3:50,-and-NH:-NO-—were—derived—from—more—intense—agricttural-and-human

In Figure 6, the sampling areas were located in grasslands, croplands, and urban and

built-up regions across northern China that arewere likely influenced by human

activity (Huang et al., 2015a). Fhe-tand-cover-types{Figure7)-were-obtained-from-the
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nfluenced-by-human-activity-(Huang-et-al2015a): According to Table 23 and Figure

67, the NH,NH.* concentrations emitted from agricultural sources at all sites
accounted for less than 2.8% because the sites were positioned 50 km from cities.
However, large fractions of both SOi'ﬂNO@S@f‘&n@l—N@; were observed,
varying from 14.8 to 42.8% at all sites, with the highest fraction of 24.2-42.8% found
in industrial areas. These results show that SO and NO3SOs*-and-NOz~ made the
greatest contributions to the total chemical concentration in the surface snow as a
result ofand-are significant anthropogenic emissions seurees-of fossil-fuel combustion
in heavy industrial areas. More specifically, the largest contribution ranged
from 35.3 to 46% at sites 91 to 95 to strong winds during winter; while the
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 to industrial activity in
China. Sulfate peaks were found in summer (15.4%), whereas nitrate peaks were
observed in spring (11.1%). Potassim—~K5;osmoxe K biosmoke) 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 along the northern Chinese border
to increased emissions from cooking, open fires, and agricultural activities.

The fraction of sea salt aeresel-was found to range from 6.3 to 20.9%. Wang et al.

(2015) showed that higher CI-/Na* ratios in seasonal snow found in the 2014 Chinese
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survey were 1---2 times greater than those of seawater, implying that they constituted

a significant source of anthropogenic Cl~ {\Mang-etal,2015).

As-deseribed-by-Wang-et-al{2013a)-1Light absorption by ILAPs can be determined

from ISSW measurements combined with—a chemical analysis of ien—Fe
concentrations by-assuming that the light absorption of dust is dominated by en-(Fe}

(Wang et al., 2013a). H:-however, iren-Fe can also be originated from industrial

emissions

. Doherty et al. (2014) used a similar method to distinguish between
contributions of ILAPshght-abserbing-tmpurities in snow in central North America.
Although heavy ABMD loading was observed in :
the fraction of light absorption due to ABMD (assumed to exist as goethite) was
generally less than 10% across northeastern China (Figure 78), which was much
smaller than that observed in the Qilian Mountains (e.g., Figure 11 of Wang et al.,
2013a). ight absorption was mainly dominated by BC and OC in snow in
January 2014. By contrast, the fraction of light absorption due to BC varied from 48.3
to 88.3% at all sites, with only one site dominated by OC (site 90 in central Inner
Mongolia). Compared to the light absorption patterns in the Qilian Mountains, er
MD played a less significant role in particulate light absorption in snow across the

northeastern China sampling areas.

3. Simulations of sS

now albedo-reduction

Snow albedo reduction due to BC has been examined in previous studies (Brandt et al.,

2011; Hadley and Kirchstetter, 2012; Yasunari et al., 2010). Here, a new radiative
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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-ea

shx-sites-underclear-conditions—A-comparisen-of-Tthe snow albedos derived from the
SNICAR and SAMDS models areis presented in Figure 89. Speetral-snow-albedes

models-are-shewn-in-Figure-121-We ran the models at a solar zenith angle ¢ of 60-€,

which is eensistent-comparable with our experimental method for measuring snow

albedo-and-with-H-APslight-absorbing-Hnpurities across northeastern China. The BC

MAC used in the two models was 7.5 m? g at 550 nm, which was assumed in the

most recent climate assessment and is appropriate for freshly emitted BC (Bond and

Bergstrom, 2006; Bond et al., 2013; Warren, 1982). Mixing ratios of BC, ©EMD, and

OCdust were chosen to vary in exhibit-the following ranges: 0.1-5 g g%, 2-6 g g2,

and 1-30 g g 1-0-5-pee*-0-30-pes*and-0-6-nes, respectively, encompassing the

values measured in snow surfaces across northeastern China_in this study—and i

previous studies research—(_Doherty et al., 2010, 2014; Wang et al., 2013a, 2014;

Warren and Wiscombe, 1980; Ye et al., 2012Warren-and-\Wiscombe1980)-and-in-this

study.-TFhe-BC-MAGC-used-in-this-study-was7-5-m>-g +-at- 550-nm-which-was-assumed

the albedo of fresh snow at 550 nm with Res of 100 um— simulated by SAMDS is

generally in thea range of 0.95-0.75 for ILAPs-contaminated snow across northeastern
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China (Figure 8).

were-O-2and-0-d—respoctivelyrecording-to-the MOBIS-data—The spectral albedos of

pure snow derived from the SNICAR (dash lines) and SAMDS (solid lines) models
agreed well. However, there was-is a slight tendency for the SNICAR model values to
become lower than SAMDS model values when BC and dust-mixing-ratiosMD range

from—1-to-5pseand4-to6-pne st respectivelyare considered. The 1.5-2.53%

deviation between the SNICAR and SAMDS modeled snow albedos at 550 nm for

higher—BC mixing ratios of 1-5 pg g’ indicates that albedo reduction by

| LAPshight-absorbing-tmpurities in the SNICAR model was greater than that ef-in the

SAMDS model. This deviation is in part due to the different parameterization of snow

grain shapes, mixing states of snow and BC, and physical-chemical properties of

impurities between the two models (Zhang et al., 20176). More notably, snow albedos

decreasedd significantly within the UV-visible wavelength, especially for the higher
OC (dotted lines) eentents-mixing ratios in Figure 89. This may be attributed to the
fact that OC strongly absorbs UV-visible radiation and masks BC absorption for high
AAE of OC, which decreases remarkably with increasing wavelengths (Warren and
Wiscombe, 1980).

As is shown in Figure 916, we also estimated the reduction in the spectrally weighted
snow albedo for different Refr values using the SNICAR and SAMDS models. Fhere

wasaA larger reduction in snow albedo by both BC and MD-contaminated snow was

found for larger snow grains Highe

910a-b). For example, snow albedo reduction attributable to 1 ug ¢*000-agg™*, 1 ng
g?, and 10 pg g for BC, dustMD, and OC, respectively, was 37%, 41%, and 38%
greater in 200 um snow grains (0.081, 0.0019, and 0.047) than that in 100 um snow
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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 during-at lower ILAP-s
mixing ratiosperieds. For example, 200 ng g of BC decreased 0.03the snow albedo
by-3-4% for-at an-optical-effectiveradiusRer 0f 200 um, which is much larger than the

snow albedo reduction_of 0.003 and 0.018 ef-by 2000 ng g'2weg™* for-of dust-MD

and OC at Rerran—opticaleffectiveradius of 200 um._As Hadley and Kirchstetter

(2012) noted, compared with pure 55 pm snow grains, 300 ng g! of BC

contamination and growth of Resf to 110 um caused a net albedo reduction of 0.11

(from 0.82 to 0.71), causing-snow-to-abserbor 61% more solar energy absorption by

snow. The difference ofin snow albedo reductions between SNICAR and SAMDS

models increased with increasings—as BC mixing ratio as—wel-asor Ress increases

(Figure 9a). However, the snow albedo reduction simulated by SNICAR is not always

larger than that by SAMDS when the input contaminant is MD instead of BC (Figure

9h). For example, for Refr of 100 um, the snow albedo reduction fromer SAMDS is

higher than that fromer SNICAR at MD mixing ratio < 2600 ng g, but lower than

that for SNICAR at MD mixing ratio > 2600 ng g™*. The turning point of MD mixing

ratio is not constant and depends on the value of Refr. This phenomenonThe-complex

difference may be a result of the different input optical properties of MD between

SAMDS and SNICAR models (Flanner et al., 2007; Zhang et al., 20178). SAMDS

model also considers the effect of OC on snow albedo while SNICAR model does not;

which—is—not—included—in—SNICAR model. The albedo reduction by OC is

nonnegligible due to its high loading. As is shown, 5000 ng 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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Previous studies have also indicated that the mixing ratio of BC (10-100 ng g in

snow may decrease its albedo by 1-5%-depending-on-its—agingprocess (Hadley and

Kirchstetter, 2012: Warren and Wiscombe, 1980:—Hadley—andKirchstetter—2012).

Liou et al. (2011) demonstrated that a small BC particle on the order of 1 um

internally mixed with snow grains could effectively reduce visible snow albedo by as

much as 5-10% usi

They also found that internal mixing of BC in snow reduces snow albedo substantially

more than external 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 11

SMBPAS-model—Fhetoppanelof-Figure 10a illustrates the effect of snow shape

(fractal grains, hexagonal plates/columns, and spheres) on the-snow albedo reduction

at the spectral wavelengths of 400 nm-1400 nm with Res of 10028 um simulated by

SAMDS model. As is shown, the differences of snow albedo caused by three snow

shapes areis remarkable. The snow albedo for spherical snow grains is higher than

that for the other two shapes, which is because that; the scattering by spherical snow

37



10

15

20

25

grains is more in forward direction and less to the sides, resulting in a larger g and a

smaller B as discussed in section 2.5. In addition, the snow albedo reduction for aged

snow such as spherical snow grains is gradualtely larger than fresh snow such as

fractal snow grains, and hexagonal plates/columns snow grains with the increased BC

in snow. It shows that snow albedo by spherical snow grains is typically

decreaselower by 0.0175-0.0763 than the fractal snow grains, and by 0.008-0.036 than

comparedthan—that-with-—bythe fractal snow—grains—and hexagonal plates/columns

snow grains as a function of BC mixing ratios (0-5000 ng g?'). Dang et al. (2016)

assessed the effects of snow grain shape on snow albedo using the asymmetry factors

g of nonspherical ice crystal developed by Fu (2007). They obtained similar result that

the albedo reduction caused by 100 ng g™ of BC for spherical snow grains is larger by

0.007 than nonspherical snow grains with the same area-to-mass ratio for Ress of 100

um. Figure 10b shows the spectral albedo of snow for the internal/external mixing of

BC and snow with Retr of 100 um for a solar zenith angle @ of 60<as a function of BC

mixing ratio. For a given shape (hexagonal plates/columns), we find-found that snow

albedo as a function of BC mixing ratios calculated from this study decreases as the

fraction of the internal mixing increases (Figure 101b). In previous studies, the BC

mixing ratioss in seasonal snow wereis up to 3000 ng g* ppb-due to heavy industrial

activities across northern China, but the lowest eeneentrationsmixing ratios of BC

were found in the remote pertheastnortheastern on the border of Siberia, with a

median eencentrationvalue in surface snow of 100 ng g ppb-(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 3000 ng gt

ppb-BC in snow in the heavy industrial regions across pertheastnortheastern China,
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whereas by low to 0.0054 for 100 ng glppgb BC in snow in the further north China

near the border of Siberia-and-thenorthernpartXinHangprovinece. \We indicated that

the snow qgrain shape effect on snow albedo reduetion—between sphericales snow

grains and fractal particlesfor-snow agrains en-abserption-is relatively larger than the

effect of the internal-and-/external mixing-states of BC andia snow as a function of the

BC eoncentrationmixing ratios. However, He et al. (2014) also pointeds out that the

snow albedo reductions computed by previous models under assorted assumptions

vary by a factor of 2t0 5.2

3.4 Comparisons 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 the

middle latitudes in northern hemisphere (Doherty et al., 2010, 2014; Wanq et al.,

2013a; Ye et al., 2012). —In-thisstudy—we-measured-the-sSnow albedo under clear

sky conditions was measured at six sites—, which was compared tounder—clear—sky

between-surfacemeasurements—and the-SNICAR and SAMDS model Is-simulations

based on Toon et al.’s (1989) two-stream radiative transfer solution-was-avestigated
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1989)-two-stream-radiative-transfer-selution: The-mModel input parameters including

0, Rm, Refr, and the mixing ratios of BC (Ci¢). MD (Cyp) and OC (Cq ) wereare also

are-Hsteddisplayed in Figure 11-ir-TFablesd-and-4. The MAC of BC used in the ISSW

iswas 6.3 m?g* at 550 nm, although a value of 7.5 iswas used in the SNICAR and
SAMDS models. Thus, the mixing—ratiovalue of-BC Cjl was—was corrected by

dividing it by 1.19 (see Figure 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 to different mixing ratios of ILAPs
and snow parameters, such as snow grain size. The snow albedos predicted by the
SNICAR and SAMDS models agreed well at each-most sites based on the same input
parameters. The snow albedos of the SNICAR and SAMDS models retrieved from
with measured-snow-gratn-sizesRm complemented the surface measurements for lower

mixing—ratiosvalues of Ch-BC, C\pOC, and ABCqc_(Figure 1la-d)MB. The

highest CH-BC— values mixing—ratios—were 1461-1500 ng g* (corrected value of

1200 ng g ) and 3651-3700 ng g (corrected value of 3100 ng gl)rg-g*at sites 98

and 101, respectively, across industrial regions,—with—median—values—found—in

integrated-layers-of 264-and-1635-ng-g*respectively. The OC and dust-MD mixing
ratios were as high as 3200043-3 #g-ng g* and 32-3900 p#g-ng g™, respectively, in this

activity—across—hortheastern—China—TFhus—wwe found a larger difference in snow

albedo of up to 0.2 at higher C3l, Cyp. and Coc BC—OC—and—ADMD
40




10

15

20

25

valuescontents— between the surface measurements and the modeled albedos by both

SAMDS and SNICAR models fer-with the-measured-snow-grain-sizesthe input of Rm
(red and blue solid lines in Figure 1le-f)-at-sies-91,-98—-and-101. When the snow
albedo reduebion-natbedo-caused-by-HoARslighi-abserbing-tmpurtbes-at the inferred
wavelength simulated by by-using Rmeasured-shew-gratn-size was not accounted for,

we also calculated the snow albedos frem-byusing the SAMDS and SNICARSNICAR

ard-SAMDBS models bywith using the-eptical-effective-sizeResr_as shown in Figure
1211 (light red and blueblue—and—+ed shaded bands),—and. Results showed that,

compared with the snow albedos simulated by using Rn—, these values were more

approximate to the surface measurementseensistent—with, especially at near-infrared

wavelengths, although still a-slightly higher than the surface measurements (gray

shaded bands),-especialy-at-near-infrared-wavelengths. This may be attributed to the
fact that the-Refr optical-effective-size-at these three-two sampling sites was much
larger than Rmthe-measured-grain-size. We assumedinnevatively-suppese —indicating

that, for the same snow grains, the—radiative—perturbation—of—|LAPsHght-absorbing
npurities was-are amplified-able to enhance with-the Refr in spite of the same Rmsrhow

grain—optical—effective—size . . .~~~

verified by future aumereusfield measurements of-measured snow albedos.

As-indicated-in-Figure-Results shown in Figures 9 and 11 confirmSembinations—of

theresults-of Figure 9-and Figure 1121 that that BC, OC, and ABMD are three main

types of ILAPs found-in snow that can reduce spectral snow albedo-. The magnitudes

oflevels—and—rReduced snow albedo reduction due to ILAPs found in our

measurements were generally comparable to the—medeled—effectsthose produced

bythat-feund-in the commenhy-used-SAMDS SNICAR-and commenty-used- SNICAR
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SAMBS-models (Flanner et al., 2007; Zhang et al., 20176). \Wwhen the mixing ratios

of ILAPs are not quite high—, Fhereforewe indicate that; 100-500 ng g of BC can

lower the snow albedo by 0.0142-0.0396% relative to pure snow with a snow grain
size of 1200 um according to our snow field campaign, and A2MD was found to be a
weak absorber ewing-due to its lower ABMD MAC, supporting previous observations
made by Warren and Wiscombe (1980). The OC MAC iswas also lower and
comparable to that of the ABMD. A clear decreasing trend in the surface snow albedo
ewing—due to the high ambient mixing ratios of OC from Inner Mongolia to

northeastern China was found. The radiative transfer modeltng results presented by

Zhang et al. (20176) and measurement results of this study show that the spectral

albedo of snow reduction due to the increased OC mixing ratios eencentration-(above

20 ug oY) is larger forby a factor of 3 byif assuming the snow grain size of 800 pum

compared to 100 um.

Diseussion-and-cConclusions

High AODs measured using a sun photometer and remote sensing devices showed

continued heavy pollution in industrial regions across northern China.ta-this-studyv—a

industrial-regions-across-northern-China: The measured CHe-€2L —through the 2014
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survey via the ISSW spectrophotometer in surface and average snow of-503—to

3651700-and-602 to-163500-ng-g - with-the medium-values of 260-ng-g *—and-260-rg

g*_respectively—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

5 campaign, as demonstrated with reasonably assumed values of MACs for BC, OC,
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snow albedo for spherical snow grains is typically lower by—0.017-0.073 —and

0.008-0-036-than that for the fractal snow grains and hexagonal plates/columns snow

grains-as-a-function-of BC mixing ratios{0-5000-ng-g™) with Reft of 100 pum.itshows

albedos was conducted. — Generally, tThe sSnow albedos measured from a
spectreradiometer-and-simulated using the SNICAR and SAMDS models using Rm

[Lzijagreed well with the measured ones from the spectroradiometer with-at the-lower

mixing ratios of BC, ©EMD, and ADMBOC, but with-—Hewever,—a large

discrepanciesgi




surface—measurements for heavy loading of ILAPS in snow-was—found-by-using-the

measured—snow—grain—radiRy. We demenstrate—that the simulatedsSnow albedo

reduction simulated by SMDAS and SNICAR models is significantly higherenhanced

by using Refr of snow grains compared-withthan using Rm, especially in the case of

5 near-infrared wavelengths.lnstead—of the-optical-effective snowgrains—in-snowBased

10

15  we-suggest-that-tThe mixing ratio of OC should be added as an input parameter to the
SNICAR model for determining snow albedos.

Future snow surveys studies across northern China should be performed to address the

large variations of ILAPs in seasonal snow across the region. Additional model

simulations and comparisons with measurements are needed to verify Res effect

20  under the scenario of high mixing ratios of ILAPS in snow..




20

47



Acknowledgements. This research was supported by the Foundation for Innovative
Research Groups of the National Science Foundation of China (41521004), the
National Science Foundation of China under Grants 41522505, and the Fundamental
Research Funds for the Central Universities (Izujbky-2015-k01, 1zujbky-2016-k06 and
Izujbky-2015-3). The MODIS data were—was obtained from the NASA Earth
Observing System Data and Information System, Land Processes Distributed Active
Archive Center (LP DAAC) at the USGS Earth Resources Observation and Science

(EROS) Center.

48



0¢ ({T6°9T. (0£702) 0S 08 09T TT 120 8T~ 0T [ pabv 4

87 (16'69)9.  (0TE'06) OVC 09¢  000T 20 9€0 - S 0 (014 PBY OT.CToIEl «81.6%.LF T 16

0e (e6THO08 (0TT '0€) 08 0¢T 0/€ T 220 & GT 0T paby 3

€e (8676918 (0 0T) 0G 06 0ge 90 G20 €T 0T [ paby H

ve (6692¢€8  (0€€702) OveC 06€ 006T 800 I€0 - S 0 €T Usoid  E1.€7o6CT «IChIo6F T 96

87y @ v9 6L  (Ov¢ ) OcT 0TE 02s €T vT0 G- 8T €T paby |2

43 (26 69) T (ov "0T) O€ 0S 06 T 120 G- €T 8 pabv €

VA (68789) L/ (02 70€) 05 08 0€z 60 8T'0 €T 8 € pabv C

9¢ (98" v9) €1 (00T "Ov) 08 01T 082 G/T0 €20 cc- € 0 8T PabY 0S.F0.LTI «EP.¥S.0S T  G6

87 (16769)8Z (09€°0TT)09¢  00F 00T T0 = ve T 0 8 Useid  .90.9Y.SCT  «S0.60.0S T 6

7  (G8769) 89 (0ET "0S) 00T ovT 0T€  GITO 120 1T 9 z pabvy 4

¥4 (€L76E) €9 (06 0v) 02 00T 0T 100 - - T 0 8 Usald 0T.FSoPCl  0S.¥C.0S T €6

z¢ (&8I 6C (00T "0S) 08 00T  OTT ST 8T0 9T- 0T [ psbv z

€z (097sTvE (0Z 0€) 05 0L 08 800 IT0 9T- [ 0 7T USid  .ES.€CoCCl «L0.65:0S T 26

= = = = = GT0 8T0 Sz 0T S pebv z

T¢ (Gg81)6e (002 0TT)09T 00 0S¢ 800 €20 Sz S 0 8 Useid  .TY.CCoPCI «87.C0.0S T 16

8¢ (0TT'Sh) 19 (0¥ =) oge 0€s 098 ST0 8€0 v1- g 0 € pabY . SY.TCIOTT PP.C0SF T 06
e (1 ;6BU) (6B (BBU) (Ww) (wdob) (3) wopog doL L -

o S-uou o8 sa4  od - Rsuap @) Uidap MOUS - o 3 9PMIDUOT N 8pmieT JakeT aNis

R4 5o d $0) wad ambod by “MOUS EIRIEIERWENN Ep I00ES abelane alIs

"(¢T02) ‘e 18 9 A pue (ecT0Z)
"|e 10 Bue/\ AQ pamo][0y JopJo [ed1bojouoiyd Ul palaquinu aJe YydIym “Apmis SIyl Ul 06 Te-Batd UIbaq SIaquinu aiis ayL Se|dwes Mous JybLl pue Ja|

U1 WOJ] SanjeA abelaAe au] ale s1eseiep ayl 10 ||/ "sells Apnis ay) ul AASS| Ue Buisn painseswl S9|elLIeA MOUS [euosess Helll SoNSneIS T ojgel




T¢€ (T8'sr)Ge (00TZ 0€v) 009T 00T¢  00SC €0 iZ40) 8- €T 8 pabv €

9¢ (GL'/e)es (o/€'06T)08C  08E 065 TO 920 8- 8 € paby H

€Z (19'61)Z¢ (008T 0T8)00OYT 00T 00TCc 200 €10 8- 3 0 o Useild  .0S.L€.9CT «¥Ellock T 20T

G¢ (97T2d6e (0Obc0TT) 06T  0GC 00€ €T 820 vT- 0¢ Gt paby |2

TZ (€9€e)or (06€0T2)0TE  06€ 099 TT €20 ST- GT 0T psbv [3

6¢ (6L/7v2)or (00€€088)009C 008€  0OEV 60 iZ40) IT- 0T S psbv z

6¢  (9278T)GE (009v '00ET)00ZE 00OTS 0096  Z00 v20 6T- [ 0 44 Usald  .80.9%.SCI  «SC.Lboth T 10T

9¢ (€87/9)99 (069°0/2)0¥S  0€L  009T 80 v20 & aT 6 psbv [Z

9¢ (08'6v)09 (0€G0Tg)OT¥  09S  00TT 60 €20 4 6 v pabvy [3

9¢ (eorer)8s (00VZ —) 00T 006¢ 00T¥  G¢O 8T0 - 12 4 pabvy z

9C (987€9)T/ (0S90S2)0TS 00/ 00T  SI0O vT0 = 54 0 8T Useild  FE.SToLCT  Sh.0Se¥ T 00T

9¢ (ezce)or (00¥T 0vS) 00TT 00ST 000 0 820 7 vZ¢ 8T pabvy |2

€¢ (ZL7€9) 79 T(00€T 0€9) 00TT 00¥YT 0082 TT 820 7 8T 1 psbv €

Gz (wZ'6e)TS (009€00ST) 006 008€  008S TT €20 & T S pebv z

8¢ w8'ov)¥Ss  (0c8'OVC)O¥9  0c6  00ST G800 8T0 - g 0 €T Usald #0.CvoSCI 0195 T 66

97z (8'S9)a’ (00T O7) 0Z 0ZT  06¢ €T €0 = G 0t pebv A

Gz (18789) 89 (0GT '02) OTT 0T 0S¢ €T 620 1T 0€ & pabv 9

8¢  (9876v) 29 (022 709) 0LT 09¢ 0gY TT 820 €T- G 0Oc pabv g

T¢E (68 78%) G/ (0c"0T) 02 or 09 S0 920 vI- 0C GT paby 17

Te (06729 VL (06 0T) 0¢C 09 G0 ¥20 ST- ST 01T pabv €

97 (6/9v)8s (0T€ 0cT)O¥¢  0SE  OF9 G0 v20 € 0T S pebv z

GZ (G991)z€¢ (008T 0SZ)00ST 00T¢ 002 600 220 0z g 0 Ge USeid  .SS.8S.0€T «8€.SC.SF T 86

Te (06 W) ¥L (0c g0t (074 0¢ 60 €0 vI- 6T 01 psbv €
e (DO0)  DOU) BBY (Wm) (Wb  (F) Wowog I @9 o -

— — ~ R — SRV )] adap mous Toug 3 OPMHDUOT  N'SpmneT JaAET SNS

Y 1509 &) o) ambod d “FOUS %ﬂ% abelane a)Is




19

e — R e — — — — — 9§ 8 P ESrEEEE 065505 26
> }i Di faYaly, n7¢ an o7 N 1 fays ac [aYalatww]
g T \4J0 OoJ/ 1L \U UL/ UJl A0 L O | O U CC.C _\. cV oC PYEV
&€ e (097051 0T FaTer T mm.om - %mmi eg or g paby
[ 52 ﬂ ammmmm @Nw mmwm mm ..m ﬂwm. (5v2 5 0 uv?«m
[ (03 T2V 9s — (00ZT005) 006~ 00E ommfw ﬁc m‘ mwm wm.@ ﬂia £Z E 9 Emﬂm
A [
[Boe-odgB 17V 00 (W o0zyoav OBEY (obry (B6p| (g (o) £4%)|wggued)  dot paby/
aec (g8'87)09  (00pT 0€Z) 0/ OOTE  006T 90 820 .. 8 8T eT L PN
—— v/ Jauou g SE] —o8~| Bt el THEEEPTS e ad 19 N Mm_m_m AROHS
oo%umq T % = GEoD  CHYD CBBY  idpreswwmy)  wgs” wonod | dome 1P sbesongRs
— TSI ) tHitepmots AOUS SoprHBHOT N OPIET 1oAeT 1S
o R P 0) 280 D g . snyersduws L abeIaAe BlIS

MOUS

{ydap sjdwes




w | | B

w|HERE| R

LYDSRCD

0| BB 0|F|F 0| R[Dw|RR|S[E|S|B|w|[H[RS

eI R R R R IR E RAEd R R R e R P R AR R

AR E IR EI R R B R AR EE IR

885252 ]28]elL 222|828 8 22218 2] 2]

Bl GGG R G R RSFRFIFF FFIRF ] ol v ]y




AR D|R|B[B| P

SR EARARA R

Lme!ill;n"lcl)m

wlop | FIF|F[Floploploplop|r|ofip|ip]y

o |R|w|F|H[& ]

S| G| E|E S| S[S [T D| S|

S RIE I EIE IR I FIMEI EIE:

dls




|
:

S|8|5|8|8|8|8|R|R[8|8|R|S8
&

54



55




Table 23. Chemical species (ng g*) in surface snow for sites across northeastern
China in January 2014. The datasets of SO, NO;, and NH, were reprinted
fromeriginated-from \Wang et al. (2015).

Site ABMD BC OC  K'biosmoke S04 NOsz NHs* 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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AOD

35°N
105°E 115°E 125°E 135°E

Fig. 1. Spatial distribution of the averaged AOD retrieved from Aqua-MODIS over
northern China from October 2013 to January 2014.: Tthe red regiens—dots are

MODIS active fire locations.: the black dots are the sampling locations. The site
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numbers beginairg at 90 in this study, which are numbered in chronological order
followed by Wang et al. (2013a), and Ye et al. (2012). The “A” and “F” refer to aged

snow and fresh snow, respectively.
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Fig. 2. The variation in AOD at 500 nm at different sites measured using a Microtops

IT Sun photometer over northeastern China in January 2014.
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Fig. 3. Vertical temperature, snow density, and measured snow grain radius (R.,)

profiles at each site during the 2014 Chinese snow survey.
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Fig. 4. The spatial distribution of Cg_in the (a) surface and (b) average snowSurface
5 i 5 content—in-seasonal-snew-in 2014-and

2010 across northeastern China.
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Fig. 5. Comparisons between the calculated and optically measured Cj-BCcontents
in surface snow during 2010 and 2014 snow surveysin-January-2014. The datasets of
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est

measured Cpc_in 2010 from sites 3-40 were reprinted from Wang et al. (2013a).Fhe

66



: 4+ 42—’ 4+ i + .

67



68



Site94

156 Site92 142 Site 3
07 0E__
16.7 11— 433 -
46.0 ' Composition (%)
174 12.4]
51 5
9. 1 129 18 mAD
02 M o S0 Site 96 mBC
L8
139 2 uOC
27 .
B e
551
| SDf‘
85 57 Sitelol NO.-
15 7.0 3
20.4. ENH,
B Scasalt
22 24
Longitude “E
Site99 Site 102 Site 100 Site 98
142 e S it 123 s it ite
1o 28
48
927 127/ 3z
208 25
23 3.1 238 s
12
0 Water 5 Mixed Forest 10 Grasslands 15 Snow and Ice
1 Evergreen Needleleaf 6 Closed Shrublands 11 Permanent Wetlands 16 Bare orsparesly vegetate
2 Evergreen Broadleaf 7 Open Shrublands 12 Croplands 254 Unclassified
3 Deciduous Needleleaf 8 Woody Savannas 13 Urban and Built-up
4 Deciduous Broadleal 9 Savannas 14 Cropland Mosaics

69



Site 91 Site 93 Site 94

Site92 Site9s

Composition (%)

mMD
EmBC
mOC
n K+binsnmke
mSO>
Site97 NO,-
1.0
ENH,"
M Sea salt
Longitude °E
Site 99 Site 102 Site 98
18.6
48
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Fig. 67. The major components include ABMD, BC, OC, Kg,o.mow.Biomass-smoke
potassium, secondary aeresel—ions (SO; ., NO;, and NH; sulfate—nitrate—and

ammenitm), 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 werewas used in this

study. The datasets of SO, NO;, and NH, were reprinted fromeriginated—from
Wang et al. (2015).
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Fig. 78. 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 werewas used in this

study.
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Fig. 89. Spectral albedo of snow with different contaminants for a 60°solar zenith
angle and a 1070 pum snew-grain—+adiusRer—. {Solid and dashed lines show the
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SAMDS and SNICAR model predictions foref BC and mineral-dustMD. Dotted lines
show the SAMDS model predictions for all ILAPs, including BC, mineral-dustMD,
and OC).
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Fig. 1031, Spectral albedoSnew—-albede of snow reduetion—as a function of BC
coneentrationmixing ratios in snow by using SMDAS model for: (a) the irreqular

morphology of snow grains (fractal particlesqgrains, hexagonal plates/columns, and

spheres), (b) internal/-and-external mixing of BC withand hexagonal plates/columns

mixed-with-BCsnow grains. Also shown are model parameters includinge integrate

spectral wavelengths (400-1400 nm), solar zenith angle (§), mass absorption

coefficient (MAC) of BC, and snow grain optical effective radius (Res).
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