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Abstract. Light-absorbing aerosol — particularly elemental cesses of an EC-containing snow surface are, therefore, cru-
carbon (EC) — while mixed with snow and ice is an impor- cial to estimate its radiative forcing better, particularly in
tant climate driver from the enhanced absorption of solarnortheastern China, where local emission strongly influences
radiation. Currently, considerable efforts are being made tahe level and gradient of EC in the snowpack, and snow-
estimate its radiative forcing on a global scale, but severakovered areas are cold and dry due to the atmospheric general
uncertainties remain, particularly those regarding its depo-circulation. Furthermore, this study builds on the knowledge
sition processes. In this study, concurrent measurements db characterize the conditions in the snow-laden Chinese ru-
EC in air and snow are performed for three years (2009—ral areas better as well as to constrain transport of EC to the
2012) at Changbai station, northeastern China. The scavArctic better.
enging ratio and the wet- and dry-deposition fluxes of EC
over the snow surface are estimated. The mean EC concen-
tration in the surface snow is 10801500 ngg?, ranging
from 7 to 7640nggl. The mean value of the scavenging 1 Introduction
ratio of EC by snow is 148 100, with a median value of
150, which is smaller than that reported in Arctic areas.Elemental carbon (EC) is emitted from incomplete combus-
A non-rimed snow process is a significant factor in inter- tion of coal, fossil fuel, and biomass burning (Novakov et
preting differences with Arctic areas. Wet-deposition fluxesal., 2003; Jacobson, 2004). EC warms up the atmosphere
of EC are estimated to be 0.470.37 ug cnt2 month! on by absorbing solar radiation while being suspended as in
average over the three snow seasons studied. Dry depair, as well as by reducing the surface albedo while mixed
sition is more than five times higher, with an average ofwith snow and ice. Both in air and on snow or ice, EC ex-
2.65+ 1.93 pug cnm?2 month1; however, only winter period erts a net positive forcing on the climate. EC particles may
estimation is possible (December—February). During win-also influence cloud properties by acting as a nucleus for hy-
ter in Changbai, 87 % of EC in snow is estimated to bedrometeors. This so-called indirect climate effect, via influ-
due to dry deposition, with a mean dry deposition veloc- encing cloud microphysical properties, is poorly understood.
ity of 6.44x 103ms1 and median of 8.14 10 3ms™1.  For a thorough discussion on this topic, we refer to Bond et
Finally, the calculation of the radiative effect shows that al. (2013). Several studies have highlighted that EC (through
500ngg? of dry-deposited EC to a snow surface absorbspositive feedback mechanisms) is the second most impor-
three times more incoming solar energy than the same madant climate warming driver after GGand could be in some
mixed in the snow through wet deposition. Deposition pro-regions comparable to greenhouse gas forcing (Bachmann,
2009; Shindell and Faluvegi, 2009).
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The current model-estimated EC forcing is between 0.03 = s _ss ovs to0s uos s s s 1o
and 0.13 W m? over snow surfaces (Koch etal., 2010; Flan- .| =~/
ner et al., 2007, 2009) with a stronger effect in the Arctic .| /-
during spring, reaching 1.5 W (Flanner etal., 2007). The .| ¢
snow albedo feedback directly affects the climate by increas- . AL
ing the amount of energy absorbed, therefore increasing the | x
snowpack’s melting rate (Hansen and Nazarenko, 2004; Ja-" |
cobson, 2004; Flanner et al., 2007). Although the EC-Arctic- ™™
mean snow forcing is considerably greater than the global **|
mean, radiative forcing exerted by EC outside the Arctic may ™|
have a significant influence on the global atmospheric dy-
namical changes and therefore the potential feedback on the
Arctic climate (AMAP, 2011). Recently, EC has also been [ruatianEhy ]
shown as a key element in the Himalayan glacier melting O
(Menon et al., 2010; Ming et al., 2012; Yasunari et al., 2013). S T >
Therefore, the climatic effects of EC outside of the polar re- Antuxian
gion have received considerable attention.

In China, the snow cover is mainly extended towards the Fusongxian
northeast, the northwest, and the Tibetan Plateau. Global cli-
mate modeling suggests that the Tibetan Plateau has the high- Tanchi Lake
est degree of soot-related snow forcing in the world, followed P PP S North Korea
by the areas in northern and eastern China where very high
regional emissions of soot and significant snowfall intersectFig_ 1. Location of Changbai station in northeastern China.
(Flanner et al., 2007). Soot and black carbon (BC) are often
used interchangeably in the literature. EC is a subset of BC,
and the use of EC and BC is typically defined by the analyt->  pmethods
ical method used (Petzold et al., 2013). Huang et al. (2011)
collected surface snow in January—February 2010, on aroad.1  Site description, snow, and air sampling for EC
trip of 40 sites in the north of China and reported EC concen- content
trations from 40 to 1600 ngd, with a median of 500 ngg'.

Over the Tibetan Plateau, EC concentrations in the glacieThe Changbai Mountain stretches along the boundary be-
snow (Ming et al., 2008) and ice core (Xu et al., 2009; Ming tween China and North Korea. The regional topography is
et al., 2012) were investigated, and the results indicated thatharacterized by forests and mountains with elevation from
EC deposited on the Tibetan glacier is a significant contribut-410 to 2740 ma.s.l., decreasing gradually from the south-
ing factor to the glacier retreat. One of the key challenges ineast to the northwest. It has a temperate continental mon-
determining the effect of EC on snow surfaces is to quan-soon climate with long cold winters and short temperate
tify the rate at which EC is washed out from the atmospheresummers. The area is covered with snow for approximately
and deposited over snow surfaces (Cadle et al., 1988). S4-5 months from late fall to early mid-spring. The annual
far, only a few studies have determined the washout raticaverage temperature is 2@, and January is the coldest
(e.g., Noone and Clarke, 1988; Cerqueira et al., 2010; Heggnonth, with an average temperature-é20°C. The Chang-
etal., 2011). The reported values of the washout ratio preserttai Mountain is a national nature reserve with no large
large variability, and yet are very important for obtaining re- industrial facilities nearby. Our observation site is located
sults from climate models (Flanner et al., 2007; Hansen andit the Open Research Station of Changbai Mountain For-
Nazarenko, 2004). To add to the information on EC concen-est Ecosystems, Chinese Academy of Science$2@#R,
trations in snow over China, we performed sampling of EC12828 E; 738 ma.s.l.; Fig. 1), approximately 5km away
in air and snow over three snow seasons (2009-2012); thifom the nearest town, Baihe, which has a population of
was also necessary for deriving the washout ratios and dryabout 49 000. The main sources of energy in the town are
deposition fluxes of EC around the Changbai station, north-coal and biofuel combustion.
eastern China. We performed snow sampling, typically once per week,
during our three winter seasons (2009-2012). The snow sam-
ples consisted of the top 5cm of the snowpack, collected
in plastic bags by using shovels and gloves, transported to
the laboratory, transferred into glass jars, and melted im-
mediately in a microwave oven. The melted water was fil-
tered through a quartz microfiber filter (Munktell, 420208,

Helongshi
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T293), and then dried and analyzed for EC content by using auspension of dust in the atmosphere was most likely very
thermo-optical method, which is detailed below. To estimatesmall since measurements were conducted in winter, with
the impact of potential local sources of the city nearby, snowsnow on the ground and low wind. We estimated the accu-
samples were collected on two occasions around the Changacy of our instrument to be 10 %. The very high correlation
bai station within an approximate radial distance of 50 km in between the BC and EC measurements when deriving the
2010 and 2012. Samples were also collected the same day BMACgc supports this.

the station for comparison. Finally, approximately 50 mL of To determine EC in the snow surface, we used a Desert
the melted water was filtered through a PTFE (polytetraflu-Research Institute (DRI) Model 2001A Thermal/Optical Car-
oroethylene) filter (pore size: 0.45um) and stored in a re-bon Analyzer (Atmoslytic Inc., Calabasas, CA, USA). This
frigerator to determine the ion components of the snow. Theinstrument determines the total carbon (TC) content loaded
atmospheric EC content was determined using a particle soatn a filter. TC represents the sum of organic carbon (OC)

absorption photometer (PSAP), described below. and EC: TC=0OC+ EC. A 0.5 cnf circular punch from the
filter used for filtering the snow was analyzed for eight car-
2.2 Instrumentation and sample analysis bon fractions by using the IMPROVE_A protocol (Intera-

gency Monitoring of Protected Visual Environments) (Chow

A custom-built PSAP was developed by the Departmentet al., 2007). In summary, this protocol used temperature in-
of Applied Environmental Science, Stockholm University crements under different atmospheres to volatilize the carbon
(hereinafter PSAP-ITM), and used for determining the level content deposited on the filter. Four fractions for the OC con-
of carbon particle absorption in the atmosphere, often retent were determined under a non-oxidant atmosphere (pure
ferred to as BC or EC. In the following text, the use of EC helium) under four temperature increments (140, 280, 480,
or BC refers to the same entity. PSAP-ITM measures the aband 580°C), and three EC fractions were determined un-
sorption of particles loaded on a filter substrate at a wave-der an oxidant atmosphere (98 % helium and 2% oxygen)
length of 525 nm. The measured absorption is then convertedt three temperature levels (580, 740, and 820 The four
into concentration using the mass absorption cross sectio®C fractions were added to determine the OC content, and
of BC (MACgc). MACpgc is found in the literature to vary the same procedure was followed for calculating the EC con-
from 4 to 20nfg~! (Bond and Bergstrom, 2006). To ob- tent. During this protocol, OC can evolve as pyrolysis car-
tain a good estimation of this variable at our site, we com-bon, implying that the molecules are not volatilized but de-
pared the measured atmospheric absorption of BC by usingeriorated. This issue was taken into account and corrected
PSAP-ITM with the EC values determined using the thermo-for by monitoring the light reflectance during the procedure.
optical method during the first winter season 2009, follow- The volatilized carbon material was oxidized to & @ter
ing the study of Krecl et al. (2007). A total of 25 samples reduced to Cl, and quantified using a flame ion detector.
were used, each representing a 12 h sampling time. ResulfBhe largest uncertainty in using such methods is the determi-
showed that the best fit between the absorption measuredation of the pyrolysis carbon; however, no perfect protocol
by PSAP-ITM and the EC concentration determined usingexists because it depends on the type and concentration of
the thermo-optical method was obtained with an M®®C the sampled aerosols, as detailed in Cavalli et al. (2010). In
value of 8.68mMg~1 (R2=0.96, n =25). This value is the DRI standard operating procedure, the precision of the
close to that recommended by Bond and Bergstrom (2006DC/EC split is 5% to 10 %, and is mostly influenced by
(7.5+1.2nf g 1), and hence we will use our derived value the filter loading and source type. Another uncertainty is the
in our study. “undercatch” of EC on the filter surface. This process in a

The sample inlet of our instrument was located 3 m aboverecent study has been estimated to be 20 % or 30 % uncertain
ground level. Aerosol particles were collected on a 3 mm-and even more for specific sites (S. Forsstrom, personal com-
diameter sampling spot on E70-2075W filters (glass fibersmunication, 2012). Such a process might also be applicable
with a cellulose baking, Pall Corporation, USA). The air flow to our samples, but probably in a much smaller amount, be-
was dynamic and adjusted to the ambient BC concentrationgause the particles sampled here are larger compared to those
which gave typical values of 50 mL mih. The uncertainty sampled in the Arctic, since the source is closer. Second, the
of such a method often depends on the determination of thamount of EC is so high that even if some small particles
MACgc value for a specific site and the sampling of a light are not caught, it represents a considerably smaller mass ra-
absorber other than BC. The MAE value was determined tio to the total content. Overall, we estimated the uncertainty
for our site, and the effect of other aerosols was correctedf the method to be 30 %, taking into account the thermo-
for absorption and scattering artifacts, as detailed in Bondoptical method and the possibility of undercatch during the
et al. (1999). Moreover, the BC concentration was within filtering process. Finally, we filtered part of the melted water
the range of 1000 to 2000 ngTh at the Changbai station, by using a PTFE filter. The filtered samples were stored in
which is higher than most of the other background values at refrigerator and later used for chemical analysis. Concen-
other sites. Thus, BC is probably the main absorber at thdrations of anions and cations were determined using an ion
wavelength used by our instrument (525nm). Second, rechromatograph model DX-120, AS14, 25 uL loop.

www.atmos-chem-phys.net/14/629/2014/ Atmos. Chem. Phys., 14, 62483-2014



632 Z. W. Wang et al.: Elemental carbon in snow at Changbai Mountain, northeastern China

2.3 Meteorological data snowfall  [EEEEC
10000,
Meteorological data were provided by the local weather sta- 9000
tion at the Open Research Station of the Changbai Moun-  so0o
tain Forest Ecosystems, Chinese Academy of Sciences. Air4, 700
temperature, precipitation, atmospheric pressure, relative hu- g
midity, and wind speed were recorded using Vaisala Milos
520 weather station, with 1 h observation intervals. The air
temperature near the snow surface (2 cm above the snow sur-¢
face) and that near the snow-soil interface were measuredé
at 08:00, 14:00, and 20:00 local time every day during the 2000
snow seasons. The snow depth was recorded manually using 1000
stick measurements. A 20 cm-diameter evaporation pan was ol AN I v o st LITARAED oo ILHR T ML 0T 59
used for manually determining sublimation from the snow g53:5g8¢8g 3888 Z§5dgsgs
surface. The pan evaporation technique is one of the sim- R HD‘;te?y;m; o
plest, most inexpensive, and most widely used methods of
estimating evaporative losses, and successfully measures tiiég. 2. EC concentrations in surface snow (riglg weekly sam-
sublimation of a seasonal snowpack (Hood et al., 1999; Boypling) and daily snowfall in millimeter in water equivalent for win-
and Steffen, 2001; Zhang et al., 2004). ter season 2009-2011.
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a slightly colder winter. Hence, the higher concentration in

3 Results and discussion the snow is not simply explained by higher concentrations in
. ) ) . the atmosphere. This would point toward a significant con-
3.1 EC concentrations in snow at Changbai station tribution from the dry deposition of EC in conjunction with

L o extended period with low precipitation amounts (Fig. 2).
Table 1 shows the results and descriptive statistics from the ¢ presented in Table 1, snow samples are divided into

three snow seasons. The EC concentration ranges from “ged” and “fresh”, depending on the time between the

1 1
to 7640ngg-, with a mean value of 10081500ngg~.  gnowfall and sampling. The sample is classified as “fresh”
These concentrations are considerably higher than the valg it \yas taken less than 12 h after a precipitation event, and

ues measured in the Himalayas and in western China, which g “aged” otherwise. The average EC value of fresh snow
were typically lower than 100 ngg (Ming et al., 2008; XU s 9504 170 ng g, which is approximately one-seventh of
et al., 2009), and two orders of magnitude higher than thosgy, o+ of aged snow (i.e., 14@91700ngg?; Table 1). For
reported by Forsstrom et al. (2009) and Doherty et al. (2010}, ample 'in 2011, EC concentration in the surface snow sig-
for Arctic areas. Huar;g etal. (2011) repor.ted values ranginG,ificantly increased from 450 to 1070 nglgfrom 3 January
from 40 to 1600ng g™ in northeastern China, and Wang et (5 5 Fepruary, a period with no snowfall. A slight decrease
al. (2013) measured a single value of 1700 ngig the same ¢ ohserved on 13 February (970 ndgafter 3 cm of fresh
area as that considered in our study. _ snow, reaching the highest value (1510 nd)gon 21 Febru-

The mean and median EC values in snow are higher for, . (rig 2). Likewise, during the first 20 days of January—
the last snow season (2011-2012) than for the previous Sno‘#ebruary 2012, EC increased from 940ndd4 January)
seasons despite the fact that the average atmospheric By gg60 nggl ('24 January), and decreased to 2300nh g
values are not'the highest during that season. Atmospherigar some snow events (13 February). Throughout these pe-
BC c_oncentratlonS were 2'43’_ 1'84' and 2.08 pgme- riods, the temperature was below freezing, and hence melting
spectively, and average precipitation values were 160, 46y;,5 njikely; however, sublimation could have contributed to
and 107mm of water equivalent for the snow seasons o enhancement of surface concentrations. In contrast, mea-
2009-2010, 20102011, and 2011-2012, respectively. Furg,rements of the evaporation rates showed small values. On
thermore, the mean air temperatures between January a”ﬂ/erage the evaporation rates were 0.1 to 0.13 mm'diay
February were-14.1, —14.3, and—-16.5°C, respectively, January 2011 and 2012, respectively (Fig. 3). If all that wa-
for 2010, 2011, and 2012. Even though January and Februg eyanorated came from the top 5cm of snow, assuming a
ary 2012 are slightly colder on average, moderate changes ignq\, gensity of 0.25 g cri?, this would cause an increase in

atmospheric BC are found in this 2-month period, with val- .o centration of only a few percent over a two-week period.
ues of 2.74, 2.19, and 2.44 ugt respectively, for January—

February 2010, 2011, and 2012. Thus, a comparison with
other snow seasons shows that a higher load of BC in the
snow surface appeared in the snow season of 2011-2012,
with moderate BC concentration in air and precipitation in

Atmos. Chem. Phys., 14, 62%40 2014 www.atmos-chem-phys.net/14/629/2014/
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Table 1. Summary of statistical EC concentrations (nghyin snow at Changbai station.

Sampling Number Snowfall Snowdepth EC EC EC EC EC EC EC
period N mm* cm  Min  25% Median 75% Max Mean  Std.

9 Nov—10 Apr 23 160 19.38.8 7 170 390 670 3160 530 640
10 Nov—-11 Mar 16 46 1464.6 60 240 570 960 1510 590 430
11 Nov-12 Apr 18 107 9428 100 300 920 3020 7640 1900 2300
2009-2012 57 104 1727.7 7 210 530 940 7640 1000 1500
Fresh snow 19 7 80 170 240 790 220 170
Aged snow 38 80 530 840 1070 7640 1400 1700

*Millimeter (mm) in snow water equivalent.
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] ] ) ~ Fig. 4. EC concentrations (ng‘g}) around Changbai Mountain
Fig. 3. Daily means of evaporation rate, snow depth, and relativefrom the surveys in January 2010 and 2012.

humidity in winter season 2009-2010, 2010-2011, and 2011-2012.

In contrast to the first survey, the second shows clearly higher
values close to the station, decreasing with distance from the

- . station. Moreover, BC concentrations in air from PSAP-ITM
As the emission from the potential local sources of the nearby

. o . show two distinct peaks in the diurnal variation: one in the
city might impact our sample, two surveys of EC in the sur- P

f d the Chanabai Mountai duct d_morning and the other in the evening, particularly for the
ace snow around the .hangbai viountain were conducted iy ; .. saa50n (manuscript in preparation). This diurnal pe-

2010 and 2012 (Fig. 4). The same sampling protocol as thaFiodicity in the atmospheric concentrations suggests that at

dte:slle? '? Sefct. 2.1 was “Se‘j[')ar?d atr:1e>;.trzat§amplg V\f[".’ls tak dast the region around the Changbai station is influenced by
at the station for comparison. During the first investigation onl8cal anthropogenic activities.

22 January 2010, EC around Changbai ranged between 26
and 310ngg?, except for one higher value (620ngYy, 33 Scavenging ratio
and showed no obvious horizontal gradient. More sites were

visited during the second investigation, and EC in the sur-The concept of scavenging ratio is based on the simplified
face snow was found to be approximately five times higher inassumption that a component’s concentration in precipitation
2012 than in 2010. During the first survey, two snow eventsis related to its concentration in air (Engelmann, 1971). Thus,

occurred, 0.2mm on 18 January and 1 mm on the night ofhe scavenging ratias) of EC in snow can be calculated on
20 January, just before our survey; therefore, the EC valueghe basis of mass, as follows:
were more representative of fresh snow than of aged snow.
Before the second survey, more than 14 days had elapseaq _ CEc freshsnow Pair 1)
since the last observed precipitation. ST CBcC.air ’

In both surveys, EC around Changbai was significantly
lower than the same-day concentration and the monthly meawhere Cec fresh snowdenotes the concentration (ng“g of

concentration from the weekly snow sampling at the station.EC in fresh snow(Cgc air BC concentration (ug m?) in air,

3.2 EC concentrations around Changbai Mountain

www.atmos-chem-phys.net/14/629/2014/ Atmos. Chem. Phys., 14, 62483-2014
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Date and time (vwmmddhh) Fig. 6. Frequency of the ratio of nitrate to sulfate in fresh snow.

Fig. 5. Hourly mean concentrations of BC (ugﬁ:l"’l) in air and EC

scavenging ratio from 2009 to 2012. (Data from Zeppelin and Ny- . o
Alesund are from Hegg et al., 2011; Abisko from Noone and Clarke,s April 2012 (s = 380). For these two days, 'the precipita-
1988; and Cheboygan from Cadle and Dasch, 1988.) tion values were 4.3 and 0.7 mm water equivalent, respec-

tively. On these two days, the BC in air was at relatively low
levels of 0.75 and 0.60 pg ™, respectively, with no distinct
high peaks (Fig. 5). Both samples were collected during the
less. The uncertainties in the calculatiorgfare the intrin- last fresh snow event for each winter season with relatively

sic accuracy of analysis techniques and the discrepancy b&varm temperatures; hence, the precipitation process might
tween the measurement of BC in air and snow. As our PSApInvolve a high cloud liquid water content, which enhanced
ITM and EC measurements were harmonized, described ifi’® Scavenging of BC (Cozic et al., 2007). , _

Sect. 2.2, concentrations in air and snow could be directly Raynor and Hayes (1982) indicated that nitrate is pref-

compared. Combining the thermo-optical method and PSAp€rentially scavenged by snowflakes as compared to sulfate.
ITM, we considered an uncertainty of 35 % in the calculation SCOtt (1981) showed evidence of riming that originated from
of ws. clouds with high liquid water content, and determined the

During the observation period, 19 fresh samples were colvalues of the scavenging ratios for sulfate aerosols to be 10—

lected. The samples were taken from the upper 5cm of the'¥ times higher than when the snow had no riming. Hegg
snowpack, but there is often less than 5cm equivalent snov¢t &l (2011) argued that rimed snow is more efficient in re-
thickness for a single precipitation event. Hence, the fresH0Ving BC from the atmosphere. When ice crystals form in
samples were probably a mixture of old and fresh snow Jiquid clouds th_e so-called Berger_on—Flndelsen process may
Thus, our calculation is an upper estimate assuming old snoAfke Place. This means that the ice crystals grow at the ex-
has higher concentrations of EC than fresh snow. According?€"S€ Of the cloud droplets. This generates precipitation size
to the starting and ending times of the snow events recorde§ryStals with only little BC included from the cloud-forming

by the weather station, the BC values of the median, first ampuclei. Therefore, the use of the nitrate-to-sulfate ratio indi-

third quartiles during the event were used for calculating thecates the degree of riming in clouds that we can interpret in

corresponding median, maximum, and minimum values ofterms of scavenging efficiency. In the case of rimed snow,

ws for the 19 cases (Fig. 5). The upper limit estimate gave ghe nitrate-to-sulfate ratio is usually less than 0.5 (Mitche[l
mearnws of 140+ 100, with a median of 150 in the Changbai 2nd Lamb, 1989; Duncan, 1992; Endoh et al., 2003). In this
area. Despite being an upper estimate, it is still comparabl&tudy: about 70 % of our samples have a nitrate-to-sulfate ra-
with the value of 160 of a rural site of Cheboygan County in 0 ranging from 1.0 to 3.0 (Fig. 6), with a mean value of
northern Michigan (Cadle and Dasch, 1988), but is consid-1-9- This is higher than that_ln Abisko for example (Noone
erably smaller than the values of Zeppelin and Ny-Alesung@nd Clarke, 1988) and considerably larger than that in Sval-
(Hegg et al., 2011), 381 and 597, respectively. Three heav)pard (Endoh et al., 2003). Therefore, it is believed that the

snow events occurred on 16 March, 21 March, and 3 Decemnon—rimed show process in Changbai is the main process for
ber 2010, with 21.4, 22.2, and 18.4 mm water equivalent ofr€moving BC from the atmosphere if a wet process is consid-

precipitation, respectively. The mean from these events ered, and that explains the differences in the scavenging ratio

was 14, which is the lowest value of the observation set. Thd" €hangbai and the Arctic.
highest values were observed on 6 April 2049 £ 250) and

and pair density of air (1.29 kgm?3), ws being dimension-
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g
o

20107 precipitation until the second snow samplethe daily evap-
oration rate (mmday'), At the time interval in days, and
Sep an estimate of evaporation in cm ddyduring the time
interval of interest. We can now estimate the increase in EC
flux from snow evaporation during the considered interval in
the snow surface by using the following:

I \vetdeposition z Max. of Vd
[ drydeposition I,// Median of Vd
4 Min. of vd

o
5

)

2

»
o

q 1.5%10°

W W N
o o o

11.0x10°

CEc fresh snow
Fep= ———"—" Sep, 4
ep 1000 ep @)

where Cec fresh snow denotes EC concentration in the last
fresh snow sample collected (ngYy. Fepis then expressed

in pgent2day ! over the period of interest. For simplic-

s 9 9 S 5 o a o ity, we integrate over each month, as presented in Table 2
g2 5 % £ 58 % 8 5 8 (Mg cnT2 month1). Fepdenotes the potential increase in EC
due to snow sublimation; hence, it has to be subtracted from

Fig. 7. Dry- and wet-deposition fluxes and dry-deposition velocity the dry-deposition flux Kgp, pg cnt2day1), calculated as
(Vg) of EC on snow surface in winter seasons from 2009 to 2011. follows:

NN
o w

3

< 5.0x10 "

Deposition flux(ug m“month™
Dry deposition velocity(Vd)(m s™)

Cec Cec
(3ch-Rhew) — (b -Rhow)
3.4 EC deposition fluxes and velocities Fap = At — Fep, 5)

Wet-deposition fluxes Kyp, pgcnt2monttrt) are calcu-
lated using the monthly mean concentration of EC in fresh
sSnow (Cec fresh snow NG g1) and the amount of precipitation
(H, cm), as follows:

where Cec1 and Cec2 denote the concentration (ngh) of
EC in the first and second snow samples, respectivelypand
represents the time interval. Rhand Rhe denote the two
correction factors required to convert the 5cm sample into
CEC fresh snow a mass of water in order to correspond to the measurement
Fup= 1000 H (2)  unit of Cec. Fresh snow in Changbai is often light, on the
order of 100-150 kg m?, and during the period of Novem-
A 30 % uncertainty should be considered in the case of theber to February, the temperature is considerably low, imply-
thermo-optical method. Wet-deposition fluxes range froming that the snow will not evolve rapidly, particularly on a
0.09 to 1.44 pgcm? month ! (Table 2 and Fig. 7), with a weekly sampling basis. We estimate the snow density rang-
mean value of 0.4% 0.37 ug cnmr? monttit in November—  ing from 150 to 250 kgm® during our sampling. For sim-
April of 2009-2012, which is comparable to the values of plicity, we set the snow density at 200 kg for all mea-
0.05-2.5 pg cm? montt reported earlier in Europe (Ogren  surements so that the corrected factor, for our 5cm sample,
et al., 1984; Armalis, 1999). is Rho, = Rhoy = 2% = 1. These factors will modify the
Dry deposition is generally more difficult to measure di-CE

PsSnow
: : .__dry deposition as they directly depend on the snow density.
rectly and depends on many factors including meteorologica y dep y y dep y

- L . ) ifferences in densities between two samples will also mod-
conditions, characteristics of the pollutants being deposite by our results

(e.g., different gaseous chemical and particle size), and the The major uncertainties of the calculatéy, are as-

surface on which deposition occurs (Jurado et al., 2008)sociated with the observations from the evaporation pan.

Here, the estimate is obtained by calculating the di1"ferenceqi;owe et al. (2009) showed that the 95% probability in-
O.f I_EC_ln show between_ two measurements without any P"®erval surrounding the estimates of evaporation was as
cipitation. The calculations cover the period of December—Iarge as 40% of the best estimate. Thus. we estimate
February, as du_ring th_is pe_riod, all rgco_rded_ temperatures g 70% uncertainty forFgyp, without taking into account

below the freezing point (Fig. 8), which implies that no melt- the uncertainties on the snow density variations, which

ing events modify the surface concentration. Thus, any "Nwould probably increase our estimated uncertainty. All

crease In EC concen_t_ratlon between_ th_e two Samples 'S aly,xes and uncertainties of the dry deposition of EC are
tributed to dry deposition or a potential increase in EC dueshown in Table 2 and Fig. 7. Dry-deposition fluxes range

to snow evaporation. The flux of snow evaporatidg is from 0.38 to 5.94ugcmmontil, with the mean of

estimated as follows: 2.654 1.93 pug cnm2 month1 from December to February of
Y2 e —Y M e 2009-2012, which is more than six times that from wet depo-

Sep= == 10.A =, (3)  sition (0.40+ 0.41 pg cnm2 month 1) during the same time
Al period. It is 60—100 times more than what is dry-deposited
wherens denotes the number of days without precipitation over Himalayan glaciers during the dry pre-monsoon peri-

from the first snow samples;, the number of days without ods, according to the values given in Yasunari et al. (2013).
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Table 2. Deposition fluxes and dry deposition velocity of EC on snow surface during snow seasons 2009-2011 (uncertainty). The blank cells
correspond to periods with no possibility of the estimation of snow evaporation because of melting (and therefore dry deposition of EC).

EC wet deposition | EC dry deposition | EC increase due to sno EC dry deposition velocity
Date (Mgenm2monthYy | (ug cnm2 monttr L) (Hgcnr2 mor_]th*l) ms1
evaporatlon
(Fwp) ~ Uncert* | (Fgp)  Uncert* | (Fep Uncert* |  Mean Median 25% 75%

9 Nov 0.96 0.29

9 Dec 0.23 0.07] 2.04 1.42| 0.32 0.23 1.05x 1072 | 1.03x 1072 549x10°3 1.52x 1072
10 Jan 0.35 0.11 4.11 2.87| 0.21 0.15 9.41x 1073 | 9.06x 1073 7.25x1073 1.59x 1072
10 Feb 1.44 0.43 0.38 0.26| 0.35 0.25 1.21x 1073 | 1.55x 1073 1.16x10°3 2.90x 1073
10 Mar 0.21 0.06

10 Apr 0.62 0.19

Average 2009 season  0.63 0.19 2.17 1.52| 0.30 0.21 7.05x 1073 | 6.98x 103 4.63x 1073 1.13x 1072
10 Nov 0.2 0.06

10 Dec 0.5 0.15 2.11 1.48| 0.15 0.11 3.92x 1073 | 6.99x 103 3.58x10°3 9.55x 1073
11 Jan 0.09 0.03 1.17 0.82| 0.22 0.15 2.06x 1073 | 2.82x 103 2.11x 1073 3.49x 1073
11 Feb 0.43 0.13 1.73 1.21| 0.42 0.29 5.66x 1073 | 7.88x 103 5.02x 1073 1.14x 1072
11 Mar 0.25 0.08

Average 2010 season  0.29 0.09 1.67 1.17| 0.26 0.19 3.88x 1073 | 5.90x 103 357x10°3 8.13x 1073
11 Nov 0.86 0.26

11 Dec 0.16 0.05 1.28 0.90| 0.25 0.17 3.68x 1073 | 4.88x103 3.55x1073 6.46x 103
12 Jan 0.15 0.0§ 5.94 4.16| 0.22 0.15 1.03x 1072 | 1.52x 1072 9.25x 1073 1.92x 1072
12 Feb 0.24 0.07 5.10 3.57| 0.23 0.16 1.13x 1072 | 1.45x 1072 1.08x 1072 1.84x 1072
12 Mar 0.52 0.16

12 Apr 0.85 0.26

Average 2011 season  0.37 0.11 4.11 2.87| 0.23 0.16 8.39x 1073 | 1.15x 1072 7.86x 1073 1.47x 1072
Average all seasons 0.47 0.14 2.65 1.85| 0.26 0.18 6.44x 1073 | 8.14x 103 535x 1073 1.14x 1072

— o— Daily maxium temperature Il Daily mean temperature The dry-deposition VE|OCith is calculated by leIdIng

the dry-deposition fluxg, with the BC ambient concentra-
tion, expressed as follows:

F
Va= 2, (6)
CBC, air

Temperature C

whereVy (ms™1) denotes the dry-deposition velocity of EC,
Fap (Mg cnr2day 1) the EC dry-deposition flux, andgc, air
(ugn3) the BC concentration in air. The timing corre-
sponds to the sampling time used for estimating dry depo-
g sition. For simplicity, the measurements have then been inte-
Date(yymmdd) grated over a month (Table 2). The BC values of the median,
first, and third quartiles during this period are used for calcu-
Fig. 8. Daily mean and maximum te_m_peratures of air temperature|ating the corresponding median, maximum, and minimum
near snow surfacé) and snow-soil interfaceB) from 2009 to 51 es forvy, respectively. It is likely that the uncertainty in
2012. the derived deposition velocities is at least on the order of a
factor of two. However, considering the large range reported
For the period of December—February, the percentages df the literature from 1.6c 107° to 1.0x 10 ?ms™* (Dov-
wet- to dry-deposition flux are 28%, 17%, and 9% for !and and Eliassen, 1976; Bergin et al., 1995; Yasunari et al.,
2009-2010, 2010-2011, and 2011-2012, respectively. Overr013), we believe that our estimates contribute to lowering
all, 87 % of the total EC in snow is attributed to dry depo- Of the overall uncertainty. The monthly dry-deposition ve-
sition during December—February of 2009-2012, indicating!City is shown in Fig. 7 and Table 2, and the mean value is

that the dry-deposition process is the major contribution of6-44x 10~3ms™*, with a median of 8.14 10-*ms™* dur-

the dry-deposition velocity of EC is particularly poor as com-
pared to that about other pollutants; therefore, this estimate
may serve to improve simulations in climate modeling in this
area.
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Fig. 9. Comparison of SNICAR-Online and DISORT calculated re- Fig. 10. Effect of BC on the snow reflectance for 500 and
flectances for pure snow and two contaminated snowpacks by we$000ng gt of soot included as layered on top, layered at 5cm
deposition of BC. depth and mixed.

4 Implications for snow albedo reflectance (Schaepman-Strub et al.,, 2006). We will also
use the term mixed BC for snow when BC has been wet-
Is the distinction between dry and wet deposition importantdeposited, while the term layered BC will be used when con-
considering the radiative impact by BC in the snowpack? Oursidering BC that is dry-deposited over the snow surface. The
results show that about 87 % of the BC deposited over thephysical snow properties for the case study are as follows
surface snow in the Changbai station is due to dry deposi{not necessarily identical to our Changbai case): grain size of
tion, while the rest is wet-deposited mostly by a non-rimed 65 pm, snow density of 200 kg, snow thickness of 1 m,
process. Our sampling represents the upper 5 cm of the snowdirect solar illumination at a zenith angle of6@nd external
pack, which will be our reference snow depth. In the case ofmixing of snow and BC. In both models, BC is included as
wet deposition, BC is mixed within the snow, and the opti- uncoated particles with the index of refraction of 1.95-0.79i
cal properties of the medium are given as a mass-weightedecommended by Bond and Bergstrom (2006).
mixture of the optical properties of ice and BC. Considering Figure 9 shows a comparison of the calculated reflectance
dry deposition, BC will predominantly stay at the surface. If between the two models for three cases: (i) pure snowpack,
the BC particles are on the surface, the radiative impact will(ii) a snowpack with 500 nggt, and (i) a snowpack with
be greater than if it were mixed deeper into the snow. In this5000ng g* (the two latter for mixed BC). The wavelength
case, absorption should be stronger and more uniform overange is limited to 300—1500 nm for clarity. As expected the
the visible spectrum, considering that BC absorbs uniformlytwo models agree well with the exception of the blue and
over this spectrum. We want to test this hypothesis in order tanear-ultraviolet region, due to slightly different ice refractive
estimate the radiative impact of such BC concentrations andndices used in the two models. However, this will not af-
the effect of the dry- and wet-deposition processes. fect the overall result of the comparison. As the models agree
Two different models are used for this purpose: SNICAR- well, we will use DISORT for two extreme cases where the
Online (Flanner et al., 2007) and DISORT (Stamnes et al.BC was either located at the very top of the snow surface or
1988). SNICAR-Online only calculates the albedo for a sin-as a layer buried 5 cm below the air—snow interface, as well
gle snow layer; therefore, BC can only be modeled as weftas a well mixed situation. Figure 10 shows that the layered
deposition. In DISORT, we can use several snow layers andBC at 5 cm depth is considerably less effective than the other
simulate the effect of dry deposition. The idea is to move simulations because a major part of the incoming light is al-
all the BC from the first 5cm and concentrate it in a very ready absorbed or reflected at the upper snow layer. The snow
thin layer in order to exaggerate dry deposition. This layerreflectance decreases more when BC is mixed and even more
should contain all BC in the sample, so if the thickness ofif BC is layered and stays at the snow-air interface.
the layer were 1 mm, it should contain 50 times more BC; Clearly, these simulations are very idealistic, but they
500ngg?! of wet deposition in a 5cm-thick layer corre- highlight the importance of the exact location of BC in the
sponds to a 1 mm-thick surface layer with 25000 n§BC upper layers of the snow. Compared with 500 n§ BC con-
on top of a 4.9 cm-thick second layer with no BC at all. centrated in a layer at 5 cm depth, the snow reflectance is de-
We will use the term reflectance here, even if the cor-creased by 2.3% and 7.8 % compared to if the same amount
rect term for our calculations is directional hemispherical were well mixed or located at the top, respectively. Taking
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