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Abstract. Absorption of radiation by ice is extremely weak 7, melting sea ice 8, Arctic Canada 8, subarctic Canada 14,
at visible and near-ultraviolet wavelengths, so small amountsSvalbard 13, Northern Norway 21, western Arctic Russia 27,
of light-absorbing impurities in snow can dominate the ab-northeastern Siberia 34. Concentrations are more variable
sorption of solar radiation at these wavelengths, reducingn the European Arctic than in Arctic Canada or the Arc-
the albedo relative to that of pure snow, contributing to thetic Ocean, probably because of the proximity to BC sources.
surface energy budget and leading to earlier snowmelt. Irindividual samples of falling snow were collected on Sval-
this study Arctic snow is surveyed for its content of light- bard, documenting the springtime decline of BC from March
absorbing impurities, expanding and updating the 1983-through May.

1984 survey of Clarke and Noone. Samples were collected AbsorptionAngstrom exponents are 1.5-1.7 in Norway,
in Alaska, Canada, Greenland, Svalbard, Norway, RussiaSvalbard, and western Russia, 2.1-2.3 elsewhere in the Arc-
and the Arctic Ocean during 1998 and 2005-2009, on tuntic, and 2.5 in Greenland. Correspondingly, the estimated
dra, glaciers, ice caps, sea ice, frozen lakes, and in borealontribution to absorption by non-BC constituents in these
forests. Snow was collected mostly in spring, when the en+egions is~25%, 40%, and 50% respectively.

tire winter snowpack is accessible for sampling. Sampling It has been hypothesized that when the snow surface layer
was carried out in summer on the Greenland Ice Sheet anghelts some of the BC is left at the top of the snowpack rather
on the Arctic Ocean, of melting glacier snow and sea ice aghan being carried away in meltwater. This process was ob-
well as cold snow. About 1200 snow samples have been anserved in a few locations and would cause a positive feedback
alyzed for this study. on snowmelt.

The snow is melted and filtered; the filters are analyzed in The BC content of the Arctic atmosphere has declined
a specially designed spectrophotometer system to infer thenarkedly since 1989, according to the continuous measure-
concentration of black carbon (BC), the fraction of absorp-ments of near-surface air at Alert (Canada), Barrow (Alaska),
tion due to non-BC light-absorbing constituents and the abgnd NyAIesund (Svalbard). Correspondingly, the new BC
sorptionAngstrom exponent of all particles. This is done concentrations for Arctic snow are somewhat lower than
using BC calibration standards having a mass absorption efthose reported by Clarke and Noone for 1983-1984, but be-
ficiency of 6.0t g~ at 550 nm and by making an assump- cause of methodological differences it is not clear that the
tion that the absorption Angstrom exponent for BC is 1.0 anddifferences are significant. Nevertheless, the BC content of
for non-BC light-absorbing aerosol is 5.0. The reduction of Arctic snow appears to be no higher now than in 1984, so it is
snow albedo is primarily due to BC, but other impurities, doubtful that BC in Arctic snow has contributed to the rapid

principally brown (organic) carbon, are typically responsi- decline of Arctic sea ice in recent years.
ble for ~40% of the visible and ultraviolet absorption. The

meltwater from selected snow samples was saved for chem-
ical analysis to identify sources of the impurities. Median ]
BC amounts in surface snow are as follows (nanograms ot Introduction

carbon per gram of snow): Greenland 3, Arctic Ocean snow )
Most of the Arctic land and ocean areas are covered by snow

in winter and spring. Snow persists through the summer on
Correspondence tdS. J. Doherty the Greenland Ice Sheet and on numerous smaller ice caps.
BY (sarahd@atmos.washington.edu) The high albedo of snow, typically 70-80% for aged snow, is
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therefore a primary determinant of the Arctic climate during or ppb by mass), which could reduce the broadband (0.3—
the sunlit seasons. Because the albedo is so high, it can &8 um) albedo of snow by as much as 0.04, depending on
reduced by small amounts of absorptive impurities. The ab-snow grain size (Warren and Wiscombe, 1985). CN85 sug-
sorption coefficient of ice is extremely small at visible wave- gested a mean value of 25 nglgfor the Arctic, and a cor-
lengths but becomes much larger in the near-infrared (Warfresponding albedo reduction of 0.02 (CN85; Warren and
ren and Brandt, 2008), where albedo is sensitive to grain siz€larke, 1986). An albedo reduction of this magnitude is
(Wiscombe and Warren, 1980). The reduction of albedo bynot detectable by eye and is below the accuracy of satel-
absorptive impurities is mostly confined to visible and near-lite observations, but it is significant for climate (Hansen and
ultraviolet wavelengths, as shown by radiative transfer mod-Nazarenko, 2004; Jacobson et al., 2004; Hansen et al., 2005;
eling (Warren and Wiscombe, 1980). Flanner et al., 2007).

Spectral albedo was measured for snow-covered sea ice The radiative forcing caused by such a reduced snow
at the field camp on the ice island T-3 in the Arctic Ocean albedo depends on the seasonal cycle of snow-cover fraction
(Grenfell and Maykut, 1977); the albedo at visible wave- and the extent to which snow is masked by vegetation or hid-
lengths was lower than predicted for pure snow. It was possiden under clouds. The radiative forcing was computed in
ble to explain the albedo spectrum by addition of a spectrallythe Goddard Institute for Space Studies General Circulation
flat (gray) absorber such as black carbon (BC, a major comModel (GISS GCM) by Hansen and Nazarenko (2004). The
ponent of soot) to the radiative-transfer model, but not byresulting warming was larger than expected for the computed
addition of a colored absorber such as soil dust (Warren andadiative forcing. There are several possible reasons: (1) the
Wiscombe, 1980; Warren, 1982). Black carbon is producedpeak of soot fallout in the Arctic occurs in spring, coincid-
by incomplete combustion for sources like diesel enginesjng with the onset of snowmelt; (2) melting (coarse-grained)
coal burning, forest fires, agricultural fires, and residentialsnow has lower albedo than cold (fine-grained) snow; (3) ear-
wood burning (Bond et al., 2004). When injected into the at-lier melt exposes a dark underlying surface; and (4) the stable
mosphere, these particles may travel thousands of kilometeratmospheric boundary layer over snow prevents rapid heat
before they are removed by rain or snow precipitation. exchange with the free troposphere, concentrating the warm-

The soot in snow at T-3 most likely came from local ing at the surface. For a specified radiative forcing, soot-
sources at the research camp, but the resulting dramatic réa-snow had 1.8 times the climatic warming effect of an-
duction of albedo raised the question of how much soot isthropogenic CQ, giving soot-in-snow an “efficacy” of 1.8
normally present in the Arctic snowpack and how much it (Hansen et al., 2005). Subsequent climate modeling by Flan-
could reduce the albedo. The Arctic troposphere is knownner et al. (2007), incorporating snow processes into a GCM,
to contain dark layers in winter and early spring that oftenfound an even higher efficacy of 3.2, because of several addi-
extended over the entire Arctic Ocean, called “Arctic haze”tional considerations: (5) an initial albedo reduction causes
(Schnell, 1984; Raatz and Shaw, 1984; Shaw, 1995). Its raa temperature increase and therefore growth of snow grain
diative effects have been estimated by Cess (1983) and otlsize, even before the onset of melting (LaChapelle, 1969;
ers. The soot in Arctic haze eventually is removed from theFlanner and Zender, 2006) and further reducing albedo;
atmosphere, either scavenged by falling snow crystals or by6) soot causes greater albedo reduction in coarse-grained
dry deposition, which can be augmented by the filtering ef-snow than in fine-grained snow (Fig. 7 of Warren and Wis-
fect of snow (Harder et al., 1996). Concentrations of BC incombe, 1980); and (7) it has been hypothesized that melting
the snow are determined by the ambient concentrations in aimay tend to concentrate soot at the top surface (e.g. in the
and these wet and dry depositional processes, by the snownodeling study of Flanner al., 2007), where it is exposed to
fall rate, and, with aging, by in-snow processes such as frostnore sunlight. The radiative effects of BC in snow are now
deposition, sublimation and melting. the subject of several additional modeling efforts (Jacobson,

The pioneering study to measure soot in Arctic snow was2004; Koch and Hansen, 2005; Koch et al., 2009) and sum-
carried out by Clarke and Noone (1985; hereafter CN85).mary assessments (Quinn et al., 2008).

They obtained 60 snow samples from volunteers in Alaska, Although BC is the most absorptive impurity per unit
Canada, Greenland, Svalbard, and Fram Strait during 1988nass, it is not the only important absorber in snow. By com-
and 1984. The snow samples were then melted and filterecparing Figs. 4 and 7 of Warren and Wiscombe (1980), War-
The spectral transmission of each filter was measured usren (1984) concluded that soil dust is about a factor of 50 less
ing “integrating plate” and “integrating sandwich” configu- effective (per unit mass) at reducing snow albedo. However,
rations (Clarke, 1982; Clarke et al., 1987), and compared tdan some locations so much dust is deposited to the snow that
that of standard filters containing known (weighed) amountsdust is the dominant absorber. This was shown by Painter et
of a calibration soot (Monarch-71). The slope of absorptional. (2007) for snow in the mountains of Colorado.

versus wavelength indicated that the dominant absorber was We report here on a new survey of absorptive impurities in
gray and therefore probably soot. Arctic snow, using a modified version of the method used by

The soot amounts inferred by CN85 were mostly in the CN85. The goals of the survey are:
range 5-50 nanograms of carbon per gram of snow (Ag g
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1. to obtain better geographical coverage including in re-each site we normally collected two vertical profiles sepa-
gions that were missing in the 1985 study (the centralrated horizontally by 50-100cm. This allowed us to check
Arctic Basin and Russia); for the representativeness of our measurements and to screen

for possible contamination during the sampling process.

2. to obtain better spatial resolution and vertical profiles pgc is often hydrophobic, so as the snow melts it may be
(>1200 samples total, compared to 60 for CN8S5) ; left behind at the surface, where it has a greater effect on

albedo than if uniformly distributed. To investigate the verti-

cal redistribution of BC, we obtained vertical profiles of BC

in melting snow at two locations.

In the Arctic Ocean, some of the sea ice is heavily laden
with sediment, picked up by ice freezing to the sea floor on
4. to determine the change in anthropogenic pollution ofthe shallow Siberian shelf, particularly in the Kara, Laptev,
the Arctic snow since 25 years ago. and East Siberian seas (Frey et al., 2001; Ivanov, 2005;
Eicken et al., 2003, 2005). In subsequent years the sediment
rises as the upper ice surface melts and new ice freezes to

2 Strategy the base. After it reaches the upper surface, the sediment

is exposed each year after the snow melts, and it reduces

The presence of BC in snow can have a climatic effect wherthe albedo of the melting multiyear ice. We did not sam-
ever large areas of snow are exposed to significant solar emple sediment-laden ice, focusing our work instead on impu-
ergy. In the Arctic the maximum effect should be on tundrarities that reached the snow and ice by transport through the
and sea ice during spring, and on the Greenland Ice Sheeftmosphere. We are unaware of published estimates of the
in summer. We put most of our effort into sampling these fractional area of Arctic sea ice covered by such sediment,
regions. The boreal forests of Canada and Russia should bigut from observations on icebreaker voyages by ourselves
much less affected because snowfall there lies at the basgnd others, we think it is-10% (H. Eicken and D. Darby,

of the vegetation and thus shielded from sunlight. However,personal communications, 2010).

even in the forest it can be useful to measure BC in snow, Although the motivation for our work is the reduction of

for evaluation of chemical transport and depOSition models,snow a|bed0, we do not present albedo measurements in this

so we do include some lower-latitude snow samples in ouaper. The expected reduction in albedo of Arctic snow due
survey. to BC is only 1-2%, which is significant for climate but diffi-
Snowmelt on the Arctic tundra proceeds rapidly during cylt to resolve experimentally because snow albedo depends

May and June (Potter, 1965; Kopanev and Lipovskaya, 1978¢n several other variables, principally snow grain size. To as-

Grenfell and Perovich, 2004; Aleksandrov et al., 2005). By sess the effect of BC (and other impurities) on snow albedo

early July the snow is gone from the Arctic Ocean (Fig. 13 our recommended procedure is to measure the BC content of

of Warren et al., 1999), but some of the BC is left on the sur-snow and then use a radiative-transfer model to compute the
face (Perovich et al., 2009), where it can reduce the albedo of|bedo reduction. That procedure requires experimental ver-
melting sea ice. The reduction of surface albedo by BC canfication, which is underway using artificial snowpacks with

therefore continue through the summer in some regions. Wearge, quantified soot contamination to obtain a large signal

have designed our sampling strategy accordingly, collectingyn albedo (Brandt et al., 2010).

snow from the tundra in spring, but from the Arctic Ocean

and the Greenland Ice Sheet in both spring and summer.

Most of the snow samples were collected in April or May, 3 Method

when the snowpack is near its maximum depth and before the

onset of melting, so that the snow stratigraphy in a vertical3.1 Collection of snow

profile would provide samples of snow that fell at different

times during the accumulation season. We organized sever&now pits were dug in locations far from roads and villages,

expeditions ourselves but also obtained numerous snow sanso that the data would represent large areas and be unaffected

ples from volunteers who were carrying out research in theby local sources of pollution. Facing upwind, the operator,

Arctic for other purposes. On our own expeditions we ob-wearing clean dust-free disposable rubber over-gloves, used

tained vertical profiles, but much of the sampling by volun- a stainless-steel spatula to put snow into a plastic bag (or al-

teers obtained only surface samples or vertically-integratedernatively, pushed a glass jar into the snow). A photograph
samples. In addition to collecting snow, we also measuredf the procedure was shown by Tollefson (2009). Itis impor-
the vertical profile of snow density, so that our reported con-tant to test for artifacts caused by the sampling procedure.
centration of impurities (e.g., ng BC¢ snow) can be used For example, some kinds of plastic bags can be scratched
to compute the deposition flux (e.g. g BCfmonth 1), al- by snow, producing plastic flakes in the meltwater that can
though that conversion is not carried out in this paper. Atscavenge soot. Samples sizes of 500-1500 g were used for

3. to distinguish the absorption of radiation by black car-
bon from the absorption by other constituents, princi-
pally organic carbon (“brown carbon”) and soil dust;
and
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most Arctic locations. Typically samples would be collected For washing our glassware at locations where distilled wa-
at vertical intervals of 5 cm throughout the snowpack, whichter was not available, we used the filtrate of our melted snow;
rarely exceeded 30 cm total depth. Duplicate samples werghis gave results no different than when we washed with dis-
collected at each layer. If there was obvious layering, for ex-tilled water. For example, at the Antarctic stations at South
ample a thin top layer of newly fallen snow or drift snow, that Pole and Vostok, we reliably analyzed snow with very low
layer was collected separately, however thin. background levels of BC (0.1-0.7 ng}, and were able to
On some of the early expeditions, snow was collected inmake contour-maps of the BC content of snow in the vicin-
plastic bags that did shed flakes which scavenged soot fronty of the stations (Warren and Clarke, 1990; Grenfell et al.,
meltwater. Tests using multiple samples of the same snowl994). Duplicate samples there were in good agreement.
layer collected in different ways indicated an average loss of Small samples of meltwater, both before and after filtra-
20% to the flakes. We have therefore multiplied BC concen-tion, were taken and refrozen for later chemical analysis,
trations in those samples (Canada 2007 and Russia 2007) by be used in source-attribution studies (Hegg et al., 2009,
a factor of 1.2. 2010). All sample collection containers were cleaned thor-
It was not feasible to provide training in the field to all oughly at each new site with distilled water, if available, or
volunteers. However, the BC values for samples collected bywith filtered meltwater from the new site to avoid biasing the
volunteers fall within the range of samples collected by uschemical signatures.
in nearby regions, so we think contamination by personnel
during the snow-sampling process was negligible and has no3-3  Spectrophotometry

affected the results. ) ) )
The transmittance spectrum of each filter was measured in an

3.2  Filtration integrating-sandwich spectrophotometer that incorporates an

integrating sphere as one side of the sandwich (ISSW; Gren-
The snow was kept frozen until it could be processed; then iffell et al., 2010). The integrating-sandwich configuration is
was spooned into a clean glass beaker and melted quickly in designed to minimize the effect of scattering by the aerosols
microwave oven. The meltwater was passed through a filteron the filter, so that the measured signal is a function only
using a hand-pump to create a partial vacuum, and the volef the losses due to light absorption. A set of standard filters
ume of filtrate measured. The melting typically required 3— containing known (weighed) amounts of BC in the form of
5 min, and the filtration another 3—5 min. This procedure wasMonarch-71 soot was used to calibrate the system for conver-
designed to minimize the time that meltwater was in contactsion from measured signal to black carbon loading (ug€ cm
with glass or plastic, because soot is often hydrophobic, anan the filter). The calibration standards were pre-filtered to
some could be lost to the container walls instead of collectedproduce a size distribution generally representative of atmo-
on the filter (Ogren et al., 1983; CN85). Another reason forspheric BC (0.4 um mass mean diameter). These standards
keeping the snow frozen until ready for processing was towere determined to have a mass absorption coefficient of
avoid algal growth since algae can change the water chemé m? g1, by the methods of CN85 and Clarke et al. (1987).
istry as well as absorbing light themselves. This procedurelThe most heavily loaded calibration standard has a concen-
is essentially the same method we used to survey snow atation of~30 pgC crd. Above this concentration, the atten-
the South Pole (Warren and Clarke, 1990), at Vostok Statioruation of light through the filter causes the ISSW signal-to-
(Fig. 10 of Grenfell et al., 1994), at Dome C Station (Fig. 6 noise ratio to become unacceptably low. Therefore, for this
of Warren et al., 2006), and in the Arctic Ocean (Grenfell et study we rejected the filter samples with loadings higher than
al., 2002). this (<5% of all samples).

For routine processing, we used 0.4-um nuclepore filters, The quantity required for radiative transfer modeling of a
as were used by CN85. These were occasionally backed ugnowpack is the bulk snow density of the snow and the ab-
by a 0.2-um filter to assess the undercatch, which varied fronsorption coefficienkans (m? of absorption cross-section per
0 to 30% depending on location (because the size distributiomgram of snow). (Multiplied together, they give the linear ab-
of particles varies with location), averaging 15%. This agreessorption coefficient in units of mt). From the filter measure-
with the finding of CN85 that the 0.4-um filters collected 85— ment,kapsis obtained as the absorption cross-section of par-
88% of the BC in the samples of Arctic snow from Svalbard ticles on the filter, divided by the mass of meltwater passed
and Greenland. Filtration through the 0.2-um filter was toothrough the filter. For convenience in relating our results to
slow for routine use. The extra time required would enhancethe predictions of atmospheric transport and deposition mod-
the risk of losses of soot to the walls of the funnel and theels, we calculated’, the concentration of BC in snow, using
0.2-um filters are easily clogged by non-absorptive impuri-the relation:
ties (probably biopolymers) that are often present in Arctic
show. To account for the undercatch by the 0.4-um filter, thekabs= PabsC’, @)

derived concentrations were multiplied by a factor of 1.15 for hare ¢ has units (g BC)/(g snow), anfups is the mass-
presentation in this paper. absorption cross-section (MAC) of BC fg~1). There is
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ongoing research to determine the optical properties of BC The valuesCg&* andcgsé can be used to test model repre-
(Clarke et al.,, 1987, 2004; Bond and Bergstrom, 2006).sentation of the black carbon content of snéw; has been
Bond and Bergstrom’s comprehensive review recommendsneasured for atmospheric aerosol and tends to have a charac-
Babs= 7.54 % g~ 1 at A =550 nm, which agrees with the re- teristic range of values for specific source types and thus can
sults of Clarke et al. (2004). This number will vary depend- provide a helpful if not definitive indicator of aerosol source,
ing on the type of soot and its size distribution. as well as providing information helpful for determining the
However, to estimate the radiative forcing by BC in snow, spectral absorption of sunlight in the snowpack.
what we really need to know is not the mass of BC but rather While the focus of most studies of radiative forcing by
its effect on snow albedo, which is closely related to its ab-light absorbing aerosol (LAA) in snow has been on black
sorptance on the filter. We report here an effective BC mas®r elemental carbon, as is shown below a significant frac-
concentration, which would actually be the true mass con4ion (typically 20-50%) of light absorption in the snowpack
centration if the absorber in the sampled snow were identidis caused by non-BC LAA. Studies that account for light ab-
cal to the soot that was used to make the weighed standardsorption only by BC can use the quantﬁg%u'v as a proxy
If Bavs for the sample aerosol is in fact closer to 75gn?  for how much BC would be needed to account for light ab-
(as suggested by Bond and Bergstrom, 2006) rather thagorption by all LAA in the snowpack.
6.0 n? g1 (BabsOf our calibration filters) our concentrations  As indicated above, to deri\@gsét and_ r?c?rgBC we assume
will accordingly be too high —i.e. by-25%). If the concen-  yalues for the absorptioAngstrom exponent (450-600 nm)
trations reported in this paper are used in radiation modelsef 1.0 for black carbonAgc) and 5.0 for the non-BC LAA
they should be used withans=6.0m? gt atA=550nm, or (A . =) (Grenfell et al., 2010). We base these choices on
else scaled appropriately. observations that indicate BC-dominated real atmospheric
As noted by Grenfell et al. (2010), the ISSW photometer gerosol near the source (i.e., where the aerosol has not yet
measures all light-absorbing aerosol (LAA). If the objective jnternally mixed with or been coated by other constituents)
is to estimate radiative forcing rather than the carbon masgenerally hashgc ~ 1.0 (Rosen et al., 1978; Bond et al.,
budget, an advantage of the filter method is that it is a mea41999; Bond, 2001; Bergstrom et al., 2002, 2007; Kirchstet-
sure of absorption, which is closely related to the absorper et al., 2004; Schnaiter et al., 2003, 2005; Clarke et al.,
tion of sunlight in the snowpack. Further, we can use the2007). Our assumed value Afonsc=>5.0 is consistent with
wavelength-dependence of the measured absorption to dgkirchstetter et al., 2004Aonsc~ 5.6, calculated from his
rive a best estimate of the BC mass as well as several otheraple 4), (Roden et al., 2006; by using the highest measured
useful quantities, as described in more detail by Grenfell etyalues ofA,onec~ 5 when absorption by BrC vs. BC was
al. (2010): highest), (Sun et al., 2007; who fouAdonsc= 4 for humic-
like organic carbon and 6 for more polymerized organic car-
bon). However, we acknowledge th&tonsc IS highly un-
certain. Furthermore, the source of LAA to the snow likely
differs from region to region, so we may have high biases in
~ C& (ngg™): estimated BGs the estimated true mass Cge (low biases inf,<50 ) in one location but low (high) bi-
of black carbon per mass of snow, derived by separat-ase_s in another_ regl‘f)n. Th:—: value; used here are qpproprlate
ing the spectrally-resolved total light absorption into BC for light-absorbing (*brown”) organic carbon found in com-
and non-BC fractions based on the absorpogstrom bustion aerosols or soil. Mineral dust may also aQsorb light
exponent A, of the material on the filter, and by and has also been found to have a range of valuds béit

assigning absorptiongstrom exponents (measured the source attribution studies of Hegg et al. (2009, 2010) in-
450600 nm) of 1.0 and 5.0 to BC and non-BC light- dicate that most of the non-BC LAA in our samples is brown

carbon, not dust. Samples with the highest valueéqgf
will have the largest uncertainties @ and £25t - since
nguiv (ngg™1): equivalent BGis the amount of black & larger fraction of light absorption is attributable to non-BC

carbon that would need to be present in the snow to acCOﬂStituentS (F|g l), the magnitude Of these Uncertainties iS

count for the wavelength-integrated total light absorp- discussed explicitly in Sect. 6. We note that the partitioning
tion from 300 to 750 nm. of absorption due to BC vs. dust in the original CN85 sur-

vey was also based dk but this was before the influence of
— Aot absorption Angstrom exponentcalculated be-  “brown carbon” was recognized.
tween 450 nm and 600 nm, for all LAA deposited on
the filter.

- CE&(ngg1): maximum Bds the mass of black car-
bon per mass of snow, if all aerosol light absorption at
650-700 nm is due to BC.

absorbing aerosol (LAA) respectively.

— fesloo fraction of light absorption by non-BC LAA
weighted by the downwelling solar flux then spectrally

integrated.
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0 a) The SP2 counts individual particles of BC, obtaining a
— 40r=3.00 size distribution for particles of 70—700nm diameter. The
==== L0230 method was designed for sampling aerosols but has been
adapted for use with meltwater from ice cores by McConnell
et al. (2007). The calibration of the SP2 is still a subject
of research; recent intercomparisons have been reported by
Slowik et al. (2007) and Cross et al. (2010).

Our filter-transmission method does not definitively quan-
tify the mass of BC separately from that of brown carbon
and dust. As mentioned above, an advantage of our method
90 30 a0 a0 B0 o eo0 e o0 7s0 is that it is a measure of absorption, so it is directly related

wavelength (nm) to absorption of solar radiation in a snowpack, unlike the TO
and SP2 methods. A further advantage is that the filtering can
b) be carried out at a field camp or in a hotel room, without the
need to return large quantities of snow in frozen shipments
to our home laboratory.

L)

relative optical depth

w

45- —— Aw0=3.00

IIIZ dwr=2.30

4 Locations sampled

Figure 2 shows the overall distribution of sampling, and Ta-
ble 1 summarizes the field campaigns. Abbreviations of the
institutions involved, and other abbreviations, are given in
Appendix A. Other important characteristics of the individ-
ual measurement campaigns are discussed in the following
paragraphs.

Fig. 1. Relative optical depth for absorption (top), weighted by

the downwelling solar radiation (bottom) for all light-absorbing 4.1  Arctic Ocean (Fig. 2)

aerosol (red) and for BC only (black) for three sample filters cov-

ering a range of values ot measured in our survey. The ratio We now have good coverage of the central Arctic Ocean from
of the area between the black curve and the red curve to the areghe expeditions listed in Table 1. Samples were obtained in

under the red curve (bottom panel) givg§igc Which for the  hoth spring and summer, of new snow, old cold snow, melting
three cases shown is 64%ft=3.00; Canadian Arctic sample), snow, and melting sea ice.

45% (ot = 2.30; sample near the North Pole) and 18%(= 1.25; In 1997 a ship was frozen into the ice of the Beaufort

Svalbard sample). Sea for the Surface Heat Balance of the Arctic (SHEBA)
project. In April 1998 a thorough study of BC in snow
3.4 Alternative methods was carried out in the region surrounding the ship. The re-
sults were published by Grenfell et al. (2002) and have been
Other methods that have been used to measure BC in Arcre-analyzed with the ISSW Spectrophotometer. Nine years
tic snow and ice are the thermo-optical (TO) method andjater, early-April snow was collected in the vicinity of an-

the single-particle soot photometer (SP2). The studies thagther stationary ship, also in the Beaufort Sea, as part of the
have used those methods are cited in the appropriate sectiopg| |S/SEDNA project.

The CQ given.off b_y oxidation of materialpn afiI.ter ismea- ied out by the ships Oden and Healy (HOTRAX project)
sured as the filter is exposed to successively higher tempefrom the Bering Strait to Fram Strait. Grenfell collected sam-
atures. Organic carbon (OC) is oxidized at a lower temper-pjes of the surface granular layer of melting sea ice, aged
ature than elemental carbon, but some of the OC instead besnow and newly-fallen snow from mid-August through late

comes charred (converted to BC), so the transmittance or reseptember. Preliminary estimates of BC from this voyage
flectance of the filter is monitored to correct for this artifact. \yere published by Perovich et al. (2009).

Various versions of the TO me_thom_j have been useq, with dif- |n 2 summer voyage in the Beaufort Sea by researchers
ferent temperatures fqr Fhe oxidation stages and dlﬁgrent OPfrom the University of Victoria in 2008, aged snow and
tical arrangements, giving results that commonly differ by yhe granular surface layer of melting sea ice were sampled.
factors of 2 and as much as a factor of 7 (Watson et al.Newly fallen snow was also available at some locations.
2005). The method has been critically analyzed by Boparal £ several years the North Pole Environmental Observa-

etal. (2008). tory (NPEO) has been operating for the month of April at the

relative light absorption

- N w
- o N O w o
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Table 1. Field campaigns within each region, listed in order of the number of snow samples obtained.

Region Year Month Number  Number Number  Number Institution Comment
of sites ofsnow of vertical ofwater responsible
samples profilds  samples
saved
Arctic Ocean
Chukchi and Beaufort Seas 1998 mid-Apr—-May 2 66 0 0 uw SHEBA campaign; one site
Bering Strait to Fram Strait 2005 mid-Aug-Sep 22 54 3 0 uw HOTRAX campaign; transect
across Arctic Ocean
Beaufort Sea 2008 Jul-Aug 13 37 0 43 UVic Transe¢6°—82° N
Beaufort Sea 2007 Early Apr 1 17 0 1 CRREL, UDel APLIS/SEDNA campaign;
one site
88-9C N 2007 Late Apr 5 5 0 6 NW Passage
5 sites north of Greenland 2008 Apr 4 4 0 2 Uw Switchyard campaign
Near N. Pole 2006 Apr 1 2 0 3 uw NPEO
2008 1 4 0 0
Canada and Alaska
Canadian Arctic 2009 Apr-May 24 256 24 134 UW By Twin-Otter aircraft
to remote sites
Canadian subarctic 2007 Mar—Apr 27 51 0 12 CRREL SNOWSTAR snowmobile trek.,
Sturm et al. (2008)
N. Alaska coast 2008 Apr 1 6 0 5 UW, NPI Sea ice near Barrow
2007 May 1 1 0 0 UAF On McCall Glacier
in Brooks Range
Ellesmere Island 2006 Mar 1 1 0 0 ud Near Eureka
Greenland
South Greenland 2008 Jul 1 65 7 18 UW At Dye-2 in percolation zone
Central Greenland 2007 Jun 1 13 1 2 Uw At Summit station
Northeast Greenland 2006 Aug 2 12 2 0 UW, UNIS, On ice sheet in KPCL,
GEUS access via helicopter
Northwest Greenland 2007 Jul 2 9 2 2 UwW On ice sheet above Thule
Greenland AWS 2007,2008 Apr 7 7 0 7 CU Numerous sites on GIS
Russia
Russia, 125-175E 2008 Mar—May 14 352 29 50 UW, AARI Grenfell et al. (2009)
Russia, 50-110E 2007 Mar—-May 4 113 14 9 UW, AARI
Svalbard and Norway
Svalbard 2007,2009 Mar-Apr 4 108 3 48 UW, NPI, UH Near Wesund
valbar 2007 Apr 3 5 0 0 UK On sea ice around Svalbard
Norway 2008 May 1 84 9 0 UW,NPI Mountain plateau east of Tromsg

1 To qualify as a “profile”, samples from at least 3 distinct snow depths were required.

North Pole for oceanographic measurements (Morison et al.site a sample of the surface snow was collected, and also a
2002). Snow samples were collected at NPEO in 2006 andertically-integrated sample from 0 to 20cm depth. A few
2008. In April of 2008 and 2009, snow was also collected of these samples were rejected because the filter loading was
for us near several helicopter-landing sites on sea ice norttoo high for accurate measurement. Samples from Site 11
of Greenland, in connection with the “Switchyard” project. were rejected because they were made in close proximity to
A tourist group skiing from 88N to the North Pole in  the Kugluktuk copper mine.

April 2007 collected some snhow to provide samples in the In April-May 2009 we surveyed the Canadian Arctic Is-
region of the North Pole but remote from the NPEO stationlands. A Twin-Otter ski plane was used to sample snow
activities. at 24 remote locations on frozen lakes, on sea ice, on tun-
dra, and on small ice caps. This method was very efficient
because snow unaffected by local pollution was available a

) short walk from the airplane. To collect 300 samples required
In March—April 2007 Matthew Sturm led a 4200-km Snow- o+ o weeks, by comparison to the expedition to Eastern

mobile trek across subarctic Alaska and Canada, terminatin%iberia in 2008 where two months were required to collect a

at Baker Lake (Sturm et al., 2008). Snow samples were colgjmiiar number of samples.

lected at 28 sites, mostly remote from settlements. At each

4.2 Canada and Alaska (Fig. 3)

www.atmos-chem-phys.net/10/11647/2010/ Atmos. Chem. Phys., 10, 11'8383-2010
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Snow was collected by volunteers near Eureka in north- There was one opportunity to take a longer overland trip,
ern Ellesmere Island during May 2007 and during the same~300 km, from Cherskiy (Yakutia) to Bilibino (Chukotka);
month on McCall Glacier, in the eastern Brooks Range ofsnow samples were collected en route. There was also one
Alaska, just 100 km from the Arctic Ocean. Snow was sam-opportunity to obtain samples on sea ice farther from the
pled in April 2008 on the sea ice of Elson Lagoon, 10 km coast north of Tiksi, near the Laptev Polynya, with assis-
east of Barrow, Alaska in the normal upwind direction from tance from a joint German-Russian project deploying to that
town. Spectral albedo was also measured at this site and usddcation by helicopter. A summary of results from the Rus-
in a comparison with aircraft measurements of the ARCTASsian expeditions and some photographs were published by
project (Lyapustin et al., 2010). Grenfell et al. (2009).

4.3 Greenland (Fig. 4) 4.5 Svalbard and Norway

Greenland is different from the other regions of the Arctic in |n 2007, a collaboration of UW with the Norwegian Polar In-
that it retains a large area of snow cover through the summesktityte (NPI) was established to compare methods of measur-
Over most of this area, but not all, the snow is melting duringing BC and methods of measuring spectral albedo. Surface
at least part of the summer. We therefore obtained samplegnow was collected in March—April 2007 near the research
in both spring and summer, with many of the summertime astaplishment at Nﬁelesund, Svalbard (78N, 11.9 E),
surface samples having experienced melt. on tundra and on glaciers (Fig. 2). In 2009, a few sam-
Professor Konrad Steffen has established an array of alples were again collected from a glacier neari\lgsund for
tomatic weather stations (AWSs) at and above the 2000zomparison with the NPI measurement. These samples were
m level on the Greenland Ice Sheet (GIS) (Steffen et al.taken in close proximity to where snow had been collected
1996; Steffen and Box, 2001). While servicing those sta-jn 1983 for CN85. Individual snowfall events were sampled
tions in April each year, he and his coworkers collected snowfrom March through May 2007. In April 2007 snow sam-
samples for us. ples were also collected on sea ice along the north coast of
Helicopter flights permitted sampling at two sites on the gyglpard 8 N, 15 E).
GIS in northeast Greenland in the summer of 2006 (Baggild snow was collected in Spring 2008 on a mountain plateau
et al., 2010). Summertime samples were also gathered fror(‘FjeIIheisen) above the city of Tromsg, Norway&9.5 N,
Summit station and on the ice sheet above Thule in 200719 ¢ E) near the cable-car station. Vertical profiles were col-

Sampling of three snowpits to 60-cm depth, with vertical |ected at~2-day intervals in late May to examine the vertical
resolution of 1-2cm, was carried out in the percolation regjstribution of BC during melting.

zone of the GIS at the “Raven” station (Dye-2; elevation
2316 m) during the summer of 2008. The fine vertical sam-
pling was done to study how BC is redistributed vertically 5 Results
during melting.
o 5.1 Regional averages
4.4 Russia (Fig. 5)

. . . . ... Of approximately 1600 snow samples collected, about 1200
A collaboration of the University of Washington (UW) with are used in this study; the others were from duplicate pits or

the Arctic and Antargtlc Research Institute (AARI) in St. Pe- were superseded by profiles at more remote locations nearby.
tersburg was established under the framework of the Inter- equiv

i max est A est
national Polar Year (IPY). The sites sampled (Fig. 5) WereReglonal averages @fgc”, Cge, Cpc > Aot and frgngc are

n
mostly on the tundra bordering the Arctic Ocean, or in thedivenin Table 2. The lowest concentrations of BC are found
forest-tundra transition zone just to the south. A few sites.

in snow on the Greenland Ice Sheet w'(t1§§~ 3ngg?,
were sampled in the subarctic larch forests near Yakutsk" atlﬁrzem_?gt Wl(tth(EESfS an(:hwlth measgrer?]gnts bdypothter
(62° N). Commercial flights were taken in 2007 to Nar'yan- methods (TO an ) from that region (Cachier and Pertu-
Mar, Vorkuta, Dikson, and Khatanga, and in 2008 to Yakutsk

isot, 1994; Chlek et al., 1992, 1995; Hagler et al., 2007a,
Tiksi, Cherskiy, and Pevek. In each of these cities surfac

’eb; McConnell et al., 2007). Because of the high altitude of
transport was organized to drive out 30—100 km away fromthe Greenland sampling sites (most above 2000 m), this is
the city, on roads, on frozen rivers, on sea ice, Or Cross-

likely an indication of the regional free troposphere concen-
country. Personnel would then walk perpendicular to thetrf‘t'onsl' \I/n lc?lvr}giwséts,tthe?ﬁrcncl(k))ce;in;%mpilnes arrii a:!lrr:aken
road, collecting snow at 400, 800, and 1200 m distance fronf S€a Ievel, BC gg - basin-wide In springtime

the road. There was no significant difference among thesurface snow. Concentrations are lower near the North Pole

BC values as a function of distance from the road, indicat—than at lower latitudes (Table 3). There is an apparent gradi-

i H St
ing that 400 m, or even less, was adequate to avoid poIIutiorﬁerlt on th_e western S|1de of the ArCt'CG_EC from th_e North
from traffic. Pole region £5ngg ) to the lower-latitude Arctic Ocean

(~10ngg?) and Arctic Alaska/Canada~8ngg 1), then

www.atmos-chem-phys.net/10/11647/2010/ Atmos. Chem. Phys., 10, 11'8383-2010
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Table 2. Median values for surface snow and sea ice samples within a given region; for western Russia an average is used because there ar
only three sites contributing to the average. Standard deviatiensfg also given where more than six values are available. Samples where
surface snow had experienced melt are excluded; they are given in other tables. Data from Vorkuta are not included for Western Russia
because Vorkuta is a large industrial city, and we judged the sampling locations to be insufficiently distant from the city to be regionally
representative. The sea-ice samples are of the top surface of the sea ice after the snow has melted.

Shee  Aa e g cgl
(%) (gg™") (ngg™) (ngg™)
Snow samples
Arctic Ocean, spring median 3B5 2.1+0.2 12+5 9+3 7+3
Arctic Ocean, summer median 4% 22404 14415 10+ 10 8+8
Canadian and Alaskan Arctic median A8 2.3+0.3 14+7 10+ 4 8+3
Canadian sub-Arctic median 426 2.2+0.2 20+ 12 15+9 1449
Greenland, spring median 36 25+0.2 7+3 5+2 4+2
Greenland, summer median 4714 2.5+0.6 3+3 2+2 1+1
western Russia average 25 1.6 34 30 27
eastern Russia median 48 2.4+04 48+90 39+59 34+ 46
average 44 2.3 87 61 48
Svalbard median 2610 1.7+0.4 18+ 12 14+ 10 13+9
Tromsg, Norway median 269 1.6+04 29+16 24+14 21412
Sea ice samples
Arctic Ocean, summer median 498 2.3+0.3 15+ 20 9+11 7+7
down to sub-Arctic Canada (14 ngt). The eastern Arctic 50 —
sites at similar latitudes to the Canadian Arctic have approx- 45 - T
imately double the concentrations (21, 27 and 34Ty ge- 40

spectively for Tromsg, West Russia and East Russia). Sval- 35
bard, also in the eastern Arctic but farther nortv8(° N) £ 30
has a median concentration of 13 ngtg as compared to “?257 —
8nggt in Arctic Canada, which spans70-78 N. This 2
suggests that sources in northern Russia and northern Europ2
play a stronger role in reducing Arctic snow albedo than do
sources in North America, consistent with what is predicted
by models (e.g. Flanner et al., 2007, 2009; Koch et al., 2009). %

The estimated BC concentrations are also more variable °™_ . ___ e O 0o ot O oo o

10 A

in the eastern Arctic (relative standard deviations 60%, 66% o o of concentrations in side-by-side pairs

and 115% for Tromsg, Svalbard and E. Russia respectively)

and in the Canadian sub-Arctic (64%) than for the Cana-fig. 6. Side-by-side samples were taken at the surface and through-

dian/Alaskan Arctic (39%) and Arctic Ocean (38%). This out the vertical column for the sampling sites in East and West

likely reflects a closer proximity to sources. The relatively Russia, the Canadian Arctic and at Tromsg, Norway. Shown is a

high variability in CS% for Greenland (50% spring; 100% histogram of the left/right ratios of £ for paired samples. The

summer) may be due in part to measurement uncertaintyaverage k= spread in the ratios was0.27 for Tromsg:-0.34 for

but our analysis indicates that this accounts 0% of  the Canadian Arctic angt0.42 for Russia.

the variability (Grenfell et al., 2010). More likely, especially

for the summertime data, variations in deposition and/or in-

snow processes (undetected melt; sublimation) are playingally by 50—-100 cm. The two are almost always within 50%

alarge role. of one another and typically are within 20-30% of each other.
The variations discussed above reflect the spatial variabilThe largest differences are found in snowpits with strong ver-

ity of concentrations within these sometimes very large re-tical gradients in BC concentration, so that vertical variations

gions (Figs. 2-5). As a test of individual snow samples’ rep-caused apparent horizontal variations due to imperfect verti-

resentativeness of a given sampling location, in Fig. 6 wecal coincidence of the two samples at the same level. (This

compare side-by-side samples that were separated horizomismatch can be caused by wind-scouring on the scale of

www.atmos-chem-phys.net/10/11647/2010/ Atmos. Chem. Phys., 10, 11'8383-2010
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Table 3. Median values for snow samples from the Arctic Ocean, segregated by sampling region (Fig. 2), season and snow type.

Year et o Aot o c,g"(ix cet #  Field

(%) (ngg?) (gg?) (nggl) samp. Campaign
Central Arctic
April/May: aged surface snow
2006 33 1.9 10 8 7 2 NPEO
2007 45 2.3 6 4 3 7 NPEO/NW Passage
2008 36 2.0 9 7 6 4 Switchyard
September: new snow
2005 47 2.2 6 4 3 2 HOTRAX
September: aged surface snow
2005 43 2.2 9 7 5 6 HOTRAX

September: windpack snow
2005 38 19 25 18 15 3  HOTRAX
Canadian Basin 86-88° N

August/September: new snow

2005, 2008 52 24 6 4 3 9 HOTRAX/U. Vic

August: “aged surface snow” (sea ice?)
2005 44 2.2 15 11 9 9 HOTRAX

August-September: “windpack snow” (sea ice?)
2005, 2008 46 2.2 36 25 20 6 HOTRAX/U. Vic

North of Greenland

late April/early May: aged surface snow

2008 43 23 14 10 8 2 Switchyard
2008 49 25 11 8 6 2 Switchyard

Canadian Basin 74-80° N

April: aged surface snow
2007 39 21 20 14 12 5 APLIS

April: windpack snow
2007 38 2.0 19 14 12 6 APLIS

April: sub-surface snow

2007 36 19 12 9 8 4  APLIS

April: average over full snowpack depth

1998 45 2.2 11 8 7 39 SHEBA

May: average over full snowpack depth

1998 39 20 15 11 9 27 SHEBA

August: new snow

2008 29 13 9 8 6 2  U.Vic

August: “aged surface snow” (seaice?)
2008 46 2.3 31 21 16 5 U.Vic

August: “aged sub-surface snow” (sea ice?)

2008 48 2.0 15 10 8 5 U.Vic

August: “windpack snow” (sea ice?)

2008 53 26 55 36 26 1 U.Vic

Atmos. Chem. Phys., 10, 116417+68Q 2010 www.atmos-chem-phys.net/10/11647/2010/
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the horizontal separation of the samples). The distribution of 30%
ratios for the surface pairs only (not shown) is nearly iden-
tical to that shown in Fig. 6 for all side-by-side pairs. Thus,

it appears that there are variations in snow BC concentra-
tions at the meter scale horizontally which, in some loca-

25%

15%

frequency

tions, are of the same order as the regional-scale variability 10% 1
in concentrations (20—-30% vs. 30—-60%). This emphasizes 5% -

the importance of gathering multiple samples from both a 0%
given sampling location and a given region in order to ob-

tain representative concentration values. By comparison, thé) 0%
mean absolute difference iﬁot for side-by-side pairs was
only 0.11, much less than the variability,ikfbt within a given
region (Fig. 7). This implies that, in contrast to the concen-
trations, the aerosol type is essentially invariant at the small
(meters) scale.

frequency

At all locations Atot(450—600 nm) always exceeds 1.0
(Fig. 7, Table 2) and, for the regionally-averaged surface 0%
snhow samples, 20%-50% of spectrally integrated light ab- b)

20% 4

25% -

20% -

15% -

10% -

5% A

sorption is due to species other than BC (Table 2). In par- = 3%

ticular, the non-BC constituents dominate light absorption at 30%

wavelengths 300-500 nm, especially for aerosol with high 25% 1
20% -

At (Fig. 1). Our photometric measurements extend down
only to 420nm, so we extrapolate the absorption optical

frequency

15% -

depth linearly from 420 nm down to 300 nm (as well as from 10%

700 nm up to 750 nm) in order to capture the spectral range 5% 1
where absorption of solar radiation by impurities in the snow- 0%

pack is significant (Grenfell et al., 2010). This malfﬁﬁBc ©

and Cg¢" the most uncertain of our derived quantities, all 40%

of the rest of which depend only on the measured absorp-
tion values between 420 and 700 nm. Regardless, it is clear
that in order to accurately calculate the radiative forcing of
light-absorbing aerosol in Arctic snhow one must accurately

30%
25%

frequency

15%

represent not only black carbon concentrations and optical 10% 1

properties but also the concentrations and optical properties 5%
of “brown” (light-absorbing) organic carbon and/or soil dust. 0%
This presents a challenge, as studies to date have found

wide range of spectral absorption properties for both brown 45%

carbon and soil dust (e.g. Kirchstetter et al., 2004; Lafon et ‘3‘;;

al., 2006; Linke et al., 2006; Hoffer et al., 2006; Bergstrom

30%

etal., 2007; Clarke et al., 2007; Sun et al., 2007). 2 oo
Generally, urban and industrial fossil fuel emissions have g fzﬁ
absorptionAngstrom exponents of 1.0-1.5 (Millikan, 1961; 10%
Rosen et al.,, 1978; Bergstrom et al., 2007). However, 5%

this can vary depending on the material being burned, the o

burn temperature and other conditions,scan be>2 for (e)
aerosol from, e.g., inefficient coal burning (Bond et al., 1999;

35% -

20% +

0.0

Avrctic Ocean
—I_‘_’_\ — 1 } }
————— 1+
3 © N © < ~
o N ™ ™ < <
Barrow+Canada
P T
— 1+
© o © o <
o~ ™ ™ < <
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—'_‘7 I R
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Bond, 2001). The wavelength-dependence of biomass burrEig. 7- Histograms of the frequency of occurrence of the absorption
ing aerosol is even more variable than for fossil fuel aerosol AnIStrom exponento(450-600 nm) within different sampling re-
but in general it tends to be higher, with measured values a§'o"s- Samples from all snow depths are included.

low as 1.1 but most falling in the 1.5-2.5 range (Kirchstetter

et al., 2004; Bergstrom et al., 2007; Clarke et al., 2007). Thefon et al., 2006; Linke et al., 2006; Meloni et al., 2006;
spectral absorption properties of dust are even more poorlyBergstrom et al., 2007; Mler et al., 2009). Thusht can
constrained than for biomass burning but are also higher thanot be used definitively to separate fossil-fuel vs. biomass
for fossil fuel emissions (2 A < 5; Fialho et al., 2005; La- burning or dust as the source of light-absorbing material in

www.atmos-chem-phys.net/10/11647/2010/
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snow, but generally we expect lower values for samples more In addition to the springtime Arctic Ocean snow samples,
heavily influenced by fossil-fuel burning and higher values we also have measurements of bare melting sea ice from two
where biomass burning or dust plays a larger role. summertime ship-based campaigns (HOTRAX and U. Vic).
In collecting snow samples in the field we observed thatin summer the sea ice is wet and melting, and the surface of
dust was common in the snow in parts of the Arctic wheredrained melting sea ice is a decomposed granular layer sev-
the snow is so thin that not all the ground is covered. Ineral centimeters thick which resembles coarse-grained snow
gathering samples we tried to avoid obviously soil/dust-laden(median grain radius-2 mm) (Perovich et al., 2002). New
show, and as shown by Hegg et al. (2009, 2010) many of ousnowfall also occasionally occurs in summer. Therefore in-
filters are brown not because the snow contains soil dust buterpretation of these results is more complicated than for the
rather because it contains organic carbon. spring samples, and there is the possibility that some were
The relatively lower absorption&ngstrom exponents incorrectly categorized, e.g. as aged snow when in fact they
(Atom 1.6—1.7; Table 2 and Fig. 7) for Svalbard, Tromsg, were melting sea ice. The estimated BC concentrations for
and Western Russia suggest that the former sites are mothe summertime sea ice are, on average, very similar to those
heavily influenced by fossil-fuel pollution, whereas the val- for both spring and summer snow, and like the summer snow
ues of Ay from surface snow in Greenland (2.5) and the are highly variable. The absorptigkngstrom exponent is
Canadian/Alaskan Arctic (2.3) are more consistent withalso somewhat higher in the summer sea ice than in spring-
biomass burning pollution or dust. Intermediate values areime snow, possibly attributable to more silt in the sea-ice
found in Eastern Russia, the Canadian sub-Arctic and sumsamples than in the snow samples. Further discussion is
mertime Arctic ocean~+2.2), and in the springtime Arctic given below, where we look in more detail at the results
(~2.1), suggesting they are influenced by a mix of sourceswithin each region.
Hegg et al. (2009, 2010) chemically analyzed the meltwater The range of values shown in Table 2, 2-50nd,g
and filters from a subset of the snow samples from the Arcticis intermediate between those of Antarctic snow (0.2—
Ocean, Greenland, Canada, and Eastern and Western Ru8:6 ngg!; Warren and Clarke, 1990; Grenfell et al., 1994)
sia that are photometrically analyzed here, then performedind those of midlatitude industrial regions (50-100014 g
a source-attribution study using positive matrix factorization Huang et al., 2011).
(PMF) analysis. They found that, in all of these locations
except the Arctic Ocean, biomass burning was the dominan
source of light-absorbing aerosol in the snow, whereas in th
Arctic Ocean the dominant source was industrial pollution.

?.2 Results by region

Shile the regional averages given in Table 2 are useful
. X or getting a sense of Arctic-wide concentrations of light-

I°3as<tad l;m th'st we ;’_Vou”ld Iexpectththe fArcgc Oc:eandvilues dOf;bsorbing aerosol in the snow, a detailed analysis of the data

Aot to be systematically lower than for Greenland, Cana aWithinagiven region is necessary for rigorous testing against

or Russia. While this is not apparent (Table 2 and Fig. 7), odels and for insight into the variations in concentration
Hegg et al. (2009, 2010) were studying the source of BC anglnd LAA type. These are given in separate tables for the

non-BC LAA in the snow, so sources associated with higherArctic Ocean. Canada and Alaska. Greenland. Russia. and
concentrations are given more weight. Further, in the HeggNorvvay and évalbard ' ' '

et al. (2009, 2010) studies, the only samples analyzed from
the Arctic Ocean were from near the North Pole (“Central 5.2.1 Arctic Ocean

Arctic April/May aged surface snow” in Table 3). In this re-

gion, the higher values dir (2.3) are associated with low We have both spring and summer samples for the Arctic
concentrations of BCA§® <3ngg?), whereasdhiis <2.0  Ocean region, with the summertime samples including both
for the higher-concentration samples (6—7 nd)gsamples, = SNOW and melting ice. We separately analyze the snow sam-
so the concentration-weighted medidg; would be lower ~ Ples (Table 3) and the sea ice samples (Table 4), grouping
than that given in Table 2. In both eastern and western Rusth€ snow samples into four geographic sub-regions (Fig. 2,
sia Hegg et al. (2009, 2010) found that most of the BC wasTable 3). We caution that summertime samples collected by
from biomass burning, but in western Russia there was alsyolunteers may have been misclassified as aged snow rather
a significant contribution from pollution (Hegg et al., 2009) than melting sea ice, because the two can appear nearly in-
which did not show up in the eastern Russia samples (Hegdlistinguishable.

et al., 2010), consistent with the lower valueshgf; in west- Newly fallen snow samples from August and September
ern than in eastern Russia. Hegg et al. (2009, 2010) have ndf the central Arctic and Canadian Basin have lower concen-
yet done a source attribution analysis for the samples fronfrations (averag€ge 4ngg*) than does most aged snow
Tromsg or Svalbard where the valueshgf; are low. Thus it In both spring and summer. Wmd-packgd snow has the
would be beneficial to expand the source-attribution study tdhighest concentrations, witig of 15ngg* in spring and

include samples from these and other sites in the Europea0ng gt in autumn, though the value of 26 ng'yfor sum-
sector of the Arctic. mertime “windpacked snow” may be a case of misidentifica-

tion of sea ice as snow.
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Table 4. Values for bare sea ice samples from the Arctic Ocean in summer. There is one sample per measurement shown.

Year LatN LonE fESto. Aot nguliv cpex Cglsct sample depth
(%) (hgg™) (ngg) (ngg-) (cm)
Bare first-year sea ice
2005 76.035 202.070 44 2.1 8 6 5 surface
2005 78.439 197.321 43 21 7 5 4 surface
2005 78.291 183.321 49 23 7 5 4 surface
Melting sea ice
2005 87.660 150.902 57 27 67 37 23 surface
2008 78.000 220.420 37 19 24 18 15 0-2
2008 78.000 220.420 39 20 15 11 9 2-8
Sea ice cores
53 24 11 7 5 0-7.5
57 26 8 5 3 7.5-15
2005 78.439 197.321 50 2.3 9 6 5 15-22.5
64 29 11 6 4 22.5-30
60 2.8 37 22 15 0-6
61 2.8 24 14 10 6-12
2005 87.660 150902 53 25 38 24 18 12-18
51 25 61 38 30 18-24
52 24 15 9 7 0-7
51 23 8 5 4 7-14
2005 88.456 213.468 44 1.9 4 3 2 14-21
47 2.2 9 6 5 21-28

The higher concentrations in aged snow may be the resulenhancement at the ice surface vs. just below the surface,
of concentration by sublimation, or by dry depositional pro- again consistent with retention of BC (or sediment) at the
cesses. They could also result from a mis-assignment of dussurface during melt.
absorption to BC-absorption, and this may be particularly a The complexity of these samples and their interpretation
factor for the wind-packed snow which is more likely to con- highlights a difficulty in determining how much BC from
tain dust. A high-bias ircgsct could result if the,&ngstrom combustion aerosol is lowering Arctic snow and sea ice
exponent of dust (or other non-BC LAA) is less than 5.0, albedo. Clearly, one must know more than the deposition
in which case we would be interpreting light absorption by rate of BC to the surface. Also important are understanding
the non-BC LAA as being due to BC. At present we cannotpost-depositional processes that occur in the snow and sea-
distinguish these two possibilities. We doubt that sediment-ice that can alter BC concentrations, and knowing whether
laden sea ice is a significant source of dust for the snow, besediment is also present in sufficient concentrations to sig-
cause the sediment is not exposed at the surface until after thaficantly reduce snow/ice albedo. In summer there is the
snow melts, and thereafter it is wetted by the melting sea iceadded complication that there is a mix of aged snow, melt-
so could not be lifted by wind. The sediment also melts intoing snow, melting sea ice, and occasionally new snow, all
the ice, forming cryoconite holes several tens of cm belowof which have different grain sizes and therefore different
the ice surface. albedo reductions for a given BC concentration (Fig. 7 of

] o Warren and Wiscombe, 1980).
Three samples from bare first-year sea ice in the south-

ern Canadian Basin (first three entries in Table 4) had BC5 2.2 Canada and Alaska

concentrations similar to those of newly fallen snow (4—

5nggl). Melting sea ice had considerably higher con- The most striking aspect of the Canadian and Alaskan Arctic
centrations (9-23ngd), consistent with the consolidation data set (Table 5) is the uniformity in the data across a broad
of BC due to incomplete washout with melt. Three seageographic area. The 2009 data set spafisoblongitude

ice “cores” from the Canadian Basin show no apparentand~10°of latitude (Fig. 3), including snow on tundra, small
trend with latitude, though there is some indication of BC ice caps, frozen lakes, and sea ice (Fig. 8), but the standard
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deviation of BC concentrations in surface snow is only 38%.

For this field campaign, samples were taken from throughout

the snowpack depth (typically 5—7 sample depths) from the

top of the snowpack down to the ground or ice surface, a total [ R
of 306 samples. Ignoring the lowermost samples because of
possible contamination by soil or sea-ice algae, 256 samples
remained for analysis. On the assumption that the seasonal-
ity of the snowfall was similar across the whole region, we
plot data from all 24 profiles together versus the fraction of
total snowpack depth (Fig. 9) to look for seasonal changes in
concentrations and type of LAA. These profiles show a de-
crease irfgf:‘ from ~8ng g ! at the surface, corresponding

to April snowfall, to~5ngg ! for early winter snow (low-

est 30% of snowpack). There are occasional excursions to
higher values in the bottom 40% of the snowpacks. This is
snow from when total snowpack depth was—20cm, so

it is possible that windblown soil is biasing these results, if
we are not accurately distinguishing the contributions to light
absorption by BC vs. soil dust. This increase in deposition of
BC to the snowpack moving from winter into spring is con-
sistent with an increase in agricultural burning as the snowrig. 8. Thin snow on sea ice in the Canadian Arctic, Site 4, near
melts at lower latitudes. It could also be due to an increasedape Parry (7ON, 125 W).

efficiency of transport of pollution into the region with the

change of seasons, or to a combination of the two. There is

some indication of a slight increasefjst;in the middle of ~ 5.2.3 Greenland

the snowpack (Fig. 9), but generally it varies between 30%

and 50% throughout the snowpack depth. These combinedhe Greenland data are a mix of samples from spring (all Au-
results point to a common source type for BC through bothtomated Weather Station, AWS, sites) and summer (KPCL,

winter and spring. Summit, Thule and Dye-2); we display data for these two

Hegg et al. (2010) carried out a corresponding chemicaS€asons separately in Table 6. The summertime snow ap-
analysis in which they concluded that almost all the BC wasPears to be cleaner than the springtime snow (medggh
associated with burning of crops and grasslands throughout.7 ng g vs. 3.5ng g1), but these sample sets are from dif-
the snowpack depth. The absorptidngstrom exponents, ferent locations so this could reflect spatial rather than sea-
Asot, shown in Table 5 are consistent with this finding, which sonal variations. However, vertical profiles from the Dye-
applied across all but two regions: Sites 1-3 near Inuvik2 station (Fig. 10) afford an opportunity to see how LAA
(Fig. 3) had a prominent boreal biomass source signature ighanges from spring to summer. Dye-2 is in the "percolation
autumn and early winter; these are the only sites of the expezone” of southern Greenland. In a typical year about 1 m of
dition that were located within the boreal forest. Sites 19-21,snow falls in winter and spring, with density300 kg n13.
near the tailings of an abandoned metals mine on Little CornDuring July about half of that accumulation melts, but the
wallis Island, showed BC in the sub-surface snow layers to beneltwater refreezes in the cold snow below. We obtained
approximately equally attributable to crop/grassland burningvertical profiles on 25 July 2008, just after a snowfall event
and pollution. had deposited 7 cm of new snow on top of the melting snow.

In addition to the 2009 Canadian Arctic survey we Three snowpits were sampled, at distances 5, 30, and 60 km
also have a springtime surface snow sample from northerrirom the station, in the normal upwind direction (south). The
Ellesmere Island in 2007 (Eureka, EUR) and samples from30-km profile showed no higher BC concentrations than the
two sites on the north slope of Alaska in 2008: Barrow 60-km profile, indicating that they were not influenced by
(BRW) and the McCall Glacier (MCG) (Fig. 2; Table 5). pollution from the station. The snow was sampled down to
The concentrations@tot a”dfneosrgsc from these sites fit well 60 cm depth, which probably includes nearly the full depth
within the range of values from our 2009 data. of the 2007—2008 accumulation season; the buried surface-

The BC content of the Canadian subarctic samples frommelt layer from the summer of 2007 is probably located just
2007 is systematically higher than that of the Canadian Arc-below the bottom of the snowpit.

tic samples, at-14ngg!, and also shows greater variabil-  Two features are apparent in Fig. 10. First, the concen-
ity, exhibiting a standard deviation of 9 ngly compared to  trations are dramatically higher in the melt layer (centered
3ngg ! for the Arctic samples (Table 2). ~10cm depth), which had been at the surface for several

weeks, than for the new snow or for the deeper snow (below
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Table 5. Median values from the Canadian sub-Arctic (2007) and the Canadian (2009) and Alaskan (2007, 2008) Arctic. The 2009 sample
sites are numbered, as given in Fig. 3; a 2007 sample from Eureka, Canada (EUR) and samples from Barrow (BRW) and McCall Glacier,
Alaska (MCG) are included in the Arctic data set. For the sub-Arctic samples, surface samples are of the top 1 cm of the snow, and the
depth-integrated samples are of the top 20 cm of the snow. For the Canadian Arctic, surface samples are typically from the top 1-3 cm of the
snow and the sub-surface samples from all depths below this, excluding the lowest sample in order to avoid contamination by surface soil
or sea-ice algae. For the Arctic Canada sites 1-24, duplicate samples were taken at each level; the average of the pair is considered a sing
sample in this table. The sub-arctic samples are all from the snowmobile traverse of Sturm et al. (2008).

Site LatN  LonE snow 18 Aot ngmv coax CE  surface: #
depth sub-surf  samp.
(cm) (%) (nggh) (nagl) (nggh (o

Canadian and Alaskan Arctic
1 68.986 224.938 38 surface 45 2.3 11 8 6 06 1
sub-surface 47 2.8 18 12 10 ' 5
2 69.635 227.819 33 surface 43 2.2 17 12 10 11 1
sub-surface 44 2.3 17 12 9 ' 4
3 68568 230.477 29 surface 34 19 12 10 8 13 1
sub-surface 42 2.2 11 8 6 ’ 4
4 70.067 235.027 21 surface 56 2.7 20 13 9 08 3
sub-surface 54 26 26 16 12 ’ 3
5 69.895 247.253 20 surface 40 2.1 11 8 7 04 2
sub-surface 55 2.8 34 21 15 ’ 2
6 69.663 250.904 27 surface 39 21 10 7 6 13 1
sub-surface 44 2.3 8 6 5 ’ 4
7 66.171 255.626 30 surface 38 21 20 15 13 21 1
sub-surface 40 2.1 10 7 6 ' 4
8 68.305 255.913 22 surface 47 2.4 13 9 7 08 2
sub-surface 50 25 16 11 8 ’ 3
9 68.824 264.711 23 surface 46 2.3 17 12 9 11 2
sub-surface 46 2.3 16 11 8 ’ 2
10 67.878 283.30 20 surface 41 2.1 13 9 8 15 1
sub-surface 36 20 8 6 5 ’ 3
11 69.280 282.954 29 surface 45 2.3 14 10 8 17 1
sub-surface 46 2.3 9 6 5 ’ 3
12 67.155 274.739 37 surface 44 2.3 16 12 9 14 2
sub-surface 36 20 10 8 7 ' 4
13 66.762 269.309 20 surface 42 2.2 11 8 7 06 2
sub-surface 51 26 23 15 11 ' 2
14 71.151 280.752 38 surface 48 2.4 12 8 6 20 2
sub-surface 50 25 7 4 3 ' 5
15 72.341 277.654 77 surface 36 2.0 13 10 9 29 2
sub-surface 32 1.8 6 5 4 ’ 8
16 72.630 261.336 19 surface 48 2.4 29 20 15 14 1
sub-surface 47 2.4 21 14 11 ’ 3
17 72566 259.193 27 surface 27 1.7 19 15 14 18 1
sub-surface 46 2.3 14 10 8 ' 4
18 73.696 260.782 42  surface 36 20 11 9 7 04 1
sub-surface 39 21 31 21 17 ' 5
19 76.555 255.268 18 surface 38 20 13 10 8 10 2
sub-surface 42 2.2 14 10 8 ’ 3
20 76.633 263.788 21 surface 57 27 25 16 11 31 1
sub-surface 72 3.3 12 6 3 ' 2
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Table 5. Continued.

Site  LatN LonE  snow Stec Aot Cgcémv g g surface: #
depth sub-surf  samp.
(cm) (%) (nggl) (nggl) (ggh g
21 75.497 263.855 26 surface 42 2.2 15 10 8 09 2
sub-surface 52 26 19 12 9 ' 3
22 76.867 274.786 63 surface 49 25 17 11 9 15 2
sub-surface 43 2.2 10 7 6 ' 7
23 75.460 271.149 20 surface 49 25 39 25 19 19 1
sub-surface 65 3.1 28 16 10 ' 3
24 75.265 269.634 25 surface 36 20 17 13 11 08 2
sub-surface 38 21 22 16 13 ' 3
EUR 80.083 273.300 n/a surface 61 2.6 30 18 12 n/a 1
BRW 71.325 203.567 n/a surface 53 2.6 19 13 9 n/a 6
MCG 69.300 216.200 n/a surface 46 2.2 9 7 5 n/a 2
Canadian and Alaskan Sub-Arctic (2007)
1 66.256 215.231 33 surface 39 21 43 32 31 14 1
depth-integrated 53 25 38 25 22 ’ 1
2 67.568 221.702 32 surface 39 21 13 10 9 12 1
depth-integrated 62 28 17 10 8 ’ 1
3 67.160 229.702 41 surface 40 2.0 15 12 11 13 1
depth-integrated 39 20 12 9 9 ’ 1
4 64.934 235.256 48 surface 53 25 9 6 5 08 1
depth-integrated 4 2.2 10 7 7 ’ 1
5 65.379 237.337 22 surface n/a nla n/a n/a n/a / 1
depth-integrated 40 21 17 13 12 Ma 1
6 65.607 237.740 36 surface 33 1.8 14 11 11 15 1
depth-integrated 36 20 10 8 7 ’ 1
7 65.788 238.217 23 surface 36 1.9 23 18 18 17 1
depth-integrated 42 2.2 15 11 11 ’ 1
8 66.230 238.934 28 surface 49 25 14 9 7 04 1
depth-integrated 41 2.1 25 19 18 ’ 1
9 66.353 239.364 23 surface 33 1.9 19 16 16 08 1
depth-integrated 41 2.2 29 21 20 ’ 1
10 66.900 241.062 34 surface 51 25 19 13 11 26 1
depth-integrated 55 2.7 8 5 4 ' 1
12 66.655 246.440 21 surface 48 2.4 63 42 39 35 1
depth-integrated 37 20 15 11 11 ’ 1
13 65.957 247.578 32 surface 46 2.3 17 12 9 08 1
depth-integrated 41 21 16 12 11 ' 1
14 65.087 248.546 28 surface 51 25 22 15 13 09 1
depth-integrated 45 23 21 15 14 ' 1
15 64.747 248.146 32 surface 43 2.2 31 23 21 13 1
depth-integrated 41 2.1 23 17 17 ' 1
17 64.522 249.463 36 surface n/a nla n/a n/a n/a / 1
depth-integrated 51 24 45 29 26 nia 1
18 64.352 250.319 33 surface 39 21 21 16 16 13 1
depth-integrated 47 2.4 20 13 12 ' 1
19 64.086 251.489 32 surface 36 2.0 46 35 35 12 1
depth-integrated 37 20 39 30 30 ' 1
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Table 5. Continued.

11665

Site  LatN LonE  snow e Aot CE%UN > CEt  surface: #
depth sub-surf  samp.
(cm) (%) (nggh (gg™) (ngghH 8
20 64.011 252.424 50 surface 39 21 25 19 19 14 1
depth-integrated 44 23 19 14 13 ’ 1
21 63.751 253.456 31 surface 43 2.2 14 11 10 06 1
depth-integrated 44 2.2 24 18 16 ’ 1
22 63.611 254.872 35 surface 37 22 21 16 14 05 1
depth-integrated 37 20 41 32 31 ' 1
23 64.041 256.155 23 surface 41 21 18 13 13 09 1
depth-integrated 41 2.1 20 15 14 ’ 1
24 64.017 257.490 22 surface 4 23 24 17 16 15 1
depth-integrated 45 23 16 12 11 ’ 1
25 64.533 258.646 41  surface 49 24 16 11 10 10 1
depth-integrated 45 23 16 11 10 ' 1
26 64.620 259.527 32 surface 45 23 24 17 16 19 1
depth-integrated 45 23 12 9 8 ' 1
27 64578 261.450 19 surface 40 2.2 21 16 14 15 1
depth-integrated 40 21 13 10 10 ’ 1
28 64.419 263.579 32 surface 47 24 11 7 6 06 1
depth-integrated 40 21 13 10 10 ’ 1
t est
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Fig. 9. Profiles from the 2009 Canadian Arctic measurements from 24 sampling sites (Fig. 3) of snow BC concentrations (left) and the
fraction of absorption due to non-BC constituents (right). Side-by-side pairs have been averaged together, and the deepest snow sample

excluded to avoid contamination by soil or sea-ice algae. Across all 24 sites the snowpack depthh#dsc80
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Table 6. Median values for samples from Greenland, with medians for surface and sub-surface samples calculated separately. Three Dye-2
profiles which include a melt layer are further broken down by new surface snow, melt layer and below the melt layer.

Site Lat Lon E IEStee Aot nguw o g surface: # Year Notes
sub-surf  samp.
(%) (hggH (ggh (ggH 8
Summer Samples
KPCL, 38 km west 79.878 333.991 surface 37 21 31.4 23.6 20.1 42 2 2006 surface snow had
of ice margin, : experienced melt
elevation~1000 m sub-surface 39 23 7.9 5.7 4.8 4
KPCL, 96 km west of 79.825 331.205 surface 35 25 1.7 1.3 1.1 n/a 2 2006 new drift snow
ice margin, 1439 m
KPCL, 96 km west of 79.825 331.205 surface 64 3.4 3.9 2.3 14 12 2 2006 surface snow crust
ice margin, 1439 m sub-surface 62 3.2 2.7 1.7 1.2 ’ 2
Summit, 3208 m 72.579 321496 surface 51 29 4.0 2.6 2.0 12 1 2007 dry snow
sub-surface 49 27 3.2 2.2 17 ’ 11
Ice sheet above Thule, 76.402 291943 surface 47 24 8.2 5.6 4.2 20 2 2007 likely experienced
~600m and 1047 m ’ surface melting
sub-surface 45 2.3 3.8 2.7 2.1 6
Dye-2,2165m 66.441 315.210 surface 33 1.9 1.6 1.3 1.1 03 6 2008 surface is all new snow
all sub-surface 446 24 6.6 4.6 3.8 . 59 (surface):(below melt)
melt layer 39 21 17.8 13.0 11.0 55 12 (melt layer):
below melt layer 48 25 3.8 25 2.0 ’ 47 (below melt)
Spring Samples at AWS stations
South Dome, 2922 m 63.149 315.183 surface 37 20 7.2 55 4.4 n/a 2 2007 surface
Saddle, 2559 m 66.001 315.499 surface 53 25 3.3 2.2 1.6 n/a 2 2007,2008 surface
NASA-SE, 2579 m 66.480 317.500 surface 53 2.7 3.8 24 18 n/a 2 2007,2008 surface
Dye-2,2165m 66.481 313.720 surface 51 25 75 4.8 3.5 n/a 2 2007,2008 surface
Crawford Point, 2025m  69.898 313.086 surface 42 2.2 12.0 8.7 6.9 n/a 1 2008 surface
GITS, 1887m 77.143 298.905 surface 52 25 6.1 4.1 29 n/a 1 2007 surface
Petermann Glacier, 30m  80.750 306.000 surface 45 24 6.9 4.7 3.8 n/a 1 2007 surface
est est
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Fig. 10. Profiles ofcg%t (left) andfrfgrt]BC (right) for three summer-time profiles taken 30 km and 60 km upwind (south) of the Dye-2 station
in Greenland.
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~15cm). [The deeper snow also included some hard ice est (ng/g)
lenses from refreezing of meltwater; their BC content was no BC
different from that of the adjacent snow above and below the
ice lens.] However£eSt, -is relatively constant through the
new snow and the melt layer (0O—15cm depth), implying that
the type of aerosol — and therefore likely its source — did not
change. This is consistent with the idea that BC is largely left 15%
behind at the surface as the snow melts (Flanner et al., 2007)
quantification of the vertical redistribution will be attempted

in a separate paper discussing five separate experiments @~ 25%
snowmelt.

Second, £, - is ~25-45% from the surface down to
~15cm and below~35 cm but is higher{50-70%) at 15—
35cm depth. This points to shift in the type of LAA and
is consistent with the conclusion that the summertime snow
LAA comes predominantly from pollution (lowest . ~and
Aot In the summertime, near-surface snow) and that spring-
time LAA is from biomass burning (highefﬁosrﬁsc and A
at depth, corresponding to snowfall from earlier in the year),
as surmised by Hegg et al. (2010) based on chemical analysi: ~ 65%
of the snow from the 60 km profile. TheS! . - at 35-60 cm
is similar to that at 0-15cm, which might suggest that the 75%
35-60-cm layer is snow that fell in the previous year, but this
is unlikely because the BC profile does not show a second
summer-melt peak at depth. 85%

5%

35%

45%

55%

percent total snow depth

5.2.4 Russia
Fig. 11. A profile of BC concentrations in the snowpack in Cher-

Along the Arctic coast of Russia, and indeed across thesKiy, Russia. The higher values at the surface are indicative of BC
central Arctic Ocean, the heavy snowfall occurs in autumncencentration at the snow surface with sublimation, and/or dry de-
(Aleksandrov et al., 2005; Warren et al., 1999). During win- position of BC during winter and spring. The low concentrations in

- T N 2 . the lower part of the snowpack may be affected by self-cleaning in
ter there is little additional snowfall, but considerable subli- depth hoar (see text).
mation occurs (Liston and Sturm, 2004), which is expected
to cause an enhancement of the concentration of impurities

in surface snow. Indeed, in most (but not all) of our Siberian | Eastern Russia all sites except Yakutsk were near the
sites the BC concentration is higher in surface snow than ingoast of the Arctic Ocean. Yakutsk is in a subarctic forested
subsurface snow (Table 7). The vertical profile for Cherskiy region. The Yakutsk-west sites were reached by driving on
is shown in Fig. 11; this was the site with the highest sur-g jightly-traveled snow-covered road through minor villages;
face:subsurface ratio. then snow was sampled on a creek and in a frozen marsh.
The BC concentrations (Table 7 and Fig. 12) are muchwe take these sites to be representative of the Yakutsk re-
more variable in Russia than in Canada at similar |atitUdESgion_ The Yakutsk-east excursion’ by contrast, was a|ong
This is partly due to the fact that all our sites in Arctic Canadathe main highway to Magadan (a gravel road), and there was
were remote, accessed by skiplane, whereas in Russia Wgnsiderable truck traffic. The road had become snow-free a
were rarely able to sample snow more than 100 km from &ew days prior to our excursion, so it then became a source
city, and many of the samples were only 30 km distant. Lo-of dust for the snow nearby. The higher Valueﬁ?grt]Bc at
cal contamination is certainly responsible for the high valuesthe surface is probably due in part to this local dust, which
at Vorkuta (Table 7). This was the biggest city we used asprobably in reality ha®\nonsc < 5, SO thecgsét in Table 7 is
a base, and we were able to travel only 30 km east from thexaggerated. The subsurface snow fell earlier when the road
city. We have therefore removed Vorkuta from Fig. 2 and was still snow-covered, so it was unaffected by local dust.

from our regional averages in Table 2. We think the valuesThe subsurface value, 23 ngly agrees with the subsurface
for the three other sites in Western Russia are reliable. Of thgalue for Yakutsk-west of 20 ngg-.

three, the lowest surface values of BC (12 ng)gwere ob-
tained at Dikson, which is the smallest and most remote town
visited. It is on the western corner of the Taymyr Peninsula,
protruding into the Kara Sea.
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Table 7. Average values for surface and sub-surface snow in Russia. In locations where two adjacent samples (sample pairs) were taken
the average of the two pairs is considered a single sample. For the Tiski South site the snow was thin so there are no sub-surface sample:
Therefore for that site we show averages for new snow and old snow. The “new snow” at Tiksi was drifting in from the north. The “new
snow” at Bilibino had just fallen during the previous few hours in calm weather.

snow est o At Cg?:mv cpex g surf: #

depth sub-surf  samp.

(cm) (%) (ngg?) (hgg™) (ngg™? Cgd
Western Russia (2007)
Nar’'yan Mar 33 surface 23 16 26 22 19 29 7
67.63FP N, 53.646 E sub-surface 22 1.3 11 9 8 ’ 4
Vorkuta 30 surface 23 15 303 260 235 04 3
67.703 N, 64.332 E sub-surface 17 13 516 469 431 ’ 2
Dikson 35 surface 30 17 15 14 12 05 5
73.428 N, 81.48°E sub-surface 22 15 35 30 27 ) 5
Khatanga 39 surface 21 15 60 53 48 15 5
72.256 N, 103.038 E sub-surface 25 1.6 43 36 32 ’ 6
Eastern Russia (2008)
Yakutsk West 37 surface 48 2.8 102 69 54 29 3
62.714 N, 129.159 E sub-surface 28 19 30 24 20 ’ 3
Yakutsk East 28 surface 51 26 238 154 116 6.1 1
62.134 N, 130.538 E sub-surface 28 1.7 33 27 23 ’ 2
Tiksi South 10 new snow 51 26 23 16 11 / 4
71.576 N, 128.862 E <Y old snow 49 25 289 188 146 M@ 8
Tiksi North 38 surface 45 2.4 236 162 130 34 3
72.040 N, 128.460 E sub-surface 35 20 68 53 46 ’ 3
Tiksi West 31 surface 34 20 77 60 52 16 4
71.707 N, 127.534E sub-surface 29 138 78 64 57 ) 3
Laptev Sea 10 surface 43 23 24 17 13 / 3
74.065 N, 128.872 E <P sub-surface 30 1.8 37 31 26 A 1
Cherskiy West 35 surface 30 18 110 89 78 6.0 6
68.649 N, 160.487 E sub-surface 34 19 21 16 13 ’ 5
Cherskiy North 24 surface 27 17 69 57 50 19 4
69.032 N, 161.202 E sub-surface 29 17 36 30 26 ’ 4
Cherskiy East 37 surface 34 19 82 63 53 31 2
68.719 N, 161.572 E sub-surface 34 19 29 22 18 : 2
Cherskiy-Bilibi. traverse 32 surface 38 21 28 21 17 19 1
68.487 N, 163.157 E sub-surface 31 19 13 10 9 ’ 1
Bilibino surface 46 2.3 25 18 14 14 1
68.22F N, 166.179 E 40 sub-surface 49 25 19 13 10 ’ 1

new snow 56 2.8 7 5 3 n/a 1

Pevek West 29 surface 48 2.4 22 15 11 17 2
69.869 N, 169.302 E sub-surface 49 25 18 13 10 ’ 2
Pevek East 50 surface 47 2.4 24 17 13 10 2
69.524 N, 171.310E sub-surface 47 2.4 25 17 13 ’ 2
Pevek South 20 surface 50 25 28 19 14 14 4
69.119 N, 170.858 E sub-surface 48 2.4 20 14 11 ’ 4

The other extremely high estimates of BC are for Tiksi- non-BC fractions given as 48-55% in Table 7 may in reality
south. This was a tundra site reached by walking 3.4 km wesbe e.g.~90% if the dust ha&nongc% 2.5 instead of 5.0. We
of the weather station, which in turn is just 7 km south of the conclude that the true BC values for Tiksi are probably much
town. The snow was thin and patchy (Fig. 13), so there is thdower than indicated in Table 7.
possibility of local sources of dust entering the snow. The
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Fig. 12. As in Fig. 9, but for from West (2007) and East (2008) Russia. . Note that the sc&l@@here differs from that in Fig. 9. Here
we have included data only where there were samples from more than three snow depths. This excludes much of the data from the Tiksi anc
Laptev Sea sites, where the snow was thin. Data from Vorkuta were also not included here.

sion), are so much smaller. It seems likely that they, rather
than any of the sites near Tiksi, represent the true regional
values of BC: 13 ngg! for surface snow, and 26 ngg for
subsurface snow. We cannot be sure that the higher value
for subsurface snow represents a repeatable seasonal differ-
ence; it may instead be due to a single forest-fire plume that
happened to affect this location. The climatological average
snow depth in April at the Laptev locationi€25 cm, but this

year the depth was only 7-10 cm, probably because the sea
ice formed later than usual in autumn 2007 (Stroeve et al.,
2008); any early-autumn precipitation would have fallen into
seawater instead of accumulating on the ice surface.

Cherskiy is located at the forest/tundra transition in the
Kolyma River basin. There are local sources of soot within
the river basin from domestic wood-burning in the villages
and fishing camps, as well as coal-fired power plants. A
Fig. 13. A photo of the Tiksi-South sampling area, in eastern Rus- thermal inversion confines much of this pollution to the river
sia, in early April. basin in winter, so there may be significant dry deposition,

and indeed we saw black particles on the filters that were
large enough to be resolved by eye. Our reported values

The northward excursion from Tiksi was a drive on seafor the Cherskiy region may therefore be representative only
ice in the Lena Delta, but always close to land; it is possi-of the (admittedly vast) Kolyma River basin, and not of the
ble that the high value o@gsct= 130ngglis also contam-  surrounding highlands. Samples from higher elevation were
inated by dust with a wrong assumed valueAgénec. It is obtained on the drive from Cherskiy to Bilibino, and their BC
interesting that the BC values for snow on the Laptev Seagstimates are indeed lower (17 ng'gsurface, 9 ng gt sub-
just 200 km north of Tiksi (obtained on a helicopter excur- surface). These samples may be taken to represent the high-
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lands surrounding the river basin, with the caveat that theyshow how the surface and sub-surface concentrations of BC
were by necessity collected not far from the main east-westvolved as the snow melted. While the sub-surface concen-
road across northwestern Chukotka. The source-attributioftrations increased only slightly across this span of timﬁg
for these sites, however, does implicate biomass burnin@1ngg? vs. 16 ngg?), BC concentrations in surface snow
rather than diesel emissions (Hegg et al., 2010), so we thinkncreased from 18 ngd to 56 ng g1, indicating that there
the values are regionally representative. was incomplete removal of the BC with the melt water, and
The snowpacks across the Siberian tundra consistegiossibly some BC transferred from the surface to the sub-
mostly of depth hoar except for the top 5—-10 cm, which wassurface snow. The ratio of surface:sub—surfd@% increased
consolidated fine-grained old snow. Depth hoar results fromfrom 1.1 before melting to 2.7 after 9 days of snowmelt.
strong vertical temperature grad|en'§s in a shallow snowpack Ten degrees north of Tromsg, on the west side of Spitsber-
whose base at the ground surface is much warmer than the :
en, the largest island of Svalbard, snow was collected near
top surface exposed to the cold atmosphere (LaChapell ) NP S . i
. L . ongsfjord. (Coal mining is a major industry in Svalbard;
1969). The consequence is sublimation of snow grains anq

o " = ..the nearest major coal mine is at Barentsburg, 110 km south
re-deposition of the vapor as frost crystals (“depth hoar”) a : .
. . . . . of Kongsfjord. However, BC from that mine appears to affect
few mm higher. This process, during which the entire sub-

surface snowpack passes through the vapor phase, is repeattgg snow only a short distance from Barentsburg; Fasastr

many times during the winter, suggesting a self-cleaninget al., 2009.) Deposited snow was collected from three sites
mechanism for the snowpack, in which the soot migratesin March—April 2007, and the glacier site was resampled two
downward relative to the snow. Indeed, we never found highyears later (May 2009). Samples of new snowfall were col-

: . ; ; lected from mid-March to late May 2007 in the science-town
BC concentrations in depth hoar. This mechanism, however o ,
. . . of Ny-Alesund on Kongsfjord. Samples were collected both
does not affect the surface layer, which retains high BC con- :
. g at the research laboratory in the town near sea level and at the
centrations, and of course it is the surface layer that largely. ; ; ) L
. Zeppelin station, 475 m a.s.l.; they showed no systematic dif-
determines the albedo.

. ference in BC concentrations. All samples were of cold snow
Table 7 shows that our estimated BC values generally de- P

o ) L which had not yet experienced melt. BC concentrations in
crease toward the east, from Tiksi to Cherskiy to Bilibino to surface snow were lower here (716 mdgthan in Tromsg

Pevek. Three excursions in different directions from Pevek . :

all obtainedC&Y values in the range 10-14 ngly both in p_re—melt €-19ng g?), as would be expected given its greater
BC : distance from European sources. For two of the three Sval-

sgrfag:e and sulb-surface SNOW. The lowest value in EaSterBard sites the ratio ofgf:t surface:sub-surface is similar to

Sllbgni’ ggngAgrii ;/r;/a;”?bbitnamid f?;hnewilty fa”ﬁ: rsn'?m S\?Vm' that in Tromsg pre-melt, possibly indicative of a generally

pied o P 0. hear the cily center. s was higher concentration of BC in snow deposited in spring than

”?‘? on_ly snowfall eyent_ experienced during the 7-week ®XP®%n late winter. The surfao&ngstrom exponentis also slightly
dition in Eastern Siberia.

. o . but systematically lower than in the sub-surface, indicating a
The estimated non-BC contributions to absorption are y y g

. : - relatively greater role of fossil fuel BC in spring than in win-
small in Western Russia (17-30%), similar to Norway andter. At the third Svalbard site (moraine below glacier), the

Svalbard. They are also small in the Cherskiy regiop, where urface:sub-surfacé“gsét ratio is much higher (2.6 vs. 1.2—
much of the B(? may come from Ioca! sources as ghscusse .3). This is based on one sample each from the surface and
above. Otherwise the estimated fractional absorption due tQ ' < \rtace We also have a sample of newly fallen snow in
non-BC in eastern Siberia (Table 7 and Fig. 12) is similar e nearby town of Ny&lesund from the same day (L April),

and it has the saméeS as below the glacier (17 ngd).

what we find in arctic Canada, consistent with a predomi-
nance of biomass burning as the source of BC, as found b)1'hus, the high surface:sub-surface ratio may just be indica-
ve of capturing a short-term change from cleaner to dirtier

Hegg et al. (2009, 2010). The biomass burning consists o{i
snowfall. On the other hand, the moraine site was near an

both agricultural fires and forest fires, but apparently both
sources are largely "anthropogenic” (Mollicone et al., 2006)'established snowmobile route, so it could have experienced
local pollution.

5.2.5 Norway and Svalbard
Inspection otgg for the new-snow events (Fig. 14) shows
We have samples from two general locations separated bthat BC concentrations in deposited snow are highly variable
~1C in latitude (Fig. 2, Table 8). At Tromsg, snow was in March and April, with a general tendency to lower con-
collected periodically by Sanja Forsgstn of NPl on a moun-  centrations in moving from early to late spring, as was also
tain plateau (Fjellheisen) east of the city between 26 Marchseen by Noone and Clarke (1988) in northern Sweden during
and 30 May 2008. Samples were taken on one day eacthe springtime decline of Arctic haze. This high variability
in March and April, then more regularly from 19 May to in March—April also makes it difficult to know whether the
30. On 21 May, the snow began to melt and it continuedhigher BC concentration in 2009 vs. 2007 at the upper glacier
to melt through 30 May. Vertical profiles of snow samples site (Table 8) is due to differences in emissions/deposition
were gathered both before and during the melt period, tdbetween the two years or if it instead just reflects the high
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Table 8. Median values from the Fjellheisen plateau above Tromsg, Norway°(B9.48.6° E, 421 m) in the spring of 2008, and from
Svalbard in 2007 and 2009. All Svalbard samples are from near the town diééynd (78.917N, 11.933 E). In locations where two

adjacent samples were taken, the average of the pair is considered a single sample. In Tromsg, the total snow depth was 27 cm immediatel
before melt commenced.

est o Aot Cge cmax Ce  surface: #
sub-surf  samp.
(%) (nggl) (ggl) (ngg™ cgd

Tromsg: PRE-MELT (26 March and 15 April)
surface 22 1.1 24 21 19 11 3
sub-surface 29 1.8 23 19 17 : 9
Tromsg: PRE-MELT (19, 21 May)
surface 27 1.7 24 20 18 11 3
sub-surface 29 17 23 19 16 ) 14
Tromsg: DURING MELT (23, 26, 28, 30 May)
surface 29 1.8 80 64 56 27 4
sub-surface 33 1.9 31 24 21 : 21
Svalbard, Upper Brgggerbreen glacier, 788M411.923 E
surface, 2007 31 2.0 11 9 8 12 2
sub-surface 2007 28 2.0 9 7 6 : 4
surface, 2009 21 15 19 16 15 1
Svalbard, 2007, moraine below Brgggerbreen, 78 9LE 11.830 E
surface 22 16 21 18 17 26 1
sub-surface 31 20 9 8 7 ’ 1

Svalbard tundra, 240 m from shore of Kongsfjord, 2007 (78°90312.117 E)

surface 33 1.9 11 8 7 4

sub-surface 46 2.5 11 8 6 13 2

Newly Fallen Snow at N)AIesund, 2007

March 30 2.0 21 17 15 n/a 11
April 32 1.8 29 23 20 n/a 10
May 25 16 14 11 10 n/a 3

short-term variability seen in Fig. 14. While we do not have The values we obtain for Svalbard, with medians 7-
samples of individual snowfall events from the Canadian side20ng g1, are higher than those obtained by Forsstret
of the Arctic, the very low site-to-site and vertical variability al. (2009) using the TO method. Their median for 81 sam-
in snow concentrations across Arctic Canada (Fig. 9) indi-ples across Svalbard was 4 riglg We have commonly seen
cates that the temporal variability on that side of the Arctic is factor-of-two differences when processing the same snow by
much smaller than in Svalbard. the two methods, with our filter method giving larger values.
New-snow events with high concentrations of BC are as-Investigation of the discrepancy is underway, in collaboration
sociated with lower values ok (Fig. 15), again indicat-  with the NPI.
ing that fossil-fuel pollution likely accounts for much of the
BC in snow on this side of the Arctic. The excellent co-
incidence of the NyAlesund and Tromsg values in Fig. 15
further suggests that the two locations are influenced by thg;ncertainty in the results presented above stem from () in-
same sources, with lower concentrations at the norther sitgyymental noise and instability, which will introduce ran-
through dilution with transport. dom uncertainties, (b) uncertainties in the assumptions built
into our data analysis, which may be introducing biases,

6 Uncertainty analysis
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to be representative; in regions with high variability, such as
northern Russia, they are less likely to be representative of a
broader region. In the specific case of our samples from near
Vorkuta, Russia, it appears that we were unsuccessful at get-
ting far enough from the city to escape its influence. On the
other hand, this points to the fact that some sources may be
large enough to be regionally important. At the smaller scale
(~1-10m) we have addressed the question of the represen-
tativeness of our samples by taking two side-by-side samples
at many locations. Our analysis of these samples (Sect. 5.1
and Fig. 6) shows that the two concentrations are typically
within 20-30% of each other. Where duplicate samples were
taken, the average of the two values is used in the analysis.
Once gathered, snow samples are melted then filtered, with
an exposed area of 18 mm diameter. The field of view of the
laboratory spectrophotometer 465 mm so uneven distribu-
tion of the aerosol on the filter could bias our results. We test
for this — as well as to identify spurious results produced by,

4.0
Lo o e.g., instrument malfunction or the filter sliding outside the
357 o ° ° photometer field of view — by measuring each filter twice,
3.0 @ with the filter repositioned for the second measurement. |If
251 %8 . the difference between the two measurements 1% we
3°8° 28 re-measure the filter. If consecutive measurements of differ-
Aot 20 "’>§< 33?% ent parts of the filter exposed area do not agree within 10%
151 ﬁé@?x, ® '- o o we exclude the sample from our analysis, so error due to un-
even filter exposure should be limited ta10%. Less than
107 1% of field samples were excluded in this way.
0.5 1 Tests of the ISSW spectrophotometer have shown that
00 ‘ ‘ ‘ ‘ ‘ the instrumental noise is smalk{% for the averaging

Fig. 15. Awot vs. CEX at Ny-Alesund (gray circles) and Tromsg
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(69° N, 19° E; crosses) in 2008 before the onset of melt.

6C

time used). The system calibration also is stable: we ob-
served~2.5% drift in the calibration over several months and
<0.5% drift over several hours (Grenfell et al., 2010). We
measure the calibration standards approximately every other
day we measure filters, so errors due to calibration drift likely
fall between 0.5% and 2.5%. Uncertainty in the calibration
(conversion from measured light intensity to absorption op-

(c) non-uniformity in the deposition of sample aerosol onto tical depth or BC loading on the filter) as a function of filter
the nuclepore filters, which may introduce random errors forloading and wavelength, derived by running multiple cali-
some samples, and (d) the question of whether the samplédsrations over a six-month period, shows that the calibration
analyzed are representative of a broader region. uncertainty is<10% for filter loadings of 0.12—7 ugBC ém
The latter two sources of error relate to our sampling andover the 420—740 nm wavelength range (90% of all samples);
filtering procedures. In all cases efforts were made to gatheit is <5% for loadings of 0.5-5ugBC cm (79% of all sam-
snow samples far enough away from local sources of polples) (Grenfell et al., 2010). These instrumental uncertain-
lution (e.g. roads, snowmobile tracks, industrial complexesties (<11% when added in quadrature) produce randomly
cities) that they would not significantly influence snow BC distributed error and are therefore minimized by averaging
concentrations. Where there was doubt, we often gatheredcross multiple samples.
snow samples at increasing distances from possible sources Several assumptions built into our analysis may be pro-
and only kept samples where concentrations had ceased ttucing systematic biases. First, we apply a 15% under-catch
decline with distance from the source. However, the defi-correction to all samples based on tests on field samples from
nition of “regionally representative” and “significantly influ- a range of locations. These tests indicated that the under-
enced” are by necessity somewhat arbitrary, and the limitectatch of the filters may be as low as 0% or as high as 30%,
number of samples that can be gathered from any one regioas stated in Sect. 3.2, with under-catch varying by location
limit their broader representativeness. In areas where relafi.e. presumably by aerosol type). We did not conduct suf-
tively little spatial variability in concentrations was observed, ficient tests to be able to apply a location-specific under-
such as Arctic Canada, our regional averages are more likelgatch correction, so in some locations we may be introducing
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either low or high bias irC32, CE and Cgd"of as much  ~ 0.8 < Agc < 1.9 (their Fig. 8b). Thus, we adopt this range
as 15%. Second, for sites where plastic zip-loc bags wereas the lower and upper bounds in our uncertainty analysis.
used to collect snow samples (sub-arctic Canada and western Non-BC light absorption may be due to a range of organic
Russia) we have applied a 20% correction factor to accountubstances, either from combustion or soil, or due to mineral
for losses of BC to plastic flakes scratched off in the bagsdust. A for mineral dust has generally been in the range 2—-3
(Sect. 3.1). Tests to assess these losses (sampling the saieey. Fialho et al., 2006; Alfaro et al., 2004; Bergstrom et al.,
snow layer with both scratchable and nonscratchable bags)007), but it is not well-constrained. In any case, chemical
obtained losses ranging from 0 to 40% on eight differentanalysis of our samples indicates that mineral dust is not re-
snow layers, so we estimate the uncertainty of the correctioponsible for a significant fraction of light absorption (Hegg
factor to be+20%, affectingCE*, C§% and CgL™ for the  etal., 2010), so we will concern ourselves instead with con-
samples from sub-arctic Canada and western Russia only. straining Anonsc for organics. However, if this method is
The largest source of uncertainty in our analysis stemdo be applied to snow samples laden with mineral dust the
from uncertainty in the mass absorption efficiency of BC values ofAnongc used here should be adjusted accordingly.

(affecting 2, Cgét, Cceauv andfr'férﬁs& and uncertainty in Here we have liberally set the bounds of 3.Bnonsc <

BC . ,
the absorptiorAngstrom exponent of BC and non-BC con- 70 We base these choices on Yang et al. (2009) who find

stituents in our samples (aﬁecti@%t a”dfr%srgsc)- A= 3.5 for brown carbon; Shapiro et al. (2009), whose lab-

The ISSW measures light absorption, and the conversior?irr]nertz;tgi(rj g%ht'latgsoé?]ggHg;fge?ngsar aé%&)(ci\llﬁzlitoefn d

to BC mass is made using a set of standard filters Ioade(#élat that HULIS (HUmic-Like Substances) haieof 6.4

with knqwn am‘?””‘S of synthetic soot (Sect. 336)2 '[Te ma856.8. These bounds also encompass values measured in other
absorption efficiencyfans of these standards is 619" at studies (e.g. Sun et al., 2007; Roden et al., 2005), which

550 nm. While this represents properly the light absorption,

) . ave isolatedA of light-absorbing organic aerosol compo-
the derived mass of black carbon will equal the true mass o : .
. nents, though higher values have sometimes been observed
black carbon on our sample filters onlyffps of the sam-

ple aerosol BC is also 6%y~1. The survey of Bond and (e.g., Chen and Bond (2010) found that combustion-based

Bergstrom (2006) concludes thAkys is somewhat higher IlghF-absorblng OC can in some cases hA\tet 10). \

than this (7.5¢ 1.2 g~ at 550 nm) for aged atmospheric ~ igure 16 shows the absolute error arge (for Cgg =
BC. If Babs0f the snow BC is in fact, e.g., 7.57g  rather ~ 10Ng g') and the range in derivediSigc if the true val-
than 6n? g~ the derived values OCg\gx, ngt, and C;qcu'v ues of the absgrptlomngstrom exponent are at the low
will be biased high by~20%. The derived value of¢st,.  €Nd Bec =038, Aonac=3.5) or the high endec = 1.9,
would consequently be biased low, but by less than the higinonsc= 7.0). While the potential errors are large for cases
bias in the BC concentrations since the fraction of absorp°f Nigh At almost all of our samples have < 2.8 (as
tion by non-BC constituents is much higher at shorter wave-Shown in the histogram of Fig. 16a), where the potential high
lengths 600nm) than at the wavelengths where BC con-Pias inCgg is at most a factor of two. Fohyor < 2.0, the
centration is quantified (650~700nm). Consequently, the bia@Tor iNC§e is <25% (10+ 2.5nggt). The relative error in

in £est_ _due to this source of uncertainty will be lower for fronsc{Fig- 16b) is less than the error &EZ for larger val-

samples of highe&m_ ues ofAyt, because of the larger fraction of non-BC vs. BC

As discussed in Sect. 3.3, we use assumed values of thight absorpti%r;tat Sh(lr;tfl’ wavelengths. Physically impossi-
absorptionAngstrom exponent (quantified for 450-600 nm) Pl€ values oCge and f5 g result when the measured value

for BC (Asc) and non-BC Auonsa light-absorbing aerosol ~ ©f Aot is either Iez;thaABc or greater thafonag, forcing

A ) L
in our derivation of C§ and f5t. . We have chosen to Cge < 0 and/or fi5g €ither <0% or >100%. This high-

use values oAgc = 1.0 andAnonse 5.0 based on previous  lights the fact thafisc anq,&nongc are likely well within the
studies of these quantities (Sect. 3.3). Here we assess hogPunds we have set in Fig. 16.

e o o . H irest
CEand £25!, - are affected if in fachgc andAnonsc differ Finally, we note that a small error itf ;g results
from these assumed values. from the assumption that the absorption coefficient of light-

For a lower bound ogc we use 0.8, consistent with low- absorbing consFituen_ts is linear With wavelength intddgg
end values from both observations (Kirchstetter et al., 20047 Space. In facetsltt deviates from this somewhat so that, for ex-
Clarke et al., 2007) and theoretical studies (Gyawali et al.2mple, whilefcqe - should be 0% for the case 8fot = 1.0
2009; Schnaiter et al., 2005; Lack and Cappa, 2010). Lack"dAsc = 1.0, itis in fact~5% (Fig. 16). This results from
and Cappa (2010) explore the theoretically-possible range ofhe actual wavelength-dependence of absorption being some-
Agc (calculated 380-750 nm) for BC cores coated with bothWhat steeper at shorter wavelengths than at longer wave-
clear and light-absorbing (brown carbon) coatings and findl€ngth (450-600 nm), whergt is calculated.
it can be as low as 0.5 or as high as 1.6 for realistic atmo- In sum, all of our derived variables have an instrumen-
spheric aerosol (regimes 1-3 in their Fig. 8a). Adjustingtal uncertainty of<11%. The concentration-related values,
from their A(380-750 nm) toA(450-600 nm) shifts this to  C3, CS and Cgl" also have possible biases of up to

www.atmos-chem-phys.net/10/11647/2010/ Atmos. Chem. Phys., 10, 11'8383-2010



11674 S. J. Doherty et al.: Light-absorbing impurities in Arctic snow

o2y certainty in the appropriate values A§c and/orAonsc for
1‘; _ the sampled aerosol, with the maognitude of the uncertainty
10 L . a function of the error in assuméshgstroms and of\o.
ACS: 8 T 1 0] 5 Using very liberal estimates of this potential source of er-
(ng/g) j I R ror we show that this produces uncertainties<®0% for
A& 2 | g almost all of the samples in this study. We conclude from
fol .05 M= this that the ISSW spectrophotometric method for measuring
quency 2|~ @D light-absorbi li ld benefit greatl
frequency 2| % s snow light-absorbing aerosol in snow would benefit greatly
ol— from improved understanding of (a) the mass absorption co-
8|-{X dsc; Auonsc 0835 %og efficient of snow BC, determined for a range of snow BC
101+ 4c, dyonsc=19.7.0 D5 sources and (b) the spectral properties of light absorption by
ji i non-BC aerosols in snow.
120 : g T
o T ——rosel—
100(H X Apc, Anonsc =0.8,3.5 M 7 Has the Arctic snow become cleaner since 19847
90| O Apc, Anonnc =1.9.7.0
80 ‘ o ® From two ice cores in West Greenland, McConnell et
re ;g e T al. (2007) showed that soot pollution from North America
%) o 9&8‘ ﬁ,,.--" QG@LQO peaked in 1900-1910 due to coal burning, with BC values
£ '92%‘( r..-'" ,,0005':9 ~10ngg?, then declined rapidly te~3ngg by 1950.
30 9?"“,,-"' s The BC content in the ice continued to decline slowly, and
20 Af::-" by 2000 had dropped to equal the preindustrial value of 1—
10| s> 2nggl. Snow on the Greenland Ice Sheet is the cleanest
Ol snow of the Arctic, and these values represent the free tropo-
190 12 14 16 1.8 20 22 24 26 2.8 3.0 3.2 34 36 38 40 spheric BC content at an elevation-e2600 m, so it is of in-
Az terest to examine evidence from lower-elevation sites where

only seasonal snow, rather than ice cores, is available.
Fig. 16. Segsitivity of derived values to uncertainty in the assumed BC in the near-surface atmosphere has been moni-
absorptionAngstrom exponents for BC and non-BC. The values tored continuously since 1989 at Alert on Ellesmere Island
used in the analysis wergsc = 1.0 andAnonsc=5.0. () Errorin (g3 £ N, 62.3 W, 210 m) (Gong et al., 2010), and at Barrow,
Cpc (ngg™") as afunction of the measured absorpimgstrom  Aaska (Sharma et al., 2006), and since 1998 at the Zeppelin
exponent from the filteror, whenCg¥= 10ngg* and the true  station above NyAlesund (79N, 12° E, 474 m) (Eleftheri-
values ofAgc andAnongc are lower (0.8 and 3.8, respectively) or ggijs et al., 2009; Forsétm et al., 2009). All three loca-
higher (1.2 and 7.0, respectively) than the values assumed in thg, o jocument the seasonal cycle with BC concentrations
analysis. Alsg‘ sh_own is a histogram of the relative frequency Ofpeaking in winter, and all three show a multi-year decline
occurrence oot in our sample data se{b) Inferred percent of . . . .
absorption due to non-BC absorbers, as obtained using three diffEIQf the wintertime peak. At Alert, the wlntertlme peaks for
ent sets of assumptions for absorptimgstroms. Values shown in 2006—2008 are about one-third of their value in 1989-1991.
both frames are calculated from all the samples included in Sect. 50ne suggested contributor to the decline is the reduced emis-
averaged into bins ol Shaded regions indicate values that are Sions from fossil-fuel burning in Russia and Eastern Europe
physically impossibleq§ <0, £t < 0%, &5t > 100%). since the breakup of the Soviet Union (Fig. 8 of Sharma et

al., 2004). We might therefore expect to see a correspond-

ing decline in the BC content of snow. Table 9 compares
+15% due to the under-catch correction, and the samplegur regional medians for 2005-2009 to those from CN85 for
from West Russia and sub-arctic Canada having an additional983-1984. There is a suggestion of a decline in the values
possible bias of up t&-20% via the correction for losses of for Canada, Alaska, and Svalbard. However, the CN85 data
aerosol to plastic flakes in the collection bags. If we are us-were based on 60 samples compared to our 1200. Given the
ing calibration standards with an inappropriate BC mass abpatchiness evident in our side by side samples discussed ear-
sorption coefficient (6 rhg™?) there will also be a bias in |ier, a quantitative evaluation of these differences is difficult.
our derived values o€, CE! and Cgt". If Bond and ~ Moreover, we cannot definitively say that the two results dif-
Bergstrom'’s (2006) study is correct, and we should be usinger significantly, because part of the difference is probably
standards with MAC = 7.5 Ag~1, our resulting BC concen- caused by the different photometric methods used. CN85
trations are biased-20% high, but it remains to be deter- also used an integrating-plate photometer (instead of the in-
mined if snow BC has the same mass absorption efficiencyegrating sandwich) to analyze their nuclepore filters, and in
as atmospheric BC. As shown in Fig. lﬁgg and ﬁj,t]BC that method the scattering by particles on the filter can reduce
have an additional source of uncertainty stemming from un-transmittance in a way that would be erroneously attributed
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Table 9. A comparison of median estimated BC concentrations in snow{RYfr regions around the Arctic, from a previous study in the
1980’s and from this work.

Clarke and Noone (1985), This work1200 samples,

60 samples 1983-1984 1998 and 2005-2009
Greenland 2 4 (spring), 1 (summer)
Canada 21 8 (Arctic), 15 (sub-Arctic)
Alaska 15 9
Svalbard 22 14
Russia ~20
Arctic Ocean 7

to absorption (Clarke et al., 1982). We can not quantitativelyfective grain radius for new snow is 50—100 um, and for old
assess the resulting high bias and therefore can not detemelting snow it is~1000 um; the corresponding broadband
mine to what degree the decreases shown in Table 9 refle@lbedo reduction in pure deep snow~8.12 (Fig. 1 of War-
real decreases in snow BC concentrations versus a change ren and Wiscombe, 1985). This difference is much larger
measurement methods. However, we can at least concludthan the albedo difference caused by the typical concentra-
that concentrations in the areas sampled have not increasedions of impurities we find in Arctic snow. These two influ-

Table 9 does not list a value from CN85 for the Arctic ences (grain size and BC content) also interact: the change
Ocean. CNB85's Table 1 did list eight snow samples fromin albedo for a given concentration of BC will be greater for
Fram Strait between Greenland and Svalbard, on the peripharger grained snow than for smaller grained snow (e.g. for
ery of the Arctic Ocean, but we are reluctant to compare50ngg ! of BC, Aalbedo at 470 nm is 0.03 for snow with
them with our values from the central Arctic. The eight 100 um grain radius but 0.08 for snow with 1000 pm grain
samples exhibited enormous spread, with values 0.6, 5, 14adius) (Fig. 2 of Warren and Wiscombe, 1985).
15, 50, 51, 60, and 76 ngd. The median of these values, A second major influence on surface albedo in the Arctic is
32nggt, was offered in Table S3 of Hegg et al. (2009) to snow depth. At 500 nm, the e-folding depth for clean Antarc-
represent CN85 for the Arctic Ocean, but that was a mis-tic snow was 25 cm (Figs. 3 and 4 of Warren et al., 2006); for
take. CN85 had pointed out (bottom of their page 2050) thatsnow on Arctic sea ice with some soot pollution it was 6 cm
two of the filters with high values contained large particles for dry compact snow and 12 cm for melting snow (Gren-
(~50 um), which almost certainly originated from emissions fell and Maykut, 1977). Schwerdtfeger and Weller (1977);
by the ship, which was 200 km distant from the nearest landreproduced as Fig. 8 of Warren, 1982) found broadband
(Svalbard). If we omit those samples, the revised mediartransmittance of 1% at 1-m depth in clean Antarctic snow.
is 14ngg?t, closer to our modern Arctic Ocean median of Thus, Arctic snow, with maximum thickness in spring typi-
7ngg L. But we again remind the reader that Fram Strait iscally 30 cm or less, is thus often insufficiently thick to hide
on the periphery of the Arctic Ocean; it would be more ap- the underlying surface (e.g., Fig. 13). Because the plot of
propriate to compare its values to those of nearby Svalbardlbedo versus optical depth is nonlinear, concave downward,
(13ngg™). the average albedo for a snowfield of variable thickness is

The fact that the BC content of Arctic snow appears nolower than that of a snowfield of uniform thickness with the
higher now than in 1984, and that the Arctic atmosphere issame total mass of snow. A climate model that assigns a uni-
now cleaner than in 1989, causes us to doubt that BC in Arcform snow depth to a grid box will compute an albedo that
tic snow has contributed to the rapid decline of Arctic sea iceis higher than the true area-averaged albedo. Climate models
in recent years. However, increasing BC in midlatitude snowdo have diverse parameterizations for sub-grid snow-covered
may have contributed indirectly, by enhancing warm-air ad-area as a function of average snow depth (Liston, 2004), but
vection into the Arctic (Flanner et al., 2009). most do not represent the variability of snow depth within the
snow-covered area.

The thinness of Arctic snow also means that BC content
cannot be obtained from remote sensing without indepen-
dent knowledge of snow depth. This is because the spectral

Itis |mpo_rtant o pomF out that variation in impurity cclmt.ent. signature of sooty snow (Fig. 7 of Warren and Wiscombe,
of snow is not the major cause of surface-albedo variation in

the Arctic spring. The major variable affecting snow albedo 1980) is nearly identical to that of thin snow (Fig. 13 of
is the effective grain size (Wiscombe and Warren, 1980)'W|scombe and Warren, 1980), with both producing reduced

which for a nonspherical snow grain is proportional to the albedo compared to pure deep snow at visible wavelengths,
_ but no change at near-infrared wavelengths.
volume-to-area ratio (Grenfell and Warren, 1999). The ef- 9 9

8 Other influences on albedo of Arctic snow
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9 Conclusions measuring BC/EC would be valuable. Finally, while the BC
concentrations reported here are large enough to significantly

The present survey has provided information about the gealter the snow albedo, Arctic snow is often thin enough that

ographical and seasonal variations of BC and other LAA inthe surface albedo is influenced by the underlying surface

Arctic snow, confirming that impurities in snow are signif- and by non-snow-covered vegetation (Sturm et al., 2005).

icant for the surface energy budget of the Arctic. Concen-In many areas the surface albedo may therefore be affected

trations are highest and most variable in the eastern Arctignore by variations in snow depth than by impurities. Also,

(Scandinavia, Russia and Svalbard) and lower and less variyhile we avoided sampling snow and sea ice that was obvi-

able in the western Arctic (Canada and Alaska), with inter-ously contaminated with local soil, areas with thin snow or

mediate values for snow-covered sea ice and in bare sea iagear deserts or in some sea ice zones, soil and sediment may

on the Arctic Ocean. This is qualitatively consistent with dominate light absorption in the snowpack.

GCM predictions (e.g. Fig. 5 of Flanner et al., 2007); a quan-

titative comparison is needed and can now be done with the )

available data. Appendix A

We show that~20-50% of the light absorption by par- o

ticles in the snowpack is by non-black-carbon constituentsAbbreviations

such as brown carbon and dust. The chemical fingerprint as-= A

sociated with the LAA (Hegg et al., 2009, 2010) indicates pp| g

Arctic and Antarctic Institute (St. Petersburg)
Applied Physics Laboratory Ice Station

that brown carbon is the source of most of the non-BC light aws Automatic weather station
absorption and that the source of most Arctic BC is biomass CRREL  Cold Regions Research and Engineering Laboratory
or biofuel burning for Canada and Western Russia through- €Y University of Colorado

GEUS Geological Survey of Denmark and Greenland

out the winter and spring and for Greenland in winter and Greenland Ice Sheet
spring. It shows that emissions from fossil-fuel combustion HoTRAX  Healy-Oden Trans-Arctic Expedition

make a significant contribution in summertime deposition KPCL Kronprinz Christians Land (northeast Greenland)
to Greenland, to the springtime high-latitude Arctic Ocean NPEO North Pole Environmental Observatory
and in some locations in western Russia (Hegg et al., 2009, N7! Norwegian Polar Institute .
.9 . SEDNA Sea ice Experiment — Dynamic Nature of the Arctic
2010). The absorptioAngstrom exponents of particulate  giepa  surface Heat Budget of the Arctic Ocean
snow impurities presented here are consistent with these find- yar University of Alaska at Fairbanks
ings. Chemical analysis of snow samples from Norway and UCal University of Calgary
Svalbard has not yet been done, but the absorgtiaystrom UDel University of Delaware
exponents of these samples indicates a larger role of fossil- 8::' 3::&:2% 8; E:Vgs"
fuel aerosol than at the other sites. UK University of Kgbenhavn
Although our survey is far more comprehensive than the UMan University of Manitoba
earlier survey of CN85, there is more work to be done. More UNIS University of Svalbard
measurements in Scandinavia and western Russia would be"Vi® University of Victoria

. . . . . University of Washington
desirable, because snow in those regions is predicted by mod- Y 9

els (Flanner et al., 2007; Koch et al., 2009) to have the high-
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