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Abstract

We sampled three layers of snow at 16 sites along a 1200 km transect from Nome to
Barrow across northwestern Alaska. Samples were analyzed for major element
concentrations, specific conductance and pH. Samples from 5 of the sites were analyzed
for trace element concentrations. Pb, Cd, SO,* and non-sea salt SO,> concentrations
were significantly higher in layers deposited later in the winter than those deposited
earlier. This is consistent with the seasonal increase in atmospheric aerosol loading (arctic
haze) that develops as the Arctic polar front expands southward in March and April. Haze
contaminant concentrations in the snow pack were as high south of the Brooks Range as
they were to the north, suggesting the Brooks Range is not an effective orographic barrier
to acrosol transport. Computed yearly non-sea salt SO4* loading rates at the 16 sites
ranged from 12 to 281 mg/m*/yr. Elevated concentrations of Hg, Na and Cl were
measured near the Arctic Ocean coast but not near the Bering Sea coast. To explain this
pattern we suggest that the “effective distance from the coast,” inferred from prevailing
wind directions and storm tracks, is critical in governing whether halogen emissions from
the ocean are available for photochemical reactions that result in Hg deposition in the
SNOW.
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INTRODUCTION

An important source of environmental contaminants in northwest Alaska is arctic haze. During late
winter and early spring, when the Polar Front extends southward and a cold dry air mass blankets the
Arctic, Eurasian industrial emissions migrate into the Arctic Basin where they accumulate (Shaw, 1995;
Polissar et al., 1998a, 1999). When present, they color the atmosphere, making it look dingy or hazy,
hence the name (Mitchell, 1956). These aerosol contaminants reach their maximum concentration in late
winter (Rahn et al., 1977; Rahn, 1981; Barrie and Hoff, 1985; Barrie, 1986; Bodhaine, 1989; Herbert et
al., 1989; Cheng et al., 1993; Xie et al., 1999; Polissar et al., 2001) and decline in the spring (Fig. 1A)
when the sun returns and the warm, moisture-laden Pacific Ocean air mass begins to displace the Polar
Front northward. The seasonal concentration of aerosols matches the build up of the arctic snow pack,
with the maximum haze concentration occurring at about the same time the snow pack reaches maximum
depth (Fig. 1B).

It is known that haze contaminants end up in arctic ecosystems (Oehme and Ottar, 1984; AMAP,
1997, Xie et al., 1999), but how and when they are scavenged from the atmosphere is complex and not
fully understood (Dominé and Shepson, 2002). Because the increase in haze concentration through the
winter closely mirrors the build up of the snow pack, and because the concentration declines before the
snow has fully melted, it is probably safe to assume that most haze-derived contaminants first enter the
ecosystem by being deposited in the snow. Both wet and dry deposition contribute to this process, but wet
deposition appears to be many times more effective at scavenging aerosols than dry deposition. Studies
have shown that rain and snow account for up to 90% of the pollutant and dust scavenging that occurs in
the Arctic lower atmosphere (Uematsu et al., 2000), while in Greenland 60 to 90% of all SO,* deposited
in the snow pack was found to be the result of wet deposition by snowfall (Bergin et al., 1995; Davidson
et al.; 1989).

In principle, the snow pack also contains a temporal record of the same loading because each snow

layer preserves within itself the nonvolatile aerosols scavenged from the air mass at the time it was
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deposited. In essence the layered snow pack is a stack of “snap-shots” of the aerosol loading throughout
the winter. This record may, in fact, be as important as the record of what is in the atmosphere because it
is a direct measure of the amount transferred to the environment. Contaminants deposited in the snow end
up in the tundra and rivers at the end of winter. Furthermore, because the snow blankets virtually the
entire Alaskan arctic region, this temporal record is widely available. This is an extremely attractive
record if we can learn how to interpret it, particularly when we consider that there is only one first order
atmospheric monitoring station in all of arctic Alaska. If snow can be established as a proxy for arctic
haze and other atmospheric contaminants then snow chemistry can greatly add to our ability to delineate
the spatial deposition of atmospheric contaminants in remote areas.

In the study reported here, we use sampling by layer to develop a temporal and spatial picture of
aerosol loading to the snow pack of northwest Alaska. The sampling was done during a 1200 km
snowmobile transect that took place in March and April, 2002, when snow depth and haze concentrations
should have been at their maximum. The winter of 2001-2002 had historically above-average atmospheric
haze concentrations (Fig. 2) so presumably aerosol concentrations in the snow were also above average.
The goal of the work was to measure the spatial and temporal distribution of snow pack chemistry in
northwestern Alaska, and to try and explain the observed patterns.

The traverse extended from Nome, on the Bering Sea, to Barrow, on the Beaufort Sea (Fig. 3). Air
temperatures in Nome are substantially higher than in Barrow and the Bering Sea has a less extensive ice
cover in winter than the Beaufort Sea (Gloersen et al., 1992; Parkinson and Gloersen, 1993) and it is ice-

free in summer.

EXPERIMENTAL PROCEDURES
Stratigraphic Control and Sampling
Snow samples for major element analysis were collected at 16 sites spaced equally north and south of

the Brooks Range between March 24 and April 26, 2002 (Figure 3 and Table 1). All sample sites were
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located in flat, treeless areas away from villages, towns, roads, or trails in order to minimize potential
contamination. Additional samples were collected for trace element analysis at five of the 16 sites. At
each site, a snow pit was dug and samples were taken from the lower, middle, and top parts of the snow
pack, with the samples keyed to strata that could be cross-correlated from one location to the next. The
dates when these strata were deposited were determined from meteorological measurements and volunteer
snow observations collected at seven villages and two automated weather stations (Fig. 1B) along the
route. At each site layer density, hardness, thickness and grain characteristics served as the basis for cross
correlation of snow layers.

To ensure that our activities did not result in contamination, samples were collected from snow pits
dug hundreds of meters upwind from where we stopped our snowmobiles. Field personnel approached
sampling sites on foot from the downwind direction. Major element samples were taken from pits
excavated over tundra while trace element samples were obtained from pits located on frozen lakes. The
frozen lake sites were selected to minimize potential contamination from underlying vegetation or soil.
Tools for excavating and sampling snow were constructed of pre-cleaned polystyrene and were stored in
pre-cleaned polyethylene bags. Shovels used to dig the snow pits were cleaned with HPLC grade hexane
before and after sampling and were stored in pre-cleaned polyethylene bags during transportation. Layers
were sampled from the base to the top of the snow pack to minimize potential cross contamination.
Samples were placed immediately inside pre-cleaned plastic coolers for shipment and remained frozen
during storage and shipping.

Trace elements

Prior to sampling, 500 mL wide-mouth polytetrafluoroethylene (PTFE Teflon) bottles and 100 mL
scoops were cleaned following the methods of Bloom (1995) and were stored triple wrapped in
precleaned polyethylene bags. Snow sampling personnel wore full-body Tyvek suits, rubber boots, Tyvek
hoods, surgical masks and two pairs of talc-free nitrile gloves. A different set of protective clothing was

worn at each of the 5 sample locations. A “clean hands/dirty hands” technique similar to EPA Method
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1669 (Bloom, 1995; Snyder-Conn et al., 1997) was used during collection of the trace element samples.
Three Hg samples and three trace element samples were taken from each of the three target layers for a
total of eighteen samples at each site. A separate pre-cleaned scoop was used to collect each set of
triplicate samples from a layer.
Major elements, specific conductance and pH

Major element samples were collected in pre-cleaned tripled polypropylene bags by field personnel
using pre-cleaned 200 cm’ polypropylene scoops while wearing talc free nitrile gloves. Duplicate samples
were taken at three of the 16 sample locations and were analyzed for consistency. Laboratory analytical
procedures, detection limits, and accuracy of repeated values for both trace and major elements are

described in Appendix 1.

RESULTS
The Snow Pack of 2001-2002

Figure 4 shows the snow stratigraphy at the five sites where trace element samples were collected.
Snow depths along the southern half of the transect were below average during the winter of 2001-2002
due to a late start of winter snowfall (Fig. 1B), but were average in the northern half of the transect.
Above freezing temperatures, and even one rain-on-snow event, occurred during the winter, producing
several ice layers and icy features in the snow. These features were pronounced at Council at the south
end of the transect, but were almost invisible north of the Brooks Range, reflecting the gradient in
temperature that extends over this region of Alaska. The melt layers, which could be dated precisely from
meteorological records, provided a helpful time line and a check on our cross-correlation between sites
(dashed lines in Fig. 4). We also used recorded periods of snow and wind to develop the time line. Our
best interpretation suggests that the three layers of snow that were sampled should be assigned dates of

late December, 2001, mid-January and mid-March, 2002.
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Snow layers underwent three types of post-depositional metamorphism (Sturm, 2002). Near the south
end of the transect melting and percolation of water in the snow probably mobilized some major and trace
elements and moved them downward with the water. Only the stratigraphically lowest samples at the
southernmost sites appear to have been affected by this type of metamorphism (Fig. 4). From Selawik
(Fig. 3) north, stratigraphic evidence indicates little or no melting took place. Wind redistribution also
occurred at selected sites, but our experience (Sturm et al., 2001) is that for the formation of a slab in the
Arctic simultaneous wind and snow fall are usually required. These layers are therefore likely to have had
a similar chemical signature to a layer deposited without wind. Lastly, depth hoar metamorphism affected
many layers of snow. Little is known about how this temperature gradient driven process might mobilize
chemical constituents, but for non-volatile chemicals the distance moved through the snow pack is likely
to be limited.

Sulfate and Trace Elements in the Snow

Sulfur in the form of SO,* is the predominant ion in arctic haze (Barrie, 1986; Brock et al., 1990;
Shaw, 1995). Consequently, its concentration in the snow pack is likely to be most representative of the
haze concentration. The primary sources of SO,> are industrial and auto emissions while a second source
is the rapid, irreversible, oxidation of SO to SO4* in the atmosphere (Jaeschke et al., 1999). Studies (Li et
al., 1993; Jaffrezo et al., 1994) show that in the Arctic winter 75 to 85% of all SO,” is of anthropogenic
origin and since most of these sources are not in the Arctic this anthropogenic SO, has traveled long
distances.

Many studies on the formation of arctic haze have shown that maximum aerosol concentrations in the
lower atmosphere are found in the late-winter and early spring (Mitchell, 1956; Shaw, 1975; Rahn et al.,
1977; Rahn, 1981; Barrie and Hoff, 1985; Barrie, 1986; Bodhaine, 1989; Cheng et al., 1993). Following
Norman et al. (1999) we have plotted non-sea salt SO4> concentrations as a measure of the SO,> in the
snow samples that was of non-marine origin (Fig. 5). These plots show a distinct late-winter increase at

13 of the 16 sample sites along the traverse route indicating lower concentrations of non-sea salt SO,* in
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the bottom two layers of snow (late December and mid-January) than in the top layer (mid-March). Based
on the data from all 16 sites, non-sea salt SO4> loading was significantly higher in the late winter snow
pack at the 98% confidence level (Prob>F=<0.0138). Our results agree with the work of Polissar et al.
(1998b) who found that maximum non-sea salt SO, acrosol concentrations in northwest Alaska occurred
in late winter or early spring. Our results extend this finding, previously limited to coastal sites where
aerosols were sampled, to a region 1200 km in extent.

Sulfate loading in the late winter snow pack was elevated throughout the range of CI concentrations.
This is supported by a conditional lattice analysis of non-sea salt SO4* concentrations plotted over the
four quartile ranges of CI concentrations. High CI concentrations are a good indicator of proximity to a
marine source, yet across the entire spectrum of Cl values we measured in the snow pack the SO,*
concentrations remained elevated, suggesting its deposition was independent of the deposition of marine
aerosols. In addition, as the winter progressed SO,* became an increasingly larger component of the ionic
pool: non-sea salt SO,” accounted for 5% of the total ionic load in all December snow samples and 6% in
January, but by March it was fully 13% of the total ionic load. This pattern is consistent with the pattern
of seasonal increase in atmospheric haze concentration shown in Figure 1A.

Late-winter elevated values of arctic haze tracers Pb, Cd and As (Fig. 6 and Tables 2 and 3) parallel
the temporal trend indicated SO,* loading (Fig. 5). Among the suite of trace elements we measured, the
best correlations were between Fe, V, Ni, Ba, and Pb (r>0.7 for all correlations). This suite of trace metals
is commonly associated with anthropogenic aerosols (Xie et al., 1999), and the positive correlations are
expected because these species come from the same sources and are likely to travel together (Snyder-
Conn et al., 1997; Polissar et al., 1998b). Using Cd and Pb concentration values in an ANOVA, a late
winter increase in concentration is supported at the 95% confidence level. The same trend is observed for
As (Fig. 6) though at a lower level of significance. In general, dissolved concentrations of these trace
elements were low but detectable. These generally low concentrations mirror published values showing

that trace element loadings in both seasonal and perennial (i.e., the Greenland Ice Sheet) arctic snow
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packs are low (Mart, 1983; Davidson et al., 1993; Barbante et al., 1997; Snyder-Conn et al., 1997; De
Caritat et al., 1998; Gregurek et al., 1998; Sherrell et al., 2000; Garbarino et al., 2002; see also the table of
published trace metal concentrations in melted snow samples included in Garbarino et al., 2002). These
low loading concentrations arise primarily because the region is remote from most sources of
anthropogenic contaminants.

Concentration values for SO,> and trace elements were fairly homogeneous across the entire region
(compare values from individual sites in Figs. 5 and 6), suggesting little or no regional trend in
atmospheric concentration or scavenging efficiency. In addition, deposition was locally homogeneous at
each site. Replicate samples within layers (error bars in Figure 6) showed surprisingly little scatter. With
the notable exception of values from the middle snow layer (mid-January) sampled at the Brooks Range
site, replicates generally fell within +£15% of each other. We interpret these results to indicate that the
deposition of trace elements was both locally and regionally homogeneous with the only exception the
site in the Brooks Range where exposed bedrock provided a local source for wind-blown dust.

In sharp contrast to the temporal and spatial patterns shown by non-sea salt- SO4* and the
trace elements, total Hg concentrations showed no significant change between early- and late-
season snow at all sites except Atqasuk, the site closest to the Arctic Ocean Coast. No major
terrain features exist between Atqasuk, at an elevation of 96 feet above sea level, and the Arctic
Ocean. At Atqasuk, there was a monotonic increase in Hg with the middle (mid-January: 3.3 +
1.5 ng/L) and top (mid-March: 6.2 + 0.2 ng/L) snow layers showing progressively more elevated
values in comparison to value for the basal layer of snow (Fig. 7). Hg increased with time only at
sites close to the Arctic Coast. This pattern is reinforced by data from Barrow (Fig. 7 top panel,
data from S. Brooks and S. Lindberg; see also Lindberg et al, 2002) where Hg concentrations in
the snow are not only higher than at Atgasuk, but also increase through the winter. Lu et al.

(2001), Snyder-Conn et al. (1997) and Garbarino et al. (2002) have also reported similar elevated
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values of Hg at or near the Arctic Coast. In sharp contrast, at Council (elevation 85 feet above
sea level), less than 30 km from the coast, little temporal signal and no coastal effect for Hg was
observed.

Major elements, specific conductance and pH

The asymmetrical pattern for Hg in the snow was mirrored in the results for major elements, specific
conductance and pH. Snow samples obtained within 50 km of the Arctic Ocean had elevated specific
conductance values and high sea salt ion concentrations (Na and Cl), while samples obtained near the
Bering Sea coast and far inland exhibited low values of both (Fig. 8: see also Table 3).

In contrast to the regional deposition patterns exhibited by SO,*, trace elements and major ions, the
presence of the Brooks Range could be identified in the pH results (Fig. 9). Coastal samples had pH
values ranging between 4.7 and 5.5, but in the Brooks Range a ten-fold increase (to >6) was observed, a
finding we attribute to the widespread exposure of carbonate rocks in the range (Mull et al., 1997). In
addition, the Brooks Range typically experiences higher wind speeds and more exposed bedrock than the
low-lying areas to the southwest and north. The seasonal trends in pH values were also asymmetric. In the
Brooks Range and to the south there was little seasonal trend, with pH values from March similar to those
from December (we exclude a single anomalous value from Council in the March snow layer). North of

the Brooks Range the pH decreased monotonically throughout the winter.

DISCUSSION
The Snow Pack of 2001-2002

Trace element concentrations, particularly of Pb and Hg, were well below Environmental Protection
Agency (EPA) contaminant levels in the snow pack of northwestern Alaska in 2002 (Figs. 6 and 7). The
maximum contaminant level for Hg in drinking water is 2000 ng/L; the action level for Pb is 15,000 ng/L.
The observed low values are consistent with other studies in the Arctic in which low trace element

concentrations in snow have been reported (Mart, 1983; Davidson et al., 1993; Barbante et al., 1997,
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Snyder-Conn et al., 1997; De Caritat et al., 1998; Gregurek et al., 1998; Sherrell et al., 2000; Garbarino et
al., 2002).
Trace Elements, Sulfate and pH in the Snow

The trace elements in our snow samples (Table 2) were undoubtedly derived from arctic haze. Studies
of haze composition (Shaw, 1995; Polissar et al., 1998b; Jaeschke et al., 1999) indicate the same suite of
major and trace elements found in the snow pack. In most cases (i.e., for As, Cd, Pb, Hg, Ni, V) there are
no local sources for these elements and measurements of atmospheric concentrations at Barrow and
Resolute in Arctic Canada confirm their presence in haze in the North American sector of the Arctic
(Davidson et al., 1989, 1993; Polissar et al., 1998b; Xie et al., 1999). Furthermore, by reporting non-sea
salt SO4> concentrations from melted snow samples filtered to less than 0.45 pm (Fig. 5), we have
attempted to exclude the large diameter aerosol contributions not derived from haze. For these reasons we
conclude that our measurements represent primarily haze constituents scavenged from the atmosphere
during the winter. Because wet deposition is the most effective mode of aerosol scavenging (Bergin et al.,
1995; Davidson et al.; 1989; Uematsu et al., 2000), most of the elements were probably deposited
contemporaneously with the snow. There were between 6 and 9 snow events during the winter along the
1200 km traverse route (Fig. 4), of which we sampled layers representing 4 to 5 events. We conclude that
we captured about half of the total loading in the snow.

The characteristic increase in haze concentration through the winter (Fig. 1B) was mirrored by an
increase in non-sea salt SO,> (Fig. 5), Cd, Pb and As concentrations (Fig. 6) late in the winter. The
coincidence of these two time series suggests that the snow layers may indeed provide a proxy of the
winter haze concentration. It is a proxy, however, about which we have much to learn. A coordinated
series of direct measurements of atmospheric haze along with careful, stratigraphically-controlled snow
sampling is going to be needed to better understand how ionic concentrations measured in the snow relate

to aerosol concentrations in the atmosphere. Because the snow pack is ubiquitous in the Arctic, such a
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study would be worthwhile, potentially resulting in a snow sampling method that would allow extensive
temporal and spatial representation of atmospheric conditions.

One key feature of the spatial distribution of SO,* and trace elements is that the loading in the snow
pack was basically uniform across northwestern Alaska. The Brooks Range, a formidable barrier to over-
snow travel, proved to be no obstruction to arctic haze. Data from a network of aerosol sampling sites at
Barrow and near Fairbanks in central Alaska show that periodic variations in haze concentration are
nearly synchronous north and south of the range (Catherine Cahill, personal communication, 2002),
confirming that the Brooks Range is not a barrier to haze.

Unlike the spatially uniform presence of Arctic haze elements (excluding Hg), the acidity of the snow
showed a marked asymmetrical pattern (Fig. 9). The results suggest a pattern in which competing
acidifying and buffering sources determine the local pH. For example, pH was constantly higher in the
Brooks Range than anywhere else along the transect, a fact we attribute to the mechanical weathering of
an extensive terrane of carbonate rocks found in this area (Mull et al., 1997).

Sulfate aerosol loading to the northwestern Alaskan Arctic

The results from this study can be used to estimate non-sea salt sulfate loading in northwestern
Alaska. To make the estimate, we make some simplifying assumptions. First, the three layers we sampled
constitute between 40 and 89% of the total snow pack at each site (Table 1; average of all sites is 60%).
We assume the concentrations for these layers reflect the concentration of the entire snow pack. Second,
we assume the mean snow water equivalent for the traverse, based on the bulk snow density (~300 kg/m’)
and the mean snow depth (0.5 m; see Table 1), was 150 kg/m” of water. Third, we compute the total non-
sea salt SO, loading by multiplying the average concentration by the snow water equivalence. Because
our concentration values are based on samples filtered to less than 0.45 pm, we must account for non-sea
salt SO, particles greater than 0.45 um. Based on data reported by Dibb and Jaffrezo (1997) and Tunved
et al. (2003), we estimate that we lost about 40% by mass through the filtering process. We adjust upward

for this loss. We also adjust the loading upward to account for the fact that only 70% of the total snow
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pack had been deposited by the time we conducted our traverse (Fig. 1B; Council-50%; Brooks Range-
90%). Lastly, we note winter is about 75% of the total year in our study area (9 out of 12 months).
Combining all of these correction factors we estimate yearly non-sea salt SO,> loadings to range from 12
to 281 mg/m?/yr. This range is comparable to the non-sea salt SO,> concentrations reported in surface
snow and ice cores from Greenland by Mayewski et al., 1987.

Mercury in the 2001-2002 arctic Alaskan snow pack

Hg (Fig. 7), specific conductance, and CI (Fig. 8) all exhibited an increase in concentration with
increasing proximity to the Arctic Coast. Elevated Hg values extended inland more than 40 km and
peaked at the Arctic Coast (Fig. 7). This pattern is consistent with measurements and theories suggesting
that rapid deposition of Hg from the lower atmosphere to the snow pack occurs during Hg depletion
events (MDEs; Schroeder et al., 1998; Lu et al., 2001; Lindberg et al., 2002). The MDEs require the
presence of photochemically active halogen species (HOBr and HOCI) to oxidize gaseous elemental Hg
(Hg") to reactive gaseous Hg (RGM; Hg”"). These halogens come from a marine source, suggesting why
there might be a peak in Hg, Cl and specific conductance at Barrow. More puzzling, however, is why
there is no comparable increase in Hg or sea salts at or near the Bering Sea Coast.

The answer may lie in the availability of BrO and other halogens of marine origin and the trajectories
that near-surface air masses follow in the two locations. We note that Hg in the Arctic winter atmosphere
is present as gaseous elemental Hg (Hg"). Hg’ has a long residence time in the atmosphere (~1 year:
Cheng and Schroeder, 2000) and travels widely. It is almost certainly uniformly distributed across
northwest Alaska. It is deposited in the snow pack only when halogen radicals (Br and Cl) and halogen
oxide radicals (BrO and CIO) are also present. The reactions are complex and photochemically driven.
Recent studies have confirmed that deposition will not occur unless BrO levels are elevated (Lu et al.,
2001; Lindberg et al., 2002). High BrO levels often coincide with periods of wind, wave activity, and

formation of sea ice leads (Wagenbach et al., 1998).
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The presence of salt aerosols (Na and Cl) of marine origin at Barrow and at the two samples sites
south of Barrow (Fig. 8) suggests that BrO was also present at these locations during the winter. The low
concentration of salt ions in snow samples across the remainder of the traverse route, and in particular,
near the Bering Sea Coast at Council, suggests that at these locations the opposite was true. Since
atmospheric Hg was undoubtedly present at all locations we think the absence of BrO explains the
absence of Hg at the southern sample sites. The general absence of ions at the southern sites also supports
the hypothesis they did not experience significant deposition of marine-derived aerosols.

The sample site at Council is actually closer to the ocean than the sample site at Atqasuk (Fig. 3: 30
km vs. 45 km), so why wasn’t there any BrO at that location? The answer, we believe, lies in the direction
of surface winds and storm tracks across the region. During the traverse, we recorded the direction of
snow drift features (dunes, barchans, sastrugi: see Doumani, 1966) at 83 stations (Fig. 10). These
measurements were taken in open, flat, treeless areas. Surface winds, of which sastrugi measurements are
a proxy, should be within 15° of winds aloft (Wallace and Hobbs, 1977). The sastrugi measurements
reveal regional patterns that we believe are representative of surface winds above the snow pack.
Virtually all of these features indicated winds from the east or southeast for sites south of the Brooks
Range. These winds came from an inland direction. At Barrow and to the immediate south, the winds
came from the W or directly off the ocean. Winter climatologies and discussions with village residents
along the routes confirm that the drift features were indicative of the main directions from which
snowstorms arrived. U.S. weather service synoptic charts (K. Volz and P. Olsson, Alaska Experimental
Forecast Facility, personal communication) indicate the same. As a consequence, the “effective distance
from the coast” for Council and the sites near it was much greater than the straight line distance to the
ocean. We have estimated what this effective distance was by comparing the curves for CI concentration
inland from the Bering Sea Coast to the curve inland from the Arctic Coast (Fig. 8). It is roughly 150 km.
We note that marine salt aerosol concentrations were very low at this same distance inland from Barrow

on the northern end of the traverse. Two additional points about BrO. The bulk of activity during BrO
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driven MDEs occurs in the lowest 1 km of air above the ground surface. Additionally, BrO does not
survive long in the atmosphere as it is rapidly broken down to Br" compounds and oxygen gas in a time
frame of a few hours (McConnell et al., 1992; Hausmann and Platt, 1994; Lindberg et al., 2002). Our
sastrugi measurements are the closest proxy of wind directions below 1 km elevation during snow
deposition and potential MDE driven Hg deposition. Even if BrO was initially present in Bering Sea air
masses it would probably be heavily depleted after traveling ~150 km inland.

The concept of “effective distance from the coast” may help to explain some of the more puzzling
aspects of known concentrations of Hg deposition in the North American Arctic snow pack. Hg
concentrations in melted snow samples from 11 sites in northeastern arctic Alaska are presented by
Snyder-Conn et al. (1997), values for 5 coastal sites in NW arctic Alaska are published by Garbarino et al.
(2002) and data for Barrow is available from Lindberg et al. (2002). Lu et al. (2001) report values from
31 sites across arctic Canada. The data show that across all of arctic Alaska, where a low, flat plain
extends inland from the coast, Hg levels in snow decline to the south but are still noticeably elevated as
much as 50 km inland. Throughout this area one predominant storm wind direction is from the north and
northwest, so winds bring halogens inland and facilitate Hg deposition to the snow pack. In Canada, most
of the sites reported by Lu et al. (2002) are on the coast and, as expected, have relatively high (>50 ng/L)
concentrations of Hg in the snow. However, there are at least 6 examples of coastal sample sites where
Hg concentrations measured from snow samples are less than 10 ng/L. We do not know the particular
meteorological details for each site, but perhaps at some of these locations storm tracks follow circuitous
routes so that air masses arrive after passage over considerable stretches of land and are depleted in the
halogens necessary for Hg deposition.

There is an alternative hypothesis that can account for the regional asymmetry in Hg deposition. The
production of BrO and other halogens is higher in the Beaufort than in the Bering Sea. GOME satellite
measurements have been used to “map” elevated BrO concentrations (Hausmann and Platt, 1994). These

records indicate more prevalent and higher concentrations north of Alaska than west of it (Lu et al., 2001;
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Lindberg et al., 2002). Perhaps wind and ice conditions in the Beaufort Sea favor the production of BrO
in comparison with the Bering Sea.
Conclusions

Layer-based sampling allowed us to assemble a time record of loading from the layered snow pack
across northwestern Alaska. This record indicated that concentrations of trace elements representative of
arctic haze (Pb, Cd, Ni) were higher in the mid-March snow layer than in the late December or mid-
January snow layers, a pattern that mimics the seasonal rise of atmospheric haze concentration (Fig. 1A).
The issue of whether the loading is a useful proxy for atmospheric concentrations is, and probably will,
remain an open question for some time, but the fact that a snow-layer based time evolution is in general
agreement with the evolution of the aerosol concentration at Barrow suggests the method has potential.

The traverse route was bisected by the Brooks Range, a formidable east-west mountain range that we
had initially hypothesized would limit the southward extent of haze. This proved not to be the case, with
trace element concentrations similar in coeval snow layers throughout the traverse route. We show in
another paper (Sturm and Liston, in press) that the Brooks Range was also not a barrier to snow storm
tracks. We conclude that though a formidable barrier to snow mobile travel, the range, with a mean
elevation less than 2100 m, poses little impediment to the movement of air masses.

Our most topical finding was that Hg was elevated only in samples close to and south of the Arctic
Coast near Barrow, but was not elevated in comparable samples inland from the Bering Sea coast. Marine
salts (Na, Cl) and non-sea salt SO,> showed the same pattern. Taken together, these findings provide
support for current theories (Schroeder et al., 1998; Lu et al., 2001; Lindberg et al., 2002) that Hg in the
snow is a result of a combination of complex photochemical reactions that require a halogen source
associated with marine air. Near Barrow, surface winds and prevailing storm tracks carry BrO directly
and rapidly inland, producing the necessary components for Hg depletion and deposition. In contrast,
winds and storms along the southern part of the sampling route come from inland and are likely depleted

in BrO. We capture this difference by computing the “effective distance from the coast” for both
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locations. South of Barrow (Atqasuk) this distance is equal to the straight-line distance to the ocean (~40

km) but for the sites inland from the Bering Sea it is about 150 km.
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Table captions
Table 1. Sample names, locations, types and snow pack thickness for this study.

Table 2. Trace element concentrations £10 (n=3) from this study. The < indicates the concentration was
below the method detection limit given

Table 3. Major element concentrations, pH and specific conductance measured in snow melt samples
collected during this study. IC=Ion chromatography; ICP-OES= inductively coupled plasma optical
emission spectroscopy.

Figure captions

Figure 1A. Seasonal increase in haze concentration (as measured by light transmission) at
Barrow, Alaska (data courtesy of the National Aeronautics and Atmospheric Administration’s
Climate Monitoring and Diagnostic Laboratory). The parameter plotted for arctic haze is
atmospheric aerosol light scattering coefficient at 550 nm (1/Mm), an optical measure of the
total atmospheric haze concentration (Delene and Ogren, 2002). Error bars indicate + 10 of the
values measured for a given month between 1977 and 2002.

Figure 1B. Snow pack depths during the winter of 2001-2002 at Council (southern end of
transect) and the Brooks Range. Arrows indicate the approximate dates of deposition for the
snow layers that were sampled.

Figure 2. April arctic haze concentrations (atmospheric aerosol light scattering coefficient at 550
nm (1/Mm) at Barrow, Alaska. Error bars indicate + 10 of the average April monthly values
from 1976-2002. Slightly above average concentrations are evident in April, 2002, the year and
month of the traverse (data courtesy of NOAA-CMDL). The dashed line is the overall average of
11.7 from 1976 to 2002.

Figure 3. Traverse route from Nome to Barrow showing the sampling sites. Samples for major
elements were collected at 16 sites. At 5 of these sites (solid black circles) samples for trace
elements were also collected.

Figure 4. Snow stratigraphy at the five sites where trace element samples were obtained. The
symbols denote the type of snow in each layer. Dashed lines indicate the correlation of layers
between sites. Heavy brackets indicate layers that were sampled for trace and major elements.

Figure 5. Non-sea salt SO4* concentrations at 16 sites between Nome and Barrow, Alaska,
showing the increase in concentration late in the winter. Observed values ranged from 0 to 1695
Mgrams/Liter. Two different vertical axis scales are used in order to highlight the seasonal trend.

Figure 6. Trace element concentrations of Cd, Pb and As between Council and Barrow showing
an increase in concentration late in the winter. The error bars represent the variability in the
concentrations found in the three subsamples from each snow layer.
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Figure 7. Concentrations of Hg between Council and Barrow for three layers of snow that fell in
late December, mid-January and mid-March. 2000 data for Barrow (stars) are from Lindberg et
al., 2002; 2002 data for Barrow (diamonds) are from S. Brooks and S. Lindberg (personal
communication).

Figure 8. CI concentrations in snow layer as a function of distance from the nearest coast. The
average for all 3 layers of snow is plotted. Na shows a similar pattern. The arrow indicates a 150
km offset, which would be the “effective distance to the coast” at Council. Note that if the data
for the sample sites nearest the Bering Sea coast are shifted to the right, they match the data for
the Arctic Coast when offset inland ~150 km.

Figure 9. pH of melted snow collected between Council and Barrow showing markedly higher
values in the Brooks Range, a strong seasonal trend north of the range, and little seasonal trend
within or south of the range. The gray boxes, open circles and black triangles represent the dates
of the three snow layers that were sampled (late December, 2001, mid-January and mid-March,
2002, respectively).

Figure 10. Map of northwestern Alaska with the locations and directions of sastrugi measured
along the sampling transect. The tails of the arrows indicate the sample location.
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Table 1. Sample names, locations and types and snow pack thickness for this study

Sample site  Latitude Longitude Date Sample type Snow pack Total thickness % of total

(°N) (°W)  sampled obtained thickness (cm)  of layers snow pack
sampled (cm) sampled
Council 64.849 163.649 24-Mar Major and trace 56 41 73
CB-1T 65.034 163.291 26-Mar Maijor 46 25 54
CB-3T 65.191 162.273 27-Mar Maijor 50 28 56
CB-4T 65.327 162.005 28-Mar Maijor 49 28 57
CB-8T 65.855 161.42 30-Mar Maijor 25 19 76
BS-3T 66.355 160.568 1-Apr Maijor 40 30 75
Selawik 66.703 158.716  5-Apr Major and trace 68 43 63
SA-6T 67.014 157.918 7-Apr Maijor 55 49 89
Al-3 67.465 157.6 9-Apr Maijor 66 45 68
Brooks Range 68.126 156.347 11-Apr Major and trace 33 24 73
ICO-4 68.24 155.575 15-Apr Maijor 67 27 40
Colville 69.017 155.568 16-Apr Major and trace 76 39 51
CO-11 69.498 155.606 19-Apr Maijor 58 32 55
OA-10 70.193 156.648 21-Apr Maijor 40 17 43
Atgasuk 70.698 157.309 23-Apr Major and trace 58 29 50

Barrow 71.326 156.619 26-Apr Major 33 21 64




Table 2. Trace element concentrations 10 (n=3) from this study.

was below the method detection limit
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< indicates the concentration

Al (ug/L) As (ng/L) Ba (ng/L) Cd (ng/L) Pb (ng/L) Fe (ug/L) Mn (ng/L)
Measurement method ICP/MS CRYO-AAS ICP/MS ICP/MS ICP/MS ICP/MS ICP/IMS
Method detection limit 17 7.7 19 04 2 1.3 4
Site Deposition date
Council Mid-March 53+27 86+10 6904290 1946.1 596+114 3317 1260550
Council Mid-January 1142 1244 176120 2+0.8 55+8 61 220450
Council Late December 7743 3418 1200480 3+0.4 9215 6312 1400432
Selawik Mid-March 268+18 126430 4780300 10£0.9 31943 197412 54204330
Selawik Mid-January 442+38 188110 87401830 13+0.4 353448 273421 86801620
Selawik Late December 11310 123430 23901410 6+2.8 17517 184417 34604420
BrooksRange Mid-March 314+109 80+10 3600490 9+0.9 468128 181427 920043270
BrooksRange  Mid-January 2944317 56150 282042780 816.8 3284235 168176 709016700
BrooksRange Late December 92+44 1344 760+£310 2+1.2 82+36 62+30 2800+1310
Colville Mid-March 15517 57+3 4780+1300 6+0.9 262112 99+7 27004260
Colville Mid-January 1442 1442 261+100 0.3+2.0 7016 8+1 240436
Colville Late December 8+2 9+7 190+80 1£0.3 3246 441 185+110
Atgasuk Mid-March 15815 110430 2968+130 12+0.7 507+30 93+4 33204340
Atqasuk Mid-January 2w+9 1542 1981+1050 2+0.9 64115 82477 7470+2900
Atgasuk Late December 147 +8 9310 30321400 9+1.3 325433 9119 27601270
Hg (ng/L) Ni (ng/L) Sr (ng/L) U (ng/L) V (ng/L) Zn (ng/L)
Measurement method CVAFS ICP/MS ICP/MS ICP/MS ICP/MS ICP/MS
Method detection limit 0.19 72 12 0.05 28 47
Site Deposition date
Council Mid-March 1.4+0.2 110420 500+100 2.6+1.1 130450 750+140
Council Mid-January 1.2+0.2 <72 380+30 0.8+0.1 25+4 6704270
Council Late December 1.0£0.1 1006 1200310 8.2+3.5 200+6 2140£2050
Selawik Mid-March 1.4+0.5 400+30 1200+20 14.0£0.3 640+40 1260+150
Selawik Mid-January 1.3+0.0 620+30 1400+121 17.7£2.9 1060+80 1710160
Selawik Late December 1.7+0.5 340+£100 29004530 8.8+1.2 340440 3170+2060
BrooksRange Mid-March 1.7+0.1 310£70 1420+60 14.6+1.0 510+130 1050+190
BrooksRange  Mid-January 1.1£0.2 270+280 940+840 16.3+x17.8 580+600 11004750
BrooksRange Late December 1.0£0.5 90480 560+90 3.6x1.7 190100 480+110
Colville Mid-March 1.1+0.7 180460 500+70 5.8+1.4 350+30 900+110
Colville Mid-January 0.5+0.2 <72 100420 0.7+0.1 25+4 130460
Colville Late December 0.840.5 <72 9020 0.3+0.1 10£3 120430
Atqasuk Mid-March 6.2+0.2 200420 7270+420 10.3+0.5 350420 1400+240
Atgasuk Mid-January 3.3¢1.5 80+50 8404280 1.0+0.4 38+20 4000+1320




Douglas and Sturm, Page 25

Table 3. Major element concentrations, pH and specific conductance measured in snow melt samples
collected during this study. IC=Ilon chromatography; ICP-OES= inductively coupled plasma optical
emission spectroscopy.

Cl(ug/L) SO (ug/l) Ca (uglL) K (pg/L) Mg (pg/L) Na (ug/L) pH Sp. Cond. (uS/cm)
Measurement method IC IC ICP-OES ICP-OES ICP-OES ICP-OES
Method detection limit 5 16 20 100 70 30 0.1 0.1
Site Name Deposition date
Council Mid-March 349 1790 110 <100 <70 360 4.5 13.3
Council Mid-January 1212 250 110 <100 110 850 5.5 6.3
Council Late December 354 130 110 <100 <70 310 55 3.6
CB-01T Mid-March 1120 800 60 <100 120 770 4.9 9.7
CB-01T Mid-January 300 90 60 <100 <70 320 5.5 2.6
CB-01T Late December 402 160 140 300 <70 360 4.9 5.6
CB-03T Mid-March 43 120 100 <100 <70 160 54
CB-03T Mid-January 374 120 60 <100 <70 370 5.5 3
CB-03T Late December 1335 330 60 120 140 870 5.3 7.3
CB-04T Mid-March 254 310 120 <100 <70 270 5.1 4.2
CB-04T Mid-January 205 60 90 <100 <70 250 54 25
CB-04T Late December 265 120 110 100 <70 280 5.3 3.3
CB-08T Mid-March 697 320 140 <100 90 500 5 6.4
CB-08T Mid-January 529 190 140 <100 <70 410 5.3 4.2
CB-08T Late December 698 150 170 150 100 450 5.1 55
BS-03T Mid-March 507 200 120 <100 <70 390 5.2 4
BS-03T Mid-January 555 190 130 <100 <70 410 5.3 3.9
BS-03T Late December 563 160 120 <100 <70 450 5.4 4
Selawik Mid-March 156 190 220 120 <70 210 5.6 24
Selawik Mid-January 305 110 170 <100 <70 290 5.5 3
Selawik Late December 126 110 2470 <100 110 200 5.3 3.3
SA-06T Mid-March 177 100 160 <100 <70 230 5.6 2
SA-06T Mid-January 228 140 240 <100 <70 250 5.6 2.7
SA-06T Late December 51 60 160 <100 <70 160 5.7 1.5
Al-03 Mid-March 119 550 430 <100 110 200 6.2 4
Al-03 Mid-January 120 130 220 <100 <70 200 5.8 1.9
Al-03 Late December 127 160 410 <100 <70 210 6.1 3
Brooks Range Mid-March 115 180 280 <100 <70 190 5.8 23
Brooks Range Mid-January 323 110 120 <100 <70 300 5.3 3.3
Brooks Range Late December 94 70 330 <100 190 220 6.3 3.5
ICO-04 Mid-March 262 160 100 <100 <70 260 5.2
ICO-04 Mid-January 17 30 90 <100 <70 150 5.3 2
1ICO-04 Late December 22 40 90 <100 <70 140 5.3 22
Colville Mid-March 251 140 110 <100 <70 240 5 5
Colville Mid-January 176 80 100 <100 <70 210 5.2 3.2
Colville Late December 23 60 110 <100 <70 140 5.6 1.4
CO-011 Mid-March 324 150 110 <100 <70 290 5 5
CO-011 Mid-January 530 120 100 <100 <70 440 5.2 4.8
CO-011 Late December 40 50 130 140 <70 1560 5.4 2
OA-10 Mid-March 2382 410 200 <100 190 1320 5.1 115
OA-10 Mid-January 1700 220 170 <100 140 960 5.2 8.2
OA-10 Late December 2702 150 1120 120 560 1250 6.8 14.5
Atgasuk Mid-March 3863 560 270 140 360 1720 4.7 17.6
Atgasuk Mid-January 6951 530 250 210 480 3430 5.3 237
Atgasuk Late December 325 60 100 150 <70 330 5.4 3.4
Barrow Mid-March 604 230 240 <100 70 430 4.7 4.3
Barrow Mid-January 17880 1160 620 600 1760 2730 5.3 88.8

Barrow Late December 11353 1000 420 320 840 5840 5.5 42.6
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Appendix 1. Laboratory analytical procedures, detection limits and accuracy.
Trace elements

Trace element samples were prepared and analyzed under a Class-100 environment at Frontier
Geosciences in Seattle, Washington. Triplicate sets of snow samples were acidified for preservation by
the addition of 1.0 mL of trace-element grade HNOs, were allowed to thaw and then were thoroughly
shaken and stored at room temperature until analysis. 100 + 0.5 grams of each preserved sample was
weighed into a specially cleaned wide-mouth 120 mL Teflon jar and placed on a Teflon-coated hotplate.
0.1 mL of concentrated trace-element grade 48 N HF was added to each sample and samples were
reduced to less than 5 mL of total volume by sub-boiling evaporation at 90-100°C. After evaporation, the
samples were diluted to 10.0 mL in HF/HNO; cleaned polyethylene sample tubes, thus effecting a 10x
concentration factor and dissolution of mineral particles. Eight 100 mL aliquots of milli-Q water
containing 1% HNOs; and 0.1% HF were similarly evaporated with the samples to generate method
blanks. Samples were analyzed using a Perkin-Elmer Elan-6100 ICP-MS (inductively coupled plasma
mass spectrometer). The estimated method detection limits for each analyte were calculated as three times
the standard deviation of the eight blanks. Mean relative percent difference values calculated for all trace
element concentrations measured in one set of duplicate samples were 20.0 or less, suggesting acceptable
analytical precision. Analyses of eight sample blanks yield method detection limits in the low ng/L range
for all elements.

Inorganic arsenic was measured from 10 mL aliquots of the original HNOj; preserved samples prior to
evapoconcentration. Samples were acidified with 1.0 mL of concentrated HCI and the arsenic hydrides
were generated by manual injection of NaBH, below the solution surface with a syringe following the
methods of Crecelius et al. (1986). The hydrides were transported by the argon carrier gas to a cryogenic
trapping Gas Chromatographic (GC) column. After collection, the GC column was rapidly warmed to
180°C and the arsines were transported to a hydrogen/oxygen flame where As was determined by atomic

absorption spectrometry (AAS). Only inorganic arsenic was detected. The mean relative percent
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difference calculated for As concentrations measured in three sets of duplicate samples was 18.7 .
Analyses of eight sample blanks yield a method detection limit for As of 7.7 ng/L.
Mercury

Replicate sets of Hg samples were acidified by the addition of 1.0 mL of low Hg 0.2N BrCl in 12N
HCI and the samples were allowed to thaw completely following the methods of Bloom and Crecelius
(1983). 50 mL aliquots of the BrCl oxidized samples were pre-reduced with NH,OH to eliminate free
halogens and then with SnCl, to reduce Hg(II) to Hg®. The Hg® was driven from solution by purging with
N, and was recollected on a gold-coated sand trap. The Hg was thermally desorbed from the gold trap to
an Ar gas carrier and into the atom cell of a cold vapor atomic fluorescence spectrometer (Bloom and
Fitzgerald, 1988). The mean relative percent difference calculated for Hg concentrations measured in five
sets of duplicate samples was 1.4. Analyses of eight sample blanks yield a method detection limit for Hg
of 0.2 ng/L.

Major Elements, Specific Conductance and pH

Accumulation mode aerosols, characterized by a high light scattering efficiency and a long residence
time in the atmosphere, have dry diameters ranging from 0.1 and 2.5 pm. Our samples were thawed and
filtered to less than 0.45 pm at our laboratory in Fairbanks, Alaska, thereby eliminating the coarser
aerosols but retaining a significant fraction of the smaller aerosol particles. Samples were allowed to thaw
to 25°C inside polypropylene sample bags. The resulting water was split into three 60 mL aliquots for the
measurement of: 1) major cation and anion concentrations, 2) specific conductance, and 3) pH.

Waters for major ions were filtered through precleaned 0.45 pm polypropylene filters and were split
into two equal aliquots of 30 mL, one each for anions and cations. The waters for cation concentration
measurements were acidified to pH~1 with the addition of trace element grade HNO;. Major ion
concentrations were measured in the Department of Environmental Studies at Dartmouth College in
Hanover, New Hampshire. Cations were measured using a Spectro Analytical Instruments SpectroFlame

Inductively Coupled Plasma Optical Emission Spectrometer. Anions were measured using a Dionex DX
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120 Ion Chromatograph. Multiple analyses of laboratory precipitation standards SLRS-4 (National
Research Council of Canada) and P-31 (United States Geological Survey) indicate an analytical
uncertainty of +2% for ICP-OES analyses and +5% for IC analyses (Table Al).

Non-sea salt SO,> concentration, a proxy of arctic haze aerosols, was calculated by multiplying the
measured sodium concentration in a sample by 0.2517 (the Na to SO, ratio in bulk seawater) and then
subtracting the resulting value from the SO,* concentration measured in the same sample.

Specific conductance was measured using a meter calibrated with 0, 10.76 and 100.1 puS/cm
standards. Multiple analyses of two low ionic strength standard reference samples yielded average
specific conductances of 59.6+0.9 and 10.7+0.4, within the 95% confidence interval of the most probable
values (59.9 and 10.8, respectively). The average difference in measured specific conductance between
the twelve duplicate samples taken from three different sample locations was 0.4 puS/cm.

Snowmelt pH was measured using a pH meter with automatic temperature compensation. The ionic
strength of the melted snow sample was buffered with the addition of low ionic strength adjustor solution.
During pH measurement the melted snow sample was slowly stirred while held isothermal at 25°C in a
precleaned covered polyethylene beaker. The USGS low ionic strength precipitation standard P-31 was
used to monitor the precision and accuracy of the pH measurements. The average pH (n=20) measured
from this reference standard using our experimental protocols was 7.48+0.05, within the 95% confidence
interval of the most probable value (7.44). The average difference in measured pH between the twelve

duplicate samples taken from three different sample sites was 0.06.
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Figure 1. 8.5 cm X 10.5 cm; one column.
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Figure 2. 8.5 cm X 4.5 cm; one column.
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Figure 3. 14.5 cm X 13 cm; two columns
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Figure 5. 15.5 cm X 15 cm; two columns
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Figure 6. 16 cm X 14.5 cm; two columns
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Figure 7. 8 cm X 15 cm; one column

71.33

70.71

69.02

68.13

66.70

64.85

Douglas and Sturm, Page 35

(Yo seaulaq) apnie



Douglas and Sturm, Page 36

20000 —

5 - —+— Arctic Coast

% 15000 - @ =Bering Sea Coast

_% 10000 |

g

E

[=3

g 5000 — \

© o ,m---_.,_

e

| T T T T
0 100 200 300 400

Distance from the coast in kilometers

Figure 8. 8.5 cm X 7 cm; one column
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Figure 9. 8.5 cm X 5.5 cm; one column
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Figure 10. 16.5 cm X 14 cm; two columns
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