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[1] The chemical composition of the seasonal snowpack was determined close to Barrow,
an Arctic coastal location in northern Alaska. One hundred and twelve samples of different
snow types including fresh snow, surface hoar, diamond dust, blowing snow, rounded
snow grains, and depth hoar were collected and analyzed for major sea salt components,
bromide, and nitrate. Sodium, chloride, sulfate, and potassium are mainly introduced into
the snowpack by the deposition of sea salt, while magnesium and calcium result from a
combination of sea salt and dust. Sulfate was strongly depleted in most samples compared
to other sea salt components. This is attributed to the precipitation of mirabilite in newly
formed sea ice and frost flowers that leads to an efficient fractionation of sulfate. Uptake of
volatile but soluble species from the gas phase also contributed to the observed chloride,
sulfate, and nitrate in the snow. However, for chloride and sulfate the input from the marine
sources was overwhelming and the uptake from the gas phase was only visible in the
samples with low concentrations like fresh snow, diamond dust, and surface hoar.

Nitrate concentrations in the snowpack were less variable and for aged snow nitrate

was related to the specific surface area of the snow indicating the adsorption of nitric acid
can be an important nitrate source in the aged snow. Bromide was also introduced into
the snowpack from marine sources, but due to its high reactivity it was partly transferred
back to the atmosphere in the form of reactive species. The result of these processes was
evident in bromide concentrations, which were both enriched and depleted at the snowpack
surface while deeper layers were mostly depleted. Blowing snow also exhibited a depleted

bromide composition. For all compounds except nitrate, many depth hoar samples
exhibited the greatest concentrations, probably as a result of higher input earlier in the
season as well as increases due to the sublimation of water during the metamorphism

of the snow.

Citation: Jacobi, H. W., D. Voisin, J. L. Jaffrezo, J. Cozic, and T. A. Douglas (2012), Chemical composition of the snowpack
during the OASIS spring campaign 2009 at Barrow, Alaska, J. Geophys. Res., 117, DOOR13, doi:10.1029/2011JD016654.

1. Introduction

[2] Photochemical processes in snow lead to the formation
of reactive compounds that can be released to the atmosphere
and impact the chemical composition of the atmospheric
boundary layer [Grannas et al., 2007]. At an Arctic coastal
location like Barrow, Alaska, these processes play a role in
the activation of halogen compounds and the formation of
nitrogen oxides. The precursors of the reactive species are
chloride, bromide, and nitrate [Simpson et al., 2007; Grannas
et al., 2007]. To constrain formation processes and produc-
tion rates of the reactive species a comprehensive knowledge
of the distribution of precursors in the snowpack is needed.
Moreover, a better understanding of the processes that
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control the input of the different precursors can help to better
describe the chemical composition of the snowpack and how
chemical processes may change during the winter season.

[3] Photochemical transformation processes in the snow
depend not only on concentrations of stable precursors but
also on the overall composition of the snow. Impurities in
the snow are at least partly excluded from the solid ice
crystal and contribute to the formation of a liquid fraction in
the form of concentrated brine at temperatures well below
the melting point of ice [e.g., Cho et al., 2002]. Complex
photochemical transformations can occur in this phase. The
volume of the liquid fraction available depends on the snow
temperature and on the amount of impurities in the snow
[e.g., Wettlaufer, 1999; Cho et al., 2002; Kuo et al., 2011].
As a consequence, a full chemical budget of the snowpack is
needed to constrain and model chemical processes that occur
in the snowpack. At coastal locations like Barrow the
chemical budget of the snow is usually dominated by the
presence of sea salt and its components. Therefore, sea salt
components can be used to estimate the total budget of
impurities in the snowpack.
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[4] Although dominated by the input from sea salt gener-
ated by marine sources, the chemical composition of the
snowpack at Arctic coastal locations shows a significant
variability. This is related to the fact that at this high latitude
different marine sources for sea salt aerosols like open water
in polynyas and leads and different types of see ice exist. For
example, the formation of new sea ice and frost flowers can
lead to the modification of the composition of mobilized sea
salt aerosols. If temperatures in the sea ice drop below cer-
tain thresholds, compounds like mirabilite can precipitate
leading to a reduction of sulfate [Wagenbach et al., 1998;
Alvarez-Aviles et al., 2008]. The chemistry of the snowpack
in the Arctic is further modified by multiple processes like
deposition of dust or aerosols from lower latitudes that
contribute to the so-called Arctic Haze [Barrie and Hoff,
1985; Snyder-Conn et al., 1997; Garbarino et al., 2002;
Douglas and Sturm, 2004]. Many cryospheric processes
related to sea ice and snow are currently undergoing rapid
changes in the Arctic [e.g., Lemke et al., 2007]. Therefore, a
better comprehension of the chemical composition of the
Arctic snowpack and how it is modified in a changing
environment is needed.

[5s] Previous chemical analysis of snow samples in the
geographical region between Barrow and the Brooks Range
approximately 300 km south have been performed by
Douglas and Sturm [2004], Simpson et al. [2005], and
Douglas et al. [2008]. Simpson et al. [2005] collected sur-
face snow samples without distinguishing the snow type and
determined sodium, chloride, and bromide. Mercury was
analyzed in the samples collected by Douglas et al. [2008]
and concentrations were grouped according to different
snow types. Further analysis of the chemical composition of
snow was performed by Toom-Sauntry and Barrie [2002] to
determine major ions (including bromide) and organic ions.
Between 1990 and 1994 they collected fresh snow close to
Alert on the Canadian Arctic Ocean coast under low wind
conditions to avoid mixing with blowing snow. Their results
showed that sulfate and calcium were the dominant ions at
this location. Furthermore, the ionic balance showed a sea-
sonal cycle with acids (mainly sulfates and nitrates) domi-
nating between March and May. Chloride and bromide were
always enriched due to uptake from the gas phase. However,
the enrichment of bromide became more important in the
snowpack after sunrise at springtime.

[6] Here we report results from the analysis of more than
110 snow samples collected in springtime 2009 during the
international multidisciplinary Ocean-Atmosphere-Sea Ice-
Snowpack (OASIS) campaign in Barrow, Alaska. All sam-
ples were collected onshore representing six morphological
snow grain shape classes: precipitation particle types, sur-
face hoar, decomposing and fragmented precipitation parti-
cles, rounded grains, depth hoar, and melt forms. Analyzed
species included major and minor sea salt components
(chloride, sulfate, sodium, potassium, magnesium, calcium,
bromide) and nitrate. The results were used to determine
the average composition of the snowpack and to identify
the major sources for the different species in the snow. The
results were further analyzed to quantify important processes
in the snow contributing to a better comprehension of how
the chemical composition of the seasonal snowpack is con-
trolled by the input from different marine and continental
sources and subsequent physical and chemical processes
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occurring in the snowpack and the atmosphere. This includes
the major precursors for photochemical processes like chlo-
ride, bromide, and nitrate. The data set was also used to
investigate the impact of atmospheric and snow photo-
chemical processes on the concentrations of major and minor
ions in the snow.

2. Methods

2.1. Snow Sampling

[7] We collected snow near Barrow, Alaska near the
Arctic Coastal Plain (ACP) between 4 March and 11 April
2009 during the OASIS spring campaign 2009. All samples
were collected and stored in borosilicate glass containers.
Most of the samples were collected on top of the tundra in an
area southeast of the Barrow Arctic Research Center
(BARC, 71.3°N, 156.7°W) located approximately 1.5 km
south of the Chukchi Sea Coast. This area is underlain by
continuous permafrost and the surface topography is of an
extremely low gradient and contains numerous shallow
lakes. Since the snowpack exhibits different properties on
the tundra versus the lakes of the ACP [Sturm and Liston,
2003] we did not collect samples on lakes. Additionally,
the lakes may not contain the early season snow that falls
prior to ice formation so the full winter record cannot be
collected on lakes. All samples were collected at a distance
of at least 100 m of the BARC building. On 27 March six
snow samples were collected approximately 15 km inland
(71.21°N, 156.47°W) to test if emissions caused by local
anthropogenic activities contributed to the observed snow
composition. For all investigated compounds no differences
were found for the BARC and inland tundra locations (see
auxiliary material Data Set S1)." Therefore, the results of
all collected samples were used for further analysis.

[8] At both locations, the snowpack was characterized by
heterogeneous physical properties and varying snow types
[Domine et al., 2012]. Typically, it consists of 4 or more
layers with an average snow height on the order of 40 cm
and snow densities between 0.16 and 0.38 g cm . A large
fraction (more than 50%) of the total snowpack consisted of
depth hoar normally located at the bottom of the snowpack,
but sometimes also encountered at higher layers. The prop-
erties were comparable to the ACP snowpack on land as
observed in previous years [Sturm and Liston, 2003;
Douglas et al., 2008]. According to the recording of the
snow height at the airport of Barrow, a large fraction of the
snow had already accumulated by the first week of October
2008. Further accumulation occurred throughout the winter
season with the most significant accumulation events in the
second half of January 2009 and mid-February.

[s] The depth, thickness, and snow type were recorded for
each snow sample (See auxiliary material Data Set S1).
Snow samples were grouped into eight different categories:
fresh snow (FS), diamond dust/surface hoar (DD/SH), blow-
ing snow (FBS), blown snow (BS), wind-packed snow (WP),
wind-packed snow at the surface (WPS), snow with ice
layers (I), and depth hoar (DH). These categories correspond
to the main morphological grain shape class precipitation

! Auxiliary material data sets are available at ftp://ftp.agu.org/apend/jd/
2011jd016654. Other auxiliary material files are in the HTML. doi:10.1029/
2011JD016654.
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Table 2. Summarizing Statistics of Measured Snow Concentrations (in ug L") Grouped According to Snow Types®
Snow Type Summary Statistics cl- NOj; S0;~ Na* K" Mg** Ca** Br~
FS(N=4) Average 1712 252 204 734 25 141 117 29
St.dev. 1020 19 46 559 15 113 66 10
Median 1723 256 205 750 24 119 112 26
Minimum 705 227 159 217 12 44 58 21
Maximum 2696 268 248 1221 42 283 185 42
DD/SH (N=17) Average 985 141 257 367 25 79 155 48
St.dev. 439 19 68 276 14 88 106 11
Median 837 141 257 329 25 58 113 40
Minimum 542 112 173 110 5 20 57 37
Maximum 1849 165 350 954 51 274 367 64
FBS (N = 15) Average 14756 229 733 7903 307 1449 630 59
St.dev. 14583 43 544 7821 312 1241 481 76
Median 8506 213 462 4559 171 1098 576 20
Minimum 2593 176 249 1485 41 266 155 11
Maximum 42171 339 1750 23337 917 3778 1492 244
BS (N =32) Average 11704 277 623 6442 248 1374 664 47
St.dev. 7982 67 325 4556 180 891 354 46
Median 7995 284 470 4461 175 1102 665 22
Minimum 2454 130 300 1231 38 245 170 9
Maximum 29838 388 1256 17271 681 3527 1444 190
WP (N =22) Average 6416 244 424 3446 150 776 315 34
St.dev. 7808 39 327 4286 178 785 235 69
Median 3942 239 287 1935 97 575 257 10
Minimum 1680 187 205 799 31 223 123 5
Maximum 30096 343 1238 16701 697 3417 1158 263
WPS (N = 13) Average 10424 293 506 5899 264 1328 754 23
St.dev. 6634 66 275 3617 161 789 353 33
Median 8401 306 414 4965 206 1143 875 12
Minimum 4972 187 274 2652 89 514 287 7
Maximum 30297 372 1316 16973 550 3442 1255 125
I(N=7) Average 15133 237 942 7841 297 1566 803 80
St.dev. 17803 48 516 8732 321 1304 521 115
Median 6267 236 940 4052 143 1141 755 14
Minimum 1784 151 332 904 19 243 183 12
Maximum 47276 299 1659 23771 802 3611 1714 297
BS, WP, WPS, I (N = 74) Average 10231 266 573 5588 226 1206 589 11
St.dev. 9248 61 363 4972 195 916 382 61
Median 7349 257 425 4102 156 840 407 12
Minimum 1680 130 205 799 19 223 123 5
Maximum 47276 388 1659 23771 802 3611 1714 297
DH (N = 12) Average 33324 143 3114 20516 931 4673 1853 456
St.dev. 35405 76 3408 21382 1020 5078 1914 486
Median 21761 143 1422 13210 552 2532 953 297
Minimum 896 42 117 532 21 80 50 5
Maximum 110457 281 11058 63347 2730 15177 5119 1405

“Snow types: fresh snow (FS), diamond dust/surface hoar (DD/SH), blowing snow (FBS), blown snow (BS), wind-packed snow (WP), wind-packed
snow at the surface (WPS), snow with ice layers (I), and depth hoar (DH). Also included are the summary statistics of the deposited snow types BS,

WP, WPS, and I. N gives the number of samples for each snow type.

temporal trends were detected for most compounds. How-
ever, the variability of the concentrations could have masked
small trends.

[13] Each snow sample was classified according to the
dominant snow type collected (auxiliary material Data Set
S1), it is likely that some samples contain multiple snow
types. The grains in a given sample represent a collection
of thousands of crystals with different origins and post-
depositional history that depends on meteorological para-
meters like temperature and wind and the structure and
properties of the snowpack. As a result, the measured con-
centrations in the same snow type can exhibit a high degree
of variability. This is reflected by the results for the DH
samples from 4 March indicating that observed concentra-
tions for same or overlapping depths can vary by more than a
factor of 10. Average concentrations and further statistical
information for all components grouped according to the
eight sampled snow types are summarized in Table 2. Like

the composition of the single samples, the average values for
the snow types are highly variable. In many cases ranges of
concentrations for the snow types are overlapping (Figure 1).

[14] Since Barrow is a coastal location the composition of
all samples is dominated by the major sea salt components
Cl- and Na" with average concentrations ranging from
<1000 to >33000 pg L~' and <400 to >20000 ug L1,
respectively. The third most abundant component is often
Mg?*", which originates from sea salt, but also from the
Earth’s crust. NO3 was also detected in all samples but in
most samples at far lower concentrations compared to the
sea salt components. The lowest concentrations were nor-
mally found for the minor sea salt component Br~. The
average total ion content was highest in the DH samples
followed by I, FBS, and WPS samples. FS and DD/SH
samples exhibit on average the lowest total ion content in
agreement with previous measurements in the Arctic [Toom-
Sauntry and Barrie, 2002; Domine et al., 2004]. Despite
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Figure 1. (left) CI™, SO3 , Br—, and NO; and (right) K*, Mg?*, Ca®", and pH versus Na" concentrations
determined in all snow samples: fresh snow (FS), diamond dust/surface hoar (DD/SH), blowing snow
(FBS), blown snow (BS), wind-packed snow (WP), wind-packed snow at the surface (WPS), snow with
ice layers (I), and depth hoar (DH). The lines indicate the standard seawater ratio. The pH was calculated
from the estimated alkalinity (see text).
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these overall trends, distinct differences can be observed for
the different compounds and some different snow types.

4. Discussion

4.1. Relationships Between Concentrations
and Snow Types

[15] The major element concentration (measured as mass
per volume of water) in each snow sample can be regarded
as a snapshot related to the initial concentration during snow
crystal formation and deposition and subsequent physical
and chemical processes modifying both the mass of the
single impurities and the water volume of the single snow
grains during their lifetime. Since the impact of the pro-
cesses can be different for each individual impurity the
relationships between the impurities can vary with the his-
tory of the samples. For example, dry and wet deposition can
lead to the input of specific impurities [Bergin et al., 1995].
Both processes relate the chemical composition of the snow
to the composition of aerosols, which are either directly
deposited to the snowpack or incorporated into the snow
crystals during the formation process of the snow.

[16] Since Barrow is located near the coast the aerosols in
Barrow mainly represent marine sources. As a result, the
composition of most of the samples was dominated by sea
salt, although the marine aerosols from the sea ice region of
the Arctic Ocean can exhibit specific chemical signatures
with large amounts of organic compounds and enrichment in
Ca*" or K" [e.g., Leck and Bigg, 1999; Leck et al., 2002;
Frossard et al., 2011]. Moreover, a combination of pro-
cesses like long-range transport from continental sources,
mobilization of dust, and secondary aerosol formation have
also been observed at Barrow [e.g., Quinn et al., 2007;
Frossard et al., 2011]. Especially in springtime, so-called
Arctic Haze, which is comprised mostly of SO3™~ aerosols
with variable amounts of NHj, NOj, dust, organics, and
black carbon, can contribute to the total aerosol load in
Arctic snow [Barrie and Hoff, 1985; Snyder-Conn et al.,
1997; Garbarino et al., 2002; Douglas and Sturm, 2004;
Frossard et al., 2011].

[17] At Barrow, wet deposition occurs in the form of snow
during the winter season. Three major processes contribute
to the accumulation of snow at a given location: Precipita-
tion of fresh snow, precipitation of diamond dust and for-
mation of surface hoar, and remobilization (including
vertical transport) of older snow during blowing snow
events. The different types of accumulation of snow are
represented by the FS, DD/SH, and FBS samples. In the case
of FS and DD/SH, the specific mechanisms forming the
snow have an important influence [Voisin et al., 2000]. Our
DD/SH samples formed under blue sky conditions and their
chemical composition was largely controlled by the com-
position of the ice nucleating particles, possibly modulated
by adsorption from the gas phase. In FS samples, riming can
introduce compounds such as nitrate, present in the sub-
cooled cloud droplets, which are known to be present in
clouds down to temperatures of 236 K in the absence of
appropriate ice nuclei [Pruppacher and Klett, 1997]. If
riming is significant, which depends on the cloud water
content, then most of the chemical signature in the snow will
be that of cloud droplets, which in turn reflects mainly the
composition of the cloud condensation nuclei. The degree of
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riming was not determined for our samples, but it will in any
case enhance the variability of the composition of the FS
samples. Since blowing snow occurs during periods with
high wind speeds, the major ion concentrations in these
samples are further modified by the effective mobilization,
incorporation and deposition of sea salt aerosols due to three
different modes of transport. These include creep, saltation,
and suspension and they drive the vertical movement of
snow grains [e.g., Pomeroy and Goodison, 1997]. After
precipitation, the snowpack consists of the snow types BS,
WP, WPS, I, and DH. The concentrations of the impurities
in these samples reflect the initial composition of the
deposited snow plus a subsequent alteration due to deposi-
tion or emission related to physical or photochemical pro-
cesses in the snowpack. The chemical composition of the
different snow types we collected was analyzed individually
to examine the importance of the physical and chemical
processes described above. However, based on the samples
available a general discrimination remains impossible for
most of the deposited snow types. This is due to the fact that
not all snow types could be collected at the same time.
However, even with a more comprehensive data set, specific
chemical signatures of the single snow types may remain
unresolved because different snow types may have similar
composition and/or the differences in the composition may
be lower than the variability in a given snow type. As a
result, the remaining discussion is based on the distinction
between the input of new snow due to FS, DD/SH, and FBS
and the deposited snow types. In the last case a further dis-
tinction of the DH and all further deposited snow types is
possible because differences in the composition become
obvious (Table 2). Moreover, a paired test using samples of
DH and other snow types from 4 and 27 March was per-
formed. A comparison of the concentrations of these specific
samples showed that the concentrations in the DH samples
were enhanced by a factor of 8 to 11 for all analyzed species
except NO3 compared to the rest of the samples. The NO3
concentrations in the DH samples were 40% lower. These
differences are in general agreement with the differences
between the averages of all deposited snow types and the
average concentrations in the DH samples (Table 2).

[18] Due to its high concentration in seawater and its low
volatility Na" is often used as a conservative tracer for sea
salt [e.g., Wagenbach et al., 1998; Rankin et al., 2002,
Simpson et al., 2005]. In polar regions, the Na" fraction can
be reduced in sea salt aerosols due to the formation of mir-
abilite in sea ice and frost flowers [Wagenbach et al., 1998;
Alvarez-Aviles et al., 2008]. Since the maximum reduction
of Na' based on the calculated SO~ deficit remains below
8% (see below), Na* is here considered without further
correction as a reference for the input of sea salt from marine
sources (open water in the North Pacific and the Arctic
Ocean including different types of sea ice and leads or
polynyas) to the snow. Generally, Na“ concentrations
increased from DD/SH, FS, WP, WPS, BS, I, FBS to DH
samples (Table 2).

[19] Concentrations of the main sea salt components (C1™,
Na'’, and K") measured in all snow types are presented in
Figure 1. C1~ and K" concentrations behave in a similar way
compared to Na® in all FBS and deposited snow samples
(BS, WP, WPS, 1, DH). The ratios between Cl~ or K* and
Na" are very close to the standard seawater ratio (here and in
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all further cases the standard seawater ratios were calculated
using the concentrations given by Millero et al. [2008])
indicating that K" and CI~ were dominated by marine
sources in the majority of the snow types. The FS and
DD/SH samples show higher concentrations than expected
from the seawater ratio ranging from +10 to +178% for
Cl” and +22 to +141% for K'. A similar enrichment in
Cl” was also found by Simpson et al. [2005] in their
samples with low Na" concentrations. A deficit in C1~ was
noticeable in 28 samples with the highest deficits in the
DH samples. Ten out of 12 DH samples show lower than
expected C1~ concentrations (compared to Na") with deficits
ranging from 0.4 to 14%. The largest absolute Cl™ deficit
amounts to almost 9800 g L™

[20] While the C1~ and K" enrichments are rather variable
in the FS samples, possibly due to varying degrees of rim-
ing, K" is strongly enriched in all DD/SH samples. These
enrichments are probably related to two different factors. In
the case of Cl, the uptake of chlorine-containing com-
pounds from the gas phase (e.g., HCIl, HOCI) has been found
to contribute to elevated Cl-concentrations [Toom-Sauntry
and Barrie, 2002; Simpson et al., 2005]. In contrast, K'is
probably already enriched in the ice nuclei. Ice nucleation on
mineral dust is an important process in the formation of ice
particles [Pruppacher and Klett, 1997]. For example, illite
(a clay mineral) contains K" and is a ubiquitous soil mineral
that contributes around one third of the soil in the ACP
[Hoose et al., 2008]. K" is also present in aerosols emitted
by biomass burning [e.g., Andreae and Metlet, 2001]. In
springtime, plumes from biomass burning can easily be
transported from Eurasian sources to Barrow and this con-
tributes to the Arctic Haze phenomenon [Quinn et al., 2007,
Frossard et al, 2011]. Finally, Leck and Bigg [1999]
reported cases of strong enrichments of K in aerosols gen-
erated over the Arctic Ocean. All these sources can con-
tribute to the enrichment of K compared to Na* in the ice
nuclei and subsequently in the FS and DD/SH samples
[Domine et al., 2011]. Dry deposition of aerosols containing
higher K™ to Na' ratios could also modify the observed
ratios in the deposited snow. However, concentrations in the
samples from the snowpack are too high due to the input of
sea salt for a detection of dry deposition of non-marine
aerosols.

[21] A comparison of the SO~ and Na' concentrations in
all samples (Figure 1) shows a significant correlation for
most of the deposited snow types, but with a strong SO4
deficit compared to the standard seawater ratio of SO3~
to Na'. Only 9 samples of the types BS, WP, I, and
DH contained as much or more SO3~ as would be expected
compared to seawater. This deficit seems to be introduced
with the deposition of blowmg snow because all FBS sam-
ples were depleted in SO3~, while the majorlty of the FS and
DD/SH samples were enriched in SO3 ™. The DH samples
show the highest albeit highly variable SO4 concentrations
with an average of more than 3000 pg L™", which is, thus, a
factor of 5 higher than the average concentration in the rest
of the snowpack. The depletion of SO3~ is probably due to
the precipitation of mirabilite (Na,SO4*10 H,O) at tem-
peratures below —8°C [Wagenbach et al., 1998] during the
formation of sea ice. Th1s mechanism has previously been
invoked to explaln SO~ deficits in frost flowers, aerosols,
snow, and ice core samples in the Arctic and Antarctica
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[Rankin et al., 2000, 2002; Kaspari et al., 2005; Alvarez-
Aviles et al., 2008; Obbard et al., 2009]. The deficits we
measured are significant and range between 20 and 75% of
the expected SO;  according to the seawater ratio. The
mirabilite formation also impacts the Na+ amount in the
aerosols. Assuming that all missing SO3~ was removed in
the form of mirabilite, we derive a maxrmum Na" depletion
of less than 8%. The enhancement of SO4 in the DD/SH
and FS is similar to CI™ in the same samples and may also be
attributed to the presence of SO~ 1n the ice nuclei, which is
possibly related to non-sea salt SOF ~ from Arctic Haze and
which is co-deposited during the formation of diamond dust,
surface hoar and fresh snow.

[22] In all samples the Mg?" to Na" ratio is higher than the
standard seawater ratio (Figure 1). The observed lower limit
of the Mg®" to Na' ratio was close to the seawater ratio of
0.119 [Millero et al., 2008] while the upper limit reached
values as high as 0.4. This behavior suggests that both
marine and continental sources contributed to the Mg*" in
the samples and that the continental source is characterized
by higher Mg®" to Na' ratios compared to seawater. Sim-
ilar to Mg*", Ca*" is also enriched in all samples compared
to seawater (Figure 1) suggestmg an additional Ca®" input
to the snowpack in this reglon hkely due to dust deposition.
The non-sea salt Mg®" and Ca®" concentrations reached
maximum absolute values around 7500 and 2500 pg L1
respectively. On average, the non-sea salt Mg®" and Ca*"
contributed 44 and 65% to the observed concentrations with
maximum contributions on the order of 68 and 96%.

[23] A previous survey of the snow composition in

northwestern Alaska indicated that the Brooks Range, which
is located approximately 350 km south of Barrow, can be an
important source of wind-blown dust for the snowpack
[Douglas and Sturm, 2004]. The widespread exposure of
Ca**-containing rocks in the Brooks Range [e.g., Newberry
et al., 1986] may lead to the depos1t10n of Ca** to the
snow. Accordingly, snow collected in the Brooks Range
contained occasionally even higher Ca®* than Na' con-
centrations [Douglas and Sturm, 2004]. The enrichment of
Ca”" and Mg®" in the snow has been observed at other
Arctic locations including fresh snow samples in Alert in the
Canadian Arctic [Toom-Sauntry and Barrie, 2002] and dif-
ferent snow types in Svalbard and Alert [Domine et al.,
2004]. Based on 15 years of observations of aerosols at
Alert, Sirois and Barrie [1999] concluded that on average
82% of the Ca®" and 34% of the Mg”" in the aerosols orig-
inated from soils and the rest originated from sea salt.
Therefore, the enrichment of Ca®>" and Mg*" compared to
the seawater ratio is not limited to the ACP, but has been
encountered over larger regions of the Arctic. This may
indicate that long -range transport of aerosols contamrng
Ca*" and Mg*" contributes to the input of both species to the
snowpack at Barrow.

[24] Most of the FS, DD/SH, and DH samples behave
differently compared to the rest of the samples The FS and
DD/SH samples are strongly enrlched in Ca®" and are thus
comparable to K*, Cl~, and SO3 ™. On the other hand, the
DH samples contam rather constant Ca®" to Na' ratios
similar to the Mg®" content in the same samples.

[25] Previous measurements by Simpson et al. [2005]
indicated that Br~ in the snow is more mobile than Na"
leading to a rather homogeneous distribution of Br—
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Figure 2. Br~ to Na' ratio versus (top) depth and estimated
(bottom) pH determined in all snow samples: fresh snow
(FS), diamond dust/surface hoar (DD/SH), blowing snow
(FBS), blown snow (BS), wind-packed snow (WP), wind-
packed snow at the surface (WPS), snow with ice layers
(I), and depth hoar (DH). The ratios for the FS, DD/SH,
and FBS samples are shown at a depth of 0 cm. The vertical
line indicates the standard seawater ratio.

compared to Na' in the surface snow between the coast and
the Brooks Range. As a result, Br~ and Na" were poorly
correlated. We identified similar deviations in the Br~ to Na"
ratio (Figure 1) with strong enrichments or depletions in
many samples comparable to the results of Simpson et al.
[2005]. Only some snow types exhibit consistent deviations
from the seawater ratio. For example, the FS and DD/SH
samples are always strongly enriched in Br~. Such enrich-
ments are also found in all DH samples. In contrast, most of
the WP and almost all of the WPS samples are depleted in
Br~ compared to Na'. Although sea salt is the major source
of Br~ to the snowpack, post-depositional physical and
chemical processes can modify Br~ concentrations.

[26] Br~ can be released to the gas phase following pho-
tochemical transformation into molecular bromine [Simpson
et al., 2007]. Due to its high volatility, molecular bromine is
quickly released to the atmosphere where it can participate in
chemical processes in the gas phase leading to the catalytic
destruction of ozone [e.g., Simpson et al., 2007]. The cata-
lytic cycles are terminated by the formation of hydrobromic
acid or other bromine-containing compounds like HOBr,
Br,, and BrCl, which can subsequently be transferred from
the gas phase to the snow [Toom-Sauntry and Barrie, 2002].
As a result, the activation of Br~ to bromine can lead to a
depletion of Br™ in the snow while the subsequent deposi-
tion of soluble bromine species may lead to an enrichment of
Br~ compared to the seawater ratio. The highest fraction of
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lost Br™ in all samples corresponds to 70%, while removal
of up to 90% was observed by Simpson et al. [2005]. The
effect of Br™ mobility is shown in Figure 2 indicating the
Br~ to Na' ratio in all snow samples as a function of
the average depth of the sample. At the surface of the
snowpack and in the uppermost layers the Br~ to Na" ratio
is variable ranging from 0.0015 (indicating strong depletion)
to 0.35 (indicating strong enhancement). These differences
are partly due to different snow types and their formation
histories. However, even within the different snow types at
the surface the variability remains large.

[27] We estimated alkalinity and pH using the budget of
all measured anions and cations and attributing the missing
part to either dissolved carbonate or protons. It must be
noted that the measured compounds do not represent all
acidic and alkaline species present in the snow. Major
missing species are ammonium and organic acids. Even at
small concentrations their effect and also the analytical
uncertainties in the measured species on the calculated
alkalinity can be large if the calculated alkalinity becomes
small. Due to the estimated presence of carbonate, a very
small calculated alkalinity corresponds to a pH of 5.6.
Therefore, calculated pH values in the range of 6.2 to 5.0
corresponding to an alkalinity of +10 pmol L' must be
regarded as highly uncertain. Due to the marine influence,
most of the samples showed relatively high alkalinities
corresponding to elevated pH values. Only the FS and
DD/SH samples showed low estimated pH values. Interest-
ingly, depletion in Br™ does not show a relationship with pH
(Figure 2). Although Fickert et al. [1999] reported an effi-
cient activation of Br~ only under acidic conditions, the
depletion of Br~ was also observed in samples with high
estimated pH. In contrast, depletions in Br~ are confined to
the upper 15 cm of the snowpack (Figure 2). According
to the measurements of France et al. [2012], at a depth of
15 cm the intensity of the solar radiation in the sampled
snowpack typically decreased to a value of 1/e. Therefore,
the top 15 cm of the snowpack corresponds to the layer
with the most efficient photochemical transformation. In
contrast, our samples from deeper layers are always enri-
ched in Br. This enrichment may be due to a higher input
from the still exposed tundra and to the dry deposition of
soluble bromine species during the previous fall and winter
season, when these layers were exposed at the snow surface.
During the dark period an efficient photochemical activa-
tion of Br~ cannot be expected. Since only DH was sam-
pled in the deeper layers, the metamorphism of the snow
may also have influenced Br~ concentrations [see below].

[28] NO3 was detected in all samples (with the exception
of one of the DH samples in which NO; was below the
detection limit). The variability is much smaller than for the
major sea salt components (Figure 1). For example, the ratio
of the maximum and minimum concentration is less than 10
for NO3, while Na® concentrations varied by a factor of
more than 550. Accordingly, the ratios between NOj and
Na' are very variable. The average NO3 concentrations for
the different snow types can be divided in two groups: lower
average concentrations in the DD/SH and DH samples
around 140 pug L' and somewhat higher average con-
centrations between 220 and 300 pug L~! in the other snow
types including fresh snow (Table 2). These results indicate
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Figure 3. Concentrations of (top) Na’, CI~, and Br,
(middle) ratios of C1~ and Br~ and (bottom) Mg>*, Ca",
and NO; to Na' in FBS samples collected on 9 March
2009. The concentrations at 14:00 correspond to the aver-
age of two samples collected simultaneously. The dashed
horizontal lines correspond to the standard seawater ratios
of Cl: (gray), Br~ (black), Ca®" (gray), and Mg*" (black)
to Na'.

that sea salt is not the major source of NOj3. Instead it is
mainly incorporated from the gas phase into the snow by
scavenging or dry and wet deposition of nitric acid (HNO3)
[Toom-Sauntry and Barrie, 2002].

4.2. Impact of Blowing Snow on the Chemical
Composition of the Snowpack

[29] During the OASIS field season, periods with blowing
snow were defined by FriefS et al. [2011] based on mea-
surements of aerosol optical depth using a MAX-DOAS
instrument and visibility using a ceilometer. Blowing snow
events were only identified during periods with wind speeds
above approximately 8 m s~ preventing the formation of
DD and SH [Domine et al., 2011]. Therefore, the snow
accumulated during blowing snow events can only consist of
FBS and FS. At the observed high wind speeds, snow grains
travel over the snowpack surface and experience mechanical
fracturing, sublimation, and sintering [e.g., Douglas et al.,
2008]. The composition of the moving snow crystals is
related to the composition of the surface layers of the pre-
viously deposited snow and any recent enrichment in theses
layers can be perpetuated by the blowing snow. Simulta-
neously, the high wind velocities associated with blowing
snow events can lead to aerosol production from local
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marine and continental sources impacting the overall com-
position of the FBS we sampled.

[30] The period from 9 to 11 March 2009 was character-
ized by an extensive blowing snow event [Friefs et al., 2011].
During this period, the mobilized snow was collected four
times on 9 March 2009 as FBS. The time series of the Na™,
Cl, and Br™ concentrations are shown in Figure 3. CI™ and
Na' show a slight increase between 9:00 and 14:00 followed
by a strong drop in C1~ and Na" concentrations in the late
afternoon. Comparable trends for C1~ and Na® species are
reflected by the relatively constant ratio close to the standard
seawater ratio in all samples (Figure 3). Similarly, constant
ratios compared to Na* were observed for SO; and K.
While the K* to Na' ratio is very close to the standard sea-
water ratio SO~ was always strongly depleted with only one
third of the expected SO; ™~ concentration according to the
seawater ratio. The opposite behavior was found for Ca®",
Mg>*, NO3, and Br™. Figure 3 demonstrates that Ca®>" and
Mg*" were already enriched compared to the seawater ratio
in the first two samples with a further strong enrichment in
the later two samples. At the same time, the NO3 to Na™ ratio
also showed a similar increase between the beginning and
the end of the time series.

[31] These significant changes in the chemical composi-
tion were accompanied by only small changes in local con-
ditions. For example, the observed wind speed increased
slightly from 15 m s~ " in the morning to 16 m s " in the early

afternoon before dropping to values around 12 to 15 m s~ .
During the entire period, the wind speeds were sufficiently
high to mobilize the snow. In addition, the observed wind
direction turned slightly from easterly in the morning to
southeasterly directions in the afternoon. In contrast to the
small changes in the local conditions a significant change in
the synoptic situation occurred as demonstrated by calculated
backward air parcel trajectories for the sampling period
(Supplementary Material, Figures la—1d). In the morning,
air parcels arriving at elevations between 10 and 100 m at
Barrow originated from the Central Arctic Ocean and traveled
along the northern coast of Canada and Alaska. In the after-
noon, the air masses spent longer periods over the estuary
of the Mackenzie River before reaching Barrow. Obvi-
ously, in the latter case the air masses had sufficient contact
with continental snow surfaces and further continental sources
to pick up additional Ca** and Mg*" while losing a significant
part of the initial marine signature. In contrast to CI,
Br™ shows a constant decrease in concentration as well as in
the Br~ to Na' ratio (Figure 3). Since Br~ shows a general
slightly positive correlation with Mg?* and Ca" in all snow
samples, the Br~ decrease cannot be explained by a varying
influence from marine to more continental sources. However,
the decrease during the daytime hours can be related to an
efficient mobilization of Br™~ due to photochemical processes
as discussed above and as proposed by Yang et al. [2008] for
blowing snow events. This is in excellent agreement with
observed BrO concentrations on 9 March 2009 rising from
below 10 pptV in the morning to maximum concentrations
higher than 40 pptV in the afternoon [Friefs et al., 2011].

4.3. Depth Hoar

[32] DH constitutes an important fraction of the total
snowpack encountered at Barrow. It is formed when strong
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Figure 4. Concentration of NOj3 as function of the specific
surface area (SSA) of samples collected in the same snow
layer: blown snow (BS), wind-packed snow (WP), wind-
packed snow at the surface (WPS), and depth hoar (DH).

temperature gradients within the snowpack drive the redis-
tribution of water vapor leading to hexagonal cups as a result
of efficient snow metamorphism [Sturm and Benson, 1997].
Major ion concentrations in the DH layers are impacted by
several processes. The DH crystals constitute the oldest
snow within the snowpack since they are formed from early
season snow deposited between October and February.
Therefore, the observed concentrations are related to initial
snow fall concentrations due to the input by accumulating
snow and the subsequent modifications due to dry deposi-
tion of aerosols and volatile species from the gas phase. In
addition, the early season snow that is metamorphosed into
depth hoar has the greatest contact with the tundra surface
soil and vegetation surfaces. Finally, the transformation into
DH can lead to strong changes in the water volume of the
snow grains due to large vertical fluxes of water molecules
as a result of the strong vertical temperature gradient in the
snowpack [e.g., Colbeck, 1982; Sturm and Benson, 1997].
DH formation can also lead to changes in other snow prop-
erties like reductions in density and specific surface area
[Domine et al., 2012]. These properties influence the capa-
bility of the DH to adsorb and incorporate volatile species.
All these process can affect the observed concentrations of
impurities in these samples. The encountered major element
concentrations are characterized by a larger variability and
on average higher concentrations compared to the other
snow types. Only NO; shows low average DH con-
centrations comparable to the average NOj3 concentration
in DD/SH (Table 1).

[33] Higher major ion concentrations in the springtime
snowpack can be caused by higher initial concentrations of
the impurities earlier in the season due to more and stronger
events of blowing snow and higher production rates of sea
salt aerosols leading to higher deposition fluxes of aerosols.
A further increase in the concentrations can be due to sub-
limation during snow metamorphism. Sublimation can
mobilize water molecules in the snow crystal while leaving
the non-volatile impurities behind. Accordingly, the average
concentrations of all species except NO5 are larger in the
DH samples by a factor of 3 to 10 compared to the average
concentration of the other deposited snow types. For the two
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days (4 and 27 March) with parallel sampling of DH and
other snow types these enhancements range between a factor
of 8 to 11.

[34] In strong contrast to the other species NO3 con-
centrations in the DH samples are even lower than in the
other deposited snow types. This is the case for the average
of all deposited snow types (Table 2) as well as for the
averages of the parallel samples on 4 and 27 March with
40% lower concentrations of NO5 in the DH. Due to the
morphology of DH its specific surface area can be smaller
than for most other snow types [Domine et al., 2012]. If
NOj3 concentrations in the snow are related to an equilib-
rium established by adsorption at the surface, lower surface
arcas can be related to lower NO3 concentrations. Con-
comitant measurements of NO3 and SSA in the same snow
layer [Domine et al., 2012] are available for 11 deposited
snow samples and are shown in Figure 4. A positive rela-
tionship between NO3; and SSA becomes obvious although
the effects of the snow temperature and the atmospheric
HNO; concentrations are not included in our calculation.
While snow temperatures varied significantly during the
field experiments, filter samples of particulate NO5 includ-
ing also gas phase HNO; show relatively small variability
[Morin et al., 2012]. The linear regression using all 11
deposited snow samples results in the following equation:

[NO; ] (inug L™") = (5 £ 1) - SSA(in m* kg ") + (30 & 40)

Based on these few samples the uncertainty for this rela-
tionship remains relatively high expressed by the errors for
the slope and the intercept and the coefficient of determi-
nation of R? = 0.67. Moreover, the DH samples with parallel
SSA measurements showed NOj3 concentrations at the
lower end of all observed DH concentrations. The correla-
tion between the SSA and NOj5 in the deposited snow types
possibly indicates that for older snow an equilibrium
between gas phase HNO; and adsorbed NO3 (or HNO;) at
the surface of the snow crystals is established making the
adsorption the dominating factor. Nevertheless, further fac-
tors like the initial NO3 concentrations in the snow or the
solution of HNOj in the solid phase can also contribute to
the observed overall NO3 concentration introducing addi-
tional bias in the observations.

[35] Unfortunately, no simultaneous measurements of
SSA and NOj are available for the FS and DD/SH samples.
However, these samples normally exhibit relatively high
SSA values well beyond 60 m” kg~' [Domine et al., 2011].
Inserting such values in the above equation results in NO3
concentrations higher than 230 ug L' (taking the lower
limits of the slope and the intercept). While the range of the
observed NO3 concentrations in the FS sample overlaps
with this lower limit, the DD/SH concentrations always
remained below 170 pg L', This may indicate the forma-
tion of DD/SH crystals occurs too rapidly to establish the
adsorption equilibrium for HNOj3. Due to the formation of
diamond dust and surface hoar in the boundary layer or at
the snow surface, only HNO; in the boundary layer can be
considered as the available gas phase reservoir. If a suffi-
ciently large fraction of gas phase HNOj is adsorbed during
the period of the surface hoar or diamond dust formation, the
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adsorption can modify the gas phase concentrations and the
adsorbed amount of HNOs.

5. Conclusions

[36] Snow provides a unique link between the lower
atmosphere and the sea ice or winter terrestrial surface.
Snow originates in the atmosphere and its initial composi-
tion is related to physical and chemical properties of the
atmosphere. Once deposited, snow interacts chemically with
the lower atmosphere. The focused objective of this study
was to determine how depositional and post-depositional
processes can affect the chemical composition of snow at an
Arctic Coastal location. The vertical and horizontal redis-
tribution of snow and snow chemical compounds leads to a
constantly changing chemical equilibrium between the lower
atmosphere and snowpack. The snow samples we collected
(and the major element concentrations we measured) repre-
sent snapshots in time because of the gain or loss of major
elements and/or the gain or loss of snow/ice/vapor volume
that can all alter the overall concentrations represented by a
given sample.

[37] Due to different processes impacting the physical
properties of the springtime seasonal snowpack at Barrow,
the snowpack exhibits a strong spatial heterogeneity hori-
zontally as well as vertically. A similar heterogeneity is also
reflected in the chemical composition of the snowpack. As a
result the variability in the snow concentrations is in many
cases too high to determine trends in the concentrations as a
function of depth or time. However, grouping the samples
into unique snow types helps to better distinguish between
different stages of the development of the snow. In addition,
the snow types we identified represent specific deposition or
post-depositional crystal phases. Three types of snow cor-
respond to different forms of the accumulation of new snow
while the remaining five snow types represent different steps
in the process of metamorphism of deposited snow. Due to
the high degree of variability and the limited number of
samples, only depth hoar was identified as having a signif-
icantly different composition compared to the rest of the
deposited snow types. Nevertheless, for a heterogeneous
snowpack like what is present at Barrow the snow type
remains an important parameter helping to link different
stages of snow metamorphism to the chemical composition
and should be recorded in future field experiments like
density or depth.

[38] The accumulation of the snowpack at Barrow is
driven by the deposition of fresh snow, surface hoar, dia-
mond dust and blowing snow. The composition of many of
the blowing snow samples was strongly dominated by sea
salt and its components. The other snow types contributing
to the accumulation exhibited much lower loads of the
major sea salt components. This similarity in the chemical
composition of the fresh snow, diamond dust and surface
hoar is likely related to the similar formation processes of
these snow types. Since the composition of the entire
snowpack was characterized by sea salt loads much higher
than what was found in most of the fresh snow, diamond
dust and surface hoar samples, large parts of the accumu-
lated snow probably originated from blowing snow. A
further significant source of impurities in the snow was the
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deposition of dust as reflected in enhanced Mg”" and Ca**
concentrations compared to other sea salt components in
almost all snow samples. Blowing snow and the entire
snowpack showed strong depletions in SO; compared to
the seawater ratio. Similar to Mg>" and Ca®', SOF~ was
also enriched in the FS and DD/SH samples. This probably
indicates SO}~ containing aerosols typical for springtime
Arctic Haze events were partly removed from the atmo-
sphere by wet deposition. However, this additional SO3~
input to the snowpack was not sufficient to overcome
the SO?( deficit introduced by marine sources. The SO;~
deficit further indicates that the young sea ice surface (and
frost flowers that grow on this surface) is prone to the
precipitation of mirabilite at temperatures below —8°C and
this SOF~ depleted source is a major sea salt source for
the Barrow snowpack.

[39] Br~ showed a more complex behavior than most of
the other species due to the different physical and chemical
processes impacting Br~ concentrations. With marine
emissions being the main source of Br™ in this region it is
mainly introduced into the snowpack with the other sea salt
components. However, as result of its ability to undergo
chemical transformation into more volatile compounds, it is
more mobile after deposition than the other sea salt com-
ponents. Therefore, a large fraction of the samples were
depleted in Br~ compared to the standard seawater ratio.
This is relevant mainly for samples down to a depth of 15 cm
while the few samples from the deeper layers of the snow
showed no depletion. However, a reduction of Br~ was also
observed during a long-lasting blowing snow event. Ulti-
mately, the volatile compounds are transformed back into
soluble bromine-containing compounds in the atmosphere,
which subsequently undergo dry deposition to the snow-
pack. As a result, a significant number of samples also show
strong Br~ enrichments and surface snow samples show a
wide spread in Br~ concentrations.

[40] Contrary to the sea salt and dust components NO3
showed a much reduced variability in the concentration in
all snow samples. NOj is introduced into the snowpack by
all three types of new snow. The limited number of samples
with concomitant SSA measurements within the snowpack
show a positive correlation with the SSA indicating that the
NOj; concentrations in older, deposited snow can be
influenced by the adsorption of nitric acid on the snow.
Therefore, a large fraction of the NO;3 detected in the
deposited snow may readily be available at the surface of
the snow grains for chemical transformations leading for
example to the formation of nitrogen oxides [Grannas
et al., 2007].

[41] Taken in total, the results from this study indicate
that changes in sea ice extent, snow precipitation, wind
conditions, or vertical temperature gradients can alter the
chemical composition of the Arctic coastal snowpack. Cli-
mate warming is expected to lead to a diminished Arctic
Ocean sea ice extent and to more dynamic sea ice processes.
This is expected to lead to more generation of young ice
and frost flowers during winter time. The ramifications of
these ice driven changes and the expected meteorological
response to a warming Arctic are mostly unknown. How-
ever, our results suggest that the potentially large predicted
changes in sea ice and meteorological conditions in the
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Arctic could lead to a different snow chemical regime than
is present currently.
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