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Abstract

Experiments were performed at Summit, Greenland (721340 N, 381290 W) to investigate hydroxyl mixing ratios in the
sunlit surface snowpack (or firn). We added a carefully selected mixture of hydrocarbon gases (with a wide range of
hydroxyl reactivities) to a UV and visible light transparent flow chamber containing undisturbed natural firn. The relative
decrease in mixing ratios of these gases allowed estimation of the lower limit mixing ratio of hydroxyl radicals in the near-
surface firn pore spaces. Hydroxyl mixing ratios in the firn air followed a diurnal cycle in summer 2003 (10–12 July), with
peak values of more than 3.2! 106 molecules cm"3 between 13:00 and 16:00 local time. The minimum value estimated was
1.1! 106 molecules cm"3 at 20:00 local time. Results during spring of 2004 showed lower, but rapidly increasing, peak
hydroxyl mixing ratios of 1.1! 106 molecules cm"3 in the early afternoon on 15 April and 1.5! 106 molecules cm"3 on 1
May. Our firn hydroxyl estimates were similar to directly measured above-snow ambient levels during the spring field
season, but were only about 30% of ambient levels during summer.
r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyl radical (OH) is the primary oxidant in
the earth’s atmosphere. High humidity and small
solar zenith angles contribute to large OH levels in
the tropical marine boundary layer. Conversely,

hydroxyl concentrations in Polar Regions have
traditionally been expected to be much lower.
However, Mauldin et al. (2004) reported typical
OH concentrations of (2.5–3.5) ! 106 molecules
cm"3 above the snow at South Pole. In addition, at
Summit, Greenland (721340 N, 381290 W, 3200m
elevation), the model of Yang et al. (2002) predicted
OH levels of more than 4! 106 molecules cm"3.
This level is 3 times that expected based on ozone
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photolysis alone. These results are based on elevated
concentrations of OH precursors such as nitrous
acid (HONO), formaldehyde (HCHO), and hydro-
gen peroxide (H2O2) measured in the summer
boundary layer. Recent research has shown that
HONO (Zhou et al., 2001), HCHO (Hutterli et al.,
1999; Sumner and Shepson, 1999; Jacobi et al.,
2002), and H2O2 (Hutterli et al., 2001) are produced
in the snowpack and released to the atmosphere.

Direct ambient OH measurements made at
Summit during the summer of 2003 peaked at
25! 106 molecules cm"3 (Sjostedt et al., 2007).
However, OH concentrations in the firn air (air
which fills the pore spaces of the snowpack) may
differ. Heterogeneous processes that are not feasible
in the gas phase can take place on the liquid phase
of snow grains. The photolysis of OH precursors
such as HONO and H2O2 in the liquid phase can act
as a source of OH that may be transported to the
firn air and boundary layer. Also, partitioning
between the firn air and snow grains may be an
additional loss for OH in the firn air. If the OH is
partitioned into the quasi-liquid layer present on the
snowgrains it is not likely to desorb. So, to better
understand the chemistry of the OH at Summit it is
necessary to determine what its concentration is in
the snowpack.

Unfortunately, the high reactivity of hydroxyl
makes direct measurement of its concentration in
the snowpack impossible using existing techniques.
Attempts to draw air from the snow to the
instrument would result in complete loss of hydro-
xyl on the tubing walls. This problem prompted
us to develop an indirect OH approximation
method involving the addition of a gaseous mixture
of compounds into the firn. The relative decay of
these gases in relation to their hydroxyl reactivity
was then used to approximate the hydroxyl con-
centration.

A similar method had been employed in several
previous field seasons at Summit, Greenland (Blake
et al., 1999; Swanson et al., 2000) to attempt to
quantify snowpack OH radical concentrations.
However, these attempts were not successful for
several reasons. First, the hydrocarbon mixture
employed contained only unbranched alkanes,
which along with having a wide range of hydroxyl
reactivities, also have a wide range of diffusion
coefficients. This resulted in apparent decay rates
for the suite of alkanes that were in fact more a
function of their relative diffusion rates through the
snow pore spaces (analogous with chromatographic

separation), rather than their differential removal
by OH. For the field campaigns of 2003 and 2004,
this problem was resolved by employing only a suite
of butenes, which have similar diffusion coefficients
but varying reactivity with OH.

Attempts previous to 2003 also did not fully
characterize the background concentrations of the
nonmethane hydrocarbons (NMHCs) in the snow
before any of the hydrocarbon mixture was added.
During 2003 and 2004, numerous samples were
collected inside the chamber before the experiments
were performed. Finally, we have learned that a
consistent air flow rate through the chamber is
essential for proper OH estimation. The flow was
regulated for the experiments reported here.

2. Methods

The method we employ for indirect estimation of
near-surface snow pore air OH radical mixing ratios
consisted of adding reactive NMHCs through a
probe into the snow and withdrawing air through
two other probes to monitor hydrocarbon decay over
time. By looking at the relative decay of these
compounds in relation to their rate of reaction with
OH, we estimated the average hydroxyl concentra-
tion. A disadvantage of this method is the fact that
the addition of species with high OH reactivities will
lower the concentration of hydroxyl in the snow.
Therefore the OH mixing ratios calculated here define
lower limit values. Unfortunately, this underestima-
tion cannot be quantified without better knowledge of
the production rate of hydroxyl. The sources of
hydroxyl in the firn air still are not fully known. As
such it is not possible to determine the rate at which
the hydroxyl is replenished in the firn air.

3. Experimental techniques

These experiments were performed as part of a
larger study of the hydroxyl budget associated with
sunlit snow. This project included measurements of
chemical species and actinic flux in and above the
snowpack. The first field season measurements were
made in June and July, 2003. During this time
period, the arctic region has 24 h of sunlight and
photochemistry should be at its maximum. A
second field season occurred from March to early
May, 2004. During this period, Summit experiences
rapidly increasing day lengths, from approximately
12 h of sunlight in mid-March to 22 h of direct
sunlight in early May.

ARTICLE IN PRESS
A.J. Beyersdorf et al. / Atmospheric Environment 41 (2007) 5101–51095102



Our experiments were performed at a satellite
science camp 1 km south of the power generators
and living quarters of the main Summit camp. The
predominant wind direction is from the south;
therefore pollution plumes from the camp genera-
tors rarely reached the site.

A reaction chamber was set up in an undisturbed
section of snow. The rectangular chamber was made
of Acrylite OP4 plastic. This plastic is transparent to
UV and visible light with transmittance of over 80%
at wavelengths above 300 nm. Two parallel vertical
panels were carefully inserted into the snowpack.
Another panel was placed between these side panels
on top of the snow (Fig. 1). The placement of this
top panel was done in a manner in which to
minimize the headspace above the snow. However it
was impossible to ensure perfect contact with the
surface snow. At one end a baffle (also made of
Acrylite OP4 plastic) was connected to the three
panels. All panels and the baffle were ‘‘glued’’
together by freezing ultrapure water in the seams.
Excess water was used in order to minimize leakage
through the seams. Although desirable, placement
of a bottom panel to the chamber was deemed
impossible without an unacceptable amount of
disturbance of the natural snow. Therefore, the
opposite end and the bottom of the chamber were
left open. A bellows pump was connected to the
baffle, pulling air (ideally) through the entire cross
section of the firn inside the chamber. The flow rate
of air pumped through the chamber was stabilized
by the use of a regulator connected to the pump
inlet. The flow rate was measured multiple times
during the experiment to check the consistency of
the regulator.

The rectangular chamber had dimensions of
110 cm long and 40 cm wide with an open bottom
and end. The side panels extended 40 cm into the
snow. The top panel on the chamber had three holes
in it that were each large enough for the insertion of
a stainless-steel probe. Each probe was sealed in
place by freezing enough water around them that we
could assume there to be no leakage. The first probe
(labeled ‘‘doping probe’’ in Fig. 1), was used to
continuously dope in the hydrocarbon mixture.
After allowing the system to equilibrate, simulta-
neous samples were withdrawn through the other
two probes. In 2003, probes 1 and 2 were at a
distance of 64 and 96 cm, respectively, from the
doping probe. In 2004, these holes were located 32
and 64 cm from the doping probe. The probe tubes
extended to a depth of 5 cm into the snow and were
connected via stainless-steel tubing to separate
bellows pumps throttled to draw air from the
chamber at a continuous flow rate of about
0.5 Lmin"1. Our 2L stainless-steel canisters (housed
along with the pumps in a ski-equipped tempera-
ture-controlled lab) were pressurized to at least
20 psig.

The gaseous hydrocarbon mixture added into the
snow-filled chamber consisted of nine C2–C7

alkanes, nine C4–C6 alkenes, four C2–C4 alkynes,
two CFCs, two HCFCs, and one halon. This mix
was used in order to have a wide range of
reactivities with OH. However, for the hydroxyl
calculations only the butenes (1-butene, iso-butene,
cis-2-butene, and trans-2-butene) were used due to
their similar diffusion coefficients. The mixture was
continuously doped into the chamber at a constant
flow rate of 1–2Lmin"1 during each experiment.
Samples were not collected until at least 2 h after the
start of the doping. This allowed for the mixture to
flow through the chamber and reach a pseudo-
steady state gradient throughout the snow.

The experiments were performed during periods
of light wind to reduce variation in air flow. Tests
employing the addition of a discrete spike of sulfur
hexafluoride (SF6) were performed to determine
optimum pumping rates for the three pumps and to
estimate the residence time of the air flow between
the two probes, t. We believe that the difference
between diffusion coefficients of SF6 and the
butenes should have little effect on the residence
time (but will cause a significant difference in the
relative loss of SF6 seen at the second probe). A
5 ppmv sample of SF6 was injected into the chamber
through a septum attached to the doping probe.
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Fig. 1. Schematic of the snow chamber setup. The chamber was
110 cm in length with a width and depth in the snow of 40 cm.
Probes were made of stainless-steel tubing and placed with their
ends 5 cm into the snow. The distance between the doping probe
and probe 1 was 64 cm in 2003 and 32 cm in 2004. The distance
between probes 1 and 2 was 32 cm. Arrows show the flow of air
through the chamber.
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Samples were then collected by syringe through
septums attached to the other probes. The SF6

samples were analyzed with an on-site gas chroma-
tograph (GC, a Lagus Applied Technology Auto-
matic Tracer Gas Monitor with an electron capture
detector (ECD), limit of detection for SF6 of
50 pptv). Fig. 2 illustrates the results of one of these
tests, performed on 9, July 2003. The SF6 curves for
each probe were integrated to find the area. Finding
the time at which half of this area is under the curve
approximates the time at which 50% of the sample
had arrived at each probe. The D time for the two
sampling probes was determined for the times
corresponding to 30%, 40%, 50%, 60%, and 70%
of the sample area. The average of these times was
then used to estimate the residence time, t, while the
standard deviation represented the error in t. For
example, for the 9 July test (Fig. 2) t was
determined to be 16.971.6min. The broadness of
the peaks seen in Fig. 2 is mainly due to diffusion of
the gases through the chamber. The absence of a
bottom panel is also likely to have caused some of
the flow variability. However, the presence of
stratified layers in the snow and the constant
horizontal flow likely reduced the importance of
vertical diffusion.

4. Trace gas analysis

Upon completion of the field experiment, the
sampling canisters were returned to the laboratory
at the University of California, Irvine for analysis.
NMHCs, halocarbons, and alkyl nitrates were
measured via a 3 GC system, described in Colman
et al. (2001). In 2003, the system employed a
quadrupole mass selective detector (MSD), 2 flame
ionization detectors (FIDs), and 2 ECDs. The

samples in 2004 were analyzed on the same system
with the exception that a sixth column-detector
channel consisting of a cyclodex column output to a
FID was added.

In brief, an aliquot of each sample is pre-
concentrated in a stainless-steel loop containing
glass beads cooled with liquid nitrogen. Heating the
loop re-volatilizes the sample. The sample is then
flushed by a helium carrier and split into six streams
each output to a different column-detector combi-
nation. The ECDs are used to quantify halocarbons
and alkyl nitrates, the FIDs are sensitive to
hydrocarbons, and the MSD is set for selective ion
detection. Butenes were quantified through the use
of two of these column-detector channels. The first
used a 60m J&W DB-1 column outputted to an
FID. The second was a 30m PLOT column
connected to 5m of a DB-1 column with output
to another FID. The detection limit for each butene
is 3 pptv. The precision of our butene analysis was
tested during the Nonmethane Hydrocarbon Inter-
comparison Experiment (NOMHICE) and was
found to be 72% (Sive, 1998).

5. Hydroxyl estimation

Seasonal NMHC data collected at Summit
indicate that the dominant removal process of these
NMHCs is reaction with the OH (Swanson et al.,
2003). If we assume that OH is the only oxidant, the
kinetic rate law of a compound (A) can be written as

d#A$=dt % "kOH#OH$#A$. (1)

Integrating this equation leads to

ln#A$ % "kOH#OH$t& constant: (2)

If the concentrations of A sampled at probe 1 and 2
are, respectively, labeled as [A]1 and [A]2, this gives

ln'#A$2=#A$1( % "kOH#OH$t, (3)

where t is the residence time for compound A to go
from probe 1 to probe 2. The more negative this
natural log value is, the more decay has occurred.

Eq. (3) assumes that the only mechanism of loss is
chemical reaction with OH. Therefore, the presence
of secondary oxidants could increase apparent OH
mixing ratios. Halogen chemistry is unlikely to play
a large role due to the remote distance of Summit
from the coast, but its role is being investigated
(Peterson and Honrath, 2001; Sjostedt et al., 2007).
Ozone, present in the firn at concentrations of
between 20 and 40 ppbv, reacts with butenes at a
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Fig. 2. Results of an SF6 test performed on 9 July, 2003. Circles
represent the SF6 concentration in samples collected from probe
1. Squares represent probe 2 samples.
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much slower rate than OH. The lifetime of butenes
due to ozone alone is therefore 2 orders of
magnitude longer than their respective hydroxyl
lifetimes, making it unlikely that reaction with
ozone represents a significant sink. As mentioned
above, a potentially important effect that would
reduce apparent OH levels is the competition for
OH represented by the reactive hydrocarbons in the
mix with the butenes.

Diffusion also plays a large role in increasing the
apparent decay of the compound as it moves
through the snow. By selecting compounds with
comparable diffusion coefficients, we have ensured
that the relative decrease in concentration due to the
reaction term will dominate. Therefore, if the
ln([A]2/[A]1) values for a group of compounds with
the same diffusion coefficient are graphed versus
their kOHs the slope will be equal to

Slope % "#OH$t, (4)

with t determined from the SF6 tests described here.
The group of gases used to determine the

hydroxyl concentration was the butenes (1-butene,
iso-butene, cis-2-butene, and trans-2-butene). Their
temperature-dependant rate constants with OH are
well studied and our GC analysis for these gases has
high accuracy and precision. These molecules also
exhibit good stability in our pressurized sampling
canisters at the mixing ratios employed in this
experiment. A drawback to this method is the
production of small amounts of 1-butene and iso-
butene in sunlit natural snow (Swanson et al., 2002).

Background samples (firn air sampled from the
chamber when the hydrocarbon mix was not being
added to the snow) did indeed show that in both
seasons, 1-butene and iso-butene mixing ratios
followed a diurnal trend in snow, peaking at around
solar noon. However, their background concentra-
tions (on the order of 100pptv) were small relative to
the levels measured at probe 1 and 2 (on the order of
2500 and 1000 pptv, respectively), when the hydro-
carbon doping mix was being added (Fig. 3). Even
so, background values were subtracted from the
hydrocarbon addition concentrations. The standard
errors for sinusoidal fits to the measured back-
ground concentrations were about 6 pptv in summer
and 20 pptv in spring. These errors contributed only
1–2% to the error in ln([A]2/[A]1), which is small
compared to the approximately 30% error asso-
ciated with fitting the slope to a plot of Eq. (3), so
they were not used in further error propagation. In
both summer and spring, the background levels for

cis- and trans-2-butene were rarely observed above
the 3 pptv limit of detection, therefore no correction
was needed.

Plots of ln([A]2/[A]1) versus kOH for the four
butenes were used to calculate hydroxyl concentra-
tions in the snow (Eq. (3)). The temperature-
dependent kinetic data used are shown in Table 1
(Atkinson, 1997). Temperature measurements from
a similar OP4 chamber, employing thermocouple
gauges at a number of depths inside the chamber,
were used to determine appropriate temperature
dependant rate constants. Temperature readings
from inside the chamber were used rather than in
the undisturbed snow because this allowed for
understanding the effect of the chamber’s placement
on the temperature of the snow. Fig. 4 shows results
from an experiment performed on 14 April, 2004.
Each line represents the least-squares fit to data
from an individual simultaneous probe sampling
period. The slope of the line decreases as it gets later
in the day because of a decline in OH. The slopes
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Fig. 3. 1-butene mixing ratios measured at probe 1 (circles) and 2
(boxes) during an experiment performed on 15 April, 2004.
Triangles represent the background concentration of 1-butene
used to correct for natural production.

Table 1
Kinetic data used for the hydroxyl approximation for the
temperature dependency: k(T) % A exp"B/T

kOH (298K)
10"12 cm3

molecule"1 s"1

A 10"12 cm3

molecule"1 s"1
B (K)

1-butene 31.4 6.55 "467
iso-butene 51.4 9.47 "504
cis-2-butene 56.4 11.0 "487
trans-2-
butene

64.0 10.1 "550
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were then used to calculate [OH] (Eq. (4)) as it
changes diurnally during each experiment.

6. Results

In total, 8 hydrocarbon doping experiments were
performed in 2003 and 2004 (see Table 2 for details).
Summertime (10–12 July, 2003) OH mixing ratios
followed a diurnal cycle, with peak values of
3.2! 106 molecules cm"3 (Fig. 5). This maximum
was at 15:00 local time, which was later in the day
than typical peak values seen in spring (Figs. 6
and 7). However, it is not certain whether this shows
a significant shift in the diurnal hydroxyl peak,
because relatively few experiments were performed
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Table 2
Overview of hydroxyl experiments performed at Summit

Date Duration
(local time)

SF6 tests

July 10, 2003 12:00–19:00 Performed on July 9
July 11, 2003 9:00–22:00 Performed on July 9
July 12, 2003 19:00–22:00 Performed on July 9
April 14, 2004 8:00–24:00 Performed on April

13 and 15
April 15, 2004 9:00–16:00 Performed on April

13 and 15
April 27, 2004 5:00–24:00 Performed on April

25 and May 1
April 30–May 1,
2004

0:00 (30th)–1:00
(1st)

Performed on April
25 and May 1

May 1, 2004 12:00–15:00 Performed on April
25 and May 1
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Fig. 5. Hydroxyl values measured on 10 July (circles), 11 July
(squares), and 12 July (triangles), 2003. Error bars represent
propagated 1s error in the slope of the line and in residence time.
Ozone photolysis rates JOzone on 10 July are indicated by the line.
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Fig. 6. Hydroxyl values measured on 14 April (circles) and 15
April (squares), 2004. Error bars represent propagated 1s error in
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between 12:00 and 15:00 in summer. The minimum
OH value estimated during summer was 1.1! 106

molecules cm"3 at 20:00 local time. Results during
mid-spring (14–15 April, 2004) showed peak hydro-
xyl mixing ratios of 1.1! 106 molecules cm"3 in
the early afternoon (Fig. 6). Late spring (27 April–
1 May, 2004) OH peaked at 1.5! 106 molecules cm"3

in the early afternoon (Fig. 7). The error bars in
Figs. 5–7 were calculated by propagating the
standard deviation in the slope of the line fitting
the natural logs to the kOHs and the error in flow
chamber residence time.

7. Discussion

Average daily hydroxyl concentrations measured
in the snowpack increased during the spring and
were highest during summer (Fig. 8). Error bars
(Fig. 8) represent the highest and lowest hydroxyl
values on each day. Hydroxyl concentrations
estimated for the summer experiment were always
above 1.0! 106 molecules cm"3, even at 21:00 local
time. This reflects the fact that during the summer,
Summit has continuous sunlight and therefore
continuous hydroxyl production in the snowpack.
By comparison, during the spring the shorter days
cause hydroxyl concentrations to decline to very low
levels at night. The highest hydroxyl concentrations
were reported on 10 July (3.2! 106 molecules cm"3).
However, it is believed that hydroxyl concentrations
in the snowpack would be greatest around the
summer solstice when the radiative flux is at its
greatest. In fact, the highest J values for the
photolysis of ozone occurred between 26 June and
5 July, 2003.

Direct ambient hydroxyl measurements made on
30 April, 2004 with a chemical ionization mass
spectrometer (CIMS, described in Sjostedt et al.,
2007) followed a diurnal trend with peak values at a
similar time to those measured on the same day in
the firn air (Fig. 9). However, ambient values are
significantly higher than the corresponding firn
concentration. Average ambient and firn OH values
are similar in early spring, while in late spring
ambient values are higher by 30–50% (Fig. 10).
Summer ambient values increased much faster and
were three times as high as firn values on 10 July.

The relatively lower concentrations of OH in the
firn air could be the result of a much shorter OH
lifetime in the firn air compared to its ambient
lifetime. The lifetime of OH due to chemical reaction
with trace gases alone in interstitial air and firn air is
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on the order of 1 s. This is based on values of
NMHCs and CO, which were measured in the same
stainless-steel canisters as the hydroxyl approxima-
tion during periods when the hydrocarbon mix was
not being added to the snow. This lifetime also takes
into account firn air values of NO measured by a
chemiluminescence detector (Ryerson et al., 2000)
and ozone measured by a commercially available
instrument (Thermo-Environmental Model 49).
However, if the hydroxyl in firn air preferentially
partitions onto a quasi-liquid layer on the surface of
the snowgrains, the firn air OH lifetime could be
decreased to a value on the order of 1ms (C.
Anastasio, personal communication, 2005). During
the spring, we expect the influence of such a liquid
phase to be minimized at the low ambient tempera-
tures. Accordingly, springtime firn air OH mixing
ratios are similar to ambient values. By contrast, in
summer an increased surface area of this liquid layer
may cause fast loss of OH from firn air, resulting in
high ambient OH in comparison to firn OH, as
observed. In addition, as previously noted, the
addition of reactive NMHCs in our doping mix
would titrate some of the OH, such that our OH
estimates represent a lower limit. This presumably
would have a similar influence on both spring and
summer experiments, so it does not explain the
spring vs. summer ambient vs. firn differences.

This work demonstrates that significant levels of
OH are present in the air between surface snow
grains. In combination with the high levels of
nitrogen oxides (Dibb et al., 2002), radical pre-
cursors (HONO and H2O2), and photochemical
products (alkyl nitrates and HCHO) that have been
observed in firn air it supports the conclusion that
active photochemistry is occurring just below the
snow surface. These processes have been suggested
to possibly alter ice core records of chemical
indicators such as hydrogen peroxide (Anastasio
and Jordan, 2004), meaning that snow and ice can
not be assumed to be the inert freezer of past
conditions they once were, but rather are a reactive
environment whose chemistry is not yet fully
understood.

With as much as 50% (46! 106 km2) of the
Northern Hemisphere land surface snow-covered
(Frei and Robinson, 1999) and approximately
12! 106 km2 of sea ice during the winter (Vinnikov
et al., 1999), this work also suggests that photo-
chemical activity involving snow surfaces is wide-
spread during late winter and early spring as solar
radiation and temperature increases. For locations

such as Summit, hydroxyl precursors originate
predominantly from anthropogenic sources, how-
ever, snow-covered areas in less remote sites will see
reactions involving both anthropogenic and biolo-
gical products that must be studied in detail. These
complex reactions could cause the snow to play a
significant role in the chemistry of the boundary
layer above it.

8. Conclusions

Experiments performed during two field seasons
(spring and summer) at Summit, Greenland em-
ployed an indirect technique, adding a mixture of
butenes to near-surface firn air, to infer peak
hydroxyl levels of 1.5! 106 molecules cm"3 in April
and May and 3.2! 106 molecules cm"3 in July.
Ambient OH levels measured by a direct CIMS
method are similar to our firn estimates in spring,
but the difference increases in summer, such that
ambient hydroxyl is approximately three times as
large as our firn hydroxyl mixing ratios. We
speculate that enhanced interaction between liquid
water on the surface of snowgrains in summer may
decrease the summer firn OH lifetime, thus decreas-
ing steady-state levels in this interstitial environ-
ment. This work makes an important contribution
to current understanding of snowpack photochemi-
cal and physiochemical processes.
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