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Abstract Atmospheric turbulence quantities, boundary layer ozone (O3) levels, and O3 deposition to
the tundra surface were investigated at Toolik Lake, AK, during the 2011 summer season. Beginning imme-
diately after snowmelt, a diurnal cycle of O3 in the atmospheric surface layer developed with daytime O3

maxima, and minima during low-light hours, resulting in a mean amplitude of 13 ppbv. This diurnal O3 cycle
is far larger than observed at other high Arctic locations during the snow-free season. During the snow-free
months of June, July, and August, O3 deposition velocities were ∼3 to 5 times faster than during May, when
snow covered the ground most of the month. The overall mean O3 deposition velocity between June and
August was 0.10 cm s−1. The month of June had the highest diurnal variation, with a median O3 deposi-
tion velocity of 0.2 cm s−1 during the daytime and 0.08 cm s−1 during low-light conditions. These values are
slightly lower than previously reported summertime deposition velocities in northern latitudes over tundra
or fen. O3 loss during low-light periods was attributed to a combination of surface deposition to the tun-
dra and stable boundary layer conditions. We also hypothesize that emissions of reactive biogenic volatile
organic compounds into the shallow boundary layer may contribute to nighttime O3 loss.

1. Introduction

Levels of ozone (O3) in the troposphere have more than doubled since preindustrial times due largely
to increased emissions of photochemical precursors [Lelieveld and Dentener, 2000; Fusco and Logan, 2003;
Vingarzan, 2004; Lamarque et al., 2005; Oltmans et al., 2006]. The chemistry of O3 is of interest due to its impact
on the oxidation capacity of the atmosphere, the role of O3 as a harmful pollutant, and the contribution
of O3 to greenhouse gas forcing. Important environmental and land surface changes including accelerated
warming, sea ice loss, and reductions in snow cover and permafrost extent are occurring in the Arctic [Lemke
et al., 2007; Trenberth et al., 2007; Post et al., 2009; Cavalieri and Parkinson, 2012]. O3, a reactive gas, interacts
and gets destroyed on surfaces, and the rate of O3 loss is sensitive to the type of substrate and land cover.
Consequently, land surface changes are expected to alter the sink and budget of O3 in the Arctic. Improving
our understanding of O3-surface interactions is of interest given the importance of O3 as a vegetation stressor,
in atmospheric chemistry and climate, and for improving our representation of loss processes in chemistry
climate models. Improved understanding is particularly important for higher accuracy projections of climate
feedbacks in the Arctic and lower latitudes.

Quantifying the contribution of sources and sinks of tropospheric O3 has been a focus of several campaigns
over the past few decades [Gregory et al., 1992; Mauzerall et al., 1996; Wang et al., 2003; Dibb et al., 2003; Stroud
et al., 2004; Jacob et al., 2010]. In the remote Northern Hemisphere the important source terms include trans-
port (via intrusion of stratospheric air as well as long-range tropospheric transport) and in situ photochemical
production [Gregory et al., 1992; Dibb et al., 2003; Stroud et al., 2004]. In situ photochemical loss and deposi-
tion at the surface are the primary loss mechanisms [Gregory et al., 1992]. The seasonal cycle of tropospheric
O3 in the Arctic has been shown to display a distinct springtime maximum and summer minimum [Monks,
2000; Helmig et al., 2007]. Multiple surface O3 phenomena have been discovered in the high latitudes that
demonstrate the importance of snow photochemistry and snow-atmosphere interactions on atmospheric
O3 chemistry. These include the occurrence of tropospheric O3 depletion events (ODEs) in the springtime
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[Barrie et al., 1988; Oltmans et al., 1989], and production of O3 in the stable surface layer as documented at the
South Pole [Crawford et al., 2001; Helmig et al., 2008].

Research presented here focuses on surface layer O3 measurements on the North Slope of Alaska in the sum-
mertime. Tundra makes up a large portion of the land surface area in the high northern latitudes. There are
limited publications that report on O3 surface fluxes to the snow-free Arctic, particularly over tundra. Jacob
et al. [1992b] measured mean hourly O3 deposition velocities (vd) in southwest AK between July and August
1988 ranging between 0.24 cm s−1 during the day and 0.12 cm s−1 at night. In northern Finland over a flark
fen (composed of open water pools, bare peat, and ridges of drier ground) a weak diurnal cycle in O3 vd , with
observations between 0.15 and 0.2 cm s−1 between night and day, respectively [Tuovinen et al., 1998]. Over a
fen in northern Quebec a mean value of 0.17 cm s−1 was observed during daytime [Moore et al., 1994]. Past
modeling work has shown that incorporating a mechanistic O3 photochemistry scheme and diurnal repre-
sentation of the O3 surface deposition velocity with explicitly calculated stomatal and other resistance can
yield up to 10% improvement in model versus observation summertime O3 dry deposition [Ganzeveld and
Lelieveld, 1995]. The length of the snow-free season in the Arctic has been observed to be increasing by up
to ∼9 d decade−1 [Chapin et al., 2005]. These changes imply that the strength of the Arctic as an O3 sink is
increasing. In this study we investigate controls on the surface layer O3 budget in summer by first charac-
terizing the influence of snowmelt on the dynamics of O3 at an Arctic tundra location. Next, the influence of
boundary layer stability and surface deposition as primary controls on the diurnal cycle observed in surface
O3 are examined. Lastly, eddy covariance is used to quantify the magnitude and diurnal cycle of surface O3

deposition velocities.

2. Measurements
2.1. Site Characterization
Measurements were conducted at the University of Alaska Fairbanks’ Institute of Arctic Biology Toolik Field
Station (68.6∘N, 149.6∘W, 720 m above sea level (asl)). Toolik Lake is located in the foothills region of the Brooks
Range on the North Slope of Alaska. This region is underlain by continuous permafrost ∼200 m deep, with
an active layer of soil that thaws annually between 30 cm and 2 m thick [Hobbie and Kling, 2014]. Four main
terrestrial ecosystem types are present in the Toolik Lake region: tussock tundra, heath, wet sedge tundra, and
deciduous shrub stands [Hobbie and Kling, 2014]. Aside from Toolik Lake, many smaller lakes, streams, and
rivers exist in the region. Measurements described here were made at a 4 m tower at the southern edge of
Toolik Lake (south west of the main field station facilities). The tower was in an area of mainly dry heath tundra,
with moist tussock tundra comprising much of the extended region to the south and southwest [Walker and
Maier, 2008]. Figure 1 shows Toolik Lake, the field station (located in the sector designated S1), as well as the
location of the measurement tower.

2.2. Ambient Measurements and Surface Turbulence
Atmospheric O3 and surface turbulence measurements were conducted above the tundra surface during a full
year spanning September 2010 to August 2011. In this analysis, we focus on the snow-free period including
snowmelt in May through 31 August 2011. A UV photometric O3 analyzer with an inlet sampling at 4.1 m on
the tower, a 3-D sonic anemometer at 3.4 m, and an incoming solar radiation sensor were deployed. A detailed
description of these instruments, the tower, sampling methods, and turbulence data processing is included
in Van Dam et al. [2013]. The O3 flux measurements are described below. To avoid erroneous sampling of
emissions from the field camp facilities, sampling periods from sector S1 were removed during analysis of the
chemical data. This removed 10.9% of the data between 25 May and 31 August. A wind rose showing wind
speed as a function of the wind direction between 1 June and 31 August is shown in Figure 1 as well. During
the summer low wind speeds were prevalent at Toolik Lake, with winds not exceeding 10 m s−1. Winds had
two primary directions, either from the south to south-southeast or from the northwest to north. Ambient
temperatures in June, July, and August ranged from nighttime lows of −5∘C early and late in the season to
daytime highs up to 25∘C in midsummer [Van Dam et al., 2013].

Surface O3 data from Barrow, AK, (71.3∘N, 156.6∘W, 8 m asl) and Tiksi, Russia, (71.6∘N, 128.9∘E, 7 m asl) were
also used. These measurements were collected by the NOAA Earth System Research Laboratory (ESRL) Global
Monitoring Division using a Thermo Environmental Instruments (TEI) model 49i UV photometric O3 analyzer
(data available at http://www.esrl.noaa.gov/gmd/dv/data/). Toolik Lake is located ∼225 km inland, whereas
Barrow and Tiksi are both coastal sites. Additional information on the Tiksi and Barrow observatories can be
found at http://www.esrl.noaa.gov/gmd/.
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Figure 1. Toolik Lake and surrounding area from Toolik Field Station Geographical Information Systems and Remote
Sensing Team [2013]. Overlain on the photo is the location of the sampling site (black plus), the location of the field
station (cross), and the red lines indicate sectors described in the text. The Toolik Field Station camp facilities can be
seen at the southeast side of the lake in S1. The sampling site was approximately 350 m west of the camp facilities.
Sector S2 contains a mainly tundra footprint, whereas sector S3 includes Toolik Lake. Data from the 3-D sonic
anemometer were implemented to create the wind rose at top left in the figure, showing wind speeds as a function
of the wind direction averaged over June through August 2011.

2.3. O3 Fluxes
The eddy covariance method was used to calculate surface O3 fluxes (FO3

). The primary components of
this measurement method include a 3-D sonic anemometer (referenced in the previous section) and a
fast-response chemiluminescence O3 instrument (FRCI). The FRCI is based in principle on the chemilumines-
cence reaction of O3 with nitric oxide (NO). This instrument was developed for highly sensitive eddy covariance
O3 flux determination over the ocean and has been deployed on numerous ship cruises and at Barrow, AK, and
is described in detail by Bariteau et al. [2010], Helmig et al. [2012a, 2012b], and Boylan et al. [2014]. More detail
on the sonic anemometer and FRCI as it was operated at Toolik Lake, including a comparison with a UV pho-
tometric ozone analyzer, is presented in Van Dam et al. [2013]. At Toolik Lake, the FRCI was used with a 35 m
sampling line with an inner diameter of 0.64 cm and outer diameter of 0.95 cm. A perfluoroalkoxy filter holder
(Savillex Corp., Minnetonka, MN) housed a Teflon membrane filter (5 μm, Millipore, Billerica, MA) at the inlet,
which was colocated with the 3-D sonic anemometer at 3.4 m above the tundra surface. The line and filter were
conditioned by purging with approximately 300 ppbv of O3 at a flow rate of 3 L min−1 for 24 h prior to use. The
flow rate in the purge line was controlled to 8 L min−1 using a mass flow controller, and the FRCI sample flow
rate was controlled at 1.5 L min−1. The instrument sensitivity was approximately 2360 counts s−1 ppbv−1. The
time delay between the turbulence measurements and the O3 signal acquisition (delayed due to transport
time of air between the inlet and the FRCI reaction chamber) was determined on a regular basis using a puff
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Figure 2. Annual cycle of O3 measured at 4.1 m above the surface (black
dots, left axis) and incoming solar radiation (1 min, orange line, right axis)
at Toolik Lake. Both O3 and solar radiation are 30 min mean values. The
measurement period spans September 2010 through August 2011,
although the solar radiation sensor was not installed until the beginning of
October 2010.

system [Bariteau et al., 2010]. The
average lag time during the summer
period was 6 s. Fluxes were calculated
in 30 min increments with units of
μg s−1 m−2 and are converted to depo-
sition velocities (vd = −FO3

∕[O3]) to
remove the dependence on the O3

mixing ratio. Deposition velocities are
reported in cm s−1, with positive val-
ues indicating a downward flux to the
surface (deposition).

In addition to the wind direction fil-
ter mentioned above, data were fil-
tered for low wind speeds (less than
0.5 m s−1) due to the difficulty in deter-
mining the magnitude of the stream-
wise wind accurately at low wind
speeds. The determination of O3 fluxes
relies on the assumption of a constant
flux layer (meaning the variation in

vertical turbulent fluxes with height is less than 10% of the magnitude). The Monin-Obukhov length ratio, zL−1,
was used to evaluate stability conditions, where z is the measurement height, and L is the Monin-Obukhov
length defined as follows:

L =
−u3

∗T0

kgHs
(1)

In this equation, T0 is the temperature, u∗ is the friction velocity, k is the von Karman constant, g is gravita-
tional acceleration, and Hs is the sensible heat flux. Periods when zL−1 was greater than 0.2 were filtered, as
this indicates conditions are too stable for a constant flux layer to exist [Sorbjan and Grachev, 2010]. Another
requirement for O3 flux calculations is the stationarity of the mean O3 mixing ratio; therefore, data were fil-
tered for periods when the standard deviation of 1 min O3 readings during the 30 min period exceeded 3 ppbv
[Bariteau et al., 2010]. In total, all of the filters accounted for the removal of 46% of the data between May and
August 2011.

3. Results and Discussion
3.1. Year-Round Variation in O3 at Toolik Lake
To provide context for the summertime measurements, the annual cycle of ambient O3 mixing ratios is shown
in Figure 2. Incoming solar radiation levels at Toolik Lake vary from less than 50 W m−2 during the winter
months to greater than 750 W m−2 during daytime in summer. Surface layer O3 values show a generally
increasing trend starting in the beginning of the measurement period in September and reaching maximum
values of 55–59 ppbv in early spring (March–May). The influence of ODEs is observed beginning in April as
investigated in detail by Van Dam et al. [2013]. The summertime months of June, July, and August are charac-
terized by the lowest mean values for the seasonal record, aside from measured ODEs. Generally, higher O3

levels occur during winter and early spring when incoming solar radiation levels (and therefore photochem-
ical loss processes) are low. The trend in this seasonal cycle, with early springtime maximum and summer
minimum O3 levels, is characteristic of many documented Arctic locations [Oltmans et al., 1996; Monks, 2000;
Helmig et al., 2007]. Strikingly for an Arctic site, however, the summertime O3 values vary from less than
10 ppbv (similar magnitude as observations during springtime ODEs) to greater than 35 ppbv. Upon closer
inspection it can be seen that this variability is actually a marked diurnal cycle in O3 mixing ratios observed at
Toolik Lake beginning in late May. This feature is considered in detail in the following sections.

3.2. Diurnal O3 Dynamics
3.2.1. Changes in Surface O3 Behavior After Snowmelt
The initiation of the diurnal surface O3 cycle in spring is described in Figure 3. Due to the variable topogra-
phy at Toolik Lake, snow depth is not homogeneous in the area surrounding the measurement site. These
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Figure 3. Thirty minute mean O3 measured at 4.1 m above the surface for the period 8–31 May 2011. Overlain on this
plot are images from a webcam mounted on the instrument building. The webcam monitored snow extent near a snow
interstitial air sampling tower, which was adjacent to the tower that held the O3 sampling inlet. The red lines and dots
indicate the day the photo was taken along the time axis of the figure. All photos were taken at ∼12:00 AKST. Small
topographical variations significantly influence snow depth and extent around Toolik Lake, but the site was essentially
snow free on 22 May.

images show the snow tower site becoming snow free between 20 and 22 May. Shortly after the time rapid
snowmelt began on 20 May, a diurnal cycle in surface O3 developed with nighttime minima occurring at
02:00–06:00 Alaska Standard Time (AKST), and daytime maxima occurring between 14:00 and 19:00 AKST. An
amplitude on the order of 10–15 ppbv was measured initially near the snow tower, increasing to a daily value
of 20 ppbv by 24 May (Figure 4). Snowmelt in the surrounding tundra continued through the month, and the
field station did not report the surrounding tundra as 100% snow free until 15 June [Environmental Data Center
Team, 2013]. By the end of the month, there was on average a 20–30 ppbv difference between nighttime and

Figure 4. Change in the amplitude of the diurnal cycle of surface O3 from
1 June to 31 August 2011. The amplitude was calculated by subtracting
the minimum 10 min mean value from the maximum 10 min mean value
for each 24 h period. Black dots show the calculated amplitude, while the
red line shows a five-point running mean of the data.

daytime O3 values. The amplitude of
the diurnal cycle in O3 shows a gener-
ally decreasing trend between 1 June
and 31 August. A linear regression
analysis of the data indicates that
the amplitude of the diurnal O3 cycle
diminished in magnitude by just over
0.1 ppbv d−1 on average; this amounts
to approximately 10 ppbv over the
3 month summer period.
3.2.2. Comparison of Surface
O3 in Summer at Snow-Free
Arctic Sites
A comparison with two other Arctic
locations with available surface O3

records and snow-free conditions
during July 2011 (Barrow and Tiksi)
illustrates the unique conditions at
Toolik Lake. Figure 5 shows the median
diurnal cycle in surface O3 from each
of these three sites in July 2011. The
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Figure 5. Comparison of the summertime (1–31 July) median surface
O3 diurnal cycle between three Arctic locations: Toolik Lake (open
black circles), Tiksi (blue stars), and Barrow (dark red dots). Average
diurnal cycles were calculated from the median O3 value over the
month for each hour of the day. The average July incoming solar
radiation (orange stars) data from Toolik Lake are shown as well.

median hourly values of incoming solar
radiation as measured at Toolik Lake dur-
ing the same time period are shown for
reference, although solar radiation con-
ditions were different at each of these
sites due to their varying locations. With
a 12 ppbv difference between the daily
maximum and minimum averaged over
July, Toolik Lake showed the largest
median diurnal cycle amplitude. The
shape of the diurnal cycle at Toolik Lake is
distinct from the other sites, with the low-
est daily value of 13.5 ppbv (the median
value measured at 03:00 AKST). Tiksi and
Barrow show very small changes in O3 lev-
els throughout the day. The diurnal cycle
amplitude at Barrow has been investi-
gated previously and found to exhibit an
amplitude during June of approximately
1.0–1.2 ppbv [Oltmans, 1981; Helmig
et al., 2007]. The amplitude at Tiksi during
June 2011 was on the order of 4.5 ppbv.

The only other evidence of a diurnal O3

cycle over tundra, with a magnitude approximately half of what is reported here, is described in Jacob et al.
[1992a]. That study was part of the Arctic Boundary Layer Expedition (ABLE 3A), where surface O3 mix-
ing ratios and deposition velocities were measured near Bethel in southwest Alaska (61.08∘N, 162.04∘W)
in 1988. That measurement location is similar to Toolik Lake in that it is composed of flat terrain rang-
ing from dry upland to wet meadow tundra, interspersed with small lakes. Over a 30 day measure-
ment period spanning July–August Jacob et al. [1992a] measured an average range of surface O3 values
between 17 ppbv in the early morning hours and 25 ppbv in the late afternoon. Measurements at other
northern latitude sites besides those discussed here have shown much smaller diurnal cycle amplitudes
[Tuovinen et al., 1998]. Nitrogen oxides (NOx , NO + NO2) have been measured at several Arctic locations.
Honrath and Jaffe [1992] measured NO at less than 10 pptv during most periods at Barrow, AK, and Bakwin
et al. [1992] measured NOx levels less than 20 pptv during the ABLE 3A experiment. These levels are too low
for O3 production. Therefore, the diurnal O3 cycle is most likely driven by other factors discussed below.
3.2.3. Atmospheric Transport and Surface O3

The relationship between O3 and atmospheric transport was investigated using observed O3 mixing ratios,
and wind speed and wind direction derived from the sonic anemometer measurements. As mentioned
above, wind speeds were frequently lower at night (on average <2 m s−1, Figure S1 in the supporting infor-
mation), with wind directions often considered variable due to low wind. The hourly wind direction data
(Figures S2–S6 in the supporting information) show that the site experiences diurnally changing flow regimes,
which could be considered upslope-downslope flow patterns due to local topography. During daytime, for
5–9 h (April–August) flows are primarily from the northwest to north, which is the direction of slightly
downsloping terrain (supporting information Figure S7). During late afternoon to late morning winds from
the south (direction of the Brooks Range 20 km from the site) were dominant. Other previous research
has shown diurnally changing O3 mixing ratios associated with upslope/downslope flow occurrence at or
near mountain slopes. For instance, at Mauna Loa Observatory (MLO), transport is primarily upslope during
daytime, driven by surface heating of the black mountain slopes [Mendoca, 1969], and downslope during the
nighttime due to surface cooling. Surface O3 at MLO shows a distinct diurnal cycle, with lower O3 observed in
upsloping air during late morning to late evening hours, and O3 increasing steadily throughout the night as
downslope flow replaces the daytime surface layer [Oltmans, 1981]. Higher O3 in downslope airflow reflects
the elevation gradient of O3, as O3 generally increases with altitude. However, O3 behavior at Toolik Lake is
opposite to this mountain flow regime. In the data presented here, the highest diurnal O3 levels are observed
in upslope flow during the daytime, whereas at night, with southerly winds and downslope flows, O3 is at a
minimum. Figures S8 and S9 in the supporting information show that low O3 levels were seen both in northerly
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Figure 6. Histogram of zL−1 for June–August (30 min averaged data).
Negative values indicate unstable conditions, and positive values
suggest stable conditions.

and southerly wind conditions, with
southerly winds associated with a slightly
higher abundance of low O3 occurrences.
These analyses discount the hypothesis
that wind direction is a driver of O3 levels
at the site, as does a similar plot describ-
ing springtime O3 levels in Van Dam
et al. [2013].
3.2.4. Atmospheric Turbulence
and Surface O3

A histogram showing the distribution of
zL−1 measured June through August at
Toolik Lake is shown in Figure 6. Dur-
ing the summer period, stable conditions
(positive zL−1) were measured approxi-
mately 23% of the time. Unstable con-
ditions (negative zL−1) were measured
50% of the period; no value for zL−1 was
obtained for 27% due to either instru-
mental issues or one of the quality control
filters described above. Figure 7 shows
these data plotted as median hourly
values over the June through August
period. Values of the stability parameter
were negative, indicating unstable atmo-
spheric conditions, during sunlit hours.
Conditions transitioned to near neutral
and stable during low-light hours, from

approximately 21:00–06:00 AKST. This is indicative of a stable and stratified boundary layer during nighttime
and coincides with the time when O3 levels were seen to decrease significantly.

To investigate the relationship between O3 levels and atmospheric stability in more detail, two 6 day periods in
(a) June and (b) August were investigated (Figure 8). The amplitude of the diurnal O3 cycle was approximately
20 ppbv in the June period, and slightly less at approximately 15 ppbv during the August period. A clear rela-
tionship can be distinguished in Figure 8 between generally stable atmospheric conditions and the periods
when low O3 values were observed. It is also notable that the duration of unstable conditions with higher

Figure 7. Average summertime diurnal cycle of zL−1 at Toolik Lake,
calculated by taking the median value of the June–August data over
each hour of the day. Conditions were generally stable between 22:00
and 06:00 AKST, and generally unstable during 07:00–20:00 AKST.

O3 values is longer in early June than
in August. To quantify the relationship
between O3 levels and boundary layer
stability, O3 data were divided into stable
and unstable conditions determined by
zL−1 (Figure 9). O3 data recorded during
unstable conditions had higher mean
and median values (22 ppbv and 21 ppbv,
respectively) than during stable condi-
tions (19 ppbv and 17 ppbv, respectively).
There was a statistically significant differ-
ence in the mean O3 mixing ratios during
stable conditions and unstable condi-
tions, as determined by a two-sample
t test with t(3157) = 12.2, p < 0.001.
No statistically significant relationship
existed between O3 mixing ratios and
other parameters useful in characterizing
boundary layer conditions such as fric-
tion velocity and the sensible heat flux.
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Figure 8. Time series of surface O3 data for selected periods in (a) June and (b) August. Data are color coded by the
value of zL−1 in order to associate O3 levels with stability conditions. The dark and light blue colors indicate varying
degrees of weakly stable to stable conditions, and the red hued colors indicate periods when conditions were neutral
to unstable.

The above results suggest that the occurrence of a stably stratified atmosphere during low-light hours is an
important control on O3 values at this location. It has been shown previously that significant O3 reductions
at night in rural areas can be observed as a result of surface deposition during stable atmospheric conditions
[Johansson and Janson, 1993; Wesely and Hicks, 2000]. Surface deposition to the tundra is investigated below.

3.3. Characterization of Surface O3 Deposition Velocities
O3 deposition velocities were calculated for the months of May, June, July, and August 2011. Implementing
the quality control filters described in the measurements section left 54% of O3 vd measurements remain-
ing. The distribution of the 30 min data is shown as a histogram in Figure 10a and also displayed using a
box chart in Figure 10b. The box chart shows that the central 50% of the data was spread between 0.01 and
0.15 cm s−1, and the range of the 10th to 90th percentile of the vd values in June to August span ∼−0.1 to
0.4 cm s−1. The mean O3 vd value was 0.1 cm s−1. Based on the hourly median values, the amplitude of the
diurnal cycle in vd was largest in June with a value of 0.12 cm s−1 (Figure 11). During this period of maxi-
mum amplitude in June there was a statistically significant difference between primarily light and low-light
periods in deposition velocities, using a two-sample t test with t(929) = 3.4, p < 0.001. The mean value during
primarily light conditions (10:00–22:59 AKST) was 0.14 cm s−1, and the mean value during primarily low-light
conditions (23:00–09:59 AKST) was 0.08 cm s−1. The hourly averaged diurnal cycle amplitude of 0.12 cm s−1

in June compares with 0.03 cm s−1 in May, 0.10 cm s−1 in July, and 0.08 cm s−1 in August. Figure 11 also
demonstrates two other points: (1) an increase in the magnitude of O3 vd moving from May, when the ground
was still snow covered for most of the month (Figure 2), to snow-free conditions during June–August, and
(2) diurnal minima in surface O3 coincide with minima in O3 vd , occurring between 02:00 and 06:00 AKST.
These results suggest that surface deposition to the tundra is an important factor contributing to the diurnal
cycle in surface O3 at Toolik Lake, yet the relatively weak loss of O3 to the surface at night indicates that other
processes may contribute to the O3 sink during low-light hours as discussed in section 3.4.
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Figure 9. Box whisker charts of O3 during unstable (red) and stable
(blue) conditions defined by the value of zL−1 during June–August.
Filled squares indicate the mean, the central line in the box indicates
the median, and the upper/lower box limit indicates 25th and 75th
percentiles. Whiskers show the 5th and 95th percentile of the data.

O3 vd to water surfaces, including fresh
water and ocean, are known to be small
compared to land [Galbally and Roy, 1980;
Wesely et al., 1981; Wesely and Hicks, 2000;
Bariteau et al., 2010; Helmig et al., 2012b].
The measurement site sat on the south-
ern shore of Toolik Lake, a 150 ha body of
water; therefore, the possible influence of
the lake on observed O3 deposition veloc-
ities is investigated. In the deposition
velocity measurements detailed above,
all wind directions aside from sector S1
(shown in Figure 1) were included in the
calculations. The measurement periods
were further broken apart into sector S2
(composed of largely dry or moist tussock
tundra dotted with small lakes) and sec-
tor S3 (containing most of Toolik Lake).
The mean vd from S2 was 0.12 cm s−1,
and the mean vd from S3 was 0.09 cm s−1.
A t test determined that the difference
in the means of the S2 and S3 data sets
were statistically significant at the 0.15

level (t(980) = 1.55, p = 0.12). This result indicates that calculated deposition velocities when the sampled air
mass had traveled over the lake were likely lower than for tundra alone, although the determined significance
level suggests that there is ∼15% chance that the conclusion of different mean values is in error.

Figure 10. (a) Histogram and (b) box charts of all the 30 min averaged vd during June to August 2011 (grey box), only
data for a primarily light period (10:00–22:59 AKST, orange box), and only data for a primarily low-light period
(23:00–09:59 AKST, blue box). The mean value of vd during this period was 0.11 cm s−1, as indicated by the red line in
the histogram. The box chart format in Figure 10b is the same as described in the Figure 9 caption.
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Figure 11. Median value of vd calculated over each hour for the months of
May–August.

3.4. Biogenic Volatile Organic
Compounds as O3 Sink
Diurnal cycles in O3 at Toolik Lake were
not replicated in a modeling experi-
ment using Goddard Earth Observing
System-Chem with observed O3 depo-
sition velocities and stability condi-
tions, which indicates the presence of
an O3 sink that currently is not consid-
ered in the model (D. Millet and L. Hu,
unpublished data, 2015). A hypothe-
sis that requires further investigation is
the possible removal of O3 by reaction
with biogenic volatile organic com-
pound (BVOC) emissions in the shal-
low surface layer that develops during
the night. A number of recent studies
have shown unexpectedly high BVOC

emissions from tundra vegetation [Hakola et al., 2006; Tiiva et al., 2008; Potosnak et al., 2013; Rinnan et al., 2014].
Potosnak et al. [2013] measured leaf-level emission rates of isoprene from Salix pulchra and whole system
fluxes of isoprene from a moist acidic tussock tundra ecosystem near Toolik Lake. That study found signif-
icant emission rates of isoprene and demonstrated, using an atmospheric chemistry box model approach,
that in this low NOx environment the observed isoprene emissions were sufficient to increase the loss rate
of O3 and lead to a 50% reduction in the maximum daily hydroxyl radical (OH) concentration. Emissions of
isoprene, monoterpenes, and sesquiterpenes from herbaceous vegetation are sensitive to temperature and
light [Kesselmeier and Staudt, 1999]. While nighttime irradiance is significantly lower at night near Toolik Lake
(Figure 2), nighttime temperatures and residual light levels during July might still be sufficiently high to sus-
tain BVOC emissions. Reaction of isoprene with O3 is too slow to influence mixing ratios of O3 on a diurnal
scale. However, reaction of many monoterpenes and sesquiterpenes with O3 are < 6 h and therefore might
be fast enough to remove O3 at night. Vertical mixing is suppressed during low-light hours at Toolik Lake,
so accumulation of BVOCs near the surface is expected even for low emission rates. A conclusive evaluation
of the influence of BVOC chemistry on O3 fluxes is not possible with currently available BVOC observations;
a more comprehensive characterization of BVOC emissions at Toolik Lake is required to further address this
question.

4. Summary and Conclusion

This study reports on unique behavior in surface O3 over Arctic tundra at Toolik Lake. Following snowmelt, a
diurnal cycle of near-surface O3 in the atmosphere developed with a mean amplitude of 13 ppbv. This is larger
than observations from other high Arctic locations during the snow-free season. The diurnal O3 cycle was
primarily driven by O3 loss during nighttime, when the atmospheric surface layer exhibited stable conditions.

Summertime O3 deposition velocities to tundra were shown to have an average value of 0.10 cm s−1. The
deposition velocity displayed a diurnal variation that was most pronounced in June, with higher deposition
rates during daytime, and lower values during low-light hours. The large difference between O3 levels during
high- and low-light periods is attributed to enhanced mixing with air containing higher O3 from aloft during
the daytime, and uptake of O3 to the tundra and possible chemical loss in the surface layer promoted by
stably stratified conditions during low-light hours. However, it is hypothesized that the reaction of O3 with
BVOCs may be important. Predictions from Potosnak et al. [2013] indicate that isoprene emissions from Arctic
ecosystems will increase in the future as a result of global climate change, with potential important impacts on
the O3 budget. Further research is necessary to determine the intricate role of fast-reacting BVOC emissions
on the behavior of O3 in the Arctic boundary layer.

O3 deposition velocities to the snow-covered ground in the Arctic reported in the literature are on the order of
a factor of 5 lower than that reported to snow-free Arctic tundra. For instance, for snow covering the glacial ice
sheet at Summit Station, Greenland, Helmig et al. [2009] reported a diurnal cycle of the O3 surface exchange,
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falling within a range of −0.05 to 0.07 cm s−1. At Summit, the surface uptake of O3 was modulated by photo-
chemical processes in the surface snowpack. This resulted in higher uptake rates during midday to afternoon
hours and a seasonal dependence, with springtime O3 surface uptake rates of ≤0.01 cm s−1, a factor of 3–4
smaller than average summer values. We found similar behavior in the diurnal and seasonal changes of O3

deposition, and in the O3 vd increasing approximately 3–5 times during the transition period from snow
cover to snow free. The observations of larger O3 deposition to the tundra during snow-free compared with
snow-covered times imply that the current trend of a lengthening snow-free season would lead to an increase
in the surface O3 sink in the Arctic O3 budget.
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