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Abstract Gas phase elemental mercury (Hg°) was measured aboard the NASA DC-
8 research aircraft during the Arctic Research of the Composition of the Troposphere from
Aircraft and Satellites (ARCTAS) campaign conducted in spring 2008 primarily over the
North American Arctic. We examined the vertical distributions of Hg° and ozone (O3)
together with tetrachloroethylene (C2Cl4), ethyne (C2H2), and alkanes when Hg°- and O3-
depleted air masses were sampled near the surface (<1 km). This study suggests that Hg°
and O3 depletions commonly occur over linear distances of ~20–200 km. Horizontally there
was a sharp decreasing gradient of ~100 ppqv in Hg° over <10 km in going from the bay
near Ellesmere Island to the frozen open ocean. There was a distinct land-ocean difference
in the vertical thickness of the Hg°-depleted layer – being variable but around a few
100 meters over the ocean whereas occurring only very near the surface over land. Data
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support that atmospheric mercury depletion events are driven by Hg° reactions with
halogen atoms. Derived from data collected aboard the DC-8, we present mathematical
expressions giving the rates of Hg° and O3 depletions as a function of the radical
concentrations. These relationships can be a useful metric to evaluate models that attempt to
reproduce springtime Arctic Hg° and/or O3 depletion events, and they can also be
employed to obtain order-of-magnitude estimates of radical concentrations and the ratio
[Br]/[Cl].

Keywords ARCTAS . Arctic spring . Mercury depletion event . Ozone depletion event .

Halogens

1 Introduction

The sources and sinks of atmospheric mercury (Hg), a serious environmental toxin, are poorly
characterized and quantified. More than a decade has been devoted to understanding the loss
mechanisms of gaseous elemental mercury (Hg°) in the Arctic spring since Schroeder et al.
(1998) first reported a rapid surface level decrease following polar sunrise. Theoretical and
laboratory studies speculate that Hg° is oxidized by halogens, primarily atomic bromine (Br)
and bromine monoxide (BrO) (Ariya et al. 2002; Ariya et al. 2004; Calvert and Lindberg
2003; Goodsite et al. 2004) derived from sea-salt aerosols over open sea water (von Glasow
2008). Supportive evidence from field measurements show concomitant decreases in Hg° and
peaks in reactive gaseous mercury (RGM), particulate mercury (HgP) and BrO (Lu et al.
2001; Lindberg et al. 2001; Brooks et al. 2006). More direct, intrinsic evidence is needed to
demonstrate the important role of halogen radicals in Hg cycling.

Previous studies suggested that chlorine (Cl) and Br chemistries are also responsible for
loss of volatile organic compounds (VOCs) in Arctic spring. It was found that during Arctic
O3 depletion events (ODEs) all alkanes and ethyne displayed substantial decreases in their
mixing ratios, of which alkanes and toluene were consistent with the occurrence of Cl
reactions (Jobson et al. 1994; Ariya et al. 1999; Bottenheim et al. 1990, 2002; Eneroth et al.
2007). A significant positive correlation was also found between acetaldehyde and O3,
which is speculated to result from oxidation by Br atoms, and a negative correlation
between acetone and O3 due possibly to enhanced production of acetone from gas-phase
oxidation of propane by Cl atoms (Boudries et al. 2002). Occurrences of Hg° and O3

depletion events have been observed in synchronization annually throughout maritime
circumpolar sites (Schroeder et al. 1998; Lindberg et al. 2001; Skov et al. 2004; Berg et al.
2003; Ebinghaus et al. 2002). Given the correlation between O3 and VOCs during ODEs, it
would be interesting to examine the relationship, if any exists, between Hg° and VOCs
during Arctic mercury depletion events (AMDEs).

Tropospheric measurements of the vertical distribution of Hg° are sparse, and the
majority have been obtained from research aircraft primarily below 8 km (Ebinghaus and
Slemr 2000; Banic et al. 2003; Friedli et al. 2004; Radke et al. 2007; Swartzendruber et al.
2008). The vertical profiles from 0.1 km to 7 km altitude reported by Banic et al. (2003)
showed depletion of elemental mercury near the surface with mixing of depleted air to
altitudes of 1 km. The balloon measurements conducted by Tackett et al. (2007) suggested
that Hg° depletion occurred with the lowest 100 m layer. More knowledge of the vertical
structure of AMDEs is needed to understand the phenomenon thoroughly.

During the Arctic Research of the Composition of the Troposphere from Aircraft and
Satellites (ARCTAS) campaign, the latest airborne campaign of the Tropospheric Chemistry
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Program at the National Aeronautics and Space Administration, it was the first time that
Hg° was measured together with numerous other trace gases from an aircraft in the
springtime Arctic. Our goal was to conduct an integrated examination of the relationships
between Hg°, O3, and VOCs during Hg° and O3 depletion events using continuous
measurements from an airborne platform to obtain an analysis. Thus, we first present the
airborne observations that show depletion of Hg°, O3, and selected VOCs over the frozen
open ocean and obtain its vertical and horizontal extent. This is followed by an analysis of
the observational data from all depletion events to derive mathematical expressions of the
observed Hg° and O3 depletion rates.

2 Measurements and data

ARCTAS was conducted in spring/summer 2008 primarily over the North American Arctic
with a flight package that included in situ Hg° measurements. All ARCTAS flight tracks are
shown in Figure S1. We incorporated a modified Tekran 2537A cold vapor atomic
fluorescence spectrometer with pressure control into the University of New Hampshire
(UNH) DC-8 measurement package (Talbot et al. 2008). Mixing ratios of Hg° were
measured with 140 s time response. Mercury-free zero air was generated onboard the DC-
8 using cabin air and our own Hg-stripping cartridge train assembly. Standard addition
calibrations were conducted on ambient air using an internal Hg° permeation source. On
non-flight days these were conducted on the ground and then on every science flight at
altitudes ranging from 1 to 12 km. Instrument calibration was cross-checked using
injections from the headspace of a thermoelectrically cooled Hg° reservoir (Tekran model
2505). This was done during instrument integration prior to field deployment, and then
again back at UNH after ARCTAS was completed. The calibration was reproducible to
within ±3% over this 4 month time period. Correspondingly, the response factor of the
instrument (peak area counts pg−1 Hg°) was constant to ±1% for the entire data set. The
estimated precision of the Hg° measurements was 10–15%, with a limit of detection of ~10
ppqv. For presentation in this paper we assigned Hg° mixing ratios below the limit of
detection a value of zero to emphasize the depletion. However, in linear correlation analysis
for this work these zero values were ignored and only measured values of Hg° were
utilized.

The inlet arrangement is crucial for reliable measurements of atmospheric mercury. We
utilized our existing high flow inlet (1,500 standard liters per minute) for nitric acid (Talbot
et al. 2008). It is designed specially for the DC-8 with a diffuser that boosts the pressure
inside the inlet by up to 100 mbar over ambient. For the Hg° measurements the high flow
air stream was sub-sampled through a heated (40°C) PFATeflon line just a few centimeters
after the flow entered the main 10 cm diameter manifold (Talbot et al. 2007).

Ozone was measured at 1 Hz using the chemiluminescence technique with a detection
limit of better than 0.1 ppbv, as described in Ridley et al. (1992). Measurements of VOCs
were conducted by the University of California at Irvine. During the sampling the canisters
were pressurized to 40 psi using a metal double bellows pump. The filling time was
approximately 1 minute. Canisters were filled at 1–3 min intervals during ascents and
descents, and every 2–8 min during horizontal flight legs. A maximum of 168 canisters
were filled for each flight. Filled canisters were shipped within 7 days of sample collection
back to the UC-Irvine laboratory where they were analyzed for more than 75 gases
including nonmethane hydrocarbons, halocarbons, alkyl nitrates and sulfur compounds. A
detailed description of the analytical system is described in Colman et al. (2001).
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Ten day kinematic backward trajectories were provided by Florida State University
(Fuelberg et al. 1996 2000; Martin et al. 2002). The 1 h interval trajectories at every minute
of the flight location were calculated by FSU-WRF winds at 45 km resolution. In this study
we used the first five days of trajectories to be cautious.

3 Variation in Hg°, O3, and VOCs during AMDEs and ODEs

All of the measurement data from the entire spring deployment is presented in Fig. 1 except
samples south of 50°N, which were collected on Fight #1 on 1 April 2008 and Flight #11
on 19 April 2008 en route from/to California, because this study focuses on the Arctic
region. In general, Hg° remained fairly constant below 4 km centered at ~170 ppqv
followed by a decrease above 4 km; O3 mixing ratios <50 ppbv were observed below 1 km
altitude (Fig. 1). Near the surface Hg° and O3 dropped frequently to near zero, and above
6 km, Hg° was depleted below 50 ppqv when O3 levels exceeded 100 ppbv in
stratospherically influenced air (Talbot et al. 2007). A total of 603 data points were
obtained below 1 km altitude and north of 50°N, and 99% of the data showed O3 levels <55
ppbv with an Hg°-O3 linear correlation and r2 value of 0.68 and a slope of 3.3 ppqv Hg°/
ppbv O3 (Fig. 2). Above 1 km there was no correlation between Hg° and O3. The r2 and
slope values below 1 km altitude are close to those found in April-early June 1995
measurements at Alert by Schroeder et al. (1998). However, our values were obtained over
a much larger geographic region at multiple altitudes below 1 km in the month of April
providing a regional relationship between Hg° and O3 in the springtime Arctic.

To provide a general picture, transects of Hg° and O3 as well as corresponding aircraft
altitudes from the nine flights in the spring deployment are shown in Fig. 3. Over the frozen
open ocean the mixing ratio of Hg° was mostly in the range of 150–200 ppqv and O3 50–75
ppbv. In a few incidences Hg° was observed to be less than 50 ppqv and O3 less than 50
ppbv at altitudes below 2 km. Over Alaska Hg° mixing ratios were in the range of 100–200
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ppqv and O3 greater than 50 ppbv at altitude above 2 km, and over Canada the aircraft
appeared to sample frequently high altitude air masses that were influenced by stratospheric
air indicated by Hg° less than 50 ppqv and O3 greater than 100 ppbv at altitudes above
6 km.

During the nine flights in the spring deployment, Hg° depletion was found during eight
time periods accompanied by low or depleted O3 levels near the surface along the northern
Alaskan and Canadian coastlines as well as over the Arctic Ocean (Fig. 4). There was
distinct variability in the vertical structure from day to day with a corresponding change in
the height of the inversion, which is indicated by the potential temperature gradient >5 K in
the discussion of individual cases below. The vertical and horizontal gradients of Hg° were
on the order of 100 ppqv or more and these are 10 times greater than the precision of the Hg
° measurements. However, they are specific to the conditions present when the measure-
ments were conducted. There is not enough data to make generalized statements and
demonstrate consistent trends in Hg°. Thus, we present individual depletion events and
summarize the characteristics of each one.

The vertical distributions of potential temperature and wind from those time periods
differed largely indicating great variability in atmospheric dynamics. However, one
common feature amongst all cases was the occurrence of an inversion layer near the
surface, which effectively blocked air mixing downward from aloft. This situation resulted
in noticeable depletion of trace gases near the surface owing to the predominance of loss
mechanism(s) there. Moreover, vertical profiles of Hg°, O3, and other trace gases were also
quite different between cases. For instance, April 9, April 16, and April 18 cases appear to
be more complex than the April 8 case, which is suggested by more structure in the vertical
profiles of trace gases such as the change in the height of the inversion. Our focus was on
the air below the inversion where the depletion events occurred. These events had
consistent chemical characteristics of low Hg°, O3, and selected light hydrocarbons.

April 8 In the 8 April case, Hg° decreased abruptly from 142 ppqv to below LOD andO3 levels
dropped from over 40 ppbv to single digits over 17:22–17:50 UT. This was the longest record
of Hg° depletion captured in measurements during the entire spring deployment. A close
examination of the 1 s data for the 30 min spiral preceding the depleted Hg° event revealed
that a ~200 m thick boundary layer was isolated from the free troposphere by a second strong

Fig. 2 Scatter plots of Hg° versus
O3 for all near surface data,
which showed O3 mixing ratios
were all below 60 ppbv except 2
data points. The regression was
fitted without Hg° below the
LOD. Data with Hg° below the
LOD are shown in this figure as
Hg° = 0 pptv; they suggest that
near zero Hg° events occurred at a
variety of O3 mixing ratios
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inversion layer situated between 200 and 400 m altitude (Fig. 5a). In particular, the strongest
point in the inversion layer appeared to be a potential temperature increase of ~10 K over a
15 m thickness at ~250 m altitude. A concomitant precipitous plummet of Hg° from 142 ppqv
to zero was observed, accompanied by a steep decrease of 45 ppbv in O3. Abrupt decreases in

Fig. 4 Locations of Hg° <35 ppqv
and corresponding O3 levels
(blue: 0–10 ppbv; burgundy: 10–
50 ppbv). The numbers represent
the time of the beginning of each
AMDE in the form of hour,
minute, month, and day each in
2 digits

Fig. 3 Transects of (a) Hg°, (b) O3, and (c) corresponding aircraft altitude from all nine flights of the spring
deployment
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ethyne (C2H2), tetracholoroethene (C2Cl4), and alkanes across the inversion layer were also
clearly visible in their vertical profiles (Fig. 5b). For example, C2H2 mixing ratios decreased
from 462 pptv immediately above the inversion layer to 73 pptv right below it, C2Cl4 from
6.2 to 3.8 pptv, n-butane (n-C4H10) from 146 to 40 pptv, and n-pentane (n-C5H12) from 27 to
6 pptv. Apparently the loss mechanism(s) caused a considerable uniform loss of O3, Hg°,
C2H2, C2Cl4, and alkanes below ~200 m altitude, which resulted in steep vertical gradients in
these compounds across the inversion layer.

The wind profile suggested wind speed and direction were highly variable during the hour the
aircraft sampled Hg°-depleted air masses near the surface. Wind speed ranged over 5–10 m s−1 at
the surface and over 10–12 m s−1 from the surface to 3 km. Clearly strong wind shear existed
near the surface and thus turbulence was most likely occurring at the time, which facilitated
consistent depletion of Hg° and O3 at all altitudes below the inversion layer. The 5-day back
trajectories for the Hg° depleted air masses indicated various possible origins with the majority
between the surface and 860 hPa (Fig. 6a). The exception revealed that the air mass with zero
Hg° could have come from altitudes as high as 660–700 hPa, indicating subsidence of free
tropospheric air followed by depletion near the surface. The horizontal distance of Hg° depleted
area covered by airborne measurements alone reached ~200 km. It is thus speculated that Hg°
depletion likely occurred over a rather extensive area both horizontally and vertically.

Carbon monoxide (CO) and carbon dioxide (CO2) were correlated at r2=0.97 and a
slope value of 0.1 ppbv CO/ppmv CO2, close to the northeastern U.S. regional value of
0.08 ppbv CO/ppmv CO2 (Potosnak et al. 1999; Mao and Talbot 2004). This together with
the back trajectories in Fig. 6a indicate that air masses with such a strong anthropogenic
signature might have originated mainly from northern and eastern Canada and Greenland.

Fig. 5 Vertical profiles of 1-minute Hg°, 1-second O3 and potential temperature (a) and 1-minute C2Cl4,
C2H2, and alkanes, and O3 (b) during time periods including the occurrence of depleted Hg°: 17:22–17:50
UT, 8 April, 2008
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April 9 On April 9, during the 35 min spiral from 17:24 to 17:59 UT including the depleted
Hg° sampling at the surface over 17:52–17:54, two inversion layers were observed at
altitudes of 1.2–1.6 km and 0.15–0.4 km with a potential temperature increase of 11 K and
5 K respectively (Fig. 7a). Inside and below the first inversion layer was there actually an

a.) April 8, 17:22 – 17:50 UT b.) April 9, 17:24 - 17:59 UT 

c.) April 16, 21:02 – 21:19 UT d.) April 16, 22:13 – 22:25 UT 

g.) April 18, 03:03 – 03:10 UT h.) April 18, 04:09 – 04:35 UT 

e.) April 17, 23:06 – 23:08 UT  f.) April 18, 00:31- 00:38 UT 

Fig. 6 Five-day back trajectories originated from the locations with depleted Hg° and O3 levels for the eight
Hg° depletion cases
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increase in Hg° mixing ratios, whereas below the second inversion layer Hg° levels
decreased. Depleted Hg° was observed at 17:52–17:54 UT near the surface corresponding
to the lowest temperature (~ −22°C) portion of this transect. During the transect temperature
ranged over −11 to −22°C, Hg° mixing ratios 0–186 ppqv, and O3 levels 3–41 ppbv. This
transect extended from the points of closest distance over the bay between Greenland and
Ellesmere Island to north of Alert out over the Arctic Ocean.

Over this area there was a steep horizontal gradient in Hg° and O3 mixing ratios in
contrast to a rather gradual one in temperature. Hg° was around 186 ppqv at the narrowest
point of the bay followed by decreases to 103 ppqv over a distance of ~120 km toward the
frozen open ocean, and then over a distance of ~9 km Hg° plummeted to zero after the
aircraft flew out of the strait reaching north of Alert. Along the coast of the frozen open
ocean, Hg° mixing ratios rose to 124 ppqv over a horizontal distance of ~60 km. The
distance of depleted Hg° levels was estimated to be~20 km. Close examination of this
event indicates a highly heterogeneous distribution of Hg° mixing ratios with abrupt
changes from the bay to coastal area, and furthermore, a depleted Hg° area on a spatial
scale of a few tens of kilometers. Our data indicate that there are numerous “mercury holes”
in the springtime Arctic coastal zone atmosphere.

Concurrent changes in C2H2, C2Cl4, and alkanes showed similar trends to those in Hg°
and O3 with the steepest decrease at the surface (Fig. 7b). These trace gases exhibited
abrupt decreases of >50% corresponding to the precipitous fall of Hg° mixing ratios from
103 ppqv to zero, except C2Cl4 which experienced a 23% decrease possibly due to its
slower reaction rate with Cl compared to other traces gases.

In the Hg°-depleted zone winds were nearly calm (<2 m s−1), and the 5-day trajectories
for the April 9 event suggested localized flow patterns (Fig. 6b), which implies that the Hg°

Fig. 7 Vertical profiles of 1-minute Hg°, 1-second O3 and temperature (a) and 1-minute C2Cl4, C2H2, and
alkanes, and O3 (b) during time periods including the occurrence of depleted Hg°: 17:24–17:59 UT, April 9, 2008
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depletion may have occurred in a rather concentrated area as opposed to over an extended
route as in the April 8 case. However, CO and CO2 mixing ratios were found to be the
highest at ~165 ppbv and ~392 ppmv respectively, albeit uncorrelated, concomitant with
depleted Hg° and single digit levels of O3. It should be noted that the CO2 level measured
in the Arctic was constantly >392 ppmv, compared to the 386 ppmv global background
mixing ratio in 2008 (http://www.esrl.noaa.gov/gmd/ccgg/trends/). This implies a pervasive
anthropogenic influence embedded in the background levels of trace gases in the springtime
Arctic atmosphere.

April 16 During the April 16 deployment the aircraft sampled depleted Hg° at ~90–800 m
altitudes during 21:02–21:19 UT and at ~90–500 m during 22:13–22:25 UT, on the Alaskan
coast close to the Canadian border and ~400 km away in the near-coastal area over the
Arctic Ocean (Fig. 4). One common feature in the vertical structure of potential temperature
from the two time periods was the occurrence of two inversion layers, and depletion
occurred below the lowest inversion layer (Fig. 8). During 21:02–21:19 UT the aircraft
crossed the coastline descending over land followed by an ascent over the ocean. On land
Hg° was found to be depleted at the 70 m altitude and above that altitude was >70 ppqv,
whereas measurements over the frozen open ocean revealed that the Hg°-depleted layer
extended up to ~900 m (Fig. 8a). During 22:13–22:25 UT on the descending leg
measurements were over the ocean and showed that the lower inversion layer extended
from ~500 m to the surface with a 5 K change in potential temperature, accompanied by
depleted Hg° and O3 mixing ratios <10 ppbv (Fig. 8c), while on the ascending leg the
depletion extended to the ~500 m altitude accompanied by an inversion layer between 530
and 840 m with a ~5 K potential temperature increase. Correspondingly over 21:02–21:19
UT, C2Cl4, C2H2, and alkanes showed the same trend in their vertical distribution, lower
near the surface and increased above (Fig. 8b), while over 22:13–22:25 UT these species
showed lower mixing ratios throughout the Hg°-depleted/O3-poor layer from the surface to
~900 m (Fig. 8d). This deployment demonstrates that over the frozen ocean the Hg°/O3-
poor layer appears to be much deeper than over land.

The 5-day back trajectories (Fig. 6c and d) indicated that air masses at the Hg°-depleted
locations, be it on the Canadian coast or over the frozen ocean surface, had been circulating
over the Arctic Ocean in their recent history. The Hg°, O3 and VOC loss mechanisms again
appear to be pervasive over the Arctic Ocean and its adjacent area. The horizontal distance
covered by Hg° depletion in the two time periods was estimated to be 120–140 km.

April 17–18 On the April 17–18 flight the aircraft sampled Hg°-depleted air masses four
times: 1.) 23:06–23:08 (Fig. 9a and b), 2.) 00:31–00:38 (Fig. 9c and d), 3.) 03:03–03:10
(Figs. 9e, f and 4.) 04:09–04:35 UT (Fig. 9g and h). The first three cases were in the middle
of the Arctic Ocean and the fourth one was near- and on the Alaskan coast (Fig. 4). The
first, third and fourth cases (Fig. 9a, e and g) had similar structure in the inversion layer, an
increase >5 K in potential temperature within the 150–200 m layer and relatively weak
winds with its speed varying from 2 to 6 m s−1. In these three cases, near the surface the
mixing ratio of Hg° was mostly zero, or of a few tens of ppqv accompanied by either zero
or very low O3 mixing ratios (Fig. 9b, f and h), and correspondingly the mixing ratios of
C2Cl4, C2H2 and alkanes showed similar trends. The second case (Fig. 8c) differed in its
instability below 200 m as evidenced by constant potential temperature indicative of a well-
mixed layer. In this case, we showed a descending leg from 5 km to the surface followed by
an ascending one from the surface to 1 km. On the descending leg, an inversion layer
occurred between 400 m and 900 m altitude indicated by a 6 K potential temperature
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Fig. 8 Vertical profiles of 1-minute Hg°, 1-second O3 and temperature (a, c) and 1-minute C2Cl4, C2H2, and
alkanes, and O3 (b, d) during time periods including the occurrence of depleted Hg°: 21:00–21:19 (a,b) and
22:13–22:25 (c,d), April 16, 2008
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gradient, and below the 400 m altitude depletion of Hg°, O3, C2Cl4, C2H2 and alkanes was
observed. On the ascending leg, a strong inversion occurred between 300 m–900 m altitude
marked by a ~12 K increase in potential temperature, and depletion of trace gases extended
to an altitude of 800 m.

It should be noted that in the fourth case, variability in potential temperature, Hg°, O3,
and other trace gases was observed near the surface (Fig. 8g and h), e.g., Hg° increasing
from 0 to 44 ppqv accompanied by potential temperature from 251.8 K to 253.3 K. Based
on the location of the aircraft indicated in Fig. 4 and the time series of longitude/latitude/
altitude (not shown), such variability occurred when the aircraft was flying eastward along
the Alaskan coast.

The 5-day backward trajectories for the four time periods suggested that Hg°-depleted
air masses had been circulating over the Arctic Ocean or over land near the coast (Fig. 6e, f,
g and h). It should be pointed out that the four Hg°-depletion cases were captured in spiral
measurements whenever the aircraft flew low. Therefore, even though it is impossible to
speculate whether there was horizontal continuity in Hg° depletion, our analysis illustrates
the pervasiveness and persistence of zero or very low levels of Hg° and O3 near the surface
of the Arctic Ocean.

4 Linkage between AMDE/ODE and halogens

4.1 Relationships between Hg°, O3 and VOCs

Relationships between Hg° and a suite of trace gases measured north of 50°N were examined
during all eight AMDEs andODEs. Hg° andO3 were found to be correlated with C2Cl4 at r

2=
0.68 and 0.81 respectively, excluding the points of Hg°<LOD (Fig. 10a and b). Tetrachloro-
ethylene is an industrial solvent, a useful indicator of anthropogenic influence, with a lifetime
of ~5 months. The reaction of C2Cl4 with Cl is 6 orders of magnitude faster than with Br
(Ariya et al. 1997), and thus Cl is considered to be the dominant oxidant for C2Cl4.

As described in the previous section, C2Cl4, C2H2, and alkanes also decreased to low
mixing ratios accompanying depleted Hg° and O3. It should be noted that data points from
21:42 and 21:45 UT on April 17 were excluded since these measurements seemed to be
contaminated by a fresh plume based on ethane (C2H6), propane (C3H8), n-butane (n-
C4H10), n-pentane (n-C5H12), n-hexane (n-C6H12) and levels being higher than the
neighboring data by a factor of 4–10. Correlation was found for C2Cl4 with C2H2, C2H6,
C3H8, n-C4H10, and n-C5H12 near the surface (<1 km) with r2 values in the range of 0.43–
0.84 (Fig. 10c, d, e, f and g; Table 1). The depleted fraction of C2Cl4, C2H2, and alkanes
was defined as the ratio of the depleted to the background level. It was found that the
natural logarithmic value of the depleted fraction of C2Cl4 and alkanes was linearly
correlated with the rate constants of their reactions with Cl (Fig. 11), in agreement with
previous studies (Jobson et al. 1994; Ariya et al. 1999). This clearly suggests the
predominant role of Cl in oxidation of C2Cl4 and alkanes in the near surface atmosphere of
the springtime Arctic.

Fig. 9 Vertical profiles of 1-minute Hg°, 1-second O3 and temperature (a, c, e, and g) and 1-minute C2Cl4,
C2H2, and alkanes, and O3 (b, d, f, and h) during time periods including the occurrence of depleted Hg°:
22:50–23:08 April 17 (a,b), 23:52 April 17–00:38 April 18 (c,d), 02:52–03:10 April 18 (e,f), 04:00–04:35
April 18, 2008 (g,h)

b
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Fig. 9 (continued)
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One exception is C2H2 which showed the largest deviation from the aforementioned
linear correlation due to its fast oxidation by Br in the Arctic spring (Jobson et al. 1994;
Ariya et al. 1999). The roles of Br and Cl are substantiated by the lack of a C2H2-CO
correlation (not shown). We note that C2H2 and CO are often highly correlated in the
troposphere owing to their common combustion source. During ARCTAS the lack of C2H2-
CO correlation near the surface is signified by oxidative reactions of C2H2.

These findings are corroborated by the spring Arctic measurements from the
Tropospheric Ozone Production about the Spring Equinox (TOPSE) airborne
campaign conducted in winter/spring 2000 (Ridley et al. 2003). To be consistent, we
used the measurements during the time period of April 4–18 2000 from TOPSE for
comparison. We found r2 and slope values from TOPSE close to the ARCTAS study for
the C2Cl4-O3, C2Cl4-C2H2, and C2Cl4-alkanes correlations (Fig. 12; Table 1) except
C2Cl4-C3H8. It should be noted that there were 9 flights in ARCTAS compared to 3 in
TOPSE over April 4–18, and under the criteria of latitude >50°N and altitude <1 km,
there were 214 and 58 samples from ARCTAS and TOPSE respectively. Hence small
differences in r2 and slope values between the two campaigns can in part stem from the
large discrepancy in sample size. Nonetheless, the close agreement in most cases adds
rigor to our ARCTAS results (Fig. 13).

It should be pointed out that there were 27 data points (out of a total of 214 samples)
with n-C4H10 exceeding 210 pptv in the ARCTAS measurements. For that group of data the
slope value of the C2Cl4 vs. n-C4H10 correlation appeared to be different from the one at n-
C4H10 <210 pptv. The corresponding Hg° mixing ratios ranged from 110 to 215 ppqv with
the median value of 186 ppqv, and O3 from 41 to 55 ppbv with the median value of 48
ppbv. For n-pentane greater than 50 pptv, there were 16 points, and similar to the case of n-
C4H10, the C2Cl4 vs. n-C5H12 correlation appeared to be in a different regime with a larger
slope value and Hg° and O3 median values of background mixing ratios. These results may
imply that the ratio of the oxidation rates of C2Cl4 and n-C4H10 (or n-C5H12) increased
when mixing ratios of n-C4H10 and n-C5H12 exceeded certain levels; but it is not clear what
exactly was driving this. However our results are still valid because: 1) our equations were
derived for Hg° and O3 depletion events, while the Hg° and O3 mixing ratios corresponding
to the higher n-C4H10 and n-C5H12 regimes shown in Fig. 10 were far from AMDEs and
ODEs; 2) the relationships of C2Cl4 vs. n-C4H10 and C2Cl4 vs. n-C5H12 were not used in
our derivation.

4.2 Depletion rates of Hg° and O3

The depletion rate (D) of O3 or Hg° is the summation of reaction rates from reactions
between Hg° or O3 and halogen radicals:

D ¼ d X½ �
dt

¼
XM
j¼1

kj Cj

� �
X½ � ¼ X½ �

XM
j¼1

kj Cj

� � ð1Þ

where X represents Hg° or O3, Cj the concentration of halogen radical j, kj the reaction rate
constant of the reaction between X and Cj, and M the total number of reactions. This
equation can be written in the form of

D ¼ f X½ � ð2Þ
where f ¼ PM

j¼1
kj Cj

� �
. We define f to be the depletion rate coefficient in units of s−1.
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Assuming the only loss mechanism for C2Cl4 is reaction with Cl and using the C2Cl4-O3

and Hg°-O3 correlations, we derived order-of-magnitude estimates of f from the DC-
8 observational data as a function of the Cl concentration for samples with Hg° exceeding
the LOD during AMDEs:

f
Hg� ¼

XN
i¼1

k
Hg��Ci Ci½ � � 10�10 Cl½ � ð3Þ

fo3 ¼
XM
j¼1

ko3�Cj
Cj

� � � 10�10 Cl½ � ð4Þ

for the average air temperature of 254 K during ARCTAS, where kHgo�Ci represents the rate
constant for the reaction between Hg° and halogen radical i, kO3�Cj the rate constant for the
reaction between O3 and halogen radical j, [Ci] and [Cj] the concentration of halogen
radicals i and j, respectively, [Cl] the concentration of Cl, M and N the number of reactions
of Hg° and O3, respectively, with halogen radicals. The detailed derivation of Eqs. (3) and
(4) can be found in the Appendix. As shown in the Appendix, we expressed d[Hg°]/dt and
d[O3]/dt as a function of other chemical species (e.g., C2Cl4) and used the values of the
slopes from these relationships. After substitution into the expressions, the depletion rates
are shown to be approximated as a function of the [Cl]. The reaction rate constant for C2Cl4
with Cl was obtained from Thuner et al. (1999).

Two points should be noted here. First, relationships expressed in Eqs. 3 and 4 do not
imply that Cl chemistry is primarily responsible for AMDEs and ODEs. Instead, these
relationships between the Hg° (and O3) depletion rate and Cl levels represent the net
outcome of complex and largely unknown mechanisms causing springtime Arctic Hg° and
O3 depletion. Second, these equations do not apply to Hg° depleted to below LOD. As
shown in the Appendix, in deriving Eqs. (3) and (4) we used the ratio [C2Cl4]/[Hg°].
Clearly for Hg°<LOD, this ratio would approach infinity. For those samples, O3 mixing
ratios varied from below LOD to 42 ppbv. This implies that the chemistry driving
completely depleted Hg° levels is likely very different from the concurrent one that
involves O3.

Fig. 10 Correlation of C2Cl4 with Hg°, O3, C2H2, and several alkanes from ARCTAS measurements for all
sample points, which occurred below 1 km altitude and north of 50°N. Points of Hg°<LOD and
corresponding C2Cl4, O3, C2H2, and alkanes were excluded

R

Table 1 The r2 and slope values (in unit of ppqv/pptv for Hg°, ppbv/pptv for O3 and pptv/pptv for the
remaining species) of correlation of C2Cl4 with Hg° (not available in TOPSE), O3, C2H2 and several alkanes
from ARCTAS and TOPSE measurements. There were 9 flights in ARCTAS compared to 3 in TOPSE
during the time period of April 4–18, and under the criteria of O3 <50 ppbv, latitude >50°N, altitude <1 km,
and points of Hg°<LOD excluded, there were 191 and 57 samples from ARCTAS and TOPSE respectively

Hg° O3 C2H2 C2H6 C3H8 n-C4H10 n-C5H12

ARCTAS .68 51 .81 14 .84 126 .75 297 .75 196 .52 51 .43 11

TOPSE .77 13 .82 158 .49 234 .74 150 .67 52 .57 10
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Furthermore, considering C2H2 is primarily oxidized by OH, Cl, and Br, we can express
the rate of C2H2 oxidation as

d C2H2½ �
dt

¼ � kOH�C2H2
OH½ � þ kCl�C2H2

Cl½ � þ kBr�C2H2
Br½ �

� �
C2H2½ � ð5Þ

for an average air temperature of 254 K (i.e. the average temperature near the surface in the
AMDE/ODE zones during ARCTAS), where kx-C2H2 represents the rate constants for the
reactions of C2H2 and radical X (e.g., X = Cl, Br, or OH). We used the reaction rate
constants for reactions of C2H2 with OH and Cl from Sander et al. (2002) and that for C2H2

with Br from Atkinson et al. (2006). We combined the Hg°-C2H2 (r2=0.70 and a slope
value of 0.38 ppqv/pptv) and O3-C2H2 (r2=0.80 and a slope value of 0.1 ppbv/pptv)
correlations (Fig. 12) with Eq. 5, and expressed the Hg° and O3 depletion rate coefficients
as a function of OH, Cl, and Br concentrations as order-of-magnitude estimates:

f
Hg� ¼

XN
i¼1

k
Hg��Ci

Ci½ � � 10�13 OH½ � þ 10�10 Cl½ � þ 10�14 Br½ � ð6Þ

f03 ¼
XM
j¼1

k03�Cj
Cj

� � � 10�13 OH½ � þ 10�10 Cl½ � þ 10�14 Br½ � ð7Þ

The detailed derivation of Eqs. (6) and (7) can be found in the Appendix. Note that these
relationships (i.e., Eqs. 3, 4, 6, and 7) were derived from the actual DC-8 in situ
measurements rather than from theoretical analysis. Again note that Eqs. (6) and (7) do not
apply to data where Hg°<LOD.
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Fig. 12 Correlation of C2Cl4 with O3, C2H2, and several alkanes from TOPSE measurements for all sample
points, which occurred below 1 km altitude and north of 50°N

J Atmos Chem (2010) 65:145–170 163



4.3 Examples for application of derived equations

To illustrate the potential application of the equations derived here, we obtained order-of-
magnitude estimates of the ratio [Br]/[Cl] using use Eqs. (6) and (7). Since ground-based
measurements were not available during ARCTAS, we used the depletion rate of O3 and Hg°
from Sprovieri et al. (2005), where O3 decreased from 45 ppbv to 10 ppbv and Hg° from
1.6 ng m−3 to 0.6 ng m−3 (i.e., from 179 to 67 ppqv) within 24 h in the spring Arctic. These
depletion rates are similar to those obtained by Kim et al. (2010) in a box model study of the
ARCTAS mercury depletion. However, it should be cautioned that the depletion rates of O3 and
Hg° concurrent to the ARCTAS deployment might be different from the values from Sprovieri et
al. (2005), which may induce uncertainties in the final estimates. The values of fO3 and fHgo are

thus on the order of 10−5 s−1 respectively fO3 ¼ 1= O3½ � � d O3½ �=dt; similar for fHgo
� �

. On the

right hand side of Eqs. 6 and 7, using [OH] = 3.6×105 molecules cm−3 (Kim et al. 2010), the
OH oxidation term is on the order of 10−8 s−1, which is negligible compared to the 10−5 s−1 order
of magnitude for fO3 and f

Hgo
. Even if we assume the Br and Cl terms were of the same order of

magnitude, the ratio [Br]/[Cl] would need to be ~104 for the equation to hold valid. However, if
the Br effect is a lot more significant as suggested by the literature, the ratio [Br]/[Cl] would be
greater than 104.

The ratio [Br]/[Cl] derived here is close to the upper limit of the result in Sive et al. (2000)
where the ratio varied from 103 to 104 from TOPSE for an assumption of 1–10 days of VOCs
exposure to Br and Cl radicals. As has been documented in the literature, the ratio [Br]/[Cl] was
derived using the slope value of ln[VOCs]depleted/ln[VOCs]background versus the rate constants of
the reactions of VOCs with Cl, and the C2H2 concentrations. The slope value varies depending
on the depleted and background levels of VOCs, the number of VOCs considered, and the
length of time of exposure to halogen radicals. Cavender et al. (2008) applied a 0-D
photochemistry model and obtained the ratio [Br]/[Cl] ranging from ~100 to ~2000 for
ODEs in the Arctic. In comparison, our ratio here is entirely derived from extensive
observations, and we used the data with minimal assumptions to arrive at the
expressions in Eqs. 3, 4, 6 and 7. Further, since our ratio is based on all measurements
from the campaign, which spanned a month during ARCTAS, our ratio value should be
fairly representative of the Arctic basin. Possible discrepancies between published values
and our findings could be caused by many factors which are beyond the scope of this

Fig. 13 Correlation of C2H2 with Hg° and O3 from ARCTAS measurements for all sample points, which
occurred below 1 km altitude and north of 50°N. All sample points with Hg°<LOD and corresponging C2H2

and O3 were excluded
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work to evaluate. As more papers are published on Arctic tropospheric chemistry,
hopefully there will be closure on many issues.

One of the most frequently discussed questions is how to identify contributions from in-
situ and long-range distance transport to an observed depletion event. In the end of
Section 3 we pointed out that, based on backward trajectories, Hg°-depleted air masses
had been circulating over the Arctic Ocean or over land near the coast during the five
days prior to the depletion events. Considering the four events that were captured at
distantly spaced locations over the Arctic Ocean and its extended coastlines at different
times of a month, we argue that an MDE or an ODE, at least the ones captured in our
springtime ARCTAS measurements, is the net result of continual occurrence of depletion
reactions in transit of air masses. Indeed, box model calculations for these MDEs by Kim
et al. (2010) support this contention. Since the backward trajectories appeared to be
confined in the Arctic region near the surface, it would be reasonable to hypothesize Hg°
and O3 depletion is driven by their reactions with halogen radicals. Therefore, the
quantitative relationship between the depletion rate of Hg° (or O3) and halogen radicals
derived in this study reflect the total effect of those continual, in situ in a Lagrangian
sense, oxidation reactions in the Arctic spring.

5 Summary

In this study we examined the vertical distributions of Hg° and O3 together with C2Cl4,
C2H2, and alkanes when Hg°- and O3-depleted air masses were sampled near the surface
(<1 km) utilizing measurements onboard the NASA DC-8 research aircraft during
ARCTAS in April 2008 primarily over the North American Arctic. Our findings suggest
that Hg° and O3 depletion occurs from the surface up to 1 km altitude and covers linear
distances ~20–200 km. Horizontally there was a sharp decreasing gradient of ~100 ppqv
in Hg° over a <10 km distance from bay areas to the frozen open ocean. There was a
distinct land-ocean difference in the vertical thickness of the Hg°-depleted layer – being
variable but typically a few 100 meters over the ocean whereas occurring only near the
surface over land. Based on multi-tracer relationships, we present expressions of the rates
of Hg° and O3 depletions as a function of radical concentrations.

There are three important implications from these expressions. First, the correlative
relationships between Hg°, O3, C2Cl4, C2H2, and alkanes provide observational evidence
supporting that AMDEs are driven by Hg° reactions with halogen radicals. Second, in spite
of the complex chemical reactions involved during AMDEs and ODEs, of which we still
have a nebulous understanding, the depletion rates of Hg° and O3 can be expressed as a
function of Br, Cl, and OH concentration. Third, this analysis provides a useful metric for
evaluation of models that attempt to reproduce Hg° and/or O3 depletion events in the Arctic
as well as providing a way to estimate the ratio [Br]/[Cl] with minimal assumptions.
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Appendix

Below is the derivation of Eqs. 1, 2, 4 and 5 for AMDEs and ODEs. Note that these
expressions are used to obtain order-of-magnitude estimates of the radical concentrations.

The depletion rate of Hg° can be expressed as

d Hg�½ �
dt

¼ d Hg�½ �
d C2Cl4½ � �

d C2Cl4½ �
dt

ð1Þ

where d Hgo½ �
d C2Cl4½ � is approximated to be the discreet form Δ Hgo½ �

Δ C2Cl4½ �, which is the slope value (51
ppqv/pptv) between these two species. Note: since the units of this slope value will be
canceled by the units of C2Cl4/Hg° in (5), we do not need to convert the unit ppqv/pptv to
molecules m−3/molecules m−3 here; similarly, no unit conversion is needed for (8), (14),
and (20), of the Hg°-C2Cl4 linear correlation (Fig. 9a in the manuscript), and d C2Cl4½ �

dt is
expressed as:

d C2Cl4½ �
dt

¼ �kC2Cl4�Cl Cl½ � C2Cl4½ � ð2Þ

where kC2Cl4�Cl is the reaction rate constant for the reaction of C2Cl4 with Cl, and Ci

represents radical species i. As stated in the manuscript, we used the value from Thuner et
al. (1999) of 4.8×10−11 cm3 molecule−1 s−1 at 254 K. Therefore Eq. (1) can be expressed
as:

d Hgo½ �
dt

¼ �51� 4:8� 10�11 Cl½ � C2Cl4½ � ð3Þ

The depletion rate can also be expressed as the summation of rates of all Hg° oxidation
reactions (reaction i from 1 to the Nth reaction) as follows:

d Hgo½ �
dt

¼ �
XN
i¼1

ki Hg
o½ � Ci½ � ¼ � Hgo½ �

XN
i¼1

ki Ci½ � ð4Þ

Combining (3) and (4), we obtain

XN
i¼1

ki Ci½ � ¼ 51� 4:8� 10�11 � C2Cl4½ �
Hgo½ � � Cl½ � ð5Þ

In the manuscript,
PN
i¼1

ki Ci½ � was defined as the depletion rate coefficient for Hg°. Based

on the linear relation between Hg° and C2Cl4 excluding the Hg° mixing ratios below the
LOD which are not part of the linear relationship (Fig. 10a in the manuscript):

Hg�½ � ¼ � 136þ 51� C2Cl4½ � ð6Þ
In Fig. 10a, corresponding to 7% of the total samples where C2Cl4<3.34 pptv, the ratio
[C2Cl4]/[Hg°] was in the range of 0.10–0.14 and to the remaining 93% of the data the ratio
was on the order of the magnitude of 10−2. In Scale Analysis, one uses orders-of-magnitude
that is representative, not necessarily including every single point. Thus the ratio of C2Cl4/
Hg° on the order of 10−2 was applied here. Same rationalization was applied in obtaining
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other ratios in deriving Eqs. 13, 19 and 24. Using this ratio value for (5), we obtained the
depletion rate coefficient of Hg° as follows:

XN
i¼1

ki Ci½ � � 10�10 � Cl½ � ð7Þ

which is Eq.(2) in the manuscript.
The depletion rate of O3 can be expressed as:

d O3½ �
dt

¼ d O3½ �
d C2Cl4½ � �

d C2Cl4½ �
dt

ð8Þ

Where d O3½ �
d C2Cl4½ � is approximated to be the discreet form Δ O3½ �

Δ C2Cl4½ �, which is the slope value
(14 ppbv/pptv) of the O3-C2Cl4 linear correlation (Fig. 9b in the manuscript). Using this
slope value together with Eq. (2), Eq. (8) can be expressed as:

d O3½ �
dt

¼ �14� 4:8� 10�11 Cl½ � C2Cl4½ � ð9Þ

The depletion rate of O3 can also be expressed as the summation of rates of all O3

oxidation reactions (reaction j from 1 to the Mth reaction) as follows:

d O3½ �
dt

¼ �
XM
j¼1

kj O3½ � Cj

� � ¼ � O3½ �
XM
j¼1

kj Cj

� � ð10Þ

Combining (9) and (10), we obtained

XM
i¼1

kj Cj

� � ¼ 14� 4:8� 10�11 � C2Cl4½ �
O3½ � � Cl½ � ð11Þ

In the manuscript,
PM
j¼1

kj Cj

� �
was defined as the depletion rate coefficient for O3. Based

on the linear relation between O3 and C2Cl4 (Fig. 9b in the manuscript):

O3½ � ¼ � 40þ 14� C2Cl4½ � ð12Þ
The ratio of C2Cl4/O3 was of the magnitude of 10−1. Using this ratio value for (11), we

obtained the depletion rate coefficient of O3 as follows:

XM
j¼1

kj Cj

� � � 10�10 � Cl½ � ð13Þ

which is Eq. (1) in the manuscript.
If we utilize the Hg°-C2H2 correlation instead of the Hg°-C2Cl4 one, then the depletion

rate of Hg° can be expressed as

d½Hg��
dt

¼ d Hg�½ �
d C2H2½ � �

d C2H2½ �
dt

ð14Þ

where d Hgo½ �
d C2H2½ � is approximated to be the discreet form Δ Hgo½ �

Δ C2H2½ �, which is the slope value (0.38
ppqv/pptv) of the Hg°-C2H2 linear correlation (Fig. 12a in the manuscript), and d C2H2½ �

dt is
expressed as:

d C2H2½ �
dt

¼ � kC2H2�Cl Cl½ � þ kC2H2�Brl Br½ � þ kC2H2�OH OH½ �
� �

� C2H2½ � ð15Þ
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where kC2H2�X is the reaction rate constant for the reaction of C2H2 with X (X stands for Cl, Br,
or OH). As stated in the manuscript, we used the k value for C2H2 reactions with Cl and OH
from Sander et al. (2002) and that with Br from Atkinson et al. (2006). At a temperature of
254 K the values are 2.48×10−10 cm3 molecule−1 s−1, 5.95×10−13 cm3 molecule−1 s−1, and
3.59×10−14 cm3 molecule−1 s−1, respectively. Therefore Eq. (14) can be expressed as:

d Hgo½ �
dt

¼ �0:38� 5:95� 10�13 OH½ � þ 2:48� 10�10 Cl½ �� þ3:59� 10�14 Br½ �� C2H2½ �
ð16Þ

Combining (4) and (16) we obtained the Hg° depletion rate coefficient as follows:

XN
i¼1

ki Ci½ � ¼ 0:38� 5:95� 10�13 OH½ � þ 2:48� 10�10 Cl½ �� þ3:59� 10�14 Br½ ��� C2H2½ �
Hgo½ �
ð17Þ

Based on the linear relation between Hg° and C2H2 (Fig. 12a in the manuscript):

Hg�½ � ¼ � 4:8þ 0:38� C2H2½ � ð18Þ
The ratio of C2H2/Hg° was on the order of 100. Using this ratio value for (17), we

obtained the Hg° depletion rate coefficient:

XN
i¼1

ki Ci½ � � 10�13 OH½ � þ 10�10 Cl½ � þ 10�14 Br½ � ð19Þ

which is Eq. (5) in the manuscript.
Similarly, we used the O3-C2H2 correlation instead of the O3-C2Cl4 one, the depletion

rate of O3 can be expressed as:

d O3½ �
dt

¼ d O3½ �
d C2H2½ � �

d C2H2½ �
dt

ð20Þ

where d O3½ �
d C2H2½ � is approximated to be the discreet form Δ O3½ �

Δ C2H2½ �, which is the slope value (0.1
ppbv/pptv) of the O3-C2H2 linear correlation (Fig. 12b in the manuscript). Combining this
slope value together with (15), Eq. (20) can be expressed as:

d O3½ �
dt

¼ �0:1� ð5:95� 10�13 OH½ � þ 2:48� 10�10 Cl½ �þ3:59� 10�14 Br½ �Þ C2H2½ � ð21Þ

Combining (10) and (21) we obtained the O3 depletion rate coefficient as follows:

XM
j¼1

kj Cj

� � ¼ 0:1� ð5:95� 10�13 OH½ � þ 2:48� 10�10 Cl½ �þ3:59� 10�14 Br½ �Þ � C2H2½ �
O3½ �
ð22Þ

Based on the linear relation between O3 and C2H2 (Fig. 12a in the manuscript):

O3½ � ¼ � 2:5þ 0:1� C2H2½ � ð23Þ
The ratio of C2H2/O3 was on the order of magnitude of 10. Using this ratio value for

(22), we obtained the O3 depletion rate coefficient as follows:

XM
j¼1

kj Cj

� � � 10�13 OH½ � þ 10�10 Cl½ � þ 10�14 Br½ � ð24Þ

which is Eq. (4) in the manuscript.
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