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[1] Air mercury (Hg) speciation was measured for 11 weeks (June–August 2007) at three
sites simultaneously in Nevada, USA. Mean reactive gaseous Hg (RGM) concentrations
were elevated at all sites relative to those reported for locations not directly influenced
by known point sources. RGM concentrations at all sites displayed a regular diel
pattern and were positively correlated with ozone (O3) and negatively correlated with
elemental Hg (Hg0) and dew point temperature (Tdp). Superimposed on the diel
changes were 2- to 7-day periods when RGM concentrations increased across all three
sites, producing significant intersite correlations of RGM daily means (r = 0.53–0.76,
p < 0.0001). During these periods, enhanced O3 concentrations and lower Tdp were
also observed. Back trajectories were applied to develop gridded frequency distribution
(GFD) plots and determine trajectory residence times (TRT) in specific source boxes. The
GFD for the upper-quartile RGM daily means at one site showed a contributing airflow
regime from the high-altitude subtropics with little precipitation, while that developed
for the lower-quartile RGM concentrations indicated predominantly lower-altitude
westerly flow and precipitation. Daily mean TRT in a subtropical high-altitude source box
(>2 km and <35�N) explained a component of the daily mean RGM at two sites (r2 = 0.37
and 0.27, p < 0.05). These observations indicate that long-range transport of RGM
from the free troposphere is a potentially important component of Hg input to rural areas
of the western United States.
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1. Introduction

[2] Mercury in the atmosphere is present as gaseous
elemental Hg (Hg0; �95%), reactive gaseous Hg (RGM;
thought to exist as HgCl2, HgOH2, HgBr2) and particulate-
bound Hg (Hgp) [Schroeder and Munthe, 1998]. There are
only a few sites where continuous long-term air Hg con-
centration and/or speciation data have been collected and in
most cases it has been collected at only one location [cf.
Weiss-Penzias et al., 2007; Abbott et al., 2008; Nadim et al.,
2001; Slemr et al., 2006; Sigler and Lee, 2006; Liu et al.,
2007; Temme et al., 2004; Kellerhals et al., 2003]. Under-
standing the spatial and temporal variation of air Hg
speciation is important for determining potential Hg depo-
sition and input to ecosystems. Of particular concern are
RGM compounds that are considered to have a short atmo-
spheric residence time due to high calculated deposition

velocities and water solubility [Schroeder and Munthe,
1998; Lin and Pehkonen, 1999]. These forms are also
considered more bioavailable than Hg0, due to the fact
that they are preferentially methylated in ecosystems
[Krabbenhoft et al., 2005].
[3] Several recent manuscripts reporting on air Hg spe-

ciation measurements have shown RGM concentrations in
the free troposphere to be >200 pg m�3 [cf. Swartzendruber
et al., 2006; Sillman et al., 2007]. Swartzendruber et al.
[2006] collected data at the Mt. Bachelor Observatory in
Oregon (2.7 km elevation) and based on observed anticor-
relations of RGM with CO, Hg0, and H2O suggested that
elevated RGM concentrations were not due to direct pollu-
tion or long-range transport but were produced by oxidation
of Hg0 in the free troposphere. Selin et al. [2007] applied
the GEOS-Chem model to interpret global observations of
atmospheric total gaseous Hg and RGM and predicted
increased RGM concentrations with altitude. Their model
results suggested a long lifetime of RGM in the upper
troposphere and that subsiding air could be a source of this
form of Hg to remote sites, especially at high elevations and
locations associated with continental deserts such as
Nevada.
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[4] The data presented here are a subset of larger data sets
being developed to characterize air Hg speciation in north-
ern Nevada and test the use of surrogate surfaces for
determining potential Hg dry deposition. During collection
of the data it became apparent that RGM concentrations
measured at three study sites in Nevada, including one site
quite removed from urban influences, were higher than
reported for other rural areas [cf. Valente et al., 2007] and
exhibited consistent diel patterns. In addition, periods of high
daily average concentrations were correlated across all sites.
[5] On the basis of the above we hypothesized that in situ

oxidation of gaseous Hg0 and convective mixing during the
day were providing some RGM measured at all three sites,
and a component was derived from the free troposphere. To
test our hypothesis we investigated relationships between
2-h and daily averaged concentrations of Hg0, RGM, and
ozone (O3) and meteorological parameters, and applied back
trajectory analyses to determine the source of air interacting
with our field sites. Below we discuss the potential factors

driving observed diel and longer-term (days) patterns in
RGM concentrations.

2. Methods

2.1. Site Description

[6] Data were collected simultaneously at three sites in
Nevada, USA for approximately 11 weeks during the
summer of 2007. Mercury Deposition Network (MDN) site
NV02 (41.50�N, 117.50�W, 1388 m) is situated in a broad,
flat desert valley enclosed by the Santa Rosa Range on the
west and north, and the Hot Springs Range on the east.
Areas of natural Hg enrichment exist within the valley
[Lyman and Gustin, 2008], and a coal-fired power plant
as well as large active gold mines are located to the south
and east (Figure 1). Atmospheric Hg and air quality
measurements at NV02 were collected at 4 m height, and
meteorological measurements were collected at 5 m.

Figure 1. Map showing the locations of the three sampling sites in Nevada, USA (NV02, Desert
Research Institute (DRI), and NV98) and the Salmon Falls Creek Reservoir (SFCR) site in Idaho [Abbott
et al., 2008]. Also shown are the locations of known geologic deposits of mercury from the U.S.
Geological Survey, historic mercury mines, active ore processing facilities from the U.S. Environmental
Protection Agency Toxics Release Inventory (sized by total emissions in 2005), and a coal-fired power
plant (CFPP). RAWS meteorological sites are shown as black stars. The locations of towns and cities are
shown as gray squares. The local source box is denoted by the dotted lines located to the southeast of
NV02.
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[7] MDN site NV98 (39.51�N, 119.72�W, 1340 m) is
located 9 km east of downtown Reno, Nevada on the
University of Nevada College of Agriculture, Biotechnolo-
gy and Natural Resources Experiment Station farm. Reno
and the MDN site are situated in a valley with mostly urban
and suburban land use (population �400,000), between the
Sierra Nevada and Virginia Mountain ranges. The Reno area
has major freeways and rail lines and is home to light
industry, however there are no known major anthropogenic
atmospheric Hg point sources (U.S. Environmental Protec-
tion Agency, Toxics Release Inventory, http://www.epa.gov/
triexplorer/). Areas of natural Hg enrichment exist to the
north and south of the city [Coolbaugh et al., 2002; Engle
and Gustin, 2002]. Atmospheric Hg and air quality meas-
urements at NV98 were collected at 4 m, and meteorolog-
ical measurements were collected at 5 m.
[8] The Desert Research Institute (DRI) (39.57�N,

119.80�W, 1497 m) is also in Reno, Nevada (5 km north
of downtown), about 150 m above the valley floor. Atmo-
spheric Hg and air quality measurements at DRI were
collected atop a building tower that is 20 m above the
ground surface, and meteorological measurements were
collected at 15 m. The DRI site is located in the Wedekind
Mining District known for gold, silver and Hg deposits
[Garside and Schilling, 1979]. Air Hg concentrations were
monitored by the University of Nevada at this location from
2002 to 2007 [Stamenkovic et al., 2007; Peterson, 2009].

2.2. Measurements of Mercury Species

[9] Concentrations of Hg0, RGM, and Hgp (<2.5 mm)
were measured at all sites with a Tekran 2537A/1130/1135
system [Landis et al., 2002]. The method detection limit
(MDL) according to Tekran is 0.1 ng m�3 for Hg0. For
RGM and Hgp, the MDL, calculated as 3 times the standard
deviation of the 1130/1135 system blanks, was �5 pg m�3.
Variability of Tekran 2537A Hg0 and 1130 RGM concen-
trations between colocated instruments were compared in
this study and in others [cf. Abbott et al., 2008; Landis et
al., 2002; Lyman and Gustin, 2008; Peterson, 2009] and
may be on the order of 10 and 30%, respectively. These
values are important to consider during data comparisons.
[10] The flow rate through the Tekran 1130 and 1135

modules at all sites was 7 standard L min�1 (standard
conditions of 0�C and 100 kPa), and the flow rate through
the Model 2537A was 1 standard L min�1. The system was
set for a 2 h RGM sampling and 1 h desorption cycle. The
Model 2537A internal permeation source was used to
perform automatic calibrations every eight 3 h sampling
cycles. The accuracy of the Tekran 2537A internal perme-
ation source was checked every 3 months by injection of
saturated Hg vapor air into Hg-free air being sampled by the
instrument. Denuders and particulate filters were replaced
every 3 weeks. Calibration checks were performed weekly
by injecting air saturated with Hg vapor into ambient air
being sampled by the instrument. The latter entailed injec-
tions of concentrations of �20 ng m�3, allowing the
accuracy of all instruments to be checked with respect to
a common standard.

2.3. Ancillary Measurements

[11] At NV02, ozone was measured with a Teledyne-API
Model 400E, carbon monoxide with a Teledyne-API Model

300EM, NOx with a Teledyne-API Model 200E and sulfur
dioxide with a Teledyne-API Model 100E. At NV98, ozone
was measured with a Teledyne-API Model 400E and sulfur
dioxide was measured with a Teledyne-API Model 100E.
Calibration checks of the Model 400E were performed
weekly using an ozone generator and photometer inside a
Teledyne-API Model 700 Dynamic Dilution Calibrator, and
the Model 700 was regularly checked against a NIST-
traceable ozone standard. Carbon monoxide, sulfur dioxide,
and NOx instruments were calibrated weekly using a stan-
dard gas cylinder. At DRI, ozone was measured with a
Thermo Model 49. The instrument was checked quarterly
against a NIST-traceable ozone standard. According to
Teledyne-API (http://www.teledyne-api.com/manuals), the
method detection limits (MDLs) for the O3, SO2, NOx,
and CO instruments are 0.6 ppb, 0.4 ppb, 0.4 ppb, 0.2 ppm,
respectively. The O3 analyzer at DRI has an MDL of 1 ppb.
[12] A Met One Automatic Weather Monitoring System

was used to collect meteorological measurements at NV02.
At NV98, wind speed and direction were measured with a
Young Model 05305, humidity and temperature were mea-
sured with a Vaisala Model HMP45AC, solar radiation was
measured with a LI-COR Model LI200X, and precipitation
was measured with an ETI Model NOAH-IV. Meteorolog-
ical values at NV98 were logged as 5 min averages with a
Campbell Scientific CR1000 data logger. At DRI, meteo-
rological data were collected as part of a weather station
operated by the Western Regional Climate Center (http://
www.wrcc.dri.edu). Daily precipitation data was obtained
from four sites nearby to NV02 in the Remote Automated
Weather Stations (RAWS) network (http://www.raws.
dri.edu/index.html) (Figure 1).

2.4. Hybrid Single-Particle Lagrangian Integrated
Trajectory Back Trajectories

[13] Five-day atmospheric back trajectories were calculat-
ed for NV02 and DRI every 3 h spanning the duration of the
campaign using NOAA’s Hybrid Single-Particle Lagrangian
Integrated Trajectory (HY-SPLIT) model [Draxler and
Hess, 1997]. Although RGM is a highly surface reactive
species, it has been suggested that it could have an extended
lifetime of �5 days in the free troposphere due to lack of
surface deposition and cloud removal [Selin et al., 2007].
An ensemble of locations around NV02 and DRI consisting
of nine points equally spaced in a 0.5 � 0.5� grid (with the
site in the center) and three vertical levels (300, 600, and
900 m above modeled ground level) were used for each
starting time. Thus, a total of 216 trajectories or 26,136
hourly intervals (termed ‘‘trajectory points’’) were calculated
each day for each site. Meteorological fields were used
from the National Center for Environmental Prediction Eta
Data Assimilation System (EDAS) (http://www.nco.ncep.
noaa.gov/pmb/products/) that has 40 km horizontal resolu-
tion and 26 vertical levels. The EDAS spatial domain
includes most of North America, but ends in the Pacific
Ocean between 135� and 150�W longitude depending on
the latitude.
[14] Two semiquantitative trajectory analysis methods

were used to determine the likely positions of air masses
arriving at the sites: gridded frequency distributions
(GFD), and trajectory residence time (TRT). A GFD
effectively shows the amount of time that air has spent
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in a given 1� � 1� region, by averaging the intersection of
trajectory points in each grid cell along the paths of an
ensemble of trajectories. Mean trajectory altitude and total
precipitation (both standard output from the HY-SPLIT
model) within each grid cell were also calculated.
[15] TRT was calculated by averaging the number of

trajectory points that fell inside a predefined three dimen-
sional source box. Two source boxes for calculating TRT
were used in this study: a ‘‘local’’ box (41.6�–39.8�N,
117.3�–115.3�W, and <1 km altitude) which corresponds to
an area containing a coal-fired power plant and ore-
processing facilities as well as known areas of natural
Hg enrichment and legacy mining in Nevada (Figure 1), and
a ‘‘subtropical high-altitude’’ (STHA) box (all longitudes
<35�N and >2 km altitude). The STHA box was chosen
based on the results of comparing the GFDs for upper- and
lower-quartile RGM concentrations.
[16] Numerous studies have employed statistical methods

of analyzing trajectories to interpret how changes in syn-
optic weather conditions influence trace gas measurements
[cf. Weiss-Penzias et al., 2006; Kaiser et al., 2007]. The
uncertainties in the horizontal and vertical dimensions
inherent in using trajectories (roughly 20% of the distance
traveled) can be by minimized by calculating trajectories at
multiple nearby locations and altitudes, thus creating a data
set with sufficient statistical power to overcome the main
limitations (subgrid processes, turbulent flow, and convec-
tion [Stohl, 1998; Stohl et al., 2003]). In spite of our overall
confidence in the power of trajectories, we used them in this

study as a tool to test hypotheses and not as a substitute for a
3-D chemical transport Hg model [e.g., Seigneur et al.,
2004; Selin et al., 2008], which was beyond the scope of
this work.

3. Results and Discussion

3.1. Overview of Air Hg Speciation Data

[17] The 11-week mean RGM concentrations were 26,
45, and 86 pg m�3 at NV02, NV98, and DRI, respectively,
with a maximum 2 h value of 401 pg m�3 observed at DRI
(Table 1). Values were 2–50 times greater than what has
been observed at other locations that are not directly
influenced by known sources of RGM [Laurier and Mason,
2007; Weiss-Penzias et al., 2003; Malcolm et al., 2003;
Lynam and Keeler, 2005], and are comparable to data from
urban/industrial locations [Liu et al., 2007; Landis et al.,
2004; Sheu et al., 2002]. Lower RGM values (37±28 pgm�3)
were reported at DRI during a 3-month study in the summer
of 2005 [Stamenkovic et al., 2007] and during a 2-week
study at NV02 during the summer of 2005 (17±12 pg m�3)
[Lyman and Gustin, 2008].
[18] Mean Hgp concentrations at the three sites were

similar to those measured at nonurban/industrial sites
[Valente et al., 2007; Malcolm et al., 2003; Gabriel et
al., 2005] and near the detection limit of the instrument
(Table 1).Median values ofHg0 ranged from 1.2 to 1.5 ngm�3

and were comparable to those reported for summer data
collected in the western U.S. [Weiss-Penzias et al., 2003,
2007; Abbott et al., 2008; Stamenkovic et al., 2007; Caldwell
et al., 2006; Hall et al., 2006]. Periodic Hg0 enhancements
up to 18.1 ng/m3 (2-h mean) were observed at NV02.
[19] Mean and minimum O3 were significantly higher

(p < 0.001) at DRI relative to NV02 and NV98. Mean
values at NV02 and NV98 were not significantly different
while the greatest variability was observed at NV98 (Table 1).
[20] NOx was only measured at NV02, and for most of

the time, concentrations were below detection limit, except
for some spikes of short duration. SO2 concentrations at
NV02 were significantly higher (p < 0.05) than at NV98,
however neither site exhibited 5-min concentrations >4 ppb.

3.2. Diel Cycles

[21] Composite hourly averages derived using the
11 weeks of data from this campaign revealed regular
patterns for most species measured (Figure 2). The diel
cycle of RGM with maximum near midday and a nighttime
minimum has been observed by others [cf. Laurier and
Mason, 2007; Poissant et al., 2005] and the correlations
with sunlight and temperature (Table 2) suggest that these
factors are important in influencing Hg speciation. The
phase of the RGM diel cycle at each site matched that of
O3, and was the inverse of that found for Tdp. Note that at
NV02 the RGM and O3 maximum and the Tdp minimum is
shifted �4 h later and the increase and decrease in these
parameters, respectively, was of longer duration than
observed at the other sites. Because both O3 enriched and
dry air are derived from the free troposphere, this shift
potentially indicates that the boundary layer at NV02
contracts in the afternoon more slowly than at the Reno
sites, as suggested by a slight lull in wind speed at 1700 LT,
at a time when wind speeds at DRI and NV98 were at their

Table 1. Summary of Measured Chemical Species From 5 June

2007 to 21 August 2007 for NV02 and NV98 and 13 June 2007 to

21 August 2007 for the Desert Research Institutea

Site N Mean s Median Minimum Maximum

RGM (pg m�3)
NV02 520 26 26 17 <MDL 143
DRI 468 87 57 73 5.7 401
NV98 556 46 32 37 <MDL 157

Hgp (pg m�3)
NV02 520 6 9 4 <MDL 102
DRI 468 10 10 8 <MDL 180
NV98 556 5 4 5 <MDL 55

Hg0 (ng m�3)
NV02 918 1.8 1.4 1.4 0.6 18.1
DRI 751 1.2 0.3 1.2 0.6 2.5
NV98 902 1.7 0.6 1.5 0.9 4.6

O3 (ppbv)
NV02 903 40.2 12.4 40.8 6.4 71.9
DRI 660 48.1 11.6 48.7 16.4 83.3
NV98 905 40.8 17.6 41.1 1.3 86.7

NOx (ppb)
NV02 648 0.2 1.0 <MDL <MDL 18.6
NV98b

SO2 (ppb)
NV02 772 1.0 0.2 1.0 <MDL 2.5
NV98 728 0.5 0.3 0.4 <MDL 2.1

aN refers to the number of 2-h averages. Abbreviations are as follows:
DRI, Desert Research Institute; RGM, reactive gaseous Hg.

bNot measured.
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peak. It could also be argued that the corresponding peaks in
both O3 and RGM at all sites are due to RGM formation
occurring via reaction of O3 with Hg0. Indeed, the rate
constants of Pal and Ariya [2004] for this reaction are fast
enough to account for the increase in RGM from 0800 to
1600 LT at NV02, but not the diel increase at NV98 or DRI.
It is possible that other oxidants such as the hydroxyl radical
play a role in forming RGM or as discussed below that the
free troposphere is also contributing to observed concen-
trations. The decline in RGM concentrations in the after-
noon may reflect deposition after formation or introduction
to the boundary layer. The relatively constant Hg0 concen-
trations during the day at all three sites could also indicate
mixing in of air from a common source.
[22] The setting of the sites appeared to play a role in the

diel cycles of O3 and Hg species. The O3 afternoon
maximum at NV98 and DRI was enhanced by 5–10 ppb
relative to NV02, likely the result of photo-oxidation

reactions of locally emitted NOx and VOCs [Sillman,
2003]. The nighttime RGM and O3 concentrations at DRI
were considerably higher and Tdp lower than measured at
NV02 and NV98, suggesting that this site is situated above
the nocturnal boundary layer [cf. Lin, 2008]. Similarly, Hg0

nighttime concentrations were lower at DRI also suggesting
that the nocturnal boundary layer is below the elevation of
DRI, keeping the site relatively isolated from surface
emissions of Hg0 [Stamenkovic et al., 2007]. As the
nocturnal boundary layer broke up in the morning with first
light (0700–0900 LT), there was a small but significant
peak in Hg0 accompanied by a steep decline in O3 at DRI.
We speculate that this is not only due to the volatilization of
Hg indigenous to the soil in this naturally enriched area and/
or reemission of deposited Hg during first light [Gustin et
al., 2003; Engle et al., 2001], but also mixing from the
boundary layer below of air depleted in RGM and O3, and
enriched in Hg0.

Figure 2. Mean concentrations by time of day for speciated Hg, O3, and meteorological parameters at
three sites. For clarity, only one error bar for each parameter at each site is shown, which represents the
mean of each hourly standard deviation (s). Error bars are shown on hour 0 for NV02, hour 1 for DRI,
and hour 2 for NV98.
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