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Abstract. The chemical cycling and spatiotemporal distribution of mercury in the troposphere is poorly understood. We measured gaseous elemental mercury (GEM),
reactive gaseous mercury (RGM) and particulate mercury
(HgP ) along with carbon monoxide (CO), ozone (O3 ),
aerosols, and meteorological variables at Storm Peak Laboratory at an elevation of 3200 m a.s.l., in Colorado, from
28 April to 1 July 2008. The mean mercury concentrations
were 1.6 ng m−3 (GEM), 20 pg m−3 (RGM) and 9 pg m−3
(HgP ). We observed eight events of strongly enhanced atmospheric RGM levels with maximum concentrations up to
137 pg m−3 . RGM enhancement events lasted for long time
periods of 2 to 6 days showing both enriched level during
daytime and nighttime when other tracers (e.g., aerosols)
showed different representations of boundary layer air and
free tropospheric air. During seven of these events, RGM was
inversely correlated to GEM (RGM/GEM regression slope
∼−0.1), but did not exhibit correlations with ozone, carbon
monoxide, or aerosol concentrations. Relative humidity was
the dominant factor affecting RGM levels with high RGM
levels always present whenever relative humidity was below
40 to 50%. We conclude that RGM enhancements observed
at Storm Peak Laboratory were not induced by pollution
events and were related to oxidation of tropospheric GEM.
High RGM levels were not limited to upper tropospheric or
stratospherically influenced air masses, indicating that entrainment processes and deep vertical mixing of free tropospheric air enriched in RGM may lead to high RGM levels
throughout the troposphere and into the boundary layer over
the Western United States. Based on backtrajectory analysis
and a lack of mass balance between RGM and GEM, atmospheric production of RGM may also have occurred in some
distance allowing for scavenging and/or deposition of RGM
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prior to reaching the laboratory. Our observations provide
evidence that the tropospheric pool of mercury is frequently
enriched in divalent mercury, that high RGM levels are not
limited to upper tropospheric air masses, but that the buildup of high RGM in the troposphere is limited to the presence
of dry air.

1

Introduction

Mercury is a worldwide pollutant globally dispersed in the
environment by large-scale atmospheric circulation. Various
natural and anthropogenic sources emit mercury to the atmosphere, either as gaseous elemental mercury (GEM; Hg0 ) or
as divalent mercury species. Divalent mercury species are
typically measured in two forms: reactive gaseous mercury
(RGM), defined operationally as any gaseous mercury compounds that adsorb onto KCl (potassium chloride) denuders,
and particulate-bound mercury (HgP ) which are trapped by
quartz-fiber filters. RGM is water-soluble, and can be rapidly
deposited to surfaces or sequestered by rain or cloud drops
(Schroeder and Munthe, 1998). HgP is limited to the lifetime
of particles which is typically less than 10 days (Schroeder
and Munthe, 1998). Contrarily, GEM has low solubility in
water and estimates of its longer lifetime range from 0.5 to
2 years (Schroeder and Munthe, 1998; Bergan and Rodhe,
2001; Selin and Jacob, 2008), although GEM lifetime is still
not well understood. Hence, the speciation of atmospheric
mercury and, specifically, the abundance of reactive mercury
forms with high deposition velocities, are of utmost importance for regional and local deposition loads and for the understanding of global chemical cycling of mercury in the atmosphere.
Many atmospheric observations have been conducted in
the lower troposphere where GEM generally represents over
95% of the total mercury, with concentrations varying over
a range of ∼1–5 ng m−3 (Valente et al., 2007), and RGM
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and HgP in the range of few percent of the total mercury
(Schroeder and Munthe, 1998). The vast majority of measurements of atmospheric mercury species have been conducted at ground-level, and these low altitude data suggest
that little RGM and HgP is present distant from sources. Recent aircraft campaigns over the Pacific, however, indicated a
strong depletion of GEM in the upper troposphere and lower
stratosphere, which is hypothesized to be due to efficient oxidation and transformation of GEM to RGM and Hgp (Friedli
et al., 2004; Radke et al., 2007; Talbot et al., 2007; Slemr et
al., 2009). Interestingly, global chemical model showed that
divalent mercury species could dominate GEM in the upper
troposphere and stratosphere, and that subsidence could be a
significant source of divalent mercury to remote surface sites
(Geos-CHEM model: Selin and Jacob, 2008; CMAQ model:
Sillman et al., 2007). Direct measurements of RGM and
HgP onboard of aircraft are presently not available, due to
the long collection period required (2–3 h using the 1130 and
1135 Tekran units, see Materials and Methods). In situ measurements of aerosols collected in the lower stratosphere and
analyzed using mass spectrometry indicate, however, significant enrichment of HgP (Murphy et al., 2006).
Decreases of GEM and enhanced levels of RGM were observed frequently at night at a high elevation research station
(2700 m a.s.l.), Mt. Bachelor observatory in Oregon, USA,
when the air was considered representative of the free troposphere (Swartzendruber et al., 2006). The authors suggested
direct oxidation of GEM by ozone, OH, or possibly other
oxidants in the free troposphere as sources of RGM, which
then could reach the laboratory during nighttime downflow
processes (i.e., katabatic winds) induced by the mountain
slopes. Gas-phase reactions with ozone and OH were the
first oxidation mechanisms for atmospheric GEM identified
in the troposphere. Model simulations, however, have shown
that the determined reaction rate of GEM with ozone alone
cannot explain GEM temporal and spatial variations or the
observed diurnal cycles of oxidized mercury (e.g., Hedgecock et al., 2005). Oxidation by OH radicals may lead to
a lifetime of 115 days for GEM (Sommar et al., 2001; Pal
and Ariya, 2004), but theoretical considerations indicate that
oxidation of GEM by OH could be slower (Calvert and Lindberg, 2005) and OH oxidation may be insignificant under
atmospheric conditions (Goodsite and Plane, 2004; Calvert
and Lindberg, 2005). Bromine chemistry may play a major
role in the atmospheric oxidation of GEM to reactive mercury species. GEM reacts with both Cl and Br radicals, and
kinetics have been reported of comparable magnitude (Donohoue et al., 2005; Donohoue et al., 2006) or faster with chlorine atoms (Ariya et al., 2002), although, concentrations of
Cl radicals are much lower than concentrations of Br radicals
(Calvert and Lindberg, 2003). Raofie and Ariya (2004) also
reported a gas-phase reaction of BrO with GEM, but could
not exclude the possibility of heterogeneous mechanisms in
their experimental set up. However, the homogeneous oxidation of GEM by BrO radicals is considered endothermic
Atmos. Chem. Phys., 9, 8049–8060, 2009

(Shepler and Peterson, 2003; Tossel, 2003), and hence probably without importance in the atmosphere.
A lack of reactive mercury observations in the upper troposphere and the first observational and modeling results emphasize the need for increased measurements of reactive mercury in this region. Such data would improve our understanding of temporal and spatial distribution of all forms of mercury and of atmospheric mercury chemistry, and thus help to
reduce uncertainties in model simulations. We report data of
speciated atmospheric mercury levels at a high-altitude research station, Storm Peak Laboratory (3220 m a.s.l.) in the
Rocky Mountains in Colorado, from April 28 to July 1, 2008
to study the presence and transformation of reactive mercury
in the troposphere over the remote Western United States.
2
2.1

Material and methods
Site description

Storm Peak Laboratory is a high-elevation (3220 m a.s.l.)
mountaintop research facility in the Park Range in Colorado
on top of Steamboat Springs ski resort almost 1500 km from
the US west coast. The laboratory marks the location of
the Continental Divide and is situated on a 70 km northsouth mountain range perpendicular to the prevailing westerly winds, thus providing a clear upwind fetch. The Park
Range receives some of the largest precipitation totals in Colorado with most precipitation falling as snow and typical annual snowfalls at the laboratory in the range of 400–900 cm
(Borys and Wetzel, 1997). The laboratory’s mountaintop location produces frequent transitions from free tropospheric
air to boundary layer and thus allows for time-extended measurements of free tropospheric, in-cloud, and boundary layer
air (e.g. Borys and Wetzel, 1997). The site has been used in
cloud and aerosol studies for more than 20 years and a considerable depth of knowledge has been acquired on aerosol
patterns and interaction of aerosols with clouds (Hindman et
al., 1994; Borys and Wetzel, 1997; Lowenthal et al., 2002,
2004).
2.2

Mercury measurements

Atmospheric concentrations of gaseous elemental mercury,
reactive gaseous mercury and particulate mercury (GEM,
RGM and HgP ) were measured from 28 April to 1 July
2008. GEM was determined using a Tekran 2537A vaporphase mercury analyzer. The 2537A instrument collect the
air stream on two gold cartridges. GEM is thermally desorbed and detected by cold vapor atomic fluorescence spectrometry at 253.7 nm. Use of dual gold cartridges allowed
alternate sampling and desorption, resulting in continuous
measurement of GEM on a predefined time base. A precision
mass flow meter supplies the 2537A with a sample volume
referenced to STP (Standard Temperature and Pressure: 0◦ C,
1 atm). Set-up, accuracy, and precision of this instrument
www.atmos-chem-phys.net/9/8049/2009/
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have been evaluated previously during field comparisons at
an urban/industrial site (Ebinghaus et al., 1999) and a remote
marine background location (Schroeder et al., 1995).
Atmospheric mercury speciation was determined by integrating Tekran 1130 and 1135 speciation units, as front-end
units to the Tekran 2537A. Both units were positioned on
the roof of the Storm Peak Laboratory, at 2 m high, and attached to the pump module and 2537A analyzer by a heated
(50◦ C) umbilical line (10 m long). The Tekran 1130 and
1135 units were configured to collect 1-hour RGM and HgP
samples. During the 1-h sampling period, 5-min GEM samples were continuously quantified by the 2537A analyzer.
Ambient air is pumped through a denuder, a quartz filter
(0.1 µm) and a pyrolyzer. Specifically, a potassium chloride
coated quartz annular denuder is housed in the Tekran 1130
unit where RGM is collected (the most probable candidate
compounds are HgCl2 and HgBr2 ). The Tekran 1135 unit
consists of a quartz regenerable particulate filter housed in a
glass pyrolyzer where Hgp is collected after passing through
a 2.5 µm cutoff impactor (Landis et al., 2002). We set the
Tekran 2537A sample flow to 0.8 l min−1 (highest flow value
allowed by the internal pump due to the high elevation) and
the Tekran 1130 pump flow to 6.0 l min−1 , thus allowing a total flow of 6.8 l min−1 during the 1-h time period. However,
these flow values set on both instruments corresponds to STP
conditions. Considering the mean pressure and temperature
at Storm Peak Laboratory during our sampling period (5◦ C,
698 mbar), we actually sampled a total flow of 10.0 l min−1 ,
which allowed a 2.5 µm particle size cutoff by the impactor.
Following 1-h sampling periods, the instruments switch to
analysis mode. The system is first flushed with mercury free
air to clean out the lines of residual ambient air. The particulate filter is heated to 800◦ C for HgP desorption and quantification as GEM by the Tekran 2537A, followed by heating of
the denuder at 500◦ C for thermal desorption of the collected
RGM and quantified as GEM by the analyzer. To ensure
clean operation, the denuders, denuder module glassware,
impactor frits, regenerable particulate filters, and soda lime
traps (to prevent gold cartridge passivation) were replaced
and cleaned on a 2–3 weeks basis. To avoid that high humidity corrode of the zero air canisters, the airstream leading
into the 1130 pump module during blanks measurement was
pumped through a 1102 air dryer Tekran unit.
The Model 2537A was recalibrated every 26-h using its
internal permeation source. Blanks for the 2537A were
measured during each internal calibration cycle and were
consistently 0.00 ng m−3 . The manufacturer’s reported detection limit for 5 min samples measured with the 2537A
of 0.10 ng m−3 (http://www.tekran.com/). Detection limit
for the 2537A Tekran analyzer was reported by Aspmo et
al. (2005) as 0.17 ng m−3 . Currently no calibration procedures are available for the 1130 and 1135 speciation units.
During our study, the detection limit for RGM and HgP , calculated as 3 times the standard deviation of the 1130/1135
system blank, was 2 pg m−3 .
www.atmos-chem-phys.net/9/8049/2009/
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Meteorological and chemical measurements

Meteorological instruments used in this study were research
grade temperature, pressure, wind speed and direction, and
relative humidity sensors (Campbell Scientific, Inc., Met One
and Vaisala interfaced to data loggers). Atmospheric tracers
included ozone concentrations, aerosol concentrations, and
carbon monoxide (CO) concentrations. Aerosol and CO analyzers, however, were not operational continuously, and data
were available only 34% and 46% of the measurement period, respectively. Ozone was measured with a Dasibi Ozone
Monitor (Dasibi Environmental Corp., Glendale, CA). The
instrument has a measurement range of 0.001–1.000 ppm, an
automatic zero, and span test. The instrument is calibrated
every six months and the UV lamp is replaced if any degradation in signal is observed. Aerosol number concentrations
were measured using a stand-alone TSI model 3010 Concentration Particle Counter (CPC) for particles with diameters
larger than 10 nm. The TSI CPC instrument is annually sent
back to the manufacturer for maintenance and calibrations
using National Institute of Standards and Technology (NIST)
standards. In addition, the instruments are routinely checked
at Storm Peak Laboratory for accurate flow rates. Carbon
monoxide concentrations were measured using an isothermal
gas chromatograph (Peak Laboratories Model 1 RCP, Mountain View, CA) configured with a reduction gas detector. Its
high sensitivity (as low as 10 ppb) and negligible matrix effects from other permanent gases assure reliable detection of
ambient and enhanced CO concentrations. The instrument is
self-calibrated approximately every 30 min with known standards of carbon monoxide (54 and 153 ppbv). Meteorological data and aerosol concentration data are uploaded to the
Western Regional Climate Center (http://www.wrcc.dri.edu/)
database every 5 min. All data were averaged to 2-h mean
values which were used for all further analyses.
2.4

Calculations of air mass trajectories

NOAA Hybrid Single-Particle Lagrangian integrated trajectories (HYSPLIT) (Draxler and Rolph, 2003; Rolph, 2003)
were calculated for specific dates to determine the origin of
air masses measured at Storm Peak Laboratory. In this study,
10-day back-trajectories were calculated in ensemble forms
which calculate 27 trajectories from a selected starting point.
Each member of the trajectory ensemble is calculated by offsetting meteorological data by one meteorological grid point
(1 degree) in the horizontal (both latitudinal and longitudinal)
and 0.01 sigma units (250 m) in the vertical for the selected
starting point. HYSPLIT was run with the National Centers
for Environmental Prediction’s (NCEP) Global Data Assimilation System (GDAS) data set. More information on this
data set can be found at http://www.emc.ncep.noaa.gov/gmb/
gdas/. The computational altitude was selected based on the
altitude which most closely represents the common pressure
at the lab, 675 mb. The altitude selected for this data set was
Atmos. Chem. Phys., 9, 8049–8060, 2009
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Table 1. Summary of the mercury data collected at Storm Peak Laboratory from 28 April to 1 July 2008, including characterization of 8
specific RGM enhancement events. Table includes Pearson’s correlation coefficients r between RGM and GEM, RGM and PM, as well as
RGM and water vapor mixing ratio for each individual event. Also given are RGM/GEM regression slopes for each of these events.

Starting date and time
Ending date and time
Duration (hours)
na

All days

Event #1

Event #2

Event #3

Event #4

Event #5

Event #6

Event #7

Event #8

4/28/08, 07:00 p.m.
7/01/08, 11:00 a.m.

5/2/08, 11:00, p.m.
5/7/08, 11:00 p.m.
118
59

5/10/08, 01:00 p.m.
5/12/08, 07:00 p.m.
54
27

5/16/08, 07:00 p.m.
5/21/08, 09:00 p.m.
134
66

5/28/08, 05:00, p.m.
6/3/08, 11:00 pm
150
74

6/9/08, 07:00 a.m.
6/10/08, 11:00 p.m.
40
21

6/13/08, 07:00 a.m.
6/17/08, 09:00 p.m.
118
59

6/25/08, 05:00 a.m.
6/28/08, 07:00 p.m.
86
43

760

4/28/08, 07:00 p.m.
5/1/08, 03:00 a.m.
56
24

Gaseous
Elemental
Mercury (GEM) ng m−3

Mean±StdDev
Min
Max

1.6±0.3
1.2
5.0

1.5±0.2
1.3
1.9

1.5±0.1
1.3
1.9

1.5±0.1
1.4
1.7

1.5±0.2
1.3
2.1

1.5±0.2
1.2
2.0

1.5±0.2
1.2
1.9

1.6±0.5
1.2
5.0

1.5±0.1
1.3
1.9

Reactive
Gaseous
Mercury
(RGM) pg m−3

Mean±StdDev
Min

20±21
0

67±23
7

21±13
1

21±17
1

28±27
0

32±24
1

36±25
2

40±21
2

30±15
5

Max

137

95

58

52

137

84

93

125

71

Particulate Mercury
(HgP ) pg m−3

Mean±StdDev
Min
Max

9±6
0
33

13±6
3
32

10±3
3
20

6±6
1
10

9±4
2
22

6±4
0
15

6±3
3
11

16±9
4
31

13±5
4
28

−0.09

−0.08

−0.18

−0.10

−0.09

−0.09

−0.01

−0.07

−0.71
−0.26
–

−0.79
0.44
−0.52

−0.86
0.30
−0.33

−0.62
−0.28
−0.46

−0.76
−0.62
−0.50

−0.62
−0.28
−0.45

0.10
−0.06
−0.35

−0.62
0.01
−0.48

RGM/GEM
regression slope
rRGM−GEM b
rRGM−PM b
rRGM−WaterVapor b,c

a n is the number of 2-h sampling periods for GEM, RGM and Hg
b Correlations significant at p<0.01 are indicated in bold
c Water vapor data were not available for event #1

P

approximately 1.8 km above sea level which is based on the
average altitude represented by the 1 km grid.

3 Results and discussion
3.1

Spring patterns of atmospheric mercury species

Atmospheric GEM, RGM and HgP were investigated at
Storm Peak Laboratory during a 64 day period, from 28
April to 1 July 2008. We experienced two short periods
with instrument failures (from May 26 to 28, and from 18
to 21 June). GEM, RGM and HgP concentrations, thus collected during 59 days, were compiled into 1-h mean values
which correspond to the speciation collection period. A complete time series of the three mercury species is plotted in
Fig. 1. The mean GEM concentration and its respective standard deviation was 1.6±0.3 ng m−3 . GEM minimum value
was 1.2 ng m−3 and on eight days GEM levels exceeded
2.0 ng m−3 . On two days (15 May and 18 June), GEM values
exceeded 3 ng m−3 with a maximum value of 5.0 ng m−3 ).
These specifically high pollution events are discussed elsewhere (Hallar et al., 2008). GEM concentrations observed
at Storm Peak Laboratory during spring 2008 are within the
range of values reported from 22 rural sites in the northern
hemisphere (i.e. 1.7±0.3 ng m−3 ) (Valente et al., 2007), and
close to an average level of 1.51±0.12 ng m−3 reported at the
same location during spring 2007 by Obrist et al. (2008).
Mean concentrations and respective standard deviations
for RGM and HgP were 20±21 pg m−3 and 9±6 pg m−3
for our entire measurement period. RGM and HgP measurements for rural sites in the western United States have
been reported at Yellowstone National Park in summer 2003
(RGM range: <d.l. to 5 pg m−3 ; HgP range: <d.l. to
Atmos. Chem. Phys., 9, 8049–8060, 2009

30 pg m−3 ) (Hall et al., 2006), in southern New Mexico in
2001–2002 (RGM range: 2 to 25 pg m−3 ; HgP range: 1 to
7 pg m−3 ) (Caldwell et al., 2006), and at two sites in northern Nevada (RGM: 13±18 and 13±12 pg m−3 , HgP : 9±7
and 7±8 pg m−3 ) (Lyman and Gustin, 2008). While HgP
concentrations at Storm Peak Laboratory were within ranges
reported for these rural sites, RGM concentrations were considerably higher. Furthermore, RGM at Storm Peak Laboratory showed several multi-day enhancements periods with
maximum level of 50 to 137 pg m−3 . Specifically, we observed eight events of high RGM enhancements (marked
in text and figures as RGM enhancement events #1 to #8).
RGM enhancement events are defined as occurrences of
RGM concentrations higher than the mean level reported for
the entire study (i.e. 20 pg m−3 , note that the high RGM levels measured on 22 June were not considered an enhancement event since instrument failure prevented a full characterization of this event).
During the eight RGM enhancement events, HgP levels
were also slightly enhanced, with the exception of event
#5. However, significant positive correlation between HgP
and RGM concentrations was only observed during event #2
(Pearson coefficients r of 0.4, see Table 1). Except during
event #7, HgP levels were never correlated with aerosol or
carbon monoxide. Means, maximums, minimums, and standard deviations of GEM, RGM, and HgP for the entire study
and for each individual enhancement event are presented in
Table 1.
At Storm Peak Laboratory, daytime surface heating can
cause air masses enhanced with pollutants to rise from the
valley floor, while nighttime air masses are often characterized by cleaner, drier tropospheric air masses as shown
by previous studies (Lowenthal et al., 2002; Obrist et al.,
2008). Diel pattern of water vapor mixing ratio was observed
www.atmos-chem-phys.net/9/8049/2009/
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#2

#3

#4

#5

#6

#7

#8

GEM
RGM
HgP

120

4.0
100

3.5
3.0

80

2.5
60

2.0
1.5

40

1.0
20

1
2
3
4
5
6

0.0

0

3.0
Precipitations
RGM
RH

2.5
2.0

140
120
100
80

1.5

60
1.0
40
0.5

20

-3

Daily Snow
Water
Equivalent
(cm)snow/day)
Precipitations
(cm
of water
or melted

0.5

RGM concentrations (pg m ) ; RH (%)

-3

GEM concentration (ng m )

4.5

140
-3

#1

5.0

RGM and HgP concentrations (pg m )

5.5
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peaks were observed at night. These patterns were linked
to upslope (anabatic) winds during the day mixing in boundary layer air, and downslope (katabatic) wind which transported high-level, free tropospheric air masses enriched in
RGM (see below) to the laboratories at night. Clearly, diel
RGM patterns measured at Storm Peak Laboratory – notably
much less pronounced compared to Mt Bachelor – showing
nighttime minima differed from these previous observations.
In addition, the occurrence of RGM enhancements always
lasted for multi-day periods, up to a duration of six days,
a starkly different pattern than at Mt. Bachelor where enhanced RGM levels were limited to relatively short nighttime
spikes only. In the following sections, we are discussing possible reasons for the unique patterns observed at Storm Peak
Laboratory.
3.2

Are RGM enhancements related to anthropogenic
pollution?

No relationships between RGM and ozone, aerosols, or carbon monoxide concentrations were observed over the entire
study (Fig. 3). Almost all individual RGM enhancement
events did not show statistically significant correlations to
Fig. 1. Time series of GEM, RGM and HgP from April 28 to July
1 2008.
Yellow
highlight
events
enhanced
Figure
1. Time
series areas
of GEM,
RGM andthe
HgP 8from
April with
28 to July
1 2008. RGM
Yellow areas any of these tracers either. The lack of correlations of RGM
levels (top
Records
ofRGM
precipitation
(dailyRecords
cm of of
snow
water (daily to these common combustion and pollution tracers indicates
highlight
the 8panel).
events with
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levels (top panel).
precipitation
equivalent)
andequivalent)
relative and
humidity
(%) for(%)
thefor
study
period
areare
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cm
of snow water
relative humidity
the study
period
shown in the that high levels of RGM observed at Storm Peak Laboratory
in thepanel.
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were not primarily due to anthropogenic pollution from local
bottom
sources or due to pollution advected by long range transport
processes. However, averaged diel patterns (Fig. 2) show
during our study (Fig. 2), and such diel fluctuations of huslight daytime increases of RGM at the laboratory which mirmidity and air pollutants due to local slope flows are typirored by pronounced daytime increases of aerosols (>300%
cal of high-elevation research stations such as Jungfraujoch
of nighttime values) and minor enhancements of ozone, pat(Baltensperger et al., 1997), Sonnblick Mountain Observaterns that are attributed to surface heating processes and uptory (Seibert et al., 1998), and Mt. Bachelor Observatory 22 lift of boundary layer air pollution as discussed above. A
(Weiss-Penzias et al., 2006). At Storm Peak Laboratory,
detailed look at a specific RGM enhancement event from 31
diel patterns of atmospheric GEM, however, were only proMay to 3 June (event #5, Fig. 4), however, shows that RGM
nounced in the fall and winter season, but not statistically
enhancements were mainly unrelated to daytime/nighttime
significant in spring months in a previous study by Obrist and
transitions of air masses. Carbon monoxide concentrations
others (2008). Similarly, we did observe daytime increases
show peak concentrations in the afternoons of 1 and 3 June
in aerosols, water vapor mixing ratio, ozone (Fig. 2) in this
(peak levels up to 250 ppb) indicating presence of boundary
study, but not statistically significant differences in GEM belayer sources at the laboratory, and coincided with enhancetween nighttime and daytime concentrations from 28 April
ments of RGM. Maximum RGM levels during this event,
to 1 July 2008.
however, occurred between 2 to 3 June during a time peConsistent diurnal trends with RGM concentrations peakriod when carbon monoxide and water vapor mixing ratio
ing between midday and early afternoon have been previwere low (as low as 130 ppb and 2.8 g kg−1 , respectively)
ously reported at different rural sites, and were attributed
representing air with more typical free tropospheric signato physical boundary layer movement, ambient photochemtures (e.g., Swartzendruber et al., 2008). We conclude that
istry, or air-surface exchange of mercury (Lindberg and StratRGM levels were not systematically related to pollution origton, 1998; Gabriel et al., 2005; Poissant et al., 2005; Lyman
inating from the boundary layer during our study, although
and Gustin, 2008). At Storm Peak Laboratory, RGM also
some contributions were likely due to presence of boundary
slightly peaked in the afternoon around 3:00 p.m. (Fig. 2).
layer air leading to a slight diurnal RGM enhancement along
At Mt Bachelor (OR, USA) (Swartzendruber et al., 2006)
with other pollutant trace. If high RGM levels were systemand Mt Lulin (Taiwan) (Sheu et al., 2009), the only two
atically due to anthropogenic pollution, we should also have
others high altitude locations where atmospheric mercury
observed simultaneous increases in RGM and GEM, similar
speciation has been investigated to our knowledge, RGM
to such patterns reported from rural sites affected by close-by
0.0
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and temperature averaged for the study period. Error bars represent standard errors. Times reported are local (i.e., Mountain Time: UTC-7).

5
urban pollution
(e.g. Yatavelli et al., 2006). In contrast, we
observed consistent
inverse correlations between GEM and
6
RGM throughout the study as discussed below.

3.3

Tropospheric production and transport of RGM

Our observations showed strong inverse relationships between GEM and RGM throughout the study (Figure 5; large
panel represents all data from 28 April to 1 July). The inverse correlation becomes even more obvious when considering specifically data considered as RGM enhancement events
(insert panel in Fig. 5, 54% of data). Table 1 reports the Pearson coefficients r and sloped between RGM and GEM for
each of the eight individual events, with statistically significant linear inverse correlations between RGM and GEM for
seven of the eight events (not significant for event #7). The
observed inverse correlations between RGM and GEM imply that high RGM levels observed at Storm Peak Laboratory
were produced by atmospheric oxidation processes of GEM.
Inverse correlations between RGM and GEM have been reported at Mt Bachelor and in polar regions and are attributed
to a direct transformation of GEM to RGM and Hgp . At Mt
Bachelor, a slope near unity (i.e., −0.89) between RGM and
GEM was observed during nighttime RGM enhancements,
indicating a near mass balance closure between RGM and
GEM (Swartzendruber et al., 2006). During the well characterized polar Atmospheric Mercury Depletion Events, on
average 40–50% of the converted RGM remains in the air
while the remainder is deposited to the snow surface directly
as RGM and/or scavenged by fine aerosols (Lindberg et al.,
2002; Cobbett et al., 2007). In this study, the significant inverse correlations of GEM and RGM yielded slopes only between −0.07 and −0.18, with an average slope of −0.10. In
other words, observed RGM levels only explained ∼10% of
observed GEM depletion.
We attribute the obvious lack of mass closure between
RGM and GEM in our study to deposition and scavenging
of reactive mercury prior to reaching the research station.
One possible reason includes significant surface deposition
Atmos. Chem. Phys., 9, 8049–8060, 2009

of reactive Hg species in close vicinity to the laboratory.
Figure 6 reports 10-days HYSPLIT back-trajectories for the
point of time of maximum RGM levels of each event. Interestingly, all back-trajectories indicate that 23
air masses measured at Storm Peak Laboratory during RGM enhancements
events showed source origins over the North Pacific Ocean.
It is hence also possible that Storm Peak Laboratory experienced aged, far-traveled air masses, and that the location
of the production of RGM occurred in quite some distance
to Storm Peak Laboratory. One possible source area is over
the Pacific Ocean, which would allow for considerable scavenging and deposition of RGM during air mass transport to
Storm Peak Laboratory.
3.4

Possible sources of observed high tropospheric
RGM levels

One possible mechanism for RGM production in the troposphere includes oxidation by halogens as discussed in detail
in the introduction, but measurements in the free troposphere
are just beginning to evolve. Ozone concentrations, however,
were monitored but showed no correlations to RGM, neither throughout the entire study, nor specifically during any
RGM enhancement event, nor during nighttime with higher
representations of free tropospheric air masses (see discussion below). This is in contrast to results form Mt. Bachelor
which showed positive correlation between RGM and ozone
during nighttime periods (p<0.01; r = 0.68), and to strong
inverse GEM/ozone correlations observed during research
flights attributed to upper tropospheric/lower stratospheric
influence (Talbot et al., 2007; Swartzendruber et al., 2008).
Based on supporting GEOS-Chem modeling, Swartzendruber et al. (2006) concluded that the oxidation rate of OH and
ozone was sufficient to reproduce the mean observed RGM
levels, but not to reproduce the magnitude of nighttime RGM
enhancements.
GEM oxidation involving ozone, OH and possibly Br
radicals may lead to high RGM levels in the upper troposphere and lower stratosphere as evident by (i) GEM
www.atmos-chem-phys.net/9/8049/2009/
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3. RGM concentrations as a function of ozone, aerosols and carbon

udy period. depletion above eight km altitude observed during research
flights (e.g., Talbot et al., 2007) and by high levels of aerosolbound HgP in the lower stratosphere (Murphy et al., 2006).
Most atmospheric chemistry models have been limited to
gas-phase reaction of GEM with ozone and OH (e.g. Bergan
and Rodhe, 2001; Dastoor and Larocque, 2004; Seigneur
et al., 2006; Selin et al., 2007; Sillman et al., 2007), and
these model simulations, e.g., using the CMAQ model, show
that elevated RGM (>200 pg m−3 ) can form intermittently
over the Atlantic Ocean in air masses that have a cloudfree history (Sillman et al., 2007). Similar results were
www.atmos-chem-phys.net/9/8049/2009/
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obtained by Selin and Jacob (2008) with the GEOS-Chem
global chemical transport model. These authors suggest that
strong subsidence over the East Pacific and dry conditions
result in annual Hg(II) levels of ∼125–145 pg m−3 over the
monoxide
theincluding our study area (Colorado). BackSouthwestforUS,
trajectories (Fig. 6) indicate some presence of high tropospheric air masses (up to 400 mbar) during RGM events.
RGM is correlated to water vapor mixing ratio during five
high-RGM events, and is always strongly related to relative
humidity (Table 1 and Fig. 7). Consequently, subsidence of
free tropospheric,
24 RGM enriched air masses may contribute
to high RGM levels observed at Storm Peak Laboratory. As
discussed, such high tropospheric air masses were likely the
origin for high nighttime RGM levels observed at Mt. Bachelor, supported by positive relationship of RGM to ozone and
inverse relationships to carbon monoxide and water vapor.
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Figure 6. 10-days HYSPLIT air mass trajectories selected for each RGM enhancement event
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for the time of at maximum RGM concentration.
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Our data, however, does not support the notion that high
RGM levels observed at Storm Peak Laboratory were exclusively related to the presence of upper tropospheric, or
stratospherically influenced, air masses. The backtrajectories (Fig. 6) commonly show the presence of air masses from
lower altitudes during RGM enhancements as well. In addition, RGM levels in our study were not related to high ozone
levels indicative of stratospherically influence air masses.
Most importantly, RGM levels remained enhanced for long
time periods (up to six days) spanning multiple day/night
transitions and hence different air mass representations (c.f.,
Fig. 4). We conclude that high RGM levels must be relatively prevalent throughout the troposphere above the Western United States, at least in late spring, and that they are
not limited to upper tropospheric or stratospherically influenced air masses. Subsidence, entrainment processes, and
deep vertical mixing of high tropospheric RGM may lead to
the high RGM levels throughout the troposphere and even
into the boundary layer under the dry, cloudless conditions
over the Western United States. Deep convective mixing of
free troposheric air masses have been suggested as a possible
source for observed high surface RGM levels in the Nevada
in the Western United States (Weiss-Penzias et al., 2009).
Based on observed air mass trajectories, another possible source origin of RGM at Storm Peak Laboratory is the
North Pacific Ocean. Possibly, halogens released from sea
salt aerosols might play a potential role in RGM formation, with strong surface winds in winter and spring causing high sea salt production over the North Pacific (monthly
combined level of inorganic bromine species are estimated
around 8 pptv in June, Yang et al., 2005). Atmospheric merwww.atmos-chem-phys.net/9/8049/2009/
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cury speciation has not been investigated over the North
Pacific ocean, but measurements during a ship cruise between
Japan and Hawaii showed a distinct diurnal variation in RGM
concentrations with maxima at midday, suggesting photochemically driven RGM production in the marine boundary
layer (Laurier et al., 2003). Backtrajectories indicate that
air masses transport duration from North Pacific to Storm
Peak Laboratory is about 5 days, and tropospheric lifetime
for RGM is commonly reported in the range of 1–7 days
but has been estimated up to 16 days (Selin et al., 2007).
Hence, it might be possible that RGM formed over the North
Pacific could reach Storm Peak Laboratory, but spatially resolved RGM data (i.e., by aircraft campaigns) will be needed
to confirm this hypothesis.

3.5

Dominant control of relative humidity on RGM levels and scavenging processes

The most constant variable related to high RGM levels in
our study was relative humidity (RH, Fig. 7). In fact, the relationship of RGM to RH was so robust that high RGM levels were basically always present when RH dropped below
∼40%. The relationship of RH to RGM is more pronounced
than correlations to water vapor mixing ratio or to temperature, which suggest that RH directly affects RGM levels and
not indirectly through either of the two RH-determining variables. Clearly, a likely reason for this relationship is that low
RH is indicative for the presence of dry, free tropospheric
air masses enriched in RGM as discussed above. However,
it is striking that at low RH levels of RGM were always enhanced, completely independent of meteorological variables
Atmos. Chem. Phys., 9, 8049–8060, 2009
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(pressure, wind speed, wind direction, time of the day) or
chemical tracers (ozone, carbon monoxide, nor aerosol concentrations). This indicates a high prevalence of RGM over
the Western United States when air masses are dry, notably in
air with different representations of boundary layer and free
tropospheric air masses. Figure 1 (bottom panel) shows that
the occurrence of precipitation leads to very strong and immediate drops of RGM to levels close to the detection limit of
the analyzer. It is well known that RGM has a high solubility
in aqueous phase and that cloud droplets and hydrometeors
serve to efficiently scavenging reactive atmospheric mercury
forms (Schroeder and Munthe, 1998). This study hence emphasizes that the build-up of high RGM levels in the troposphere is likely limited to the presence of dry air masses. It
seems striking, however, that the apparent control of RH on
RGM levels occurs at low levels of RH, i.e., far below saturation points and presence of liquid rain droplets or ice crystals.
A possible explanation for this behavior is that efficient scavenging processes for RGM may occur not only by hydrometeors, but possibly by particulates, which have been shown
to be efficient surfaces for deposition of RGM such as in the
polar atmosphere where RGM is readily sorbed onto aerosols
present in the air (Ariya et al., 2004). Given the dominant
role of RH in RGM build-up observed in this study, it might
be advisable to investigate if and how humidity could control RGM scavenging processes, for example via potential effects of aerosol coating, swelling, deliquescence, or changes
in aerosol size distribution and concentrations.

high wet deposition rates. Specifically, snowfalls could transfer large amounts of atmospheric Hg(II) to snowpacks. Although photochemical reduction processes in snowpacks can
cause partial re-emission of depositions (Faı̈n et al., 2007)
the fate of mercury during snowmelt and runoff and the possible contamination of ecosystems are major issues in alpine
regions. For example, fish mercury levels have been reported to exceed health consumption guidelines established
by the WHO in several alpine Pyrenees lakes (450 to 2500 m
a.s.l.) in France (Blais et al., 2006). In Colorado State,
more than 20 lakes are marked with fish consumption advisories due to high mercury levels in fish tissue. This list includes Lake Catamount located 12 miles south of Steamboat
Springs (Colorado Department of Public Health and Environment, 2009). Detailed studies are required to assess mercury
deposition loads and fate processes of mercury after deposition in rain and snow in mountain areas such as the Rocky
Mountains.

4

Edited by: R. Ebinghaus

Implications

Measurements of atmospheric mercury speciation during
spring 2008 at the high-elevation (3220 m a.s.l.) Storm Peak
Laboratory showed a very regular occurrence of high RGM
levels in the dry troposphere over the Rocky Mountains, Colorado. High RGM levels were not related to pollution events,
but showed signs of atmospheric production, likely in the
free troposphere or possibly over the Pacific Ocean. These
observations provide evidence that the free tropospheric pool
of mercury is enriched in divalent mercury compared to the
boundary layer where high RGM levels are mainly related
to local and regional pollution. The results support previous
modeling studies suggesting that production of RGM could
potentially be a large sink for tropospheric mercury, that high
RGM levels are not limited to the upper troposphere, and that
subsidence and convective mixing of tropospheric air masses
can lead to high surface levels and deposition of RGM (Sillman et al., 2007; Selin and Jacob, 2008). Possible mechanism of RGM formation in the free troposphere includes gasphase production such as oxidation by halogens, but more detailed chemical characterizations are needed to confirm RGM
production pathways.
High levels of RGM over these mountain areas could be of
particular concern as high precipitation amounts can lead to
Atmos. Chem. Phys., 9, 8049–8060, 2009
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