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The goal of this study was to test if Asian long-range transport (ALRT) of pollutants leads to
enhanced levels of atmospheric mercury in the Colorado Rocky Mountains in the United
States. Storm Peak Laboratory, a high-elevation (3200 m asl) mountaintop research facility,
is located on top of the Continental Divide ideally exposed to the prevailing westerly winds
1500 km inland from the Paciﬁc where near-coastal stations previously measured
signiﬁcant atmospheric mercury enhancements due to ALRT. Measurements of gaseous
elemental mercury (GEM) from October 2006 to May 2007 averaged 1.51  0.12 ng m3 at this
laboratory, with minimum and maximum concentrations of 1.06 ng m3 and 2.15 ng m3,
respectively. GEM showed diel patterns with peak concentrations during daytime and
lowest concentrations during late night and early morning hours. In fall and winter,
these patterns closely followed diel ﬂuctuations of water vapor, aerosol number
concentration, and ozone. The patterns are hence attributed to transitions of daytime
boundary layer and nighttime air masses with regional representation as daytime
surface heating causes air masses enhanced with air pollutants to rise from the valley
ﬂoor to the laboratory.
In spring, diel patterns of GEM and carbon monoxide (CO) occurred time-shifted in respect to
water vapor, aerosol number, and ozone concentrations, indicating additional or different
sources or sinks. A large GEM enhancement (2.15 ng m3) was observed in early April and
was associated with a pressure increase of almost 10 hPa and a decrease in water vapor
concentration. CO levels increased correspondingly (213 ppbv) resulting in a GEM/CO
enhancement ratio of 0.0061 ng GEM m3/ppbv CO, which is in the range of previously
observed ALRT. These patterns, along with 10-day HYSPLIT air mass trajectories and increased
levels of coarse aerosols (i.e., 3–4 mm) typical of Asian dust events indicate the presence of
Asian air masses at the laboratory. Further, springtime concentrations showed pronounced
late-morning and afternoon decreases of GEM along with decreases of CO2 typical during the
onset of photosynthetic activity of plants. We attribute GEM afternoon declines in spring to
possible plant uptake of atmospheric mercury. We conclude that in spring, ALRT can be
detected in the Rocky Mountains against local and regional patterns caused by slope ﬂow and
boundary layer upward mixing, and that plant activity may affect daytime GEM levels.
Ó 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Atmospheric mercury occurs mainly as gaseous
elemental mercury (GEM; >95%), with reactive gaseous
mercury (RGM) in the range of a few percent and particulate-phase mercury present at about two orders of
magnitude lower (Schroeder and Munthe, 1998). Due to the
long residence time of GEM in the atmosphere (Slemr et al.,
1985; Lin and Pehkonen, 1999), GEM can undergo longrange atmospheric transport on continental and global
scales (Petersen et al., 1995). Hence, atmospheric mercury
is distributed throughout the world and is termed a global
pollutant. Research ﬂights in East Asia and over the Paciﬁc
Ocean reported atmospheric mercury levels well above
global background values originating from Asian pollution
above the East China Sea (w6.3 ng m3), the Sea of Japan
(w3 ng m3), and the North Paciﬁc Ocean (w3.7 ng m3;
Friedli et al., 2004). Measurements at a remote station in
Okinawa, Japan, over the North Paciﬁc, and at two highelevation observatories at the US West Coast, Mt. Bachelor
Observatory in Oregon and Cheeka Peak Observatory in
Washington, further indicate transpaciﬁc transport of
atmospheric mercury of Asian sources westwards to reach
the west coast of the United States within several days (e.g.,
Jaffe et al., 2005; Weiss-Penzias et al., 2003, 2006, 2007;
Friedli et al., 2004; Talbot et al., 2008). These measurements
add to previously observed long-range transport of other
air pollutants from Asia to the United States, including
sulfate, nitrogen oxides, hydrocarbons, carbon monoxide
(CO), ozone (O3), and aerosols (e.g., Andreae et al., 1988;
Parrish et al., 1992; Jaffe, 1999; Jaffe et al., 2001, 2003a,b;
Price et al., 2004; Weiss-Penzias et al., 2004). These socalled Asian Long-Range Transport (ALRT) events could be
a signiﬁcant source of atmospheric mercury to the United
States as evident by measurements at Mt. Bachelor which
reported that, of 22 pollution transport events between
March and September 10 were likely attributed to Asian
industrial emissions (Weiss-Penzias et al., 2007).
Net eastward outﬂow of mercury from Asia was estimated at 1460 metric tons per year and 600 tons from
China alone (Jaffe et al., 2005; Weiss-Penzias et al., 2007).
Asian mercury emissions currently account for more than
half the total global anthropogenic emissions (Pacyna and
Pacyna, 2002), although a high uncertainty level is associated with these estimates (e.g., 45% uncertainty for China;
Streets et al., 2005). Between 1995 and 2003, Asian
mercury emissions have steadily increased at an annual
rate of w3% (Wu et al., 2006). This trend contrasts with
declining mercury emissions in the western hemisphere
where US anthropogenic mercury emissions diminished by
w50% between 1990 and 1999 (US EPA, 2007). As regulatory measures continue to take effect within the US, the
importance of foreign mercury sources to the US mercury
load is likely to further increase in the future. Modeling
studies support the notion of signiﬁcant foreign mercury
imports with 5–36% of North American mercury deposition
attributed to Asian mercury emissions by Seigneur et al.
(2004). Not surprisingly, contributions are modeled to be
highest in the western US with Asian sources accounting
for 27% of measured mercury depositions in Colorado, for
example. These model results are consistent with another

study indicating that only around 20% of deposition in the
US may directly originate from North American anthropogenic sources with the rest from natural emissions, reemissions, and foreign imports (Selin et al., 2007).
Aside from direct observations of ALRT events over the
Paciﬁc and at the two coastal and near-coastal stations
Cheeka Peak and Mt. Bachelor observatories (3 km and
200 km distance from the Paciﬁc Ocean, respectively), little
information is available on the importance of ALRT to
continental locations in the US. In this study, DRI’s Storm
Peak Laboratory (SPL) in Steamboat Springs, Colorado,
located almost 1500 km inland from the Paciﬁc Ocean at an
elevation of 3200 m asl, was used to monitor atmospheric
mercury patterns and to evaluate the potential occurrence
of ALRT as far inland as the Rocky Mountains. We hypothesize that ALRT may contribute to enhanced mercury levels
at SPL.
2. Materials and methods
2.1. Location and facility
Storm Peak Laboratory is a high-elevation (3200 m asl)
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 north–
south 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 almost daily 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 (Hindman et al., 1994) and
a considerable depth of knowledge has been acquired on
aerosol patterns and interaction of aerosols with clouds
(Borys and Wetzel, 1997; Hindman et al., 1994; Lowenthal
et al., 2002, 2004).
2.2. Measurements of atmospheric mercury
Mercury concentrations were measured from October
27, 2006 to May 5, 2007 using a Tekran 2537A mercury
analyzer (Tekran Inc., Toronto, Canada) with continuous
data coverage with the exception of Dec 20–25, 2006 and
January 6–February 6, 2007 when the analyzer was not
operational. The Tekran 2537A is a fully automated, dualstage cold vapor atomic ﬂuorescence spectrophotometer
(CVAFS) that provides measurements of gaseous mercury
at very high sensitivity (<0.1 ng m3). Outside air was
drawn into the laboratory through a 0.2 mm particulate
ﬁlter and 1⁄4 00 TeﬂonÒ tubing (approximately 3 m length).
Atmospheric mercury species are deﬁned operationally and
the Tekran analyzer is known to include measurement of
some RGM species in addition to GEM when operated with
heated inlet tubes (Temme et al., 2003). Since we operated
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the analyzer without a heated inlet and with the use of
PTFE particulate inlet ﬁlters, the measurements are
referred to as GEM in this study, although some fraction of
RGM may also be present. All lines, connectors, and ﬁlters
in contact with sampling air are made of inert TeﬂonÒ parts
and were regularly cleaned using detergents, 10% HNO3,
and reagent water (ASTM Type 1) and dried in a particlefree hood. All sampling lines and ﬁlters were checked for
contamination using a Tekran portable zero air generator
(Model 1100). The analyzer was calibrated daily using an
internal mercury permeation source which was factory
calibrated by Tekran Inc. prior to instrument shipping less
than ﬁve months before the start of the study.
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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 CO (54 and 153 ppbv). Instruments were
controlled by PC computers linked in a secure intranet with
broad-band communication to DRI and the outside world.
Most instrumentation can be monitored remotely via the
SPL web-site. 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 1-h mean values which were
used for all further analyses.

2.3. Meteorological and chemical measurements
To delineate ALRT of atmospheric mercury, we used
a multi-tracer approach using meteorological and chemical
information similar to that previously used by other groups
(Weiss-Penzias et al., 2006; Jaffe et al., 2005; Sigler et al.,
2003; Friedli et al., 2004; Weiss-Penzias et al., 2003).
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 O3, aerosol number, and
carbon dioxide (CO2) concentrations with almost complete
coverage during the measurement period with the
exception of December 1–8, 2006 and December 20, 2006–
January 3, 2007 where technical problems caused data loss.
From March 17 to April 9, 2007, CO concentrations were
measured as well. O3 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 6 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 and a standalone TSI model 3025 CPC for particles with diameters
larger than 3 nm. Aerosol size distributions were measured
using a TSI aerodynamic particle sizer model 3320 for
particles with aerodynamic diameters between 0.52 and
20 mm. The TSI CPC instruments are 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 SPL for accurate ﬂow rates. CO2 concentrations
were measured using an Autonomous Inexpensive Robust
CO2 Analyzer (AIRCOA; Stephens et al., 2006). AIRCOA is
based on a single-cell infra-red gas analyzer that is calibrated every 30 min by one, and every 4 h by four, gas
cylinders whose concentrations are traceable to the WMO
CO2 scale. Average measurements made every 2.5 min have
a precision and reproducibility of 0.1 ppm CO2, and
monitoring of a surveillance cylinder and ﬁeld intercomparisons suggest a comparability of 0.2 ppm CO2. CO
concentrations were measured using an isothermal gas
chromatograph (Peak Laboratories Model 1 RCP, Mountain
View, CA) conﬁgured with a reduction gas detector. Its high

2.4. Calculation of diel patterns of GEM and other
constituents
To calculate diel patterns, day-to-day variability of
concentrations was eliminated by calculating daily median
concentrations which were then subtracted from the
respective data of that day. Diel patterns were calculated as
deviations of the 24 1-h data points from the medians and
averaged for the respective number of days per season (i.e,
45–50 days). This protocol reduced the variability of diel
patterns as day-to-day shifts in concentrations were
eliminated.
The detection limits of the Tekran 2537A mercury
analyzer are given as <0.1 ng m3 by the instrument
manufacturer for 5-min measurements (Tekran Inc.).
Instrument sensitivity increases when individual
measurements are time-averaged with the standard
deviation decreasing with the square root of the number
of observations. Hence, for hourly values (n ¼ 12), the
Tekran 2537pﬃﬃﬃﬃﬃﬃ
should allow for a sensitivity of
< 0:1 ng m3 = 12 ¼ 0:029 ng m3 . To determine the
stability and noise level of the analyzer in the ﬁeld, we
evaluated the standard deviations of 5-min measurements
over 1-h periods between 0400 and 0500 LST when background atmospheric concentrations were most stable for
the 144 days. Standard deviations of individual 5-min
measurements during these 1-h periods averaged over 144
days yielded an average standard deviation of
0.0218 ng m3 (i.e., for 5-min measurements). This indicates that the 2537A analyzer stability exceeded the
minimum sensitivity for detection given by the manufacturer by approximately a factor of 5. Since diurnal seasonal
patterns presented in this manuscript include many days of
observations (i.e., 45–50 days for each point and season)
this further increases detection sensitivity (theoretically,
the instrumental pstandard
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ deviation should reduce to
< 0:0218 ng m3 = 12  45z0:001 ng m3 ). While we
certainly do not anticipate an absolute instrument accuracy
of this high level (e.g., due to effects such as instrument
drifts or shifts in calibration) the above calculations highlight that both time-averaging of 5 min to hourly values
and combining over 45 days to calculate diel patterns
ultimately result in very high instrument sensitivity to
detect even small diel pattterns. This is true for all other
measurements as well since measurements are based on
observed 5-min observations and hence each data point in
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ﬁgures showing diel patterns represents >540 individual
observations.
2.5. 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 SPL. 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 height was selected based on
the height which most closely represents the common
pressure at the lab, 675 mb. The height selected for this
data set was approximately 1.8 km above sea level which
is based on the average height represented by the 1 km
grid. The laboratory’s actual elevation is 3.2 km above
sea level.
3. Results and discussion
3.1. Seasonal patterns of GEM and other constituents
Concentrations of GEM averaged 1.51  0.12 ng m3,
with a minimum value of 1.06 ng m3 and a maximum
value of 2.15 ng m3 (Fig. 1). These concentrations are
within the range of values reported from 22 rural sites in
the northern hemisphere (1.7  0.3 ng m3; Valente et al.,
2007). Numerous instances were observed when GEM
levels were enhanced compared to background concentrations. On 12 days, GEM values exceeded 1.8 ng m3 and
on four days levels exceeded 2.0 ng m3. Table 1 shows an
overview of GEM, chemical tracers, and meteorological
variables averaged for the three respective seasons of
measurements (i.e., Fall: Oct 27–Dec 21; Winter: Dec 22–
March 21; Spring: March 22–May 5). In spring, GEM
concentrations were highest and winter GEM levels were
lowest (differences between the seasons signiﬁcant based
on unpaired Student t-tests). Hence, an observed springtime maximum of GEM at SPL does not agree with
wintertime maxima generally observed in Northern midlatitude sites (Ebinghaus et al., 2002, Kellerhals, 2003;
Poissant et al., 2005; Mao et al., 2008; summary by Selin
et al., 2007). It is important to note, however, that
concentrations during the daytime measured at SPL are
inﬂuenced by local sources (see below) and may not
represent global background levels. Aerosol number
concentrations (# cm3; particles with diameter >3 nm)
showed no signiﬁcant seasonal changes throughout the
study period, but O3 concentrations showed a steady and
signiﬁcant increase from fall to winter and spring. This is in
agreement with a review by Vingarzan, 2004 showing that

GEM concentration (ng m-3)
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Fig. 1. Gaseous elemental mercury (GEM) concentrations from October 27,
2006 to May 5, 2007 measured by a Tekran 2537A analyzer. Concentrations
averaged 1.51  0.12 ng m3 (black line) with a minimum value of
1.06 ng m3 and a maximum value of 2.15 ng m3.

annual O3 cycles in the Northern Hemisphere are characterized by spring maxima peaking in May.
3.2. Diel patterns of GEM observed at SPL
Fig. 2 shows diel, 24-h cycles of GEM, CO2, O3, aerosol
number, CO, water vapor concentrations, and air temperature presented as averaged hourly deviations from the
seasonal median values (note that CO concentrations were
only included for spring where sufﬁcient data coverage is
available). Most of the variables show diel patterns with
increased concentrations during daytime and lowest levels
during nights and early morning (Fig. 2, Table 1). While
some diel patterns are quite pronounced (e.g., aerosol
number showed daytime values roughly doubled
compared to nighttime values) GEM showed relatively
small differences between day and night (e.g., 4–5%,
difference between daytime and nighttime observed in fall
and winter). Despite the small differences close to the
detection limit of the analyzer, differences were statistically
signiﬁcant for fall and winter months (but not for spring,
see discussion below) based on unpaired, two-sample
t-test of hourly observations. As mentioned in Section 2
(see Section 2.4), small diel patterns were ultimately
detectable since each data point in Fig. 2 represents 540 or
more individual observations. The data presented in Fig. 2
also show that diurnal cycles followed sinusoidal patterns
which would be extremely unlikely if daytime differences
were caused by random noise of measurements. Diel
patterns of aerosols at Storm Peak Laboratory have been
attributed to almost daily transitions of boundary layer and
free tropospheric air masses at SPL (Borys and Wetzel,
1997). Since no radiosondes were launched within the near
vicinity of Storm Peak Laboratory during this study we have
no representative potential temperature proﬁles and we
therefore refer to nighttime air masses as regional air
masses, although they may represent free tropospheric air
as shown in previous studies (Borys and Wetzel, 1997;
Borys et al., 1986). Our data are in agreement with
a previous aerosol study at SPL which showed that
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Table 1
Overview of hourly data of GEM, atmospheric tracers, and meteorological variables including all day, nighttime, and daytime values for the three seasons of
measurements
Variable

All day

Nighttime 0300–0659 LST

Daytime 1200–1559 LST

Signiﬁcance level between
day and night

Obs (h)

Mean

Mean  SE

Mean  SE

Unpaired student t-tests

Fall 06
GEM (ng m3)
CO (ppbv)
CO2 (ppmv)
Ozone (ppbv)
Aerosol (# cm3)
Air temp. ( C)
Wind speed (m s1)
Water vapor (g kg1)

1172
0
1261
773
1051
1084
1065
1084

1.50
–
384.6
42.6
2595
5.6
7.1
2.7

1.47  0.01
–
384.4  0.2
41.7  0.5
1672  67
6.5  0.4
7.1  0.2
2.7  0.1

1.53  0.01
–
385.0  0.1
43.8  0.5
3816  213
3.6  0.4
6.6  0.2
2.9  0.1

<0.001
–
0.013
0.003
<0.001
<0.001
n.s.
0.043

Winter 06/07
GEM (ng m3)
CO (ppbv)
CO2 (ppmv)
Ozone (ppbv)
Aerosol (# cm3)
Air temp. ( C)
Wind speed (m s1)
Water vapor (g kg1)

1206
60
1907
1806
1815
1815
1815
1815

1.48
152
388.8
46.6
2592
8.5
6.9
2.3

1.47  0.01
147  2
388.8  0.2
45.1  0.4
1654  52
9.9  0.4
6.9  0.2
2.2  0.1

1.53  0.01
156  4
389.2  0.2
48.2  0.4
3802  157
6.2  0.4
6.9  0.2
2.6  0.1

<0.001
n.s.
n.s.
<0.001
<0.001
<0.001
n.s.
<0.001

Spring 07
GEM (ng m3)
CO (ppbv)
CO2 (ppmv)
Ozone (ppbv)
Aerosol (# cm3)
Air temp. ( C)
Wind speed (m s1)
Water vapor (g kg1)

1065
449
1059
1096
1101
1103
1103
1103

1.54
166
388.4
53.4
2446
1.7
6.4
3.7

1.53  0.01
162  3
388.6  0.1
52.1  0.5
1769  86
3.7  0.4
6.5  0.2
3.5  0.1

1.55  0.01
170  2
388.4  0.2
55.1  0.5
3448  229
0.6  0.5
68  0.2
3.9  0.1

n.s.
0.009
n.s.
0.001
<0.001
<0.001
n.s.
0.001

Values represent averaged hourly means (standard errors for nighttime and daytime values). Signiﬁcant levels between nighttime and daytime values were
calculated using two-sample unpaired t-tests (values considered statistically signiﬁcant when P < 0.05).

emissions from motor vehicles and residential burning
accumulate at night and during the morning near the ﬂoor
of the Yampa Valley and are mixed above the surface when
the morning sun heats the boundary layer (Watson et al.,
1996), and with previously observed minimum concentrations of condensation nuclei (CN) in the early mornings
which are considered background tropospheric concentrations (Lowenthal et al., 2002; Richardson et al., 2007).
Diel changes in air mass sources at this site are supported by observed diel ﬂuctuations of water vapor at the
site (Fig. 2; Table 1). Differential heating and cooling can
cause local upslope ﬂow and lifting of more humid
boundary layer air masses to reach the laboratory during
daytime. Downﬂow processes after sunset lead to the
presence of nighttime air, which is more representative of
a regional background or the free troposphere as evident by
lower water vapor, aerosol, O3, and CO concentrations. Such
diel patterns of water vapor concentrations and air
pollutants due to local slope ﬂows are typical of
high-elevation research stations such as Jungfraujoch
(Baltensperger et al., 1997), Sonnblick Mountain Observatory (Seibert et al., 1998), and Mt. Bachelor Observatory
(Weiss-Penzias et al., 2006). In general, diel patterns of O3,
aerosol, CO, and GEM align well with patterns in water
vapor (Fig. 2). Table 2 lists linear regressions of diel patterns
between different pollutants and water vapor used as
tracer for boundary layer/nightime transitions. The high

correlationsdup to 75% of the variability explained by
ﬂuctuations in water vapor concentrationdsupport the
notion that uplifting and slope ﬂow processes are the main
causes leading to enhanced levels of pollutants at the
laboratory during daytime hours. This is also true for GEM
for fall and winter where 50% and 76% of the variability in
diel patterns is explained by variations in water vapor
concentrations alone. In spring, GEM was not correlated to
water vapor or to any other air pollutant. Possible reasons
for the lack of such a correlation are discussed below.
Hence, in fall and winter we attribute daytime enhancements in GEM to emissions of mercury into the boundary
layer leading to slightly enriched GEM levels during the
daytime. Both natural and anthropogenic GEM sources are
likely to contribute to enhanced levels of GEM in the
boundary layer.
In addition to boundary layer sources of GEM, there are
other possible explanations of observed diel patterns at SPL.
Vertical concentration gradients of GEM due to oxidation in
the higher troposphere could result in observed diel
patterns as the laboratory experiences air mass sources from
different altitudes. Friedli et al. (2004) reported a decrease of
total gaseous mercury (i.e., GEM þ RGM) with altitude,
a trend recently supported by Radke et al. (2007) and Talbot
et al. (2007) who, in addition to a vertical concentration
decreases of GEM with altitude, also report pronounced
GEM depletions in the tropopause regions. At Mt. Bachelor
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Fig. 2. Diel, 24-h patterns of GEM, O3, CO, aerosol number concentration, air temperature (Tair), and water vapor (WV) for fall, winter and spring. Values denote
averaged hourly deviations from daily medians. CO concentrations were only included for spring where sufﬁcient data are available to draw diel patterns. Time is
displayed as the beginning of hourly observations, e.g., a value of 1200 refers to values between 1200 and 1259 PM. Shaded color bands around the data points
represent standard errors of the respective data points.

Observatory, Schwartzendruber et al. (2006) observed
enhanced nighttime levels of RGM of >50 pg m3 in free
tropospheric air, increases which were correlated with
ozone levels and anticorreleated with GEM and water vapor,
and concluded that the observed patterns were due to in situ
oxidation of GEM. Hence, observed diel patterns of GEM at
SPL could also be caused by oxidation processes resulting in
GEM decreases during night when higher elevation air
masses are being sampled as compared to boundary layer air
masses during the daytime. In this study, however, ozone
was positively correlated with GEM. The lack of speciated
mercury measurements during this study does not allow us
to speciﬁcally evaluate the role of oxidation processes in
observed GEM patterns at SPL, but results from a second
study will discuss speciation measurements at SPL (Faı̈n
et al., in preparation). A further possibility for observed diel
GEM ﬂuctuations are natural surface emissions (e.g., Ericksen et al., 2006; Sigler and Lee, 2006) in close proximity of
the laboratory. Surface emissions are highly dependent on
solar radiation with high solar radiation leading to increased

emission from soils (Gustin et al., 2006; Engle and Gustin,
2002) and from alpine snow packs (Faı̈n et al., in press), and
hence could co-determine observed diel patterns.
Pronounced diel patterns of combustion tracers such as
aerosol, however, suggest a role of anthropogenically
inﬂuenced boundary layer air masses at the laboratory
during the day.
3.3. Springtime patterns and presence of ALRT
In spring, patterns of GEM look different to those
observed in fall and winter (Fig. 2, Table 1). Although GEM
still shows pronounced diel patterns, daytime GEM
increases occur earlier than water vapor, air temperature,
O3, and aerosol number concentrations. For example,
spring GEM minima are registered around 0400 LST while
water vapor, O3, and aerosol number concentration minima
occurred between 0600 and 0700 LST. The only other
variable also showing springtime minima around 0400 LST
is CO. In addition, springtime afternoon patterns show

Table 2
Linear regression analyses of diel patterns between atmospheric pollutants and water vapor concentrations
Linear regressions

Aerosol # vs. water vapor
Ozone vs. water vapor
GEM vs. water vapor
CO vs. water vapor

Fall 06

Winter 06/07
2

P

r

<0.01
<0.01
<0.01

0.28
0.65
0.50

Spring 07
2

Slope

P

r

4019
6.8
0.16

<0.01
<0.01
<0.01

0.62
0.73
0.76

Slope

P

r2

Slope

4949
7.6
0.19

<0.01
<0.01
n.s.
<0.01

0.77
0.75
(0.08)
0.47

3950
8.1
(0.04)
27.9

Water vapor concentrations are assumed to be a good tracer for boundary layer/free tropospheric transitions at Storm Peak Laboratory.
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and CO concentrations showed a corresponding increase
with values peaking at 207 and 213 ppbv. A linear regression between GEM and CO concentrations shows a slope of
0.0061 ng GEM m3/ppbv CO. This GEM to CO enhancement
ratio is comparable to the high enhancement ratios that
have been considered a speciﬁc ﬁngerprint of Asian pollution events. For example, Friedli et al. (2004) report
mercury/CO ratios of industrial plumes from Shanghai of
0.0056 ng m3 ppbv1 CO, and Jaffe et al. (2005) report an
identical mercury/CO ratio of 0.0056 ng m3 ppbv1 in
Japan. At the US west coast, mercury/CO enhancement ratios of ALRT events were reported at 0.0050 ng m3 ppbv1

a pronounced late-morning and afternoon decrease of GEM
and CO2 concentrations starting between 0900 and 1000
LST and lasting until early evening hours. Two possible
reasons for the observed springtime patterns discussed
below include presence of ALRT and biological processes.
ALRT events have been reported to peak in spring when
air masses can be transported readily across the Paciﬁc
Ocean during strong synoptic-scale storm activities in 5–10
days (e.g., Yienger et al., 2000; Jaffe, 1999). A signiﬁcant
GEM enhancement event that we attribute to ALRT of
pollutants occurred in early April 2007 (Fig. 3A). GEM
concentrations increased to 1.95 ng m3 and 2.15 ng m3,
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Fig. 3. GEM enhancement event in early April, 2007. A: concentrations of GEM, water vapor, O3, and aerosol number and atmospheric pressure during the event.
B: selected 10-day HYSPLIT air mass trajectories using an ensemble form of 27 trajectories during the event.
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(Jaffe et al., 2005) and 0.0045–0.0048 ng m3 ppbv1 at Mt.
Bachelor (Weiss-Penzias et al., 2006). Studies also indicate
that ratios observed in air masses originating from pollution
sources within the US were considerably lower than those
reported ratios in ALRT impacted air masses. Enhancement
ratios from industrial sources originating from the US west
coast were reported to be lower by a factor of about 3
(Weiss-Penzias et al., 2006), and enhancement ratios
reported for wildﬁres were 0.0005 ng m3 ppbv1 (Friedli
et al., 2004), 0.0013–0.0014 (Weiss-Penzias et al., 2006), and
0.0007 ng m3 ppbv1 (Sigler et al., 2003).
During this event, we also observed an increase in
atmospheric pressure by almost 10 hPa which is an
indication of high pressure subsidence. Transpaciﬁc
transport processes of air pollutants and natural constituents (e.g., dust) are typically characterized by the presence of low pressure systems in the source area (i.e., over
Eastern Asia and the West Paciﬁc) which allows boundary
layer air to lift within the warm conveyor belt to the
middle troposphere where it can be transported across
the Paciﬁc in several days (e.g., Jaffe et al., 2003a,b;
Yienger et al., 2000, Husar et al., 2001; Cooper et al.,
2004). Surface contact of these mid-tropospheric air
masses is facilitated by subsidence over North America
following the passage of cold fronts, presence of anticyclones, or helped by mountain waves (Husar et al., 2001;
Yienger et al., 2000; McKendry et al., 2001; Jaffe et al.,
2003a,b,c). The 10-day HYSPLIT back-trajectories (Fig. 3B)
indicate that air masses measured at SPL during this
period showed source origins in Eastern Asia and support
the presence of an ALRT event during this time period.
The trajectories, however, are not fully conclusive as they
show a wide span in source origins and indicate that air
masses possibly resided for several days over the western
United States before reaching SPL. On April 3, 2007,
Dr. Jaffe’s group at Mount Bachelor Observatory reported
CO levels above 200 ppbv, O3 levels of around 70 ppbv,
scattering of around 10 Mm1 and very dry air, patterns
likely attributed to Asian sources (Dr. D. Jaffe, University
of Washington, personal communication). These values
are very similar to observations at SPL seen on April 4–5,
2007, indicating that large-scale subsidence provided
large areas in the western United States, including the
Rocky Mountains, with air masses inﬂuenced by Asian
pollution. During this event, O3 exhibits a general
increase in concentration. O3 has an atmospheric lifetime
of about 22 days and has been shown to be one species
that can be transported to the United States by ALRT
events (e.g., Jaffe et al., 2003a,b). While the general
increase in O3 levels along with GEM and CO suggest
long-range transport sources, underlying diel patterns
also indicate other processes such as daytime formation
and/or deposition processes.
A further observation in agreement with ALRT event is
the persistence of larger (2–4 mm) aerosol particles
consistently aloft from April 3 to 7 (Fig. 4B, no data
available for March 31–April 2). The ﬁgure presents
particle distribution as a concentration matrix, with the
x-axis representing the particle size and the colors representing the concentration. Concentrations in Fig. 4B are
reported in units of n(log Dp)d log Dp, i.e., the number of

Aerosol diameter (µm)

7586
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Date (2007)
Fig. 4. Aerosol size distribution shown along with GEM/CO enhancement in
early April. A: GEM and CO patterns as shown in top panel of Fig. 3A.
B: aerosol size distribution during the same event (data during the initial
part of the event are missing). Concentrations are displayed as d N/
d log Dp cm3. Note two short-time drops in coarse aerosols at the laboratory on April 5 and April 7 of which the ﬁrst corresponded to decreased
levels of GEM and CO and the second was associated with a short precipitation event.

particles per cm3 with diameter from Dp to Dp þ log Dp.
Brieﬂy, to avoid biases, the distributions are normalized
by dividing concentrations with the respective size bins.
During this event, a dust layer was measured in the
2–4 mm size range which was enhanced as compared to
normally observed dust concentrations at the laboratory,
and this pervasive dust layer did not follow typical diel
patterns indicating that it was not associated with daily
boundary layer upwelling. Two short-period declines in
dust concentrations were observed, of which one (April
7) was associated with a short precipitation event after
which
dust
concentrations
immediately reached
enhanced levels again. The second decline on April 5
corresponded with a decline in GEM and CO concentrations. Springtime dust events have been observed at the
laboratory before, for example, on April 15 and 16, 2001
due to dust originating in Mongolia from the Gobi Desert
and lofted ahead of a surface cold front within the warm
conveyor belt of a mid-latitude cyclone (Jaffe et al.,
2003c). During this 2001 event, elevated coarse-particle
concentration persisted at several sites, including Storm
Peak Laboratory, for several weeks and dust transport to
North America continued until early May (Gong et al.,
2003).
Fig. 5 shows the time period when both GEM and CO
measurements were available at SPL (i.e., March 19–April 9)
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Fig. 5. Concentrations of GEM and CO from March 19 to April 9. Six events
are marked when GEM exceeded 1.65 ng m3. GEM/CO enhancement ratios
of the events are presented in Table 3.

showing several GEM enhancements (e.g., six events with
GEM exceeding 1.65 ng m3) during that time period.
Calculations of GEM/CO enrichment ratios (Table 3) show
GEM/CO enrichment ratios in agreement with the occurrence of ALRT for three events, while three other GEM
enhancements were unrelated to CO levels. Hence, while
ALRT of GEM may be a frequent cause of elevated GEM at
SPL in spring, clearly other sources contribute to enhanced
GEM levels as well. It is notable, however, that the two
highest GEM enrichments were attributed to ALRT.
3.4. Springtime GEM drawdown in afternoon and possible
plant mercury uptake
In spring, GEM reached maximum values at 0900 LST
after which concentrations decrease throughout the afternoon until the early evening hours. In contrast, aerosol
number concentration, ozone, and CO show peak values
considerably later in the day (between 1400 and 1600 LST)
closely tracking patterns of water vapor concentrations.
Interestingly, the only component showing a similar
daytime drawdown in spring was CO2. Daytime drawdowns of CO2 concentrations in the boundary layer are
commonly observed during active vegetation periods as
a function of daytime plant CO2 uptake by photosynthesis
(Potosnak et al., 1999). Fig. 6 shows the average drawdown
of CO2 concentration in the spring period from the peak
concentration measured at 1100 LST along with the
concentration changes of other atmospheric constituents.

ratios

observed

during

springtime

GEM

Event number

Time period (DOY)

P-value

Slope GEM/CO  SE

R2

1
2
3
4
5
6

82.6–83.2
83.2–83.8
85.0–86.0
87.0–87.6
90.6–91.7
92.5–95.3

n.s.
n.s.
n.s.
<0.01
<0.01
<0.01

–
–
–
0.0051  0.0014
0.0068  0.0012
0.0072  0.0008

–
–
–
0.50
0.57
0.57

Event numbers refer to events marked in Fig. 5.
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Fig. 6. Average spring daytime drawdowns of CO2 concentrations from the
peak level observed at 1100 at the laboratory as a result of daytime plant CO2
uptake by photosynthesis, along with concentration changes of GEM, O3, CO,
water vapor (WV) and aerosols during the same time period.

GEM tracks the drawdown pattern of CO2 while other
pollutants and water vapor show increases throughout
the daytime. Although the drawdowns are very small
(GEM: 0.04 ng m3; CO2: 1.3 ppm) the correlation
coefﬁcient between GEM and CO2 was surprisingly high
(r2 ¼ 0.92). We attribute the observed afternoon drawdown
of GEM to possible plant mercury uptake during the onset
of the active vegetation period in spring. Plants are believed
to take up atmospheric mercury (Hanson et al., 1995;
Ericksen et al., 2003; Frescholtz et al., 2003; Millhollen
et al., 2006a,b) possibly through stomatal uptake, and plant
mercury uptake and consecutive leaf litter fall has been
recognized as an important deposition pathway for atmospheric mercury (Lindberg, 1996; Munthe et al., 1995).
Atmospheric mercury uptake by plants has been estimated
to account for a substantial fraction of the total global
atmospheric mercury pool and it was hypothesized that
summertime plant mercury uptake could partially account
for observed seasonal patterns of GEM in the northern
hemisphere (Obrist, 2007). Ecosystem GEM exchange
measured over fully developed and leafed-out temperate
grassland support the notion of net GEM uptake during
active growing seasons (Obrist et al., 2006; Fritsche et al.,
2008a,b), although studies have also shown both emissions
and depositions over partially vegetated terrestrial systems
(Schroeder et al., 2005; Poissant and Casimir, 1998; Miller,
2006; Lindberg et al., 1998; Cobos et al., 2002). The vegetation in the immediate vicinity of Storm Peak Laboratory is
characterized by the tree species Englemann spruce and
aspen (only few trees are located upwind of the laboratory),
but it is unclear if the proposed vegetation effect is a result
of nearby plant mercury uptake or larger-scale, regional
uptake processes. Ozone, which can also be affected by
vegetation, does not follow the same pattern at the site
(Figs. 2 and 6), which may be due to the fact that the
laboratory receives mixed air mass sources as discussed
earlier. Signiﬁcant efforts are needed to directly measure
surface mercury exchange over vegetated systems and to
carefully analyze correlations between atmospheric
mercury and CO2 in order to conﬁrm the important role
vegetation and plants may play in regulating atmospheric
mercury concentrations.
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