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� Gas phase reactive nitrogen species were measured near Grand Teton National Park.
� A diel cycle was observed in ambient reactive nitrogen concentrations.
� Ambient concentrations were driven, in part, by mountain-valley circulation.
� Biomass burning resulted in elevated concentrations of reactive nitrogen.
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a b s t r a c t

Excess inputs of reactive nitrogen can adversely affect terrestrial and aquatic ecosystems, particularly in
sensitive ecosystems found at high elevations. Grand Teton National Park is home to such sensitive
natural areas and is in proximity to potentially large reactive nitrogen sources. The Grand Teton Reactive
Nitrogen Deposition Study (GrandTReNDS) was conducted in springesummer 2011, with the aim of
better understanding sources of reactive nitrogen influencing the region, spatial and temporal variability
of reactive nitrogen in the atmosphere, and current levels of nitrogen deposition. Overall, NOy was
determined to be the most abundant class of ambient gas phase reactive nitrogen compounds, and
ammonia was determined to be the most abundant individual nitrogen species. NOx, NOy and NH3

concentrations all showed a diel cycle, with maximum concentrations during the day and minimum
concentrations at night. This pattern appeared to be driven, in part, by mountain-valley circulation as
well as long range transport, which brought air to the site from anthropogenic sources in the Snake River
Valley and northern Utah. In addition to the nitrogen sources noted above, we found elevated concen-
trations of all measured nitrogen species during periods impacted by biomass burning.

Published by Elsevier Ltd.
1. Introduction

Nitrogen emissions and deposition have been increasing in the
western US (Fenn et al., 2003b), with increases in deposition
especially evident at high elevations (Burns, 2003). Increased
emissions are driven by anthropogenic sources, which have
impacted even remote regions in the northern hemisphere since
ion reactive nitrogen.

. Prenni).
the beginning of the 20th century (Holtgrieve et al., 2011). Although
large areas in the western US are exposed to low levels of atmo-
spheric deposition (Fenn et al., 2003a), increases are sufficient to be
detected and likely impact the biosphere at the hemispheric scale
(Holtgrieve et al., 2011). Effects of excess nitrogen inputs are
extensive, including impacts on water quality and nutrient cycling,
nitrogen enrichment in soils and plants, eutrophication of lakes,
decreased diversity of mycorrhizal communities, altered plant
community composition, and impacts on drought, frost and pest
tolerance (Bowman et al., 2006; Fenn et al., 2003a; Krupa, 2003).
Ecosystems in the Rocky Mountains appear to be particularly sen-
sitive to small increases in nitrogen (Bowman et al., 1993), where in
some high elevationwatersheds there has already been a shift from
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Fig. 1. Results from HYSPLIT 48 h back trajectory analysis for August 1, 2011e
September 22, 2011. The location of the core site is shown as a star. Colors represent
the fraction of time that a back-trajectory passed through a 0.2� � 0.2� grid box. Inset
shows regional topography for area surrounding the sampling site. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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nitrogen limited systems to ecosystems which are nitrogen satu-
rated (Williams et al., 1996).

Reactive nitrogen sources are dominated by NOx (NOþNO2) and
ammonia (NH3) (Galloway et al., 2004). In the atmosphere, NOx is
typically converted to other NOy species (NOx plus other reactive
oxidized nitrogen) such as HNO3 in less than 1 day (Seinfeld and
Pandis, 1998), which can then go on to influence the acidity of
precipitation. There is substantial spatial and temporal variability in
NOx concentrations, which range from sub-ppb levels in remote
environments to more than 100 ppb in urban areas (Seinfeld and
Pandis, 1998). For ammonia, more than 80% of emissions are from
agriculture in the U.S. (Reis et al., 2009), primarily from livestock
wastes and volatilization of NH3-based fertilizers, while biomass
burning serves as an important natural source (Kopacek and Posch,
2011). Ammonia emissions in the US increased w20% between
1990 and 2005 (Reis et al., 2009), and global emissions are expected
to continue to rise (Galloway et al., 2004).

Although many studies have focused on wet nitrogen deposi-
tion, dry deposition of ammonia is also an important deposition
pathway in the Rocky Mountains (Beem et al., 2010; Benedict et al.,
2013a, 2013b; Burns, 2003; Day et al., 2012), particularly because it
has been shown to drive plant species change faster than wet
deposition of ammonium (Sheppard et al., 2011). Dry deposition of
ammonia is most important close to the source (Asman et al., 1998),
resulting in large spatial variability, with concentrations ranging
from sub-ppb levels in remote environments (e.g. (Alkezweeny
et al., 1986)) to hundreds of ppb near agricultural sources (e.g.
(Sintermann et al., 2011)). Re-emission of deposited ammonia via
bi-directional exchange with plant surfaces (Massad et al., 2010)
can potentially expand the spatial extent of these emissions. There
is also seasonal variability, with atmospheric NH3 concentrations
typically peaking in spring and summer (Krupa, 2003).

Satellite measurements have identified the Snake River Valley in
Idaho as a U.S. hotspot for ammonia emissions (Clarisse et al.,
2009), and modeling results suggest that areas near the border of
WY and ID, on the western side of Grand Teton National Park
(GRTE), are likely to have extensive nitrogen deposition (Fenn et al.,
2003b). While agricultural areas may thrive on the enriched ni-
trogen, natural vegetation is more sensitive to NH3 inputs (Krupa,
2003), and high elevation lakes within GRTE have been identified
as being particularly sensitive to inputs of inorganic nitrogen
(Nanus et al., 2009). The Greater Yellowstone Ecosystem, which
includes GRTE, has already shown signs of changes triggered by
increased nitrogen inputs (Saros et al., 2011). In this paper, we
report atmospheric concentrations of several gas phase nitrogen
species at a high elevation site near GRTE in spring-summer 2011,
as part of the Grand Teton Reactive Nitrogen Deposition Study
(GrandTReNDS).

2. Material and methods

The core measurement site for GrandTReNDS was located
w6 km from the west boundary of GRTE (Fig. 1 inset), on Peaked
Mountain at Grand Targhee Resort (latitude 43.78 N; longitude
110.94 W; elevation 2722 m). The vegetative environment at Grand
Targhee Resort is subalpine. The measurement site was located at
the transition zone between forest and the tree line, with Douglas-
fir, subalpine fir, Whitebark pine and Engelmann spruce being the
dominant vegetation in the immediate vicinity, and stands of other
species such as lodgepole pine and aspen being present within a
fewmiles of the site. Real timemeasurements at the core site began
August 1 and continued through September 22, 2011. Measure-
ments were carried out in the National Park Service (NPS) mobile
air sampling laboratory. The laboratory is temperature-controlled
(w25 �C) and includes space and power for instrumentation.
Back-trajectory residence time analysis using the Hybrid Single-
Particle Lagrangian Integrated Trajectory model (HYSPLIT4)
(Draxler, 1999; Draxler and Hess, 1998) with input from the NAM-
12 meteorological data set provides insight regarding transport
pathways of air masses impacting the site. Forty eight hour back
trajectories initialized at 100 m AGL were run for every hour of the
study period (August 1eSeptember 22). Results from the study
period show that the air masses came predominantly from the
west, in the Snake River Valley, and the southwest, from northern
Utah (Fig. 1).

2.1. Continuous gas measurements

Continuous gas measurements included ammonia (NH3), NOx,
NOy, carbon monoxide (CO), and an additional reactive nitrogen
component described below. A schematic of the sampling strategy
is summarized in Fig. 2. For NH3, NOx, CO and the additional reac-
tive nitrogen component, samplingwas from a common inletw3m
above ground level. The sampling line was w1 m, 0.64 cm OD
Teflon for NOx, CO, NH3 from the Air Sentry II Ion Mobility Spec-
trometer (IMS; Particle Measuring Systems), and the additional
reactive nitrogen component. For these instruments, sample line
residence time was <1 s. An additional w1 m of sampling line was
needed for NH3 measured with a Picarro cavity ring down spec-
troscopy (CRDS) instrument; for the CRDS, residence time was
w2.5 s. This inlet included a PTFE filter with PFA housing (Mykrolis
WGFG21KP3) upstream to remove particles. For NOy, ambient air
was sampled through a 6 m long, 0.64 cm OD Teflon sampling line,
with an inlet w2 m above ground level. Residence time in the
sampling line was w5 s. Calibrations for all instruments were
performed prior to the study. All calibrations were done using
certified, traceable standards provided by Airgas. Calibration gases
were diluted using a Teledyne Zero Air Generator (Model 701) and
Dynamic Dilution Calibrator (DDC, Teledyne Model 700). Every
calibration included zero air and a span concentration, with cali-
bration gases introduced at the sample inlets. For ammonia, suffi-
cient time was allowed to ensure the calibration system was
conditioned with ammonia (overnight). A separate line was added
near the sample inlet to allow for collection and analysis of the
calibration gas (NH3) using a denuder. This method was used to
account for any losses in the calibration system. For CO, NOx, NOy



Fig. 2. Schematic of sampling setup.
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and the additional reactive nitrogen measurement, four calibra-
tions were completed between August 2 and August 26, after which
calibrations were performed on an almost daily basis. Fewer cali-
brations were done early in the study due to a failing DDC; this unit
was replaced on August 25. An intercomparison of redundant NO
measurements from two instruments (described below) suggest
that the NOy data collected August 18eAugust 25 may have been
impacted by a calibration using the failing DDC. However, no clear
deviations were observed in the NOy data during this time. For NH3,
additional calibrations were done approximately every 10 days.

Measurements of NOx, NO and NO2 were made using a chem-
iluminescence instrument (Teledyne 201E). The technique alter-
nately measures nitric oxide (NO) directly and measures NOx by
first converting NO2 to NO using a molybdenum converter (315 �C)
(Fehsenfeld et al., 1987; Parrish and Fehsenfeld, 2000). In this in-
strument and the NOy instrument described below there is a suf-
ficient wait time between each measurement to ensure that the
system is flushed with new sample air, so that there are no tran-
sients due to the valve switching. NO then is reacted with ozone
forming NO2 in an excited state which emits radiation while
decaying to the ground state (Fontijn et al., 1970). NOx measure-
ments via chemiluminescence likely also measure some NOy

compounds other than NO and NO2, as the conversion is nonspe-
cific to NO2 (Dunlea et al., 2007; Parrish and Fehsenfeld, 2000).

Measurements of NOy were made using a similar chem-
iluminescence instrument (Teledyne 200EU). As with NOx, NO is
measured directly and other NOy species are converted to NO using
a molybdenum converter (315 �C). The primary differences be-
tween the NOy and NOx measurements are that the converter for
the NOy instrument is located at the inlet to minimize losses, pri-
marily of HNO3, and the NOy sample does not pass through a filter
before conversion. In addition to NOx, the NOy instrument is
thought to measure species including, but not limited to, NO3,
HNO3, N2O5, CH3ONO2, CH3CH2ONO2, n-C3H7ONO2, n-C4H9ONO2,
and CH3CHONO (Dunlea et al., 2007). Particulate nitrate, HONO,
HO2NO2, and RO2NO2 are also measured, although less effectively
(Dunlea et al., 2007).

An additional reactive nitrogen component was determined
using chemiluminescence (Teledyne 201E). For this measurement,
ambient air passed through the PTFE filter and then passed through
a URG annular denuder coated with 10% (w/v) phosphorous acid
solution to remove ammonia, amines (Kallinger and Niessner,
1999), and any other rapidly diffusing basic species that react
with the acid coating. This denuded sample was sent to a stainless
steel and platinum converter heated to 825 �C (Teledyne 501NH).
This high temperature catalyst allows for conversion of additional
nitrogen species that were not converted at 315 �C, and when used
without a filter or denuder provides a measure of total reactive
nitrogen. This system is similar in principle to the Total Reactive
Atmospheric Nitrogen Converter (TRANC) with fast response
chemiluminescence detector (Marx et al., 2012), although the
TRANC technique provides faster response measurements and
quantitatively measures particulate nitrogen. For the measure-
ments in this study the NOx concentration is then subtracted from
the total measurement. Because the 825 �C converter and the NOx

measurement are on the same inlet and sampling line, by sub-
tracting the measured NOx concentration we effectively subtract
any nitrogen compounds present that can be converted at 315 �C.
Typically, this method is used to measure ammonia. In this study,
however, ammonia and amines were removed, so that the mea-
surement is presumed to be gas phase nitrogen species other than
ammonia and amines which are converted at high temperature, but
not at 315 �C. Collectively, we designate these compounds as high
temperature conversion reactive nitrogen (HTC-RN). This mea-
surement likely contains a variety of reduced organic nitrogen
compounds; however, due to the lack of selectivity of the



Fig. 3. One hour averaged concentrations for a) NOy, NOx, NO2 and NO; b) NH3 from
the IMS and CRDS instruments and for HTC-RN; and c) CO.

Table 1
Summary trace gas and CN concentrations from GrandTReNDS.

Minimum (1 h) Maximum (1 h) Mean Median

NO (ppb) 0.0 0.7 0.07 0.06
NO2 (ppb) 0.1 2.4 0.58 0.49
NOx (ppb) 0.1 2.9 0.66 0.54
NOy (ppb) 0.2 5.6 1.37 1.32
NH3 (IMS; ppb) 0.0 5.3 0.79 0.56
NH3 (CRDS; ppb) 0.0 4.8 0.83 0.70
HTC-RN 0.0 3.6 0.42 0.40
CO (ppb) 30 310 100 101
CN (cm�3) 179 7346 1441 1329
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measurement, other compounds may also be present, possibly
including interferents from some VOCs that do not include nitro-
gen. Although the measurements are not quantitative, we include
these observations as a measure of reactive nitrogen species which
are not accounted for using standard techniques.

A trace level CO analyzer (Teledyne 300EU) served as a com-
bustion tracer. The model 300EU is based on absorption of infrared
radiation and has a detection limit of <20 ppb.

Two NH3 measurements were employed: an Air Sentry II IMS
and a Picarro CRDS. In the IMS (Hill et al., 1990), the sample is mixed
with an ionization control reagent before ionizing the sample with
a 63Ni beta-emitting ionization source. A shutter grid is pulsed
periodically to allow the analyte into the drift tube, where the ions
accelerate in response to an applied electric field until they are
ultimately detected at a collector plate. Measured ion time of flight
is used for speciation and peak height for quantification. Although
the IMS is meant to measure ammonia, amines also are detected.

The Picarro G1103 Analyzer for ammonia utilizes time-based,
optical absorption spectroscopy. The instrument employs
wavelength-scanned CRDS, in which a pulse of near infrared light
passes back and forth between two mirrors in the presence of the
ambient sample. A small fraction of this light leaks through one of
themirrors, where its intensity is monitored. Awavelengthmonitor
is employed to ensure that only the spectral feature of interest is
being monitored, in this case ammonia, and a water vapor correc-
tion is done in real time. The CRDS has weak sensitivity to some
amines, which is not expected to impact the results. The rate of
decay of light intensity is proportional to the ammonia concen-
tration (Paldus and Kachanov, 2005).

2.2. Supporting measurements

During GrandTReNDS, aerosol number size distributions were
measured over the diameter range 0.04e20 mm using a differential
mobility particle sizer (TSI 3085), an optical particle counter
(LASAIR 1003) and an aerodynamic particle sizer (TSI 3021). Mea-
surements were combined to produce one continuous size distri-
bution (Hand and Kreidenweis, 2002) with 15 min resolution. This
integrated size distribution was used as a measure of condensation
nuclei, although it does not include particles <40 nm. As such, it is
designated CN>40 nm.

Daily hi-volume quartz filter samples were collected at a nom-
inal flowrate of 1.13 m3 min�1 through a two-filter assembly to
separate particles with aerodynamic diameters greater than and
less than 2.5 mm. An impactor in combination with a slotted filter
collects particles greater than PM2.5, followed by a
20.3 cm � 25.4 cm filter to collect PM2.5. The PM2.5 samples were
extracted and analyzed for water-soluble potassium (Sullivan et al.,
2011), organic carbon and elemental carbon (Birch and Cary, 1996).

Meteorological data were collected with a Climatronics All-In-
One Weather Sensor (Part Number 102780), co-located with the
gas measurements. Met data from throughout the project are
shown in Fig. S1.

3. Results and discussion

3.1. Atmospheric concentrations: NOx and NOy

A timeline of all gas measurements during GrandTReNDS is
shown in Fig. 3. Measured NOx concentrations were generally low,
with a median value of 0.54 ppb for the entire study, indicative of a
remote site (Fahey et al., 1986; Hayden et al., 2003; Pandey Deolal
et al., 2012). NOy concentrations had a median value of 1.32 ppb
throughout the study, again typical for a rural sampling location
(Hayden et al., 2003). A summary of measured concentrations from
throughout the campaign is given in Table 1. Although NOx and NOy

concentrations were typically low, there are spikes in NOx and NOy

on August 15e16 and September 2. These peaks are associated with
biomass burning episodes and are discussed below. Also apparent
in Fig. 3a is an increase in NOx relative to NOy beginning September
7 and continuing to the end of the study. Low values of NOx/NOy are
expected for remote areas (Fahey et al., 1986), with increasing
conversion of NOx to NOy downwind of sources, particularly in
summer (Hayden et al., 2003). Prior to September 7, NOx accounted
for just 39% of NOy; after the shift, NOx/NOy increased to 76%,
suggesting a source of NOx nearer to the site. During this period,
HYSPLIT back-trajectories show that airmasses reaching the site
had passed through areas in WY, ID and MT with active fires, as
detected from MODIS. Carbon monoxide (Fig. 3c), particulate po-
tassium and particulate organic carbon were also elevated during
this time period (Fig. S2), all suggestive of regional biomass burning
impacts.

Median hourly values for NO, NO2, NOx, NOy and CN>40 nm for
the entire study period are shown in Fig. 4. NO values had a broad
daytime maximum that corresponded to increased temperatures,
presumably due, in part, to NO2 photolysis. NO2 concentrations also
showed a broad maximum, as did NOx, NOy and CN>40 nm. The in-
crease in all species is partially explained by the daily cycle in wind
direction, also shown in Fig. 4. During summer, synoptic scale flows



Fig. 4. Study median hourly values for NO, NO2, NOx, NOy and CN>40 nm. Also shown
are project average temperature and wind direction at the core site. Met data were not
available from 8/1e8/13 and 8/27e8/29.
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in this region are typically weak, such that thermally driven winds
frequently dominate circulation patterns (Stewart et al., 2002). For
our sampling site, this equates to up-valley flows from the south-
west during the day, and winds primarily from the southeast dur-
ing the evening and early morning. The exact direction of the
measured air flow was likely impacted by the complex topography
at the site. In any case, to the east lies a pristine region with few
sources (see inset in Fig. 1). Jackson, WY lies SE and further SE are
large oil and gas fields near Pinedale, WY; however, our sampling
site and Jacksonwere separated by the Teton Range, and sowewere
likely sheltered from any major impacts from these areas. In
contrast, daytime southwesterly flow was likely impacted by
emissions from Driggs, w10 km away, as well as a series of towns
further west (Fig. 1 inset). We calculated median NOx and NOy

concentrations when 10 m surface winds were from the southwest
(205�e245�) versus southeast (115�e155�); this includes cases in
which the winds did not follow the pattern in Fig. 4. For this
comparison, we removed observations impacted by biomass
burning. We found that both NOx and NOy concentrations were
higher when winds came from the SW versus the SE, by 21% and
29%, respectively. Although differences in concentrations for SW
versus SE flow were statistically significant (a ¼ 0.01), suggesting
an important role for the mountain-valley circulation, segregating
by wind direction alone did not yield the magnitude of diel vari-
ability apparent in Fig. 4, where peak concentrations are w50%
greater than early morning values. For NOx and NOy, variability in
emissions likely also played a role, as did other potential factors,
which are discussed below.
Fig. 5. Study median hourly ammonia concentrations from the CRDS and IMS in-
struments. Also shown are project average relative humidity, temperature and wind
direction at the core site and median CN>40 nm concentrations. Met data were not
available from 8/1e8/13 and 8/27e8/29.
3.2. Atmospheric concentrations: NH3 and HTC-RN

Concentrations of ammonia, measured from two instruments,
and HTC-RN are shown in Fig. 3b. Average ammonia concentrations
fall between those of NOx and NOy at 0.8 ppb. When considering
individual species (e.g. HNO3 instead of NOy), ammonia was
determined to be the most abundant gas phase reactive nitrogen
species in the region during GrandTReNDS, based on these mea-
surements and measurements made using an annular denuder
system. This, coupled with its high deposition velocity, made NH3
the dominant dry deposition reactive nitrogen species during
GrandTReNDS (Benedict et al., 2013a). On several occasions, rela-
tively high concentrations of ammoniawere observed. Two of these
events were related to biomass burning episodes and are described
below, but two periods of elevated NH3 (8/2e8/4 and 8/25e8/28)
were not associated with biomass burning. During these periods,
HYSPLIT back-trajectories suggest the airmasses came predomi-
nantly from Utah and the Snake River Valley, areas known to be
important ammonia sources. HTC-RN also showed enhancements
during biomass burning episodes, but maintained a relatively sta-
ble signal throughout much of the study, with a median concen-
tration of 0.40 ppb. This value is comparable in magnitude to the
detection limit of the Teledyne 201e instrument.

One goal of the study was to provide an intercomparison of the
two ammonia instruments. Previous comparisons of multiple
ammonia instruments, including a CRDS from Picarro and an IMS
from Particle Measuring Systems, have shown overall good agree-
ment (Schwab et al., 2007; von Bobrutzki et al., 2010), but with
greater variability at concentrations <10 ppb (von Bobrutzki et al.,
2010), which encompasses all of our measurements. A comparison
of hourly concentrations throughout the campaign yielded
R2 ¼ 0.75 between the two instruments, with the IMS having
slightly higher values at high concentrations and the CRDS having
slightly higher values at low concentrations (Fig. S3). Over the
duration of the project, the two measurements had comparable
average values (Table 1).

As was the case for the oxidized nitrogen species, a diel cycle
was observed in ammonia concentrations (Fig. 5). Both instruments
showed an increase in NH3 each morning, peaking around noon,
and then decaying throughout the remainder of the day. Higher
emissions during the warmer daytime hours are expected to play a
role in this cycle. Another factor likely impacting concentrations is
the source of the air, with higher ammonia emissions expected
southwest of the site during the day, and more pristine conditions
to the east primarily at night. We again segregated average con-
centrations based on wind direction, and we removed all obser-
vations impacted by biomass burning. For NH3, median
concentrations were 43% higher when winds came from the SW
versus the SE, and again this difference was statistically significant
(a ¼ 0.05). However, concentration differences based on wind di-
rection accounted for only a fraction of the differences observed
mid-day compared to early morning. Previous studies have
observed similar diel cycles in NH3 concentrations in remote areas
(Erisman et al., 2001; Olszyna et al., 2005). Saylor et al. (2010) put
forth a possible mechanism to explain such an observed cycle.
These authors suggest that in remote areas a shallow nocturnal
boundary layer leads to dry deposition of NH3, resulting in mini-
mum concentrations near the surface at night. For our site, a
collapsing boundary layer also drives air down slope, bringing
cleaner air from higher elevations. During the day, valley air is
driven upslope and air which is not depleted is mixed downward
from aloft, leading to maximum concentrations around mid-day.
Increasing temperature and decreasing RH can also lead to
increased atmospheric NH3 concentrations due to bi-directional
exchange of ammonia between vegetation and the atmosphere
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(Asman et al., 1998; Massad et al., 2010), and a shift in partitioning
of ammonium nitrate particles, which favors the gas phase.

Although there are several real factors controlling ammonia
concentrations, some of the observed variability may result from a
sampling artifact, whereby ammonia adsorbs to surfaces in the
inlet during the cold nighttime hours and is released when the sun
warms the inlet. Particulate NH4NO3 may also be trapped in the
inlet filter and volatilized when heated. However, mean ammo-
nium nitrate concentrations were only 0.15 mg m�3, and so any
volatilized NH4NO3 would not likely dominate the ammonia signal.
To test for artifacts, for select periods we collected concurrent
samples using URG annular denuders. The URG samplers, which
first collect gases by diffusion upstream and particles on a down-
stream filter, are not expected to suffer from these same artifacts.
Sampling times with the URG samplers were varied (3e20 h) and
covered different times of the day, in an attempt to capture the
variability in the observed concentrations. Extracted samples were
analyzed by ion chromatography (Benedict et al., 2013a). Data
collected with URG samplers are compared to both the IMS and the
CRDS in Fig. 6; sampling duration for the denuders is also included.
The reasonably good agreement between the real-time in-
struments and the URG samplers (R2URG-ASII ¼ 0.61; R2URG-
Pic ¼ 0.50) validates the measured diel cycle. Nevertheless, there is
scatter for both instruments when compared to the denuder. Many
outliers were observed during the shortest sampling times, and all
of the shortest sampling periods occurred between the hours of 5e
9 AM,when losses in the inlet may occur. Of the remaining data, the
light blue points were typically collected from 6 AM to 2 PM, during
peak ammonia concentrations; these data are scattered about the
1:1 line. The orange points typically were collected from 2 PM to 6
AM; the real time data appear to be biased low during these pe-
riods, suggestive of losses in the inlet at these times. Data collected
during the biomass burning events are discussed below.

3.3. Biomass burning episodes

Two of the high ammonia concentrations apparent in Fig. 3b,
August 15e16 and September 2, occurred when the site was
exposed to elevated levels of biomass burning emissions. Data are
shown for both of these events in Fig. 7. In both cases, carbon
monoxide is used as an indicator for the presence of smoke, with
concentrations increasing from w100 ppb to w300 ppb in the late
evening on August 15 and early morning on September 2. Total
particle number (Fig. S4), particulate organics and particle-phase
potassium ion concentrations (Fig. S2) were also elevated during
this time. With the smoke, NOx and NOy concentrations increased,
as did NH3 and HTC-RN concentrations. Interestingly, in both cases
Fig. 6. a) Comparison of IMS results with concurrent denuder measurements. b) Comparison
comparison. Data points are color-coded based on the number of hours sampled. BB desi
episode on September 2.
the ammonia showed a second peak, hours later. The secondary
peaks could be influenced by adsorption of ammonia in the inlet
during the nighttime smoke events, followed by desorption during
the hotter daytime hours. The data from August 15e16 are
consistent with such a mechanism, with the largest concentrations
observed at noon on August 16. By again comparing to the denuder
data we find the denuder measurements were greater than those
measured by the CRDS by 0.7 ppb during the smoke period, while
the denuder measurements were lower than the measured
ammonia from the CRDS by 0.4 ppb after the smoke event, indic-
ative of inlet effects. Another possible factor for the daytime in-
crease is bi-directional exchange of the ammonia associated with
the smoke with the underlying vegetation, resulting in a delay in
transport of the ammonia. There was also a change in wind direc-
tion coincident with the increase, potentially bringing NH3 from
other sources. The data from September 2 also show a small in-
crease in ammonia during the daytime hours following the smoke
event, which may have been impacted by inlet effects and bi-
directional exchange. However, much larger peaks are evident
starting early on September 3, when desorption from the inlet is
not expected. The increasing ammonia occurs shortly after winds
shift from SW to SE. This large, post-smoke event peak thus appears
to be driven more by a change in air mass than any inlet effect and
may include sources unrelated to the biomass burning episode.

In addition to the high concentrations of the known nitrogen
species, the two smoke events provided the only elevated con-
centrations in the HTC-RN measurement. Biomass burning plumes
are also expected to have high VOC concentrations, and chem-
iluminescence instruments are known to respond to certain or-
ganics species which do not contain nitrogen (Grosjean and
Harrison, 1985). Using our measured CO concentrations, we esti-
mate a maximum VOC concentration of 27 ppb based on emission
factors from fires for a temperate evergreen needleleaf forest
((Wiedinmyer et al., 2011), with updated values from http://bai.acd.
ucar.edu/Data/fire/). Given that only certain VOCs cause a positive
interference using chemiluminescence, and of these the interfer-
ence is typically less than 1% of the VOC concentration for chem-
iluminescence techniques using a lower temperature molybdenum
converter (Bloss et al., 2012), interference from VOCs does not
appear to account for all of the HTC-RN signal, and so other nitro-
gen compounds are presumed to be present in the sample.
Although these compounds were not speciated, other nitrogen
containing compounds that have previously been identified in
biomass burning emissions include hydrogen cyanide (Yokelson
et al., 1996), nitriles (Andreae and Merlet, 2001; Yokelson et al.,
1996), and isocyanic acid (Roberts et al., 2011). Amines also may
have been present, but were removed along with ammonia in the
of CRDS results with the same denuder measurements. A one-to-one line is shown for
gnates samples that were collected during or immediately after the biomass burning

http://bai.acd.ucar.edu/Data/fire/
http://bai.acd.ucar.edu/Data/fire/
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upstream denuder. In addition to HTC-RN in the gas phase,
enhanced concentrations of particulate organic nitrogen were also
detected with an Aerosol Mass Spectrometer (not shown) and in
the filter samples during the biomass burning events. These data
support previous measurements which suggest that biomass
burning provides a potentially large natural source of atmospheric
nitrogen (Wiedinmyer et al., 2011; Yokelson et al., 1996).
4. Conclusions

High time resolution measurements of atmospheric reactive
nitrogen species were collected for two months during Grand-
TReNDS. For the entire study, the average NOy concentration was
1.37 ppb (median ¼ 1.32 ppb), the average NOx concentration was
0.66 ppb (median ¼ 0.54 ppb), and the average ammonia con-
centration was 0.8 ppb (IMS median 0.56 ppb; CRDS
median ¼ 0.70 ppb). Reactive nitrogen concentrations at the site
were partly driven by thermally influenced circulations, with
concentrations of all measured species peaking during the day
when air was transported to the site from the valley below.
Reactive nitrogen concentrations further east in GRTE are less
likely to be impacted by upslope winds from the west, and indeed
measurements collected throughout GRTE show a gradient in
ammonia concentration which decreases from west to east
(Benedict et al., 2013a). While it appears that mountain valley
circulations partially drove the diel cycle of concentrations,
changing boundary layer heights and mixing from aloft likely also
played a role in the observed cycles. Using trajectory analysis,
Benedict et al. (2013a) have shown that air mass history also
impacted concentrations, with enhanced ammonia concentrations
observed when air masses passed through the Snake River Valley
and northern Utah and during periods of stagnation. In addition to
local sources and long range transport, biomass burning was
identified as an important intermittent source of reactive nitrogen
to this region.
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