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ABSTRACT: Elevated reactive nitrogen (Nr) deposition is a
concern for alpine ecosystems, and dry NH3 deposition is a key
contributor. Understanding how emission hotspots impact down-
wind ecosystems through dry NH3 deposition provides oppor-
tunities for effective mitigation. However, direct NH3 flux
measurements with sufficient temporal resolution to quantify
such events are rare. Here, we measured NH3 fluxes at Rocky
Mountain National Park (RMNP) during two summers and
analyzed transport events from upwind agricultural and urban
sources in northeastern Colorado. We deployed open-path NH3
sensors on a mobile laboratory and an eddy covariance tower to
measure NH3 concentrations and fluxes. Our spatial sampling
illustrated an upslope event that transported NH3 emissions from
the hotspot to RMNP. Observed NH3 deposition was significantly higher when backtrajectories passed through only the agricultural
region (7.9 ng m−2 s−1) versus only the urban area (1.0 ng m−2 s−1) and both urban and agricultural areas (2.7 ng m−2 s−1).
Cumulative NH3 fluxes were calculated using observed, bidirectional modeled, and gap-filled fluxes. More than 40% of the total dry
NH3 deposition occurred when air masses were traced back to agricultural source regions. More generally, we identified that 10 (25)
more national parks in the U.S. are within 100 (200) km of an NH3 hotspot, and more observations are needed to quantify the
impacts of these hotspots on dry NH3 deposition in these regions.

1. INTRODUCTION

Although nitrogen is an essential element for ecosystems, high
emissions of anthropogenic reactive nitrogen (Nr), dominated
by nitrogen oxides (NOx) and ammonia (NH3), adversely
impact the environment.1 For sensitive ecosystems, elevated Nr
deposition leads to decreased biological diversity, increased soil
acidification, and surface water eutrophication.2−6 Ellis et al.
estimated that in 2006, 24 out of the 45 national parks
designated as Class I areas in the contiguous U.S. had excess Nr
deposition that could damage their most sensitive ecosystem
elements.7 In recent decades, effective regulations of NOx
emissions in the U.S. and relatively stable NH3 emissions have
led to the increased importance of reduced nitrogen on total Nr
deposition.8 NH3 dry deposition is estimated to contribute 19−
65% of total Nr deposition in different regions in the U.S. for the
period of 2011−2013.8 Observations from ground-based
monitoring networks across the U.S. and from satellites in
recent decades have shown trends of increasing gas phase NH3
concentration ranging from 2 to 7% per year.9,10 If this trend
continues, the importance of dry NH3 deposition is expected to
grow. Finally, satellite NH3 observations have revealed NH3
emission hotspots with emission rates several orders of

magnitude higher than other regions.11,12 Understanding the
impacts of nearby hotspots on dry NH3 deposition to the
sensitive ecosystems can provide critical insights into designing
effective mitigation strategies.
Despite the importance of dry NH3 deposition, observations

of NH3 fluxes in sensitive ecosystems are limited. One area in
which the Nr budget has been intensively studied in the U.S. is
Rocky Mountain National Park (RMNP) in Colorado, where
alpine ecosystems are particularly sensitive to increasing Nr
deposition. The eastern edge of RMNP is 80 km away from the
maximum of the hotspot located in Weld County, the fourth-
highest NH3 emission hotspot in the U.S.11,12 Adverse
ecological and biogeochemical changes, including elevated
surface water nitrate, episodic acidification of surface waters,
and changes in diatom species and plant composition, have been
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observed in RMNP, especially in the eastern side.13−15 Multiple
studies have been conducted to quantify Nr deposition in the
RMNP.16−21 Due to the scarcity of direct NH3 flux measure-
ments, dry NH3 deposition and source attribution for RMNP are
usually estimated by model-based methods, which are subject to
significant uncertainties because they only partially account for
the bidirectional nature of NH3 flux. At the national scale,
although in situ NH3 observations have become more accessible
in recent years, the measurement approaches themselves are not
designed for quantifying NH3 fluxes. Therefore, chemical
transport models or inferential methods with in situ or satellite
measurements have been used to derive dry NH3 deposition,
which also have large uncertainties.22

Major reasons for the lack of direct dry NH3 deposition
measurements, especially in sensitive ecosystems, are the
intrinsic challenges associated with using micrometeorological
methods.23 The eddy covariance (EC) method is the most
direct, least empirical, and least error-prone approach to
measure field-scale integrated exchange flux, but it requires
fast response (≥10 Hz) and high-precision NH3 measurements.
Despite the development of high-time resolution NH3 sensors,
including tunable laser spectroscopy and chemical ionization
mass spectrometry, conducting ECmeasurements with a closed-
path sensor remains challenging because of the strong surface
affinity of NH3 molecules.24−28 The adsorption and desorption
effects lead to a damping of high-frequency signals. The effects
are highly variable depending upon temperature, humidity,
cleanliness of the inner surface, the inlet, and the sampling
lines.24,28,29

In this study, we measured EC NH3 fluxes in RMNP for two
summers using an open-path NH3 sensor, the first time used in
such a low NH3 environment. We analyzed the EC fluxes in the
context of regional transport from local source regions through
modeling and in situ measurements. Impacts of transport
patterns on dry NH3 deposition were investigated by comparing
cumulative NH3 fluxes, calculated using modeled and mean
diurnal variation (MDV) gap-filled fluxes, for plumes passing
through different regions.

2. MATERIALS AND METHODS
2.1. Field Measurements. The open-path quantum

cascade (QC) laser-based NH3 sensor used in this study was a
modified version of the sensor that has been deployed onmobile
laboratory platforms30,31 and on an EC measurement tower in a
feedlot32 in northeastern (NE) Colorado. Detailed information
about the sensor can be found in Section I of the Supporting
Information (SI). In 2015 and 2016, the open-path NH3 sensor
was also installed on an ECmeasurement tower located south of
Estes Park, Colorado (40.28°N, 105.55°W). Wind and temper-
ature were measured using a CSAT3 3D sonic anemometer, and
water vapor (H2O) and carbon dioxide (CO2) were measured
using a LICOR LI-7500 CO2/H2O analyzer. Details about the
tower setup are provided in Section I of the SI. The
measurement system was deployed within a relatively flat
grassland area (dominated by Leucopoa kingii (Serica watson)
W.A. Weber andMuhlenbergia montana (Nutt.) Hitchc.) with a
canopy height of about 0.3 m and an east-to-west slope of 6.1 ±
0.6% (mean ± 95% confidence interval). The grassland area is
surrounded by mixed aspen (Populus tremuloides Michx.) and
pine (Pinus latifolia Sarg.) forest.33 The EC measurements were
conducted from July to August in 2015 and from June to August
in 2016. Soil NH3 emissions from the grassland and the forest
areas have been measured with detailed soil information.33 Nr

deposition at the site has been measured annually (3.65 kg N
ha−1 yr−1 in 2009), which includes wet N deposition and dry
deposition estimates of nitric acid (HNO3), NH3, particulate
ammonium (NH4

+), and particulate nitrate. Dry NH3
deposition was estimated by multiplying NH3 concentrations
by scaled HNO3 deposition velocity.16,19 Measurement
methods for other Nr deposition are described by Benedict et
al.19

In addition to EC measurements, ground-based mobile
measurements using the open-path NH3 sensor and gas-phase
NH3 measurements from a proton-transfer-reaction mass
spectrometer (PTR-MS) on the NASA P-3B aircraft34 during
the 2014 DISCOVER-AQ campaign were used to investigate
NH3 transport from source regions to RMNP. Figure S1b shows
the setup of the mobile platform, and more details about the
observations from 2014 DISCOVER-AQ are provided in
Section I of the SI.

2.2. Eddy Covariance Flux. EC fluxes were calculated over
30 min durations following the framework proposed by Mauder
et al. with necessary modifications for the open-path NH3
measurements.35 High-frequency (10 Hz) data were post-
processed, including quality control for all observations and time
synchronization for the open-path NH3 sensor, despiking, and
detrending. Then, variances and covariances were calculated and
corrected for wind rotation (planar fit), spectral loss due to
spatial separation of sensors and path length averaging,36 H2O
impacts on sonic temperature (SND-correction),37 density
fluctuations (WPL-correction),38 and spectroscopic correc-
tions.39 The open-path NH3 sensor did not measure H2O
concentrations, and LI-7500 H2O measurements were used for
density and spectroscopic corrections. Because the open-path
NH3 sensor had not previously been used to measure low flux
over seminatural ecosystems, the random errors (σ) of NH3 EC
flux were calculated to determine the detection limit as 1.96 σ for
95% confidence interval (CI, all uncertainties reported here are
95% CI). In addition, the random errors due to instrumental
noise (σinstr) were also estimated to quantify the impacts of
sensor performance on flux uncertainty. Cospectra and ogive
analyses were also conducted to quantify high-frequency
attenuation (HFA) due to sensor separation and path-averaging.
More details about EC calculation, random error estimates, and
cospectra analyses are provided in Section II of the SI.
Periods with nonideal conditions for the EC method were

excluded using quality control filters following the work of
Mauder et al., which defined three quality classes.35 Fluxes in
Class 0 are typically used for fundamental research, and fluxes in
Class 1 are for long-term data sets.35 To increase data coverage,
especially for upslope events, fluxes in Class 0 and Class 1 were
analyzed in this study. Three additional data filters were
implemented. First, only measurements with 70% flux occurring
within the grassland were used for the following analyses.
Footprints of the flux measurements were estimated using the
model developed by Kljun et al., and Figure S6 shows the
estimated footprints and fetch selections.40 Second, a frictional
velocity (u*) threshold of 0.05 m s−1 was determined based on
the assumption that CO2 flux was invariant with u* (see Figure
S7 for details). Finally, a σinstr threshold of 1 ng NH3 m

−2 s−1 was
implemented to remove periods with inconsistent sensor
performance (see Figure S8 for details) caused by reduced
mirror reflectivity and optical fringes (constructive and
destructive interferences arise from slight reflections among
optical components). This requirement filtered out about 10%
of the NH3 flux measurements in 2015, and only two 30-min
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periods were removed in 2016. We kept the measured fluxes
below flux detection limits to avoid creating biases as suggested
by Langford et al.41

In 2015, the sensor had a drifting issue with a time scale of
several hours resulting from optical fringes in the system (see
Figure S9 for more details). The drifts were removed by a 5 min
rolling average detrend. We examined the impact of the drift on
flux calculations and found that the influence was negligible after
quality control (see Figure S11 and Section III of the SI).
2.3. Trajectory Analyses. In NE Colorado, the metropol-

itan Denver area and the agricultural (ag) area in the South
Platte River valley are the potential source regions that could
impact dry NH3 deposition. Vehicular emissions are a key
contributor of NH3 in the Denver area.30 Concentrated animal
feeding operations (CAFOs) are the dominant sources of NH3
emissions from the agricultural areas.42 Satellite NH3 measure-
ments show large hotspots over the agricultural regions but
relatively lower abundances over the Denver area.43 Golston et
al. investigated NH3 emissions from the CAFOs (dominated by
cattle and cows31) and found 50% underestimation by the U.S.
National Emission Inventory 2014.31 In addition, during
transport to alpine areas, NH3 emitted from urban and
agricultural regions could be deposited along the path or
partitioned into particulate NH4

+ in the aerosol. The impacts of
these processes on NH3 concentrations in RMNP have been
investigated by previous studies,17−19,44 and it has been shown
that dry NH4

+ deposition was about 5−10 times smaller than dry
NH3 deposition from June to August in 2008.16 Therefore,
transport patterns need to be differentiated to understand their
impacts. In this study, our goal is to link directly measured dry
NH3 fluxes to transport events on hourly to daily time scales.
Trajectory analyses serve this purpose because they are

insensitive to NH3 emissions and losses along the transport

pathways. Twenty four-hour backward trajectories of the air
masses originating from 3m above the tower site were calculated
at hourly frequencies in July and August to investigate impacts of
NH3 emitted from Denver and the agricultural hotspot on dry
NH3 deposition in RMNP. The backward trajectories were
computed using the HYSPLIT Model (Version 4.0) driven by
the three hourly North AmericanMesoscale model outputs at 12
km grid spacing (NAM12).45 The trajectories consisted of 24
endpoints corresponding to the air mass location at 1 h intervals
and were gridded using Bresenham’s line algorithm.46 Gebhart
et al. have shown that the performance of the HYSPLIT Model
with NAM12 was similar to a more complicated model.47

Backward trajectories starting at arrival heights of 3, 10, 50, and
100 m above ground level (agl) were also computed to
investigate the influence of starting height (see Section IV of the
SI). Measured fluxes were divided into four groups with
trajectories passing through (1) only the agricultural area in NE
Colorado (defined as the red box in Figure 1a); (2) only the
Denver area (defined as the gray box in Figure 1a); (3) both
boxes; (4) other regions. Mean values and distributions of the
fluxes for different groups were compared to quantify the
impacts of different transport patterns on NH3 flux magnitudes.

2.4. NH3 Flux Gap-Filling. Trajectory analyses and mean
observed flux comparison show how flux magnitudes change
with NH3 transport patterns. However, high-deposition events
occur less frequently, and cumulative flux accounts for the
frequency differences among the trajectory groups. EC flux
measurements are limited to ideal atmospheric conditions,
leading to the under-representation of flux during the night and
under less turbulent conditions. The cumulative flux calculated
using quality-controlled EC fluxes could be biased if there is a
strong diurnal pattern. Over seminatural grasslands, equilibria of
NH4

+ andNH3 in the soils and stomata of the plants are sensitive

Figure 1. Spatial distributions and vertical profiles of NH3 observed in northeastern Colorado. Panel (a) shows the IASI annual oversampled NH3
column density in northeastern Colorado.43 Panel (b) shows the NH3 mixing ratios observed by the PTR-MS on the P3-B across northeastern
Colorado on July 22nd, 2014 with noontime 10mwind field. Panels (c) and (d) show the vertical profiles measured by the PTR-MS and the open-path
NH3 sensor on a ground-based mobile platform from 08:00 to 12:00 and from 12:00 to 16:00 local time, respectively. The red star in both (a) and (b)
shows the location of the tower site, and the red line shows the driving route of the Princeton Mobile Laboratory on July 22nd, 2014, during the
DISCOVER-AQ campaign. The purple circles in panels (a) and (b) show the permitted capacity of concentrated animal feeding operations (CAFOs).
The white contours in (a) show the boundaries of concentration hotspots defined as the areas of the 95th percentile of the NH3 column density in the
contiguous U.S. The red and gray boxes show the agricultural (ag) hotspot and the Denver area for trajectory analyses. Circles and triangles in panels
(c) and (d) show observations from the PTR-MS and the open-path NH3 sensor, respectively.
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to temperature.48 When the temperature is high, plants and soils
could become sources of NH3 unless NH3 concentrations near
the soils and plants are high enough to suppress the volatilization
processes. Soil NH3 emissions near the site have been quantified
by Stratton et al. and showed a strong diurnal pattern.33 The
stomatal transport process of NH3 is impacted by diurnal
patterns of light conditions and temperatures, resulting in higher
stomatal conductance during the day.48,49 Cuticles of the plants
are mainly a sink for NH3, governed by the wetness of the
surface, leaf area, and atmospheric chemistry.48,50 NH3
deposition during dew formation during the night and re-
emission during dew evaporation in the morning were measured
at the site by Wentworth et al. in 2015.51 Because of these
factors, a distinct NH3 flux diurnal pattern is expected, and gap-
filling is used to reduce the potential biases of using only quality-
controlled EC measurements.
To address the representativeness issue of EC measurements,

the bidirectional NH3 flux model developed by Pleim et al. was
used to estimate NH3 fluxes for periods with NH3 concentration
measurements but for meteorological conditions not ideal for
the EC method.52 The model is a resistance model that includes
soil, stomatal, and cuticle fluxes. The model has been
incorporated into chemical transport models and has been
evaluated for managed fields.50,52 However, the performance of
the model has not been evaluated over seminatural ecosystems
such as the site in RMNP. Moreover, the model requires
additional observations such as soil and plant emission
potentials, soil temperature, and leaf surface pH, which were
not directly measured or measured at daily or weekly time scales.
Therefore, we also evaluated the model when we had quality-
controlled EC NH3 fluxes. Details of the model, the auxiliary
inputs, and the evaluation process are provided in Section V of
the SI.
Even with fluxes measured by the EC method and calculated

by the bidirectional model, there were still large gaps in the
dataset. As the first study to use the open-path NH3 sensor in a
remote area, the sensor did not provide NH3 concentration
measurements all the time because of hardware and software
malfunctions and severe weather events. In 2015 and 2016, the
gaps for NH3 concentration measurements were 55 and 39% of
the campaign periods, respectively. Therefore, the mean diurnal
variation (MDV) method, which interpolates the missing NH3
flux for a certain 30-min period by the average of observed and
modeled NH3 fluxes at the same time of day, was used to fill the
periods without NH3 flux measurements or NH3 concentrations
for simulation. Moffat et al. showed that this method had a
moderate but consistent performance for net ecosystem CO2
exchange, which also has a distinct flux diurnal pattern.53

However, Flechard et al. have shown that using MDV for NH3
flux may lead to large uncertainty.54 The nighttime deposition
from the EC measurements could be overestimated because
low-turbulence periods are removed, and, thus, both observed
and simulated fluxes are used to derive the MDV.
The uncertainties of the gap-filled fluxes by the bidirectional

model and the MDV method were estimated differently. The
errors of the model fluxes were estimated using hourly
composited diurnal root-mean-square deviations (RMSD)
between measured and modeled fluxes. The error changes
throughout the day because the model performance may vary
under different conditions. The errors of the MDV gap-filled
fluxes were estimated using hourly composited diurnal standard
deviations (SD) of the measured and modeled NH3 fluxes.
When calculating the cumulative flux, the errors of measured,

modeled, and MDV gap-filled fluxes were assumed to be
Gaussian and independent. More details about the error
estimation are in Section VI of the SI.

3. RESULTS
3.1. NH3 Transport during an Upslope Event. In NE

Colorado, there is a terrain-driven, diurnal wind flow pattern
when synoptic-scale influences are weak.55 During the nighttime
and in the early morning, higher radiative cooling in the
mountain area causes downslope airflows to the plains. During
the day, terrain heating leads to reverse upslope flows, and
transport is generally from the plains to the higher terrain. An
upslope event occurred on July 22nd, 2014 that was sampled well
by aircraft over the plains and by the mobile laboratory in the
mountains. Figure S6a−c shows the surface winds and surface
temperature on July 22nd, 2014 obtained from the NAM12.45

The daytime flow pattern can be weakened by cloud cover and
synoptic-scale winds, leading to a hybrid pattern, where
thermally driven upslope flow is more pronounced in the
mountain areas, and synoptic-scale flow has a greater influence
over the plains. Such a pattern was observed on July 31st, 2014 as
wind fields shown in Figure S4d−f and is another relevant case
study.
As shown in Figure 1b, NH3 emitted from the agriculture

region was transported to the mountains during the upslope
event on July 22nd, 2014. Significant increases of NH3
throughout the vertical profile in the mountains were observed
by the open-path NH3 sensor and the PTR-MS as the upslope
event developed in the afternoon on July 22nd, 2014 (Figure
1c,d). NH3 concentrations increased by 4.3 ± 1.2 ppbv from
early morning to late afternoon at 2.9 km above the sea level
(asl). At 2.5 and 2.0 km asl, NH3 increased by 6.4± 2.6 and 11.8
± 5.2 ppbv, respectively, from 9:30 to 17:00. In contrast to the
upslope event on July 22nd, 2014, NH3 concentrations observed
near the RMNP were significantly lower on July 31st, 2014, as
shown in Figure S5. The results from PTR-MS also showed that
NH3 concentrations were lower than that on July 22nd, 2014
over the NE Colorado areas. The case studies during
DISCOVER-AQ demonstrate that NH3 is readily transported
to the site during upslope flow.

3.2. NH3 Eddy Covariance Measurements. 3.2.1. Sensor
and Eddy Covariance Performance.The 10Hz precision of the
open-path NH3 sensor was around 0.1 ppbv during the field
campaign. NH3 concentration measurements were compared
with an annular denuder and a filter pack (URG Corporation,
Chapel Hill, NC) near the site on a daily scale and showed
relatively good agreement (a slope of 0.75 ± 0.16 and an
intercept of−0.03± 0.13 ppbv using orthogonal regression with
an R2 of 0.61, see Figure S10). Defining flux detection limit as
1.96σ, the median detection limits were around 2.2 and 1.9 ng
NH3 m−2 s−1 in 2015 and 2016, respectively, which were
comparable to the detection limit of 2.15 ng NH3 m−2 s−1

reported for a closed-path instrument with similar 10 Hz
precision.28 This flux detection limit in 2016 is 100% (220%)
larger than the median (mean) absolute NH3 flux, and 16 and
21% of the quality-controlled NH3 flux measurements were
below the detection limit in 2015 and 2016, respectively. The
fluxes below the flux detection limit were included in our
analyses to prevent a positive bias.41 The average NH3 flux losses
due to high-frequency attenuation (HFA) over the measure-
ment periods in 2015 and 2016 were estimated to be 10 and 7%
using the Ogive method proposed by Ammann et al.56 The flux
loss due to HFA is similar to the flux loss reported by Sun et al.
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and is significantly better than about 40% loss rates reported by
Whitehead et al. and Moravek et al. using closed-path laser-
based sensors.25,28,32 More details can be found in Section III of
the SI.
3.2.2. Observed NH3 Flux. With all of the filters applied,

quality-controlled EC flux measurements accounted for 32 and
39% of daytime fluxes and 17 and 17% of nighttime fluxes for
NH3 in 2015 and 2016, respectively (Table S4). Both deposition
and emission events were observed with a strong diurnal pattern.
Composite diurnal variation curves of NH3 flux using quality-
controlled EC flux measurements are presented in Figure 2.
Measurements made between August 19th, 2015 and August
25th, 2015 were impacted by wildfire plumes. Although wildfire
impacts on dry NH3 deposition is an important topic,57 the
single event might not be proportionally represented compared
to the short duration of the 2015 field campaign. Therefore,
results from this period were excluded from the following
analyses. More details can be found in Section VII of the SI.
The hourly composite NH3 fluxes show net deposition in the

early morning and from late afternoon to midnight. Net
emissions were observed in the morning, which might be related
to soil emissions and dew evaporation events, as reported by

Wentworth et al.51 The dew study and this study were not
coordinated, and therefore, only two of the events reported by
Wentworth et al. for the same site were also partially captured by
the EC flux. A strong morning emission (5.3 ng NH3 m

−2 s−1

from 07:00 to 10:00) was observed on July 22nd, 2015 but there
was no EC measurement the previous night. On July 28th, 2015,
a strong late-night deposition was observed (mean (minimum)
flux of −4.9 (−10.0) ng NH3 m

−2 s−1 from 09:00 to 12:00), but
no re-emission the next morning (mean flux of 0.1 ng NH3 m

−2

s−1 from 07:00 to 10:00). Specific studies designed for
comparing dew formation and evaporation-related NH3 flux
and EC measured flux are needed.
In addition to the diurnal pattern, NH3 flux patterns were also

linked to wind directions. Blue and orange areas in Figure S19
represent periods with westerly (downslope) and southeasterly
(upslope) winds, respectively. The winds measured at 10 m agl
from the nearby CASTNET site were used to minimize local
terrain and forest impacts on airflow. Figure 3a,b shows
histograms of quality-controlled daytime NH3 fluxes (06:00 to
20:00) with different wind directions for 2015 and 2016,
respectively. Daytime fluxes were used for the analyses to reduce
the impact of wind diurnal patterns and because nighttime winds

Figure 2.Hourly composite NH3 fluxes and hourly mean air temperatures observed in (a) 2015 and (b) 2016. The boxes and whiskers represent 10th,
25th, 50th, 75th, and 90th percentiles of hourly composite data. The red circles and the red lines show hourly mean fluxes. The blue lines in the top panels
show hourly mean temperatures. The blue and red bars in the bottom panels indicate numbers of samples of positive and negative fluxes, respectively.

Figure 3.Histograms of observed NH3 flux for different wind directions observed in (a) 2015 and (b) 2016 and different trajectories in (c) 2015 and
(d) 2016. In 2015, only three 30-min periods had trajectories through both agricultural (ag) and Denver areas and are not shown in panel (c).
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near the surface may be decoupled with the large-scale flow
pattern. The mean NH3 fluxes with westerly winds were 1.9 and
0 ng NH3 m

−2 s−1 in 2015 and 2016, respectively. The mean
NH3 fluxes with easterly winds were−2.4 and−3.5 ng NH3 m

−2

s−1 in 2015 and 2016, respectively. Although the mean fluxes
were close to or below the estimated detection limit for the 30-
min flux period, the majority of the flux measurements were
above the detection limit, and averaging them reduces their
random errors. Figure S10a,b shows the time series of observed
NH3 during relatively stable periods and corresponding Allan
deviation analyses.
Welch’s t-test (two-sided) was conducted using quality-

controlled EC fluxes to check if the differences were statistically
significant using Statsmodels.58 For both 2015 and 2016, the
differences in NH3 and H2O fluxes between different wind
groups were statistically significant (p < 0.05), whereas the
differences in sensible heat and CO2 fluxes were not (see Table
S9 for more details). This result indicates that the differences in
H2O and NH3 fluxes between different wind direction groups
might be related to large-scale transport events. Figure S21
shows the averaged NAM surface temperature and surface wind
field for the periods with high emission and high deposition. The
mean surface temperature was higher for the periods with
observed high emissions compared to the periods with high
deposition. Upslope winds capable of transporting NH3
emissions from NE Colorado into RMNP were observed,
while no consistent wind pattern was found for the periods with
high local emissions.
Although the wind group analyses show a strong dependence

of NH3 flux on wind direction, such an analysis does not
distinguish the sources in Colorado. To quantify mean NH3 flux
for periods with plumes coming from different regions, the
observed fluxes were grouped as described in Section 2.3. Figure
3c,d shows histograms of NH3 flux for the four groups in 2015
and 2016, respectively. Table S5 lists frequencies of the four
groups for July and August and for periods with quality-
controlled EC observations. The spatial distributions of the
trajectories are shown in Figure S15. The average NH3 fluxes
were −7.3 and −8.1 ng NH3 m

−2 s−1 during the periods with
trajectories only passing through the agricultural area in NE
Colorado in 2015 and 2016, respectively. These deposition rates
were consistently higher than other trajectory groups in both

years. For periods with trajectories passing through only Denver,
there were slight net emissions in 2015 (1.2 ngNH3m

−2 s−1) but
deposition in 2016 (−2.6 ng NH3 m−2 s−1). The difference
between 2015 and 2016 for the Denver only trajectory group is
likely caused by the large data gap of 2015 observations. The
hybrid cases had similar net deposition to that of the Denver area
in 2016, which indicates a fraction of NH3 may have partitioned
to particulate NH4

+ when passing through only the Denver area.
The observation in 2015 only had three 30-min observations for
the hybrid cases (n = 3; mean flux, −7.9 ng NH3 m

−2 s−1), and,
therefore, are not shown in Figure 3c. When the air masses did
not pass through these regions, there were small emissions of 0.7
ng NH3 m

−2 s−1 in 2015, and deposition and emissions were
balanced in 2016.

3.3. Modeled NH3 Flux. NH3 fluxes in 2016 simulated by
the bidirectional NH3 flux model (Figure 4a shows a schematic
diagram of the model) were compared with the quality-
controlled NH3 flux observations. Figure 4b shows the
comparison for 30-min NH3 fluxes, and the model performed
moderately with an R2 of 0.12 and underestimated the variability
of NH3 flux by about 60%. On a daily scale, the model showed a
better agreement (R2 = 0.45) but still underestimated the
variability of NH3 flux (Figure 4c). Figure 4d shows the diurnal
pattern of the fluxes modeled by the bidirectional models, as well
as that of the observed fluxes. The bidirectional flux model failed
to reproduce late-night and early morning deposition and the
emission peak in the morning. These discrepancies might be
related to emission mechanisms that are not included in current
bidirectional models, such as the influence of dew formation and
evaporation on NH3 fluxes.

51 Also, the nighttime EC flux could
be biased toward high-turbulence conditions, causing the
discrepancies. Removing the turbulence-condition quality
control leads to a better agreement between the daily means
and the diurnal patterns of observed and modeled NH3 fluxes,
especially during the night (see Figure S17).
Besides potential EC measurement and model errors, the

large uncertainties of input data may cause the discrepancies.
First, the air temperature was used to approximate soil and
stomata temperatures, which could differ in their diurnal
patterns. Second, the emission potentials of stomata and soil
were assumed to be constant. Previous studies have shown that
both the amount of dissolved ammonium [NH4

+] and the pH of

Figure 4. Comparison between observed and modeled NH3 fluxes. Panel (a) shows schematic diagram of the bidirectional model. χa is the ambient
NH3 concentration, and χg and χs are the soil and stomatal compensation points, respectively. Ra, Rb, Rac, Rbg, Rsoil, Rw, and Rst are aerodynamic, quasi-
laminar boundary layer, in-canopy, ground quasi-laminar boundary layer, in-soil, cuticle, and stomatal resistances, respectively. f t, fg, fw, and fs are total
exchange, ground, cuticle, and stomatal NH3 fluxes, respectively. Details of the model are provided in Section V of the SI. Panels (b) and (c) compare
the observed and modeled NH3 fluxes on 30-min and daily time scales, respectively. The orange lines show orthogonal regression results. Panel (d)
shows the comparison for hourly composite diurnal means of observed (blue), modeled (orange), and both observed andmodeled (green) fluxes along
with the diurnal NH3 mixing ratio (black) and temperature (red) variations.
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the soil or the leaf stomata may change significantly, but their
diurnal variabilities and associated drivers are not well
understood.21 Finally, several needed inputs, such as leaf surface
pH, which was approximated using wet deposition pH, were
only available at daily to weekly time scales. The large
uncertainties of input data also limit our capability in optimizing
the model as it is hard to distinguish the errors caused by input
uncertainties and model errors.
Figures S18 and S19 compare hourly composite NH3 flux for

all quality-controlled EC fluxes and modeled fluxes group by
wind directions and trajectories, respectively, along with model
errors, SD for the MDV method, diurnal variations of
temperature and NH3 mixing ratios, and frequencies of
associated flux events. Nighttime deposition of quality-
controlled EC fluxes is typically higher than that of modeled
fluxes in these cases. However, it is hard to quantify whether the
differences are caused by the aforementioned model and input
errors or the potential overestimations of nighttime flux of the
quality-controlled EC fluxes. To reduce the impacts of nighttime
NH3 flux uncertainty on the cumulative flux, the MDV for gap-
filling is derived using both observed and modeled NH3 fluxes
(green line in Figure 4d).
3.4. Cumulative NH3 Flux. The total cumulative dry NH3

depositions for July and August in 2016 were estimated to be 83
± 18 g N ha−1 using observed, modeled, and MDV gap-filled
NH3 fluxes, which is 50% of the value (173 g N ha−1) estimated
using the inferential method proposed by Benedict et al.16

Because of the drifting issue and large data gaps, we did not
estimate cumulative flux in 2015. Dry NH3 deposition
accounted for around 12% of the total Nr deposition and
contributed around 41% of dry Nr deposition for July and
August in 2016.
Although the mean deposition rate with trajectories passing

through only the agricultural hotspot was significantly higher
than other groups, the frequency of such events was low (12−
14%). Cumulative NH3 fluxes that occurred during periods with
different trajectory groups account for this aspect. Cumulative
fluxes calculated using quality-controlled EC, modeled, and
MDV gap-filled fluxes are presented here. Results based on
quality-controlled EC fluxes alone and both EC and modeled
fluxes are provided in Table S7. Cumulative fluxes for periods
with different trajectories vary with starting heights of backward
trajectories (see Table S7), and the mean values of trajectories
starting from 3, 10, 50, and 100 m are discussed here. The
cumulative NH3 deposition during periods with trajectories
passing through only the agricultural hotspot was 33 ± 8 g N
ha−1, about 39 ± 4% of the total cumulative NH3 flux. The
cumulative NH3 depositions during periods with trajectories
passing through only the Denver area and through both regions
in 2016 were about 8 ± 4 and 10 ± 3 g N ha−1, respectively,
accounting for 10 ± 4 and 12 ± 3% of total dry NH3 deposition
in July and August. Cumulative flux for periods with trajectories
from regions other than Denver and agricultural areas in NE
Colorado was about 31 ± 11 g N ha−1 (38 ± 6% of total
cumulative flux).
Thompson et al. estimated that the sources within Colorado

contributed only 29% of the annual dry NH3 deposition for the
same observation site using a chemical transport model.44 In our
analyses, the cumulative NH3 fluxes with trajectories passing
through the agricultural or urban regions may also be impacted
by other upwind NH3 sources, reducing their contribution to
total dry NH3 deposition. However, the trajectories passing
through urban and agricultural regions had similar patterns

before passing through these two regions. Yet, the flux difference
was significant in both 2015 and 2016, indicating that the high
deposition associated with agricultural area only trajectory was
not caused by upwind regions. Since we only measured NH3
fluxes from June to August, seasonality may lead to the
difference. Another potential cause of the difference is that the
model used by Thompson et al. did not take the bidirectional
nature of NH3 flux into account.44 The simulated NH3 flux
would always be negative, and the small negative fluxes with high
occurrence would appear to have a larger contribution to the
total dry NH3 deposition. Finally, our estimate was for
grasslands or open fields in RMNP, whereas the estimate from
Thompson et al. was for the whole RMNP.44

4. DISCUSSION
Using our mobile measurements during the 2014 DISCOVER-
AQ campaign, we demonstrated the evolution of an upslope
event that transported NH3 emissions from NE Colorado to the
RMNP area. Subsequently, the transported NH3 during such
events leads to a significant increase in dry NH3 deposition. In
2015 and 2016, we demonstrated the capability of the open-path
NH3 sensor to measure EC NH3 flux in a remote area with a low
detection limit of 2 ng NH3 m

−2 s−1. Grouping the observed EC
NH3 fluxes by wind directions, we found that NH3 deposition
was generally associated with easterly wind during the daytime,
indicating large impacts of hotspot NH3 emissions. We showed
that dry NH3 deposition during the periods with a backward
trajectory passing through just the agricultural regions in NE
Colorado was significantly higher than periods with the air mass
coming from other regions. Cumulative deposition from air
masses transiting the emissions from the hotspot in the
agricultural region accounted for more than 40% of the total
dry NH3 deposition, including trajectories that passed through
only the agricultural region and both agricultural and Denver
areas, in the summer of 2016.
Combining wet and dry Nr deposition, we estimated the total

Nr deposition rates at the site for July and August to 716 ± 61 g
N ha−1 in 2016, respectively. We estimated that dry NH3
contributed around 12% of the total deposition in July and
August in 2016, respectively. These deposition rates represent
NH3 fluxes just over grasslands in RMNP. Stratton et al.
reported that soil emissions from grasslands in RMNP (3.0 ng
NH3 m

−2 s−1) were 150% higher than those from forests (1.2 ng
NH3 m

−2 s−1).33 The difference between the soil emissions from
grasslands and forests is similar to the mean net NH3 flux
measured (−2.0 ng NH3 m−2 s−1) at the site in 2016.
Furthermore, the larger leaf area and the higher roughness
above the forest canopy favor NH3 deposition. Therefore, NH3
deposition over RMNP forests may be significantly higher than
the results reported for grasslands in this study. More
observations are needed to investigate dry NH3 flux patterns
over different underlying ecosystems. Moreover, our observa-
tions were limited to summer, and NH3 flux observations in
other seasons are needed to constrain the annual dry deposition
flux of NH3 as well as the influence of emissions from the
emission hotspots. Finally, gap-filling using the bidirectional
model and theMDVmethodmay have systematic biases that are
not included in our uncertainty estimates, especially during the
nighttime with limited samples for specific conditions. Further
evaluation and optimization of the bidirectional model and
development of the gap-filling method for NH3 flux are needed.
Despite having a comprehensive suite of observations at the site,
we encountered significant challenges acquiring inputs for the
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bidirectional model, such as soil pH, soil water content, and leaf
pH. This issue would be more pronounced and lead to a larger
uncertainty in other regions with limited data availability and
should be considered in the experimental design for future
evaluation studies.
Although there are several limiting factors of this study, we

linked directly measured NH3 deposition with the transport
pattern bringing NH3 emissions from the agricultural region to
RMNP. Our results indicate that mitigating the hotspot NH3
emissions near RMNP with local initiatives and emission
reduction programs could be an effective way to reduce dry NH3
deposition in RMNP. In addition, NH3 transported from
agricultural hotspots may contribute to wet deposition through
washout and particulate NH4

+ deposition. Other national parks
and wilderness areas could potentially be impacted by U.S. NH3
emission hotspots (as shown in Figure S22 and listed in Table
S10), and very limited observations are available for those
regions. The method demonstrated in this study could be
implemented in the future to quantify dry NH3 flux and potential
impacts from NH3 emission or concentration hotspots.
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