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Abstract. Gaseous ammonia (NH3) is an important precursor for secondary aerosol formation and contributes
to reactive nitrogen deposition. NH3 dry deposition is poorly quantified due to the complex bidirectional nature
of NH3 atmosphere-surface exchange and lack of high time-resolution in situ NH3 concentration and mete-
orological measurements. To better quantify NH3 dry deposition, measurements of NH3 were made above a
subalpine forest canopy in Rocky Mountain National Park (RMNP) and used with in situ micrometeorology
to simulate bidirectional fluxes. NH3 dry deposition was largest during the summer, with 47 % of annual net
NH3 dry deposition occurring in June, July, and August. Because in situ, high time-resolution concentration and
meteorological data are often unavailable, the impacts on estimated deposition from utilizing more commonly
available biweekly NH3 measurements and ERA5 meteorology were evaluated. Fluxes simulated with biweekly
NH3 concentrations, commonly available from NH3 monitoring networks, underestimated NH3 dry deposition
by 45 %. These fluxes were strongly correlated with 30 min fluxes integrated to a biweekly basis (R2

= 0.88),
indicating that a correction factor could be applied to mitigate the observed bias. Application of an average NH3
diel concentration pattern to the biweekly NH3 concentration data removed the observed low bias. Annual NH3
dry deposition from fluxes simulated with reanalysis meteorological inputs exceeded simulations using in situ
meteorology measurements by a factor of 2.

1 Introduction

Gaseous ammonia (NH3) is an important atmospheric con-
stituent, with effects on atmospheric chemistry and the nitro-
gen cycle. Atmospheric deposition of reactive nitrogen (Nr)
is linked to nitrogen oxides (NOx) and NH3 emissions. Emis-
sions of NOx and NH3 have many potential fates, including
chemical transformation, dry deposition, particle formation,
and wet deposition. Anthropogenic emissions of NOx and
NH3 are produced predominantly by combustion and agri-

culture, respectively (Walker et al., 2019a), although there
are also NH3 emissions from traffic, wastewater treatment,
and wildfires (Walker et al., 2019b; Tomsche et al., 2023).
Due to increased food demand and industrialization, anthro-
pogenic Nr has been increasing annually (Galloway et al.,
2008; Kanakidou et al., 2016). Excess reactive nitrogen de-
position has well-documented adverse effects on ecosystem
health, including eutrophication, soil acidification, decreased
biodiversity, and increased N in freshwater bodies (Bobbink,
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1991; Baron, 2006; Holtgrieve et al., 2011; Boot et al., 2016;
Zhan et al., 2017; Pan et al., 2021).

As a result of effective NOx emission controls, the bal-
ance of Nr wet deposition across the US has shifted from
oxidized N-dominated to reduced N-dominated, and dry de-
position of NH3 at times dominates total Nr deposition (Li
et al., 2016; Walker et al., 2019a; Driscoll et al., 2024). The
National Emission Inventory (NEI) indicates that US NOx
emissions were reduced by 46 % between 2013 and 2023,
while NH3 emissions increased by 13 % (U.S. EPA, 2023).

Critical loads, deposition levels below which harmful ef-
fects are not expected to occur, have been estimated for many
ecosystems (e.g., Bowman et al., 2012; Schwede and Lear,
2014). In Rocky Mountain National Park (RMNP), a criti-
cal load of 1.5 kg N ha−1 yr−1, based on wet deposition of
NO−3 and NH+4 , has been established to avoid adverse effects
on the ecosystem (Baron, 2006). The pre-industrial nitrogen
load has been estimated at 0.2 kg N ha−1 yr−1, while the cur-
rent wet deposition rate is as high as 3.65 kg N ha−1 yr−1,
approximately 15× the natural background and significantly
higher than the critical load (Burns, 2003; CDPHE, 2007;
Benedict et al., 2013a). Although the RMNP Nr critical load
only considers wet deposition of NO−3 and NH+4 , dry depo-
sition can also contribute significantly to total Nr deposition.
NH3 dry deposition in RMNP was estimated to be the third
largest contributor to totalNr deposition, accounting for 18 %
of Nr deposition from November 2008 to November 2009
(Benedict et al., 2013a).

NH3 dry deposition, however, remains a highly uncertain
component of Nr deposition, and fluxes are rarely measured
(Walker et al., 2019b). Previous studies in RMNP have es-
timated NH3 dry deposition using unidirectional inferential
models, where the NH3 deposition velocity (Vd) was approx-
imated as 70 % of the HNO3 deposition velocity (Beem et
al., 2010; Benedict et al., 2013a, b) and NH3 emission from
the surface was ignored. In reality, NH3 exchange between
the atmosphere and surface is bidirectional, including depo-
sition to and emission from the surface (Sutton et al., 1995).
Several models have been developed to simulate the bidirec-
tional exchange of NH3 with the surface (Massad et al., 2010;
Zhang et al., 2010; Pleim et al., 2013). Key model inputs in-
clude micrometeorology, soil and vegetation parameters, and
atmospheric concentrations. In practice, fluxes can change
quickly and even reverse direction with changing environ-
mental conditions. Gaseous NH3 is challenging and expen-
sive to measure at high time resolution; lower-cost weekly
or biweekly passive diffusion-based sampler measurements
are more commonly utilized for long-term monitoring (Li et
al., 2016; Schiferl et al., 2016; Butler et al., 2016; Hu et al.,
2021). Previous efforts have used these low-cost measure-
ments to quantify NH3 dry deposition (Walker et al., 2008;
Shen et al., 2016; Tanner et al., 2022). Detailed, high time-
resolution meteorological observations at the location of in-
terest are also desired when estimating dry deposition. Due
to the frequent unavailability of such data, reanalysis meteo-

rological data is often used as a substitute (Wichink Kruit et
al., 2012; Schrader et al., 2018).

Schrader et al. (2018) investigated the impact of low
time-resolution NH3 concentrations on modeled fluxes. They
found that using monthly NH3 concentrations underestimates
total NH3 dry deposition. However, due to a linear relation-
ship between simulations using monthly NH3 concentrations
and those using hourly NH3 concentrations, they were able
to generate a site-specific correction to compensate for the
use of low time-resolution concentration data. Simulations
were done using a simplified parameterization of the bidirec-
tional exchange model described in Massad et al. (2010), and
the NH3 concentrations were simulated using the LOTOS-
EUROS model (Hendriks et al., 2016).

Understanding and managing these biases could un-
veil opportunities to estimate NH3 deposition when high
time-resolution, in situ concentration, and meteorological
observations are unavailable. Using high time-resolution
NH3 concentration measurements, we provide the first es-
timate of NH3 annual dry deposition to an RMNP forest
canopy using a bidirectional exchange model driven by high
time-resolution NH3 concentration data and in situ micro-
meteorological measurements. We use in situ data collected
in RMNP to determine if site-specific correction factors sug-
gested by Schrader et al. (2018) apply to real-world ob-
servations and whether correction factors can be employed
to reduce biases associated with NH3 simulations using
lower-cost, low time-resolution NH3 measurements such as
those available from the U.S. Ammonia Monitoring network
(AMoN) (Puchalski et al., 2011). We also tested if an average
NH3 diel pattern could be applied to reduce these biases and,
if so, the length of measurements necessary to adequately de-
scribe the diel pattern. Finally, we examine biases introduced
by substituting reanalysis meteorological data for high time-
resolution in situ measurements.

2 Data and methods

2.1 Site location

Study observations were collected in RMNP in northern Col-
orado. The park, established to preserve the natural land-
scape, including montane, subalpine, and alpine ecosystems,
is predominantly above 3000 m, where ecosystems devel-
oped under nutrient-deprived conditions and are therefore
sensitive to excess inputs of nitrogen. Nitrogen deposition
has been a historical problem in RMNP, with diatom changes
documented starting in the 1950s and more recent effects, in-
cluding eutrophication and changes to plant species (Baron et
al., 2000; Korb and Ranker, 2001; Baron, 2006).

The area east of RMNP (Fig. 1) includes a large urban
corridor and extensive agricultural activity in the plains. The
Front Range urban corridor, spanning from Denver to Fort
Collins, is a major source of nitrogen oxide emissions (Bene-
dict et al., 2013b). The northeast plains of Colorado are pre-
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dominantly agricultural and include major sources of NH3
emissions from both animal feeding operations and crop pro-
duction. The spatial pattern seen for feedlots is broadly con-
sistent with the spatial distribution of other agricultural ac-
tivities. Pan et al. (2021) found that 40 % of summertime dry
deposition of NH3 in RMNP was associated with transport
from agricultural regions to the east.

Data was collected at two adjacent locations for this study,
both near the base of Longs Peak in Rocky Mountain Na-
tional Park: a National Ecological Observatory Network
(NEON) tower site (40.275903, −105.54596) and a nearby
National Park Service shelter (∼ 500 m north of the NEON
tower), from September 2021 through August 2022. The
study location, denoted with a star in Fig. 1, is 2750 m above
sea level. The tower is surrounded by lower montane forest,
comprised of predominantly evergreen needleleaf species,
including ponderosa pine, juniper, and Douglas fir. There are
also groves of quaking aspen located in the region. Meteo-
rological transport to the site is generally bimodal. Prevail-
ing downslope transport from the northwest occurs generally
overnight and during the cooler months, when ammonia con-
centrations are typically low. The mountain-plains circula-
tion generates daytime upslope transport, bringing air masses
from the plains east of the park up into RMNP. This pat-
tern strengthens during warmer seasons. Periods of synop-
tically forced sustained upslope transport are also common,
especially during spring and autumn (Gebhart et al., 2011).
Downslope and upslope transport patterns are not due west
and east at the study site because of channelling by local to-
pography.

At RMNP, a diel pattern in ambient NH3 concentrations
has commonly been observed in past measurements. This
pattern is primarily driven by changes in transport patterns
that carry NH3 emissions to the park (Benedict et al., 2013b;
Juncosa Calahorrano et al., 2024) and, sometimes, modified
by changes in the atmosphere-surface exchange of NH3, es-
pecially during NH3 uptake and emission from dew forma-
tion and evaporation (Wentworth et al., 2016).

2.2 Micrometeorological measurements

2.2.1 In situ micrometeorology

Meteorological and soil data were accessed from the RMNP
NEON flux tower. The mean canopy height in the area sur-
rounding the tower is 19 m. Temperature (mean= 6 °C), rel-
ative humidity (mean= 40 %), and annual days of precipi-
tation are highly variable at the site due to its high eleva-
tion. Mean values were calculated from September 2021 to
September 2022. Snowfall typically occurs between October
and May. The seasonal mean temperatures (relative humidi-
ties) are as follows: winter (December, January, and Febru-
ary) mean is −3 °C (30 %), spring (March, April, and May)
mean is 2 °C (44 %), the summer (June, July, and August)
mean is 15 °C (49 %), and the fall (September, October, and

November) mean is 8 °C (37 %). Precipitation is measured
at 1 min resolution by a Belfort AEPG II 600M weighing
gauge. Precipitation events were defined as periods of rain-
fall separated by at least one hour without precipitation. Dur-
ing our study period, there were 27 precipitation events in the
winter, 62 in the spring, 63 in the summer, and 26 in the fall.

Meteorological data accessed from the NEON site in-
cludes wind vectors, friction velocity, Obukhov length, soil
temperature, short wave radiation, relative humidity, air den-
sity, air pressure, and air temperature above the tree canopy.
The meteorological observations used from the NEON tower
are 30 min mean values. Direct measurements of wind vec-
tors, air temperature, short wave radiation, relative humid-
ity, air density, and air pressure were used from the tower-
top measurements (25 m a.g.l., meter above ground level). 3D
wind vectors were measured at 20 Hz using the CSAT-3 sonic
anemometer (Campbell Scientific Inc., Logan, Utah, USA).
Soil temperature was taken as the average across 5 collection
sites within 200 m of the flux tower. Leaf area index (LAI) is
estimated at the site using remotely sensed data. The square
kilometer of leaf area index values surrounding the tower site
is shown in Fig. S5 in the Supplement. A mean value of 0.8
was estimated using the landscape surrounding the site. The
sensitivity of simulated NH3 fluxes to LAI can also be found
in Sect. S5 of the Supplement. Additional information about
each of the reported NEON datasets can be found in the Site
Management and Event Reporting documentation (available
at: https://doi.org/10.48443/9p2t-hj77, NEON, 2023).

NEON meteorological data contained gaps due to power
outages and scheduled instrument maintenance. Across the
year of data, the gaps comprised 5.8 % of the data (1021 data
points). To quantify the annual deposition of NH3 in RMNP,
these gaps were filled using the average diel pattern of fluxes
during the current biweekly NH3 sampling period.

2.2.2 Reanalysis meteorology data

Detailed meteorological and soil data are not available at
many locations where NH3 dry deposition is of interest. Re-
analysis data, which combine short-range weather forecasts
with assimilated observations, are a common source of me-
teorological data that can be used in the absence of local ob-
servations. To probe the impact of using reanalysis data in
place of in situ observations, a set of bidirectional flux sim-
ulations was conducted using ERA5 hourly reanalysis data
(Hersbach et al., 2020). ERA5 hourly reanalysis data has a
spatial resolution of 0.25°, or approximately 31 km. The pa-
rameters used from the ERA5 data are as follows: air tem-
perature, air pressure, dewpoint temperature, turbulent sur-
face stress, moisture flux, sensible heat flux, friction velocity,
standard deviation of filtered subgrid orography, solar radia-
tion, and soil temperature. Obukhov length (L) is not given
in the ERA5 dataset and was calculated using Eq. (1) fol-
lowing Stull (1988), shown below. Obukhov Length is the
characteristic length scale of turbulence in the atmospheric
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Figure 1. A map of the study region. Animal units are shown as the number of permitted animals as of 2017, scaled by an animal unit factor
relative to the species. Elevation data is from the US Geological Survey Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010)
at 7.5 arcsec spatial resolution, or 225 m (available at: https://earthexplorer.usgs.gov/, last access: 27 February 2024).

boundary layer and is calculated from ERA5 data using in-
stantaneous surface sensible heat and moisture fluxes based
on the suggested calculation from the European Centre for
Medium-Range Weather Forecasts (Guisti, 2024).

L=
−θ ′v u

3
∗

k g
(
w′ θ ′v

)
s

, (1)

where k is the von Karman constant, g is gravitational accel-
eration, θ ′v is the mean virtual temperature near the surface,
w′ θ ′v is the surface flux of virtual potential temperature, and
u∗ is the friction velocity.

2.3 NH3 data

2.3.1 Biweekly NH3 measurements

Biweekly NH3 ambient air concentration was measured
using Radiello passive diffusion samplers purchased from
Sigma Aldrich. The Radiello sampling system includes a
diffusive body (part number: RAD1201) and an adsorb-
ing cartridge (part number: RAD168) coated with phospho-
ric acid. NH3(g) diffuses across the exterior diffusive body
and is collected on the adsorbing cartridge as ammonium
(NH+4 ) over two weeks. Collected ammonia (as NH+4 ) is ex-
tracted from the cartridge into deionized water and analyzed
on a cation IC using a 20 mM methanesulfonic acid eluent
(0.5 mL min−1) on a Dionex CS12A ion exchange column
with a CSRS ULTRA II suppressor and Dionex conductiv-
ity detector (Li et al., 2016). NH3 passive samples were col-
lected in duplicate (σ =±0.25 µg m−3) on top of the NEON
tower (25.35 m a.g.l.). Across the study period, there were 27
sampling periods. Due to site access issues, some samples
had durations longer than 2 weeks. To create a consistent
dataset, all data were aggregated to a 2-week average. In the
case where two samples overlapped during a 2-week period,
they were combined using a weighted average. One sample

was below the detection limit and was removed from this
analysis. Passive NH3 sampling methods have been shown to
have a low bias when compared with other sampling meth-
ods, including annular denuders and Picarro Cavity Ring-
down spectroscopy methods (Puchalski et al., 2011; Pan et
al., 2020).

2.3.2 High temporal resolution NH3 measurements

NH3(g) air concentration was also measured using an ion
mobility spectrometer (IMS). Ion mobility spectroscopy sep-
arates ionized molecules based on their mobility through a
carrier gas, under the influence of an electric field. The instru-
ment used was the AirSentry II Point-of-Use IMS (Particle
Measuring Systems, Niwot, CO). The instrument was in the
National Park Service (NPS) shelter (located at 40.278129,
−105.545635), 500 m north of the NEON site, with an in-
let located approximately 2 m above natural grassland. The
sampling inlet was 0.635 cm Teflon tubing, heated to 40 °C
to reduce NH3 loss to the sampling tube. Inlet length was
kept as short as possible to further prevent NH3 loss. Parti-
cles were removed by a fiber filter at the tip of the inlet. Due
to the high altitude of the site location, the instrument was
zeroed to account for pressure differences upon installation.
Multi-point calibrations were conducted at the beginning and
end of sampling. Calibration was confirmed using a known
concentration ammonia gas sample split between the instru-
ment and a phosphoric acid-coated annular denuder, where
the NH3 collected by the denuder is extracted into deionized
water and analyzed using ion chromatography. Zero mea-
surements were made periodically by overflowing the inlet
with ultra-high purity clean air. The AirSentry samples at
a 30 s frequency. During the study, the AirSentry collected
919 000 data points. The limit of detection for 30 s measure-
ments 70 pptv. For this data analysis, NH3 concentration data
was averaged to 30 min mean values. Averaging data points
increases the signal-to-noise ratio. We approximate that the
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signal-to-noise ratio increases proportionally to the square
root of the number of samples (n= 60) (Dempster, 2001).
In this case, the signal-to-noise ratio increases by a factor of
7.7, reducing the limit of detection to 9 pptv for 30 min mean
NH3 concentrations. Across the year of data collection, 101
points fell below the detection limit.

2.3.3 NH3 data preparation

To investigate the effect of NH3(g) sampling time-resolution
on simulated fluxes, bidirectional fluxes were simulated with
concentration data at: (i) 30 min resolution (30 min NH3), (ii)
with the 2-week integrated passive NH3 (Biweekly Passive
NH3), and (iii) lastly with an average diel profile applied to
each day within the 2-week passive period (Average Diel Pat-
tern NH3). The three NH3 data products are shown in Fig. 2.

The 30 min NH3 concentration data is generated using
a combination of data from the AirSentry NH3 located at
the NPS shelter and passive NH3 samples collected on the
NEON tower. Data gaps, due to power outages and regular
maintenance, were filled using the average diel pattern across
the year of data collection. Data gaps accounted for about
3000 out of more than 900 000 points across the study period.
To generate a 30 min NH3 data set above the tree canopy, the
data was divided into biweekly periods that match the passive
NH3 collection periods. The average concentration from the
AirSentry across each period was then scaled to match the
biweekly passive NH3 concentration. The 101 30 min aver-
age NH3 concentration values below the AirSentry detection
limit, representing 0.5 % of the total measurement period,
were assumed to represent a random distribution below the
detection limit and retained for post-process scaling from the
passive observations. This preserves the temporal variability
of NH3 concentrations while ensuring that the average air
concentration across the sampling period is consistent with
the passive NH3 measurements atop the NEON tower, which
can differ from those above the adjacent grassland where the
Air Sentry measurements are made.

The biweekly passive NH3 with diel profile applied is gen-
erated using the annual average diel pattern of NH3 from the
AirSentry data. To determine if there are systematic differ-
ences between the NH3 diel pattern at the two sites, raw and
scaled AirSentry concentrations were compared to 4 and 6 h
University Research Glassware denuder measurements taken
on the NEON tower. The NH3 concentrations were well cor-
related between sites. This comparison is shown in Fig. S1.
Each day of the biweekly passive period is assigned the av-
erage diel pattern, then the biweekly mean is scaled to match
the biweekly passive concentration. This dataset was gener-
ated to investigate if the inclusion of a simple diel profile was
sufficient to correct for the bias in bidirectional fluxes created
by using low time-resolution NH3 concentrations, as shown
by Schrader et al. (2018).

These three concentration data sets will be used for bidi-
rectional flux simulations of NH3. For the rest of this work,

the three NH3 data sets will be referred to using the following
nomenclature.

30 min NH3: NH3 concentration data at 30 min resolu-
tion

Biweekly NH3: Biweekly Passive NH3 concentration
data

Average Diel Pattern NH3: Passive NH3 concentration
scaled using an average diel profile from the 30 min
NH3 dataset

2.4 Additional measurements

2.4.1 Wet deposition data

Weekly precipitation wet deposition data was obtained
from the National Trends Network (NTN) (National Atmo-
spheric Deposition Program, 2022) site at Beaver Meadows
in RMNP (“CO19”: located at 40.3639, −105.5810). The
Beaver Meadows site location, at 2477 m elevation and lo-
cated approximately 10 km north of the CASTNET site, is
shown in Fig. 1.

2.4.2 Additional gas and particle measurements

Additional air concentration data was obtained from the U.S.
EPA Clean Air Status and Trends Network (CASTNET)
site at the NPS shelter (“ROM206”: located at 40.278129,
−105.545635). Weekly filter pack concentrations of nitric
acid (HNO3) and sulfur dioxide (SO2) were used to calculate
the acid ratio (Eq. 10) in the bidirectional exchange simula-
tions of NH3 (U.S. EPA, 2024a).

Weekly dry deposition of HNO3, NO−3 , and NH+4 was es-
timated by CASTNET (U.S. EPA, 2024b) using the weekly
filter pack concentrations and historical values of deposition
velocity (Vd) from the U.S. EPA Multi-Layer Model (MLM)
(Meyers et al., 1998). The generation of deposition veloci-
ties was discontinued in 2019. Bowker et al. (2011) found
that using historical values of Vd from the U.S. EPA Multi-
Layer Model did not significantly bias the annual mean of
deposition.

One approach to estimating NH3 deposition is to estimate
the Vd as a fixed fraction (70 %) of the Vd of HNO3. This ap-
proach has been historically used to estimate the Vd of NH3
in RMNP (Beem et al., 2010; Benedict et al., 2013a, b).

Vd (NH3)= 0.7 ·Vd (HNO3) , (2)

2.5 Bidirectional flux modelling of NH3

Bidirectional NH3 fluxes are simulated across the study pe-
riod using the dry deposition inferential model described in
Massad et al. (2010). This model was selected because it esti-
mates both emissions and deposition of NH3, uses a compen-
sation point framework to capture these complex dynamics,
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Figure 2. Three NH3 concentration data sets are shown for the entire study period. The two-week average across each concentration data
product is the same.

and takes into account rapidly changing micrometeorology.
The simulation framework (Fig. 3) accounts for the bidirec-
tional nature of NH3 fluxes and allows for deposition and
emission. The model determines if the flux will be negative
(deposition) or positive (emission) based on the relationship
between the atmospheric concentration (χa) at a given refer-
ence height (z) and the compensation point (χz0 ) at a defined
distance (d) above the roughness length (z0).

A conceptual diagram of resistances and compensation
points is shown in Fig. 3. Aerodynamic (Ra) and laminar
boundary layer resistance (Rb) capture the effects of turbu-
lent and diffusive transfer from the atmosphere to the surface,
respectively. Ra was calculated according to Thom (1975),
where z is 25.35 m, d is 7.15 m, and the roughness length
is 1.65 m. The stability functions 9H and 9M for scalars
and momentum, respectively, are empirical relationships de-
pendent on L (Thom 1975). Displacement and roughness
length were provided from the RMNP NEON Tower (NEON,
2023).

Ra =
(
k · u∗

)−1
·

(
ln
(
z− d

z0

)
−9H+9M

)
, (3)

Rb is modeled as described in Xiu and Pleim (2001), where
γair is the kinematic diffusivity of air, and DNH3 is the diffu-
sivity of NH3.

Rb =
5
u∗
·

(
γair

DNH3

)2/3

, (4)

In-canopy resistance (Rg) is the sum of aerodynamic resis-
tance within the canopy (Rac) and ground boundary layer
resistance (Rbg). Rac was calculated based on Nemitz et al.
(2001) using Eq. (5), where α is a height dependent con-
stant calculated using Eqs. (16) and (17) from Massad et al.
(2010).

Rac(d+z0) =
α(d+z0)

u∗
(5)

Ground boundary layer resistance (Rbg) is based on Nemitz
et al. (2001), where ug is the wind speed at the ground, which

we approximate as 5 % of the wind speed at tower top (25 m),
and zl is the upper bound height of the logarithmic wind pro-
file above the ground, which we approximate as 10 % of the
canopy height (Nemitz et al., 2001).

Rbg =

(
γair

DNH3

− ln
(
DNH3

k · ug · zl

))
·

1
k · ug

, (6)

Stomata resistance (Rst) captures the diffusion of NH3
through plant stomata and is calculated as a minimum value
related to the plant type proposed by Hicks et al. (1987). Fur-
ther parameterization proposed by Nemitz et al. (2001) was
used here to calculate Rst, where SR (W m−2) is the solar
radiation. The minimum value for Rst (225 s m−1) was deter-
mined using Table 1 of Zhang et al. (2003), assuming 75 % of
the land surface was evergreen needleaf trees and 25 % was
deciduous broadleaf trees and shrubs.

Rst =min
{

5000 (sm−1), 225 (sm−1)

·

(
1+

(
180
SR

))}
, (7)

Cuticular resistance (Rw) was calculated according to the
proposed corrected parameterization as described in Massad
et al. (2010), for a forest ecosystem. When relative humidity
(RH) is below 100 %, Eq. (8) is used, and when RH exceeds
or is equal to 100 %, Eq. (9) is used.

Rw = 31.5 ·
1

AR
· e(0.0318(100−RH)), (8)

Rw =
31.5
AR

, (9)

In both equations, AR is the acid ratio, which is calculated
using the molar ratio of acids and bases in the atmosphere.
The calculated acid ratio had a mean value of 1.3, a minimum
of 0.22, and a maximum of 11.6. Acid ratios were the largest
in the winter months.

AR=
2 · [SO2]+ [HNO3]

[NH3]
, (10)
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Figure 3. Dry deposition inferential model proposed in Massad et al. (2010). The table describes each model element. Arrows next to each
flux show the allowed flux directions of the given pathway.

For this study period, the acid ratio was calculated using
weekly CASTNET measurements of SO2 and HNO3 paired
with our measurements of NH3.
χst was calculated according to Massad et al. (2010). In

the stomata compensation point (Eq. 11), 0st is the emis-
sion potential of the stomata and is approximated as 29
based on vegetation samples from the area surrounding the
NEON Tower. The sampling methods and determination of
this value can be found in the Supplement. Emission poten-
tials describe the potential for surface emission.

χst =
2.7457× 1015

T
· e

(
−

10378
T

)
·0st, (11)

χg was calculated according to Eq. (3) through Eq. (5) of
Stratton et al. (2018). In Eq. (12), TAN is the concentra-
tion of total ammoniacal N (the sum of NH3 and NH+4 ) in
the soil aqueous phase (mg kg−1), KH is the Henry constant,
and Ka is the equilibrium constant. TAN was estimated at
10.6 mg kg−1 based on soil measurements in RMNP from
Stratton et al. (2018). NH3 flux simulations are very sensi-
tive to the TAN value. The Supplement includes a test of the
sensitivity of the flux results to TAN values within one stan-
dard deviation for the measurements taken by Stratton et al.
(2018).

χg =
KH

1+ (10−pH)/(Ka)
·TAN, (12)

KH andKa were predicted using Eqs. (13) and (14) based on
the models of Montes et al. (2009), where T is temperature.

KH =

(
0.2138
T

)
· 10(6.123−1825/T ), (13)

Ka = 10
(

0.05− 2788
T

)
, (14)

χc, Eq. (15) below, was calculated using Eq. (12) from Mas-
sad et al. (2010).

χc =

χa · (Ra ·Rb)−1

+χst ·
[
(Ra ·Rst)−1

+ (Rb ·Rst)−1
+
(
Rg ·Rst

)−1
]

+χg · (Rb ·Rg)−1

(Ra ·Rb)−1
+ (Ra ·Rst)−1

+ (Ra ·Rw)−1

+
(
Rb ·Rg

)−1
+ (Rb ·Rst)−1

+(Rb ·Rw)−1
+
(
Rg ·Rst

)−1
+
(
Rg ·Rw

)−1

, (15)

Compensation point at the displacement height (d) above the
roughness length (z0) is calculated using Eq. (17) below as
proposed in Massad et al. (2010). χz0 takes all other compen-
sation points and resistances into account.

χz0 =

(
χa
Ra
+

χg
Rg
+

χc
Rb

)
(

1
Ra
+

1
Rg
+

1
Rb

) , (16)

Finally, the total flux was calculated following Eq. (17) (Mas-
sad et al., 2010). NH3 flux is calculated in this framework as
a difference between the χz0 and χa, scaled by Ra.

FNH3 =
χz0 −χa

Ra
, (17)

Total exchange flux (FNH3 ) from the dry deposition inferen-
tial model gives the direction and magnitude of NH3 fluxes.
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3 Results and Discussion

3.1 Simulated bidirectional exchange fluxes of NH3

Bidirectional fluxes were simulated using the 30 min NH3
concentration data set and in situ meteorological data as in-
puts to the Massad et al. (2010) model, described above. NH3
concentration, χz0 , and fluxes have a strong seasonal cycle in
RMNP (see Fig. 4). NH3 flux direction is determined by the
difference between χz0 and χa (Fig. 4a). When NH3 concen-
tration exceeds the compensation point, NH3 is deposited to
the surface (a negative flux value). Both NH3 concentrations
and deposition fluxes tend to be greatest during the summer
(June, July, and August), with 47 % of NH3 modeled annual
dry deposition occurring during June, July, and August. NH3
fluxes also had the largest variability in the summer. Depo-
sition in the spring (March, April, and May) closely follows,
with 43 % of NH3 modeled annual dry deposition occur-
ring during March, April, and May. During all seasons, there
are periods of net emission from the surface (Fig. 4b). The
largest periods of net emission occur in the summer. Daily
NH3 emission fluxes are most common in the winter (De-
cember, January, and February), although they are typically
smaller than deposition fluxes in the spring and summer.

Total modeled NH3 flux can be broken down into stomatal,
ground, and cuticular fluxes. Figure 5 shows the distribution
of simulated NH3 fluxes for each of these components.

Deposition is driven primarily by stomatal and cuticu-
lar fluxes, while ground emission fluxes are sometimes ob-
served. Winter periods of net emission (see Fig. 4b) are
driven by the ground flux. One potential limitation of the
model used for simulations is that it does not consider snow
cover on the ground, which could alter winter fluxes in
RMNP.

NH3 concentrations at RMNP are impacted by emis-
sion and transport patterns, which can both increase day-
time NH3 concentrations. NH3 emissions from agricultural
sources have a strong diel pattern driven by volatilization
during warmer daytime temperatures. At RMNP, transport
from these regions is driven on many days by the mountain-
plains circulation, which begins in the late morning and
transports polluted air masses westward and upslope to the
park (Gebhart et al., 2011). Previous studies have demon-
strated that the upslope transport from sources in the Front
Range has impacts on deposition and air concentrations in
RMNP (Benedict et al., 2018; Pan et al., 2021). During this
study, the largest χa values are also observed during ups-
lope transport from source regions in the CO Front Range.
These source regions likely disproportionately contribute to
NH3 dry deposition because the difference between χa and
χz0 drives the sign and magnitude of the NH3 flux. On morn-
ings following overnight dew formation, local volatilization
from evaporating dew has also been shown to increase morn-
ing NH3 concentrations (Wentworth et al., 2016). This phe-
nomenon was observed in RMNP and corresponds to the in-

crease in the NH3 diel pattern around 10:00 MT observed in
Fig. 6a. One limitation of the bidirectional flux model used
is that NH3 uptake and emission from dew are not simu-
lated. NH3 concentration, compensation point, and simulated
fluxes each have a strong diel pattern, which peaks during
the middle of the day (see Fig. 6). The peak value typically
occurs close to 13:00. The soil temperature diel pattern con-
tributes to a higher χz0 during the middle of the day. The an-
nual cycle of soil temperature also contributes to the higher
χz0 observed in summer. Although both NH3 concentration
and compensation point peak during mid-day, we also ob-
serve peak deposition fluxes during the middle of the day,
indicating that the influence of the diel pattern of NH3 con-
centration is stronger than that of the compensation point diel
pattern.

To understand the relative importance of NH3 deposition
in RMNP, NH3 flux simulation results are combined with
NADP/NTN wet deposition fluxes and dry deposition fluxes
for particulate ammonium (NH+4 ) and nitrate (NO−3 ) and
gaseous HNO3 derived from CASTNET concentration ob-
servations and MLM deposition velocities, to construct an
updated seasonal and annual budget of inorganic N deposi-
tion at RMNP. This Nr deposition budget for all measured
inorganic species is shown in Fig. 7a. Due to the lack of cur-
rent measurements, wet and dry deposition of organic nitro-
gen are not included. Benedict et al. (2013b) reported an-
nual organic nitrogen wet deposition of 0.6 kg N ha−1 yr−1

during their 2008–2009 study. NH3 dry deposition is the
net surface flux from the simulations using 30 min NH3
concentration. The inorganic annual Nr deposition bud-
get totals 3.4 kg N ha−1 yr−1, with the largest contributions
coming from NH+4 wet deposition (1.34 kg N ha−1 yr−1),
NH3 net dry deposition (0.12 kg N ha−1 yr−1), NO−3 wet
deposition (0.71 kg N ha−1 yr−1), and HNO3 dry deposi-
tion (0.33 kg N ha−1 yr−1). Overall, reduced Nr deposi-
tion comprises 59 % of the total inorganic N deposition
to RMNP. NH3 dry deposition comprises 4 % of total
inorganic Nr deposition. Simulated NH3 dry deposition
(0.11 kg N ha−1 yr−1) is smaller than the value estimated
by Benedict et al. (2013b) during their 2008–2009 study
(0.66 kg N ha−1 yr−1). The previous value estimated NH3
dry deposition velocity by scaling the HNO3 dry deposition
velocity by 0.7, instead of simulating the bidirectional ex-
change of NH3.

Speciated monthly dry deposition is plotted in Fig. 7b to
probe the seasonality of Nr deposition in RMNP. Net dry de-
position of NH3 was largest during May and August. Total
inorganicNr deposition peaked during May, due to increased
wet deposition. ReducedNr deposition exceeded oxidizedNr
deposition in October, December, February, March, April,
May, July, and August. Excluding November, where only
one period of wet deposition was recorded by the NADP
NTN site, reduced Nr deposition had a fractional contribu-
tion ranging from 43 % to 74 %. In November and January,
net NH3 emission was estimated from the surface.

Atmos. Chem. Phys., 25, 15245–15261, 2025 https://doi.org/10.5194/acp-25-15245-2025



L. E. Naimie et al.: Sensitivity of simulated ammonia fluxes in Rocky Mountain National Park 15253

Figure 4. Daily mean values of: (a) Daily mean χa and χz0 , and (b) NH3 flux.

Figure 5. Total NH3 simulated fluxes are separated into their com-
ponent fluxes (stomatal, ground, and cuticular). Simulated fluxes
are shown for the entire study period. Boxes show the 25th and 75th
percentiles, and whiskers are determined at 1.5 times the interquar-
tile range.

3.2 Impacts of biweekly NH3 concentration data on
simulated fluxes

The use of low time-resolution NH3 concentrations for flux
simulations can produce a low bias compared with fluxes
simulated using higher time-resolution NH3 concentrations.
Simulated NH3 fluxes have a strong diel pattern when sim-
ulated at 30 min resolution (see Fig. 6c), due to changes
in NH3 concentration and meteorology. These complex dy-
namics are averaged out when an average NH3 concentra-

tion is used, which leads to an underestimation in deposition.
Here, we demonstrate that a site-specific correction can be
generated to account for the bias introduced by lower time-
resolution NH3 concentration data. Our methods differ from
Schrader et al. (2018) in 3 major ways: (i) in situ data is
used for both the higher frequency, 30 min NH3 concentra-
tion, and meteorology, (ii) biweekly passive NH3 data is used
instead of monthly NH3 data, and (iii) Massad et al. (2010)
is used as described instead of using a simplified parameter-
ization. The results of the 30 min NH3 and Biweekly NH3
bidirectional NH3 flux simulations are compared to gener-
ate a site-specific factor to correct for any low bias in the
lower time-resolution flux calculations. Simulated fluxes at
biweekly time-resolution (Fig. 8) using the two NH3 con-
centration data sets are well correlated (R2

= 0.88), and the
NH3 flux simulation using biweekly integrated NH3 data can
be corrected to match the control flux simulation using a lin-
ear fit (slope= 1.03, y-intercept=−1.689). As noted above,
RMNP has few two-week periods of net NH3 emission, and
the efficacy of this method should be confirmed at a location
with more extensive periods of net NH3 emission. In par-
ticular, NH3 fluxes above managed agricultural land could
differ significantly from the pattern observed in RMNP. This
study also focused on fluxes above a forest canopy, and re-
sults could differ for grassland ecosystems, which also occur
in RMNP. To determine the efficacy in other locations, future
investigations should select several sites with different land
surface types and NH3 concentrations to make biweekly and
high time-resolution measurements for a year.

Considering the net flux of NH3 across the full study
period, using the best available time-resolution of 30 min,
we find a total annual net NH3 dry deposition flux of
0.11 kg N ha−1 yr−1 (Fig. 9). The estimated NH3 dry deposi-
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Figure 6. Diel pattern of: (a) NH3 concentration, (b) simulated χz0 , and (c) NH3 fluxes are shown for the full study period in RMNP. Boxes
show the 25th and 75th percentiles, and whiskers are determined at 1.5 times the interquartile range.

Figure 7. Reactive nitrogen deposition is shown for all species with measured concentrations or deposition for the full year of study. Wet
deposition data are from the NADP NTN site at Beaver Meadows. NH3 dry deposition is modeled using the bidirectional framework from
Massad et al. (2010) and 30 min NH3 concentration data. Dry deposition of HNO3(g), NH+4 (p), and NO−3 (p) are calculated from the nearby
CASTNET site concentration data and deposition velocities from the U.S. EPA MLM. Panel (a) has the annual deposition of all measured
species. Panel (b) has deposition of all measured Nr species grouped by month. Only one period of wet deposition was collected by the
NADP NTN site during November 2021.

tion drops by 45 % to 0.06 kg N ha−1 yr−1 using biweekly vs.
30 min NH3 concentration measurements. The annual NH3
dry deposition flux increases to 0.78 kg N ha−1 yr−1 when
simulating fluxes in a deposition-only unidirectional frame-
work where the NH3 deposition velocity is scaled as 0.7
times the nitric acid deposition velocity (estimated by the US
EPA MLM), an approach previously used for RMNP N de-
position budgets (Beem et al., 2010; Benedict et al., 2013a,
b).

Bidirectional flux simulations using biweekly NH3 data
with an average diel pattern of NH3 yield the same annual
NH3 dry deposition flux as the simulations run using 30 min
NH3 concentration. This indicates that capturing daily vari-
ability in NH3 concentration profiles is not critical to accu-
rately simulating the annual NH3 flux. Application of an an-
nual averaged diel pattern misses the highest NH3 concen-

trations (Fig. 10); however, across a full year of data, the diel
pattern effectively captures the net surface flux. Despite the
scatter in Fig. 10a, fluxes simulated with an average diel pat-
tern NH3 data set are well correlated with simulations using
30 min NH3 concentrations (R2

= 0.59) and have a fit close
to unity. The daily mean fluxes (Fig. 10b and c) of each sim-
ulation have similar seasonal patterns, with periods of net
emission and deposition aligned between simulations.

At RMNP, there is a large daily variability in concentra-
tion due especially to changes in upslope transport. When
an air mass arrives from the Colorado Front Range and NE
Colorado, NH3 concentrations rise significantly due to the
large emission sources upwind. For the comparison shown
in Fig. 10, the diel pattern was determined using a full year
of NH3 concentration data. Fluxes were also simulated using
diel patterns determined with only a month of data, to probe
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Figure 8. Bidirectional NH3 flux simulated at 30 min resolution is
plotted for 30 min NH3 concentration data and biweekly integrated
NH3 concentration data. Fluxes are given as net flux over a two-
week period. The least squares linear regression is plotted for the
data.

Figure 9. Annual NH3 dry deposition at the NEON Flux Tower
in RMNP is shown for three bidirectional simulations using three
sets of NH3 concentration data (30 min NH3, Biweekly NH3, and
Average Diel Pattern NH3) and one unidirectional simulation. Each
simulation was run at 30 min time steps with meteorological pa-
rameters from the NEON Flux Tower. The unidirectional NH3 flux
is calculated using biweekly NH3 concentrations. NH3 deposition
velocities are calculated as 0.7 times the HNO3 deposition velocity
from the U.S. EPA MLM.

the necessary length of measurements to generate an effec-
tive diel pattern. Annual deposition from all flux simulations
using each different monthly diel pattern fell within 2 % of
the annual deposition using the annual average diel pattern.
Therefore, in RMNP, one month of 30 min measurements ap-
pears sufficient to generate a diel pattern that will effectively
correct the net NH3 surface flux. Other locations may have
larger and/or more complex variability in NH3 diel patterns

and may require longer periods of data collection to establish
an NH3 diel pattern.

3.3 Impacts of reanalysis meteorological data on
simulated NH3 fluxes

Bidirectional exchange models require several meteorolog-
ical and soil parameters, which may not be readily avail-
able for many locations of interest. Reanalysis data can pro-
vide meteorological inputs for locations where required in
situ meteorological and soil measurements are unavailable.
To examine the impact on flux simulation accuracy result-
ing from this substitution at RMNP, the same simulations of
NH3 bidirectional fluxes were run using ERA5 meteorology
and soil data. 30 min NH3 simulations run with reanalysis
data inputs are well correlated (R2

= 0.76) with 30 min NH3
simulations run with in situ data inputs (see Fig. 11), but
overestimate the annual NH3 deposition flux by a factor of
2. From Fig. 11, we find that the use of ERA5 reanalysis data
in the simulation of NH3 bidirectional fluxes introduces a low
bias to the flux magnitude in RMNP compared to in situ me-
teorological data, for both positive (emission) and negative
(deposition) fluxes. However, because the decrease in depo-
sition fluxes is smaller than the decrease in emission fluxes,
we observe an annual overestimation from simulations using
ERA5.

The low bias for fluxes simulated using ERA5 reanalysis
data is investigated further to explore what parameters in-
fluence this bias. Net NH3 fluxes are simulated using Eq.
(17), which relies on χz0 , NH3 concentration, and Ra. We
find that the simulations using reanalysis data generate χz0 ,
which agree well with the simulations using in situ measure-
ments (slope= 1.03, R2

= 0.98).
Although the general diel pattern of Ra is well captured

using reanalysis data, Ra magnitudes differ substantially be-
tween the two simulations (Fig. 12a and b), with the largest
difference occurring overnight. Maximum Ra values from
the reanalysis simulations are an order of magnitude larger
than those derived using in situ meteorology. A comparison
of the two data sets shows (Fig. 12c) a typical enhancement
of approximately a factor of four. Increased Ra values result
in lower simulated NH3 fluxes. The Ra bias is likely driven
by differences in the u∗ and L, which are used to calculate
Ra. ERA5 data underestimates u∗ by a factor of 5 when com-
pared with the in situ NEON data (slope= 0.2). The in situ
NEON data also sets a minimum u∗ value (0.2 m s−1), while
the ERA5 data allows u∗ values below 0.2 m s−1. Compar-
isons of all meteorological parameters used can be found in
the Supplement. This discrepancy in modeled Ra may be due
to the gridded nature of reanalysis data, which represents a
large area of variable land types and complex topography us-
ing only a single value (Hogrefe et al., 2023). Previous work
has identified heat and moisture fluxes as large areas of un-
certainty in ERA5 Reanalysis (Kong et al., 2022; Mayer et
al., 2022). Two case studies were conducted to probe the rel-
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Figure 10. NH3 fluxes simulated with 30 min NH3 concentrations and annual average diel pattern NH3 concentrations are shown for the
full year of data. Panel (a) directly compares 30 min simulated fluxes for each data set. Panels (b) and (c) show the daily mean fluxes for
simulations with 30 min NH3 concentration and average diel pattern NH3 concentration, respectively.

Figure 11. Bidirectional NH3 flux simulated with ERA5 meteorol-
ogy and NEON meteorology at 30 min resolution using the 30 min
NH3 concentration. The least squares linear regression is plotted for
the data in red.

ative importance of u∗ and L. The case studies are described
in the Supplement. Differences in Ra were impacted by both
u∗ and L, accounting for 23 % and 10 %, respectively, of the
discrepancy between in situ and ERA5 flux simulations.

4 Conclusion

Fluxes of NH3(g) can be simulated using a bidirectional
model, which uses rapidly changing meteorology paired with
air concentrations and soil parameters to infer flux direction
and magnitude. We use a bidirectional NH3 flux model, pro-
posed by Massad et al. (2010), to simulate a year of NH3

fluxes above a subalpine forest ecosystem in Rocky Moun-
tain National Park. The net NH3 dry deposition to the ecosys-
tem is estimated at 0.11 kg N ha−1 yr−1, comprising 4 % of
total inorganic reactive nitrogen deposition. This is signifi-
cantly lower than previous estimates for RMNP, which did
not consider the bidirectional nature of the exchange. Due
to the observed low bias in passive NH3 observations and
the sensitivity of simulations to NH3 concentrations, this is
likely a low bound. The sensitivity of NH3 flux modelling
to χa was tested by scaling the input concentration by 9 %
to account for the error discussed in Puchalski et al. (2011).
This resulted in an annual deposition increase of 47 %, in-
dicating the importance of accurate NH3 measurements for
flux modelling. Additionally, since the highest NH3 concen-
trations occur during upslope events, the sources contribut-
ing to these events likely have a disproportionate effect on
deposition. One limitation of this model is the exclusion of
snow cover, which could significantly change NH3 fluxes
in the winter, when RMNP has frequent snow events. To
probe the impact of snow cover, a sensitivity test was con-
ducted setting χg equal to zero during the winter (Decem-
ber, January, and February), which increased annual deposi-
tion by 0.06 kg N ha−1 yr−1. However, this analysis does not
take into account how the surface differences may change
NH3 fluxes above snow. Future work should investigate NH3
fluxes above snow cover to better simulate the exchange of
NH3 in regions with snow.

Due to the cost and technical challenges of making contin-
ual, high time-resolution NH3 concentration measurements,
there is growing interest in using integrated biweekly passive
NH3 measurements, such as those from the NADP AMoN
network, for flux simulations. Here, we establish that a site-
specific correction can be used to correct a bias introduced by
using lower time-resolution passive NH3 measurements over
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Figure 12. Aerodynamic resistances are shown for simulations using in situ meteorological data from the NEON flux tower and reanalysis
meteorological data from ERA5. The diel patterns are shown in (a) and (b), respectively. Panel (c) directly compares simulated Ra values
using NEON in situ and ERA5 reanalysis data.

the studied forest canopy in RMNP. We also establish that an
average NH3 diel pattern can be used to interpolate 30 min
NH3 concentration and correct for the bias introduced by
passive NH3 measurements. In RMNP, a month of measure-
ments proved sufficient to determine the diel pattern used for
flux simulations. The correction factor and diel pattern, how-
ever, likely vary by location due to differences in ecosystem
characteristics and factors influencing NH3 concentrations.
Due to the potential regional differences and changes associ-
ated with land surface type, additional sites should be stud-
ied to assess the impact of measurement time-resolution on
NH3 flux simulations. To understand the seasonal variabil-
ity in diel pattern and efficacy of diel pattern application for
flux simulations, measurements should be conducted for a
full year.

Local micrometeorological and soil measurements are
also frequently unavailable, making the use of reanalysis data
a desirable alternative for NH3 flux simulations. In our loca-
tion, the use of reanalysis data adds a bias that leads to over-
estimates of net NH3 deposition. We found it was possible to
apply a correction to address this bias, but this factor likely
varies by location, in particular over different land surface
types within a reanalysis grid cell. Future studies should ex-
plore the relationship between in situ measurements and re-
analysis products above different land surface types, varied
topography, and in different regions. Understanding how to
correct for the biases introduced through the use of reanalysis
data would allow improved modelling of NH3 bidirectional
fluxes in regions lacking high time-resolution measurements.

In this analysis, we simulated the bidirectional exchange
of NH3 above a forest ecosystem using the model proposed
in Massad et al. (2010). However, there are other bidirec-
tional exchange models (e.g., Zhang et al., 2010; Pleim et
al., 2013) and their simulated fluxes may differ significantly
from the model used here (Jongenelen et al., 2025). In the
bidirectional exchange model used here, we observe that the
selected inputs for NH3 concentration and meteorological

data may introduce biases into the simulated NH3 fluxes.
This may also be true for the other models when simulating
NH3 bidirectional exchange, a good topic for future research.
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