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Abstract Excess wet and dry deposition of nitrogen-containing compounds are a concern at a number of
national parks. The Rocky Mountain Atmospheric Nitrogen and Sulfur Study Part II (RoMANS II) campaign was
conducted from November 2008 to November 2009 to characterize the composition of reactive nitrogen and
sulfur deposited in Rocky Mountain National Park (RMNP). RoMANS II identiﬁed reduced nitrogen as the
major contributor to reactive nitrogen deposition in RMNP, making up over 50% of the total. Motivated by
this ﬁnding, the particulate source apportionment technology within the Comprehensive Air Quality Model
with extensions was used here to estimate source apportionment of reduced nitrogen concentrations at
RMNP. Source apportionment results suggest that approximately 40% of reduced nitrogen deposition to
RMNP comes from ammonia sources within Colorado. However, the model evaluation also suggests that this
number could be underrepresenting ammonia sources in eastern Colorado due to the difﬁculty of capturing
upslope airﬂow on the eastern side of the Continental Divide with meteorological models. Emissions from
California, the western model boundary, and the Snake River Valley in Idaho, the next three most inﬂuential
sources, contribute approximately 15%, 8%, and 7%, respectively, to total reduced nitrogen measured in
RMNP. Within Colorado, about 61%, 26%, and 13% of the total Colorado contribution comes from sources to
the east of the Continental Divide, sources to the west of the Continental Divide, and from the park itself.

1. Introduction
Emissions of nitrogen containing compounds resulting from anthropogenic activities such as agriculture and the
use of fossil fuel (among others) are altering the nitrogen cycle by increasing deposition of nitrogen to many
areas throughout the United States [Morris et al., 2014; Ellis et al., 2013; Pardo et al., 2011; Porter et al., 2005].
The critical load for a speciﬁc pollutant in a speciﬁc ecosystem is deﬁned as the amount of that pollutant that
can be absorbed without causing detrimental changes to that ecosystem. Evidence suggests that the critical
load for nitrogen has been reached and surpassed in many protected ecosystems in the United States.
High-elevation areas of the Rocky Mountains in the United States tend to be particularly sensitive to
changes in nitrogen because of thin, rocky soils, the accumulation and concentrated release of nitrogen in
snowpack, and short growing seasons [Burns et al., 2011]. Baron [2006] used nitrogen hindcasting to
determine an annual average deposition of 1.5 kg N/ha for wet inorganic nitrogen during the 1950s when
changes in diatom communities were reported in Rocky Mountain Alpine Lakes [Wolfe et al., 2003],
therefore suggesting this deposition amount to be the critical load for these lakes. By modeling changes
to vegetation diversity, McDonnell et al. [2014] provided evidence that critical load values for Rocky
Mountain National Park (RMNP) vegetation have also already been surpassed.
In 2007, the Nitrogen Deposition Reduction Plan (NDRP) was developed to address this important issue in
RMNP [Colorado Department of Public Health and Environment (CDPHE), 2007]. The NDRP deﬁned a multiyear
approach to reduce total wet deposition of inorganic nitrogen in RMNP to a target load of 1.5 kg N/ha/yr by
the year 2032, based on the work of Baron [2006]. As part of the NDRP, incremental targets were deﬁned
using 5 year average values as the metric for speciﬁc years before 2032. In 2012, the 5 year average value
was 2.9 kg N/ha/yr, which exceeds the target value of 2.7 kg N/ha/yr set for time period [Morris et al., 2014].
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Rocky Mountains on the east and the Cascade Range and Sierra Nevada on the west) help identify challenges
associated with meeting the NDRP targets. Speciﬁcally, the data show that ammonium (NH4+) deposition has
increased by 25% up to >50% throughout the region during that time period (Lehmann, personal
communication). Nitrate (NO3) deposition trends in the Intermountain West show no statistically signiﬁcant
change during the same period, with the exception of Arizona, Western New Mexico, and southwestern
Colorado, where small increases have occurred [Lehmann and Gay, 2011]. Meanwhile, NO3 deposition has
decreased throughout the Eastern United States and along the Western U.S. coast [Lehmann and Gay, 2011].
This decrease is associated with decreasing NOx emissions in those regions partly due to two programs
created by the Clean Air Act. NOx is controlled as a precursor to acid deposition under the Acid Rain
Program and as a primary species and as a precursor to ground-level ozone (both NO2 and ozone are
regulated under the national ambient air quality standards (NAAQSs)). However, total U.S. emissions of
reduced nitrogen, speciﬁcally ammonia (NH3), have increased over the last 20 years [Xing et al., 2013] and
will continue to increase in the future according to representative concentration pathway projections as
global agriculture increases [van Vuuren et al., 2011]. Despite the fact that NH3 is a precursor to inorganic
particulate matter (PM), which is also regulated under the NAAQS, emissions of NH3 are not controlled by
federal legislation in the United States. A trend analysis using data from two monitors located in RMNP also
showed statistically signiﬁcant increases in wet deposition of NH4+ from 1980s to 2012 [Morris et al., 2014].
While no statistically signiﬁcant change in wet deposition of NO3 occurred during that same time period, a
7 year trend analysis showed a decrease in wet-deposited NO3 at one site in RMNP. These data suggest
that trends at RMNP are in agreement with corresponding regional and national trends for both species.
Motivated by evidence of adverse impacts associated with the current levels of nitrogen deposition in RMNP
and trends showing increasing nitrogen deposited to the park, the U.S. National Park Service initiated two
measurement campaigns in the park. The goal of these campaigns was to quantify the deposition of
nitrogen and sulfur compounds in the park to identify important sources, and speciﬁc to the second
campaign, to evaluate the seasonality, the representativeness, and the reproducibility of measurements.
Ultimately, the results from these studies will help identify strategies to reduce nitrogen and sulfur
depositions. The ﬁrst Rocky Mountain Atmospheric Nitrogen and Sulfur Study (RoMANS I) took place from
March to April and July to August in 2006 [Gebhart et al., 2011; Rodriguez et al., 2011; Beem et al., 2010;
Malm et al., 2009], and the second study (RoMANS II) began in November 2008 and ran through December
2009 [Gebhart et al., 2014; Benedict et al., 2013a, 2013b; Malm et al., 2013; Adelman and Omary, 2011].
During RoMANS II, the National Park Service, working with Colorado State University, took hourly
measurements of key pollutants at a site located east of the Continental Divide (40.2783°N, 105.5457°W;
2784 m) but within the boundaries of RMNP (denoted in the rest of this document as the “core site”).
Weekly measurements were also made at two locations along the Northern Colorado Front Range to the
east of RMNP [Day et al., 2012]. Measurement and modeling information about these two additional sites
is presented in the supporting information. Measurements from RoMANS I and RoMANS II were
incorporated into source apportionment studies including a trajectory mass balance method [Gebhart
et al., 2014, 2011] and a tracer study [Malm et al., 2013]. These studies found that Colorado contributed
approximately half of the ambient nitrogen concentrations measured at RMNP.
According to RoMANS II measurement data [Benedict et al., 2013a], reduced nitrogen (NHx) makes up 56% of
the total nitrogen deposition budget at the core site. Oxidized nitrogen (NOy) and organic nitrogen made up
the remaining 26% and 18%, respectively. Additionally, as mentioned, deposition of NHx is increasing over
much of the U.S., while NOy deposition remains steady or decreases [Lehmann and Gay, 2011]. Therefore,
the objective of this study is to identify the major contributors of NHx to RMNP.
Representing NH3 in chemical transport models (CTMs) is particularly challenging due to uncertainty in
emission factors and strong inﬂuence of meteorological factors on emissions [Mansell, 2005; Strader et al.,
2001], as well as the bidirectional ﬂux characteristics of NH3 from unfertilized soil [Bash et al., 2013; Cooter
et al., 2012; Massad et al., 2010]. Studies incorporating bidirectional ﬂux have shown existing NH3
inventories to be both overestimated and underestimated depending on the region and time of year [Zhu
et al., 2013]. The largest source of NH3 in the United States is agriculture, estimated at 86% of total NH3
emissions in 2005 [U.S. Environmental Protection Agency (EPA), 2011a]. Challenges also exist with
representing NH3 wet and dry deposition mechanisms in CTMs. Wet deposition is driven by precipitation,
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Figure 1. Computational domains and source apportionment regions used in this study. The 36 km horizontal grid resolution
outer domain, represented by the extent of the larger box, covers the contiguous United States, Northern Mexico, and
southern Canada. The source regions are labeled and shown by black outline. The 12 km domain, represented by the larger
white outline in the larger box, includes parts of the states surrounding Colorado. The inner 4 km domain, represented by the
smaller white outline and enlarged on the bottom right, extends over most of Colorado. This smaller box also shows detailed
Colorado source regions. The colors show the annual ammonia emission inventory for the 36 km modeling domain.

which is often poorly represented in models [Bullock et al., 2013]. Dry deposition velocities are difﬁcult to
measure, and measurements and modeling efforts are confounded by bidirectional ﬂux [Bajwa et al., 2008;
Phillips et al., 2004; Langford and Fehsenfeld, 1992].
Recently, source apportionment tools have been incorporated into CTMs using reactive tracer species
mechanisms [Environ, 2011]. Here we use the particle source apportionment technology (PSAT) module
within the Comprehensive Air Quality Model with extensions (CAMx). CAMx (and therefore PSAT) captures
the complexities of the atmosphere, including nonlinearities associated with atmospheric transport and
chemistry [Environ, 2011]. Both PSAT and CAMx are approved and used by the U.S. Environmental Protection
Agency (EPA) for policy analysis [U.S. Environmental Protection Agency (EPA), 2007]. PSAT performance has
been evaluated previously [Environ, 2011; Koo et al., 2009] and was used to develop source apportionment
data to design both the most recent Colorado State Implementation Plan [Colorado Department of Public
Health and Environment (CDPHE), 2009] and the ruling for a recent federal air quality policy [U.S. EPA, 2011b].
This study aims to expand upon RoMANS II measurement and modeling efforts by incorporating these data
into a regional scale air quality model with source apportionment capabilities to identify and quantify the
major sources that lead to NH3 and NH4+ (reduced nitrogen, NHx) concentrations and deposition in RMNP.
Section 2 of this paper presents a description of the modeling platform that was used for this research,
including efforts to improve emission inventories and model processes applicable to key nitrogen species.
A brief overview of the model performance evaluation is presented in section 3 with emphasis on model
performance with respect to these key nitrogen species. A full model performance evaluation is presented
in the supporting information. Source apportionment modeling and results for reduced nitrogen in RMNP
is presented in section 4. Section 5 concludes with a discussion of results, challenges, and future work.

2. Modeling System Description
Simulations with CAMx version 5.30 were performed with two-way nested domains with horizontal grid size
resolutions of 36 km, 12 km, and 4 km as shown in Figure 1. The outermost domain includes the contiguous
United States, southern Canada, and Northern Mexico; the 4 km domain extends over most of Colorado,
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while the 12 km domain extends over the surrounding states. Table S1 in the supporting information shows
the relevant conﬁguration options used in the presented model simulation.
The Weather Research and Forecasting (WRF) model [Skamarock et al., 2005] was used to develop
meteorological inputs to the air quality model. The input meteorological data represent conditions as they
occurred from November 2008 to December 2009, the full length of the modeling episode. A performance
evaluation of the WRF data was conducted and is presented in Gebhart et al. [2014].
The Sparse Matrix Operator Kernel Emissions (SMOKE) processing system [The Institute for the Environment,
2006; Houyoux et al., 2002] was used to prepare the emission inventory data in a format that reﬂects the
spatial, temporal, and chemical speciation parameters required by CAMx. An approach was developed to
compile emission data that were representative of the 2008–2009 RoMANS II modeling episode, which
was a noninventory period for the U.S. EPA. The RoMANS I 2006 inventory served as the basis for the
RoMANS II 2008–2009 inventory. Emission data from the U.S. EPA and Regional Planning Organization data
were used to update emission data to 2008/2009 for key sectors including on-road mobile, stationary
point, oil and gas, biogenic, agriculture, and ﬁres. The emission inventory development for NH3 (a key
focus of this study) will be described here. Detailed information about the development of the rest of the
emission inventory used for this study is presented in the SI.
NH3 emissions from livestock and fertilizer (the largest sources of NH3) were estimated using the Carnegie
Mellon University (CMU) NH3 model v3.6 [Strader et al., 2001] with 2007 county-level animal population
estimates and 2007 county-level fertilizer consumption data. The NH3 emissions in the state of Colorado were
further reﬁned by updating the spatial surrogate data using geographic information system data on Colorado
feedlot locations (Jay Hamm, personal communication). This new approach for the allocation of livestock
emissions in Colorado represents a signiﬁcant improvement relative to the emissions used in RoMANS I, in
which county-level emissions were spatially distributed based on more generic land use data. Because NH3
inventories were provided with a ﬂat monthly proﬁle (annual emissions were equally distributed between the
months), emission factors reported by Zhang et al. [2012] were applied domain wide to scale monthly totals
of NH3 emissions to better represent seasonal variability, including a summer peak. This proﬁle is consistent
with concentration proﬁles as measured in RMNP during RoMANS II [Benedict et al., 2013a].
NH3 can be both deposited to and reemitted from soil, and as a result, the net downward ﬂux can be smaller
than what is calculated using model-estimated deposition velocities when bidirectional ﬂux is not
represented. Unfortunately, bidirectional ﬂux capabilities are not available in coordination with source
apportionment tools. Therefore, for this study, surface resistance included in the model’s NH3 dry
deposition calculation was increased by 10% to reduce model-estimated NH3 dry deposition velocity and
improve model representation of NH3 ambient concentrations. The base dry deposition scheme for both
particles and gases follows that presented by Zhang [2001] and Zhang et al. [2003], respectively. The
resulting modeled annual average effective deposition velocity for NH3 at RMNP was 1.36 cm/s. Monthly
average diurnal proﬁles show hourly values that range from 0.5 cm/s during calm morning hours to
>3 cm/s during summer afternoons, when surface resistance is at a minimum. These values are similar to
deposition velocities estimated by Bajwa et al. [2008] for North Carolina and are within the range of values
used by Benedict et al. [2013a] to calculate NH3 dry deposition for RoMANS II.
Finally, boundary conditions were developed using the Model for OZone and Related chemical Tracers (MOZART)
v4.6 and represent the 2008–2009 modeling period [Emmons et al., 2010]. The boundary conditions as generated
were evaluated and adjusted for this study by comparing model-estimated SO42 concentrations against SO42
measurements at coastal sites in the Interagency Modeling of Protected Visual Environments (IMPROVE) network
[Hand et al., 2011; DeBell et al., 2006; Malm et al., 1994]. SO42 concentrations added to the modeling domain
through boundary conditions were scaled to match these measurements. Corresponding NO3 and NH4+
concentrations contributed by the boundary conditions were also scaled to conserve ionic balance, assuming
that all NH4+ is in the form of either ammonium sulfate or ammonium nitrate.

3. Model Performance Evaluation
The following section presents a model evaluation for the performance of NH3 and NH4+ concentrations
against RoMANS II measurements based on the results from the modeling episode presented in
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section 2. Model assessment of
CAMx and other CTMs for ammonia is
relatively new, and therefore, this paper
is an important contribution to the
literature on this topic. The reader is
directed to the supporting information
for an operational model performance
evaluation of this episode that
includes the full modeling domain and
additional species.
3.1. Model Performance Evaluation
of NHx Concentrations at the RMNP
Core Site

Observed NH3 concentrations in RMNP
exhibit a strong seasonal cycle with
higher concentrations during the spring
and summer and lower concentrations
during the fall and winter, as seen in
Figure 2 on the left. Metrics shown in
b
Table 1 and the time series graph
shown in Figure 2a indicate that the
model underpredicts NH3 concentrations
at the core site throughout the year,
although model performance improves
from June to October as shown in
Figure 2a. Despite the negative bias, the
model results have a high correlation
to measurements (r = 0.75). Annual
average-observed NH4+ concentrations
are 0.23 μg/m3, with the lowest
concentrations observed during the
winter and a slight rise in the spring as
shown in Figure 2b. The correlation
between modeled and observed NH4+
concentrations was high (r = 0.71), and
the model predicts the correct timing of
some high-concentration events, in
particular the largest one that occurs
in September. These performance
statistics fall within the range of
Figure 2. Year 2009 time series comparison of reduced nitrogen using
reported NHx performance statistics
data collected at Rocky Mountain National Park (NP) during RoMANS II.
Model results in black and observed ambient concentrations in red. Units from other peer-reviewed studies
3
of μg/m . Measurements were made using the University Research
[Simon et al., 2012], and many of
Glassware annular denuder/ﬁlter pack samplers [Benedict et al., 2013a].
these statistical indicators point to an
improved model performance relative
to RoMANS I [Rodriguez et al., 2011]. For
example, the mean fractional bias (MFB) for NH3 in the RoMANS I study was 38% and 131% for spring
and summer 2006, respectively, compared to an annual MFB of 80% for RoMANS II. Improvements of
RoMANS II versus RoMANS I are likely due to improved spatial and temporal representations of NH3
emissions and the change in surface resistance that reduced the NH3 underestimation from RoMANS I.
These changes are described in the Modeling System Description sections in the main paper and the
supporting information.
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Table 1. Year 2009 Annual Model Performance Statistics Compared With Sulfate and Nitrogen Species Ambient
a
Concentrations Measured at the RMNP Core Site, as Part of the RoMANS II Study
Rocky Mountain NP
NH3
0.1
0.23
53
0.16
0.75
0.13
0.13
55%
56%
80%
82%
0.5

Mean sim
Mean obs
n
RMSE
r
MB
MGE
NMB
NMGE
MFB
MFE
d1
a

+
NH4

0.16
0.23
53
0.12
0.71
0.07
0.09
31%
41%
38%
52%
0.55

HNO3
0.3
0.24
53
0.29
0.1
0.06
0.17
23%
68%
29%
51%
0.31



NO3
0.33
0.21
53
0.19
0.58
0.12
0.16
57%
76%
47%
64%
0.43

2

SO4
0.45
0.41
53
0.16
0.78
0.04
0.12
9%
29%
9%
29%
0.64

3

Units of μg/m . See Table S4 in the supporting information for the deﬁnitions of comparison metrics.

These model performance results suggest a consistent negative bias in the reduced nitrogen (NHx = NH3
+ NH4+) model performance. Additionally, when the model performance for the highest measured
concentrations (top 10% days) is evaluated, performance metrics grow signiﬁcantly worse, and the
negative model bias increases by a factor of 4. Results show only a single event (3 days in September)
where modeled concentrations were >1 μg/m3. In fact, measurements of ambient concentrations of NHx
were greater than1 μg/m3 on 26 days during the campaign. Additionally, measurements of NH4+
concentrations were not available for >100 days of the measurement campaign, suggesting that the
number of days when NHx concentrations were greater than 1 μg/m3 could have been greater than 26. In
general, the model did a poor job of capturing high NHx concentrations. One reason may be the inability
of the meteorological model to capture upslope ﬂows [Gebhart et al., 2014], which will be discussed in
more detail in the Discussion section of this work.
3.2. Reduced Nitrogen Deposition
NH3 and NH4+ dry deposition totals reported during the RoMANS II campaign were not measured directly but
were estimated using measured concentrations and a range of dry deposition velocities that fall within the
range of modeled velocities [Benedict et al., 2013a], as discussed previously. Therefore, a model
performance evaluation for ambient concentrations of NH3 and NH4+ (as presented) is substituted for a
dry deposition model performance evaluation of NH3 and NH4+.
Wet deposition ﬂux (g N/m2), directly measured during the RoMANS II campaign, is reported primarily in 24 h
totals (with several multiday totals) and may include more than one distinct precipitation event. These
measured wet deposition data were temporally distributed based on hourly rain data collected at a
collocated site [National Atmospheric Deposition Program, National Research Support Project-3, 2007],
adding a level of uncertainty to model performance. By comparing daily total measured against modeled
NHx wet deposition ﬂux, model performance statistics are calculated. Annually averaged fractional bias
(FB) and normalized mean bias (NMB) (56% and 22%, respectively) fall within the range of values
reported by Simon et al. [2012] for NH4+ wet deposition, while fractional error (FE) and normalized mean
gross error (NMGE) (134% and 118%, respectively) fall outside of the range of previously reported model
performance error. As presented in the supporting information, precipitation totals are overestimated by
the model at the core site, meaning that the negative bias of model wet deposition is likely due to the
negative bias of model NHx concentrations. Model performance improves when monthly aggregated NHx
deposition levels are used in the comparisons. The two monthly bias statistics, FB and NMB (58% and
22%, respectively), fall within the range of values summarized in Simon et al. [2012]. With respect to the
two error statistics, FE and NMGE (74% and 42%, respectively), the model shows better performance than
the deposition studies summarized in Simon et al. [2012]. Given the uncertainty in the relationship between
both wet and dry deposition and meteorological inﬂuences, as well as the poor meteorological model
performance, we have opted to focus our results on source apportionment of ambient NHx concentration,
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as a ﬁrst step in identifying the major contributing regions to NHx at RMNP. Source apportionment of dry and
wet deposition is presented on an annually averaged basis as a point of discussion.

4. Source Apportionment Using PSAT
The PSAT module [Environ, 2011] was used to estimate the contributions to NH3 and NH4+ at RMNP, from
different areas of North America and from sources outside the model boundaries. PSAT assigns reactive
tracers to “follow” emissions of both particles and gases from unique, user-deﬁned source groups. Sources
can be distinguished by inventory sector and by region. Mobile, point, and area sources are common
examples of source sectors. Source regions are spatial groupings. The products of these source sectors and
source regions are source groups. When emissions react to form secondary particles, PSAT apportions the
particles to the sources of the primary emissions. For example, particulate SO42 is apportioned to its SO2
source, particulate NO3 to its NOx source, and particulate NH4+ to its NH3 source.
Koo et al. [2009] evaluated PSAT against the brute force method (BFM) for major particulate species (SO42,
NO3, NH4+, secondary organic aerosols, and primary species). The BFM estimates contributions of sources
to concentrations by simply removing the emission sources of interest one by one and rerunning the
model to calculate the change in ﬁnal concentrations due to the change in emissions. They found that
PSAT can overestimate SO42, NO3, and NH4+ source contributions relative to BFM for smaller emission
reductions because of nonlinearities in the chemical formation or thermodynamics of these secondary
species. For example, limiting reagents can limit the formation of secondary particles: atmospheric
oxidants limit SO42 formation, and NH3 can limit NO3 formation. For larger reductions, Koo et al. [2009]
found that PSAT performed in excellent agreement with BFM when looking at the total contribution (100%
reduction) from sources of these inorganic aerosols. To our knowledge, no previous studies have
compared the performance of PSAT wet and dry deposition source apportionments to BFM.
For this study, emission sources were deﬁned based on location (source regions), with all source sectors
within each source region summed together. Figure 1 shows the spatial deﬁnitions of source regions to
which concentrations and deposition of NH3 and NH4+ at RMNP were apportioned. Source regions were
selected to represent major sources of reduced nitrogen. For example, the Snake River Valley in Southern
Idaho and the area making up the northern part of Utah are both large agricultural regions and therefore
both emit large amounts of NH3 that are tracked separately. While the Midwest states located to the east
of Colorado also contain major agricultural regions, these sources are not expected to be as important
because they are primarily downwind. In addition to the regions labeled in Figure 1, emissions entering
the model domain through each boundary (west, east, north, and south) are tracked individually.
Simulated wet deposition of NH4+ and NH3 accounts for 62% and 11%, respectively, of total NHx deposition.
Dry deposition of NH3 contributes 23% of total NHx deposition, while dry deposition of NH4+ accounts for the
remaining 4%. RoMANS II measurement data estimate the relative contributions of reduced nitrogen
deposition to be 63%, 32%, and 5% for wet NHx, dry NH3, and dry NH4+, respectively [Benedict et al.,
2013a]. Measured wet deposition is presented as NHx, since it is impossible to separate wet deposition
measurements of NH4+ from those of NH3 due to aqueous NH3 chemistry. There is an uncertainty
associated with both wet and dry deposition mechanisms, and thus, the source apportionment of ambient
concentrations of NH3 and NH4+ will be presented as our primary result, followed by source
apportionment of wet and dry depositions of NH3 and NH4+ at RMNP.
4.1. Source Apportionment of Modeled NHx Concentrations
Figure 3a shows the monthly contribution of each source region to the modeled 24 h average NH3 (top row)
and NH4+ (bottom row) ambient concentrations at the core site, with the ﬁgures to the left showing absolute
contribution and the ﬁgures to the right showing the percentage of total contribution. While the relative
contribution patterns are fairly similar throughout the year for both NH3 and NH4+, some notable
differences emerge. For example, NH3 concentration is higher than NH4+ in the summer months. One
possible explanation is that warmer temperatures push the ammonium nitrate chemical equilibrium
toward NH3 [Nenes et al., 1999]. For both species, the contributions from the western boundary are
smallest in the summer, while California contributions are largest in the summer. The largest annually
averaged contribution to total NHx concentrations at the core site comes from Colorado (36%). The
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+

Figure 3. (a) Year 2009 monthly average modeled, domain-wide source apportionment at the RMNP core site of (top) NH3 concentration and (bottom) NH4
3
concentration by (left) absolute contribution in μg/m and by (right) percent of total contribution. (b) Year 2009 monthly average modeled source apportionment
+
3
of Colorado sources at the RMNP core site of (top) NH3 ambient concentration and (bottom) NH4 ambient concentration by (left) absolute contribution in μg/m
and by (right) percent of total contribution.

regions deﬁned as California (15%), the western boundary (8%), and the Snake River Valley in Idaho (7%)
(see Figure 1) are the three next largest contributors.
Figure 3b reﬁnes the total contribution from Colorado (as presented in Figure 3a) into individual source
regions within Colorado. The Central Front Range, including Denver (as shown in Figure 1), contributes
30% of Colorado’s total contribution to the NHx concentration at the core site on an annual average.
Northwestern Colorado (20%), Morgan and Weld Counties (15%), the 36 km grid cell containing the core
site and most of RMNP (13%), and the Northern Front Range (12%) make up the next four largest sources
within Colorado.
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Figure 4. PSAT-based source apportionment of modeled wet deposition; ambient concentration; and dry deposition NH3,
+
NH4 , and NHx at the RMNP core site for (a) all sources in the modeling domain and (b) individual Colorado sources.

4.2. Source Apportionment of Modeled NHx Deposition
Annual average PSAT source apportionment results for dry and wet depositions of NH3 and NH4+, and
their corresponding ambient concentration source apportionment results, are shown in Figure 4a for all
the source regions considered and Figure 4b for Colorado only. PSAT results of dry deposition of NH3
suggest that sources west of Colorado (including California, the western boundary, Washington, Oregon,
Nevada, Utah, Arizona, and the Snake River Valley) contribute slightly more to NH3 dry deposition than
to ambient NH3 concentration (concentrations being 52% and 46%, respectively). Colorado contributes
less to NH3 dry deposition at RMNP than to ambient NH3 concentration at RMNP (29% and 36%,
respectively). NH4+ dry deposition source apportionment patterns are similar to those of NH3. A
potential source of discrepancy between the source apportionment results for concentration and those
for dry deposition could arise from a correlation between local meteorological conditions conducive to
high dry deposition velocities and airﬂow from a speciﬁc source region. The analysis required to
examine the correlation between meteorological conditions that favor high dry deposition and longrange transport from source regions, and thus verify this hypothesis, is beyond the scope of this study
but could be the subject of future work.
In contrast, PSAT wet deposition data for both NH3 and NH4+ suggest that Colorado, regions to the east
of Colorado (including the North Central and Eastern United States, Kansas, and Missouri), and the
region covering Texas, New Mexico, and Oklahoma contribute more to wet deposition than these
regions contribute to ambient concentrations. Colorado contributes 41% of the total wet deposition
and 36% of the total ambient concentration of NHx. Eastern sources contribute 15% to wet NHx
deposition and only 8% to ambient concentrations of NHx at RMNP. The larger contributions to NHx
wet deposition from the eastern regions are supported by previous research that showed a
correlation between increased likelihood of rain events in RMNP and easterly winds [Rodriguez
et al., 2011].

THOMPSON ET AL.

RMNP NITROGEN SOURCE APPORTIONMENT

4378

Journal of Geophysical Research: Atmospheres

10.1002/2014JD022675

Figure 5. Year 2009 modeled annual average, (top) domain-wide and (bottom) Colorado only NHx ambient concentration source
apportionment at the RMNP core site and sites 12 km and 24 km east and west of the core site. Contribution of sources to con3
centration in μg/m is presented in the graphs on the left and percent contribution to total concentration presented on the right.

4.3. Source Apportionment of Modeled NHx Concentrations: East-West Transect
As discussed in Gebhart et al. [2014], there is a signiﬁcant amount of uncertainty inherent in the simulated
transport of air parcels to RMNP, which can confound the interpretation of the source apportionment results.
For example, the simulated winds that brought pollutants from eastern Colorado and the Front Range often
did not have sufﬁcient strength to bring these pollutants to the receptor cell containing the core site. In an
attempt to understand this, an east-west transect was evaluated, with the core site at the center and four
additional receptors deﬁned at 24 km west, 12 km west, 12 km east, and 24 km east of the core site. Figure 1
shows how annual average source contributions to modeled ambient NHx concentrations (source
contribution patterns are the same for NH3, NH4+, and NHx) change as one moves from west to east along
this line of receptors. As shown, absolute contributions from sources outside of Colorado are similar in all ﬁve
cells, but total absolute contributions from sources within Colorado increase by a factor of 5 or more
traversing from west to east with the largest Colorado contributions (by percentage and by absolute value)
shifting from western slope sources to Front Range and eastern Colorado sources.
Figure 5 also provides Colorado-only NHx source apportionment results for ambient concentrations for the
same ﬁve receptor cells, showing how source apportionment within Colorado shifts from western
Colorado sources to eastern Colorado sources, moving from west to east. On any given day,
meteorological conditions will determine how far west the large agricultural sources east of the
Continental Divide in Colorado will transport toward or into RMNP. If the winds do bring air from eastern
Colorado into the park, the contribution from these large sources to NH3 concentrations in the park will
increase, also likely increasing the total NH3 concentration in the park. As discussed in more detail in
Gebhart et al. [2014], there is evidence that when observed easterly ﬂow occurred on the eastern slope of
RMNP, the meteorological model often did not bring the easterly ﬂow far enough to the west to
encompass the RoMANS core site. Furthermore, the meteorological model often generated westerly winds
at the core site when the measured winds were easterly.

4.4. Efﬁciency of Modeled NHx Source Contributions to RMNP
The ratio of the source contribution of reduced nitrogen ambient concentration in the model grid cell
containing the RMNP core site to the total mass of emissions from each source region was also calculated,
as shown in the following equation:
Ratio ¼
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Table 2. U.S. Source Regions (Left Chart) and Colorado Source Regions (Right Chart) With the Value for the Spatially
Homogeneous Ton Reduction From That Source Region Required to Reduce NH3 Concentrations at the Core Site by
the Same Amount as a Single Ton Reduction From the State of Colorado
Ton Reduction for
Equivalent Impact

Source Region
Colorado
Northern Utah
Nevada and southern Utah
Snake River Valley
Southern Arizona
Montana and Wyoming
California
Washington and Oregon
Mexico
Western Canada
Kansas and Missouri
Paciﬁc
Texas, New Mexico, and Oklahoma
North Central U.S.
Far East U.S.

1
2.4
3.4
5.2
6.9
8.0
9.4
24.9
50.6
62.6
85.8
95.8
117.0
180.0
418.6

Source Region

Ton Reduction
for Equivalent Impact

Colorado

1

Northwest Colorado
North Front Range
Central Front Range
Morgan and Weld
Southwest Colorado
Southeast Colorado
Northeast Colorado

0.2
0.3
0.4
1.3
1.7
10.8
12.7

where Ci is the annually averaged contribution from source region i to ammonia concentration at the core
site and ei is the annually averaged total daily emissions of ammonia from source region i. The values as
presented in Table 2 are then normalized to the ratio calculated for the state of Colorado as a whole. This ratio
provides a measure of how efﬁciently NH3 emissions from a given source region will reach and impact RMNP.
This analysis helps to identify where reductions in NH3 emissions would be most effective at reducing NHx
concentrations in RMNP. This ratio identiﬁed Colorado as the most inﬂuential source region for RMNP.
Colorado emissions are 2.4 times more likely to impact the core site than the northern Utah source region, the
next most inﬂuential source region. Another way to interpret this ﬁnding is that a spatially homogeneous
emission reduction of 1 t of NH3 emissions in Colorado on an annually averaged basis would reduce
concentrations of NHx at the core site in RMNP by the same amount as a spatially homogeneous 2.4 t
reduction of emissions in the northern Utah source region. Similarly, the Nevada and southern Utah source
region and the Snake River Valley would require 3.4 and 5.2 t reductions, respectively, to reduce the NHx
concentration at the core site by the same amount as a single-ton reduction of NH3 from Colorado. Within
Colorado, the most inﬂuential source regions are Northwest Colorado, the North Front Range, and the Central
Front Range, respectively. Table 2 shows the spatially homogeneous reduction of NH3 emissions from each
source region that would be required to reduce NH3 concentrations at the core site by the same amount as a
single ton of reduction from the state of Colorado.

5. Discussion
The results presented here are part of a series of studies supported by the National Park Service with the aim
to understand nitrogen deposition in the Western U.S. The goal of this particular study was to identify the
major sources that contribute to reduced nitrogen deposition in Rocky Mountain National Park in 2009.
This study is one of the ﬁrst to provide regional scale source apportionment of CTM results for reduced
nitrogen species. On average, the results show that Colorado is the single largest contributor
(approximately 40%) of reduced nitrogen concentration and deposition at the core site. Other U.S. source
regions also contributed signiﬁcantly, including California and the Snake River Valley in Idaho. Eight
percent of annual NHx concentrations at the core site enters the modeling domain through the western
boundary, coming from sources outside of the U.S. While it should be noted that the annual average
modeled and measured NHx concentrations are low at the core site (0.3 and 0.6 μg/m3, respectively), there
is sufﬁcient evidence that suggests that the park has surpassed its critical load for total nitrogen
deposition [Morris et al., 2014; Porter et al., 2005]. This study is an important step in determining the best
way to reduce deposition below this critical level.
PSAT results suggest that meteorological conditions conducive to high dry deposition rates of NH3 might
correlate with conditions conducive to long-range transport. This correlation is suggested by larger
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contributions to dry deposition (relative to concentrations) from source regions located far from the core site.
PSAT results also suggest that meteorological characteristics that lead to rain and therefore wet deposition of
NHx are correlated with easterly winds. This correlation is suggested by larger contributions from eastern
sources to wet deposition relative to concentrations. This ﬁnding is supported by previous studies that
have correlated rain with upslope ﬂow from the agriculturally heavy Front Range corridor in Colorado
[Benedict et al., 2013a; Rodriguez et al., 2011]. In all cases, Colorado is still the largest contributor to
NHx concentrations and deposition to the core site, with annually averaged source apportionment
results estimated at 36% and 41% of the total contribution to NHx (NHx concentration and NHx wet
deposition, respectively). The contributions to NH3 dry deposition and concentration are estimated at 29%
and 36%, respectively.
Past studies looking at meteorological patterns in RMNP suggest that airﬂow from the Colorado Front Range
regularly reaches the park on the eastern slope of the Continental Divide [Gebhart et al., 2014, 2011; Malm
et al., 2009; Sievering et al., 2001]. Further, an analysis of RMNP alpine lakes on both the eastern and
western sides of the Continental Divide provides evidence that emissions of nitrogen from sources along
the Front Range and in eastern Colorado are deposited in RMNP up to the Continental Divide [Beem et al.,
2010; Wolfe et al., 2003]. Based on the ﬁndings of these studies, it is hypothesized that the meteorological
models used to develop inputs for regional air quality modeling are not adequately able to reproduce the
strength or frequency of the “upslope ﬂow” that occurs from the Front Range into RMNP. If this hypothesis
is true, then results from receptors cells east of the RMNP core site (as shown in Figure 1) might be more
representative of the true source apportionment within the park. In that case, contributions from within
Colorado would be greater than the 40% average presented in this paper.
Additional evidence for the underrepresentation of upslope ﬂows is seen upon closer examination of the
model performance for this study. The four largest modeled NHx concentrations from the yearlong
episode occurred on 16–19 September 2009 (2.08, 1.83, 1.76, and 0.91 μg/m3, respectively) during an
event when modeled winds were able to capture upslope ﬂow bringing emissions from the larger eastern
sources into the park (including eastern Colorado, by far the largest contributor during this event). NHx
concentrations during this event matched well with measured data. Measurements show 22 additional
days when concentrations of NHx at the core site were greater than 1 μg/m3 during the 2009 campaign.
However, the model failed to capture these additional days of higher NHx concentrations, as mentioned in
the model performance section. This ﬁnding provides additional evidence that upslope ﬂow is
underrepresented, meaning that contributions from eastern Colorado sources are also underrepresented.
As model representation of upslope ﬂow improves, it is likely that CTM performance at RMNP will also
improve and modeled concentrations of species with large sources east of the park will better
reﬂect measurements.
This study suggests that reductions within Colorado will provide the most effective strategy for reducing
nitrogen deposition at the core site within RMNP. Colorado NH3 emissions are 2.4 times more likely on
average to contribute to NHx concentrations at the core site than the next most inﬂuential source, and this
result is likely understated given the hypothesized biases of the model. Within Colorado, the regions that
had the largest impact on the park on a per ton basis were northwestern Colorado, the Northern Front
Range, the Central Front Range, Morgan and Weld Counties, and southwestern Colorado, in that order.
Emissions from within the park are by far the most likely to impact the park (not shown in Table 2). This
makes sense given the fast deposition velocity of NH3. However, the park itself is not a large source of NH3
(~60 t/yr versus ~9000 t/yr from the Central Front Range), and sources there, such as vehicles, wild animals,
and reemission, would be difﬁcult to control. Therefore, the better strategy would be to reduce emissions
from other sources in Colorado with larger inventories. Northwestern Colorado, the second most
inﬂuential source, is also a relatively smaller source (~4000 t/yr), but the persistent westerly winds
consistently bring emissions from this region into the park leading to signiﬁcant deposition. The source
regions to the east of the park (the Northern Front Range, the Central Front Range, and Morgan and Weld
Counties) have higher emission rates and larger impacts, but the contributions are more episodic,
depending on meteorological conditions to bring air from these regions into the park. The total impact
from these larger eastern Colorado sources, and thus the efﬁciency of transport of their emissions to the
park, would increase with more occurrences of upslope ﬂow.
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The source apportionment modeling also suggests a signiﬁcant contribution from the western boundary of
the modeling domain (8%), ranging from 0.016 to 0.048 μg/m3 with an annual average contribution of
0.025 μg/m3 to total NHx concentration in the park. This speaks to the importance of long-range transport
of NHx and therefore the need to thoroughly evaluate the accuracy of boundary conditions used as input
to the model. Two sensitivity studies were conducted to determine how the western boundary was
impacting NHx concentrations at the core site. First, all NH3 was removed from the western boundary and
the model was rerun, then all NH4+ was removed from the western boundary and the model was rerun.
Removing NH3 did not change NHx concentrations at the core site, while removing NH4+ did remove the
western boundary contribution to NHx at the core site. This suggests that the western boundary is
contributing to NHx at the core site through long-range transport of NH4+, which can then partially
disassociate to NH3 at receptor locations.
This study introduced several challenges that each warrant future work. The most important of these
challenges is the poor overall model performance of NH3 concentrations. Since the modeling for this study
was conducted, there have been two important advancements in NH3 modeling: (1) the inclusion of a
model for the bidirectional ﬂux of NH3 from soil (fertilizers) in regional scale modeling [Cooter et al., 2012]
and (2) the addition of a module in the SMOKE processing system that takes into account hourly wind
speed and temperature to allocate monthly NH3 emission totals to hourly values. However, modelcalculated NH3 concentrations at the RMNP core site and along the Colorado Front Range are
underestimated by a factor of 2–3. This negative bias could be due to an underestimation of NH3 emission
totals, a result supported by previous studies [Clarisse et al., 2009], or a result of the overestimation of
deposition when bidirectional ﬂux is not included [Bash et al., 2013].
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