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a b s t r a c t

Excess wet and dry deposition of nitrogen-containing compounds is a concern at a number of national
parks. The Rocky Mountain Atmospheric Nitrogen and Sulfur Study (RoMANS) was conducted during the
spring and summer of 2006 to identify the overall mix of ambient and deposited sulfur and nitrogen at
Rocky Mountain National Park (RMNP), in north-central Colorado. The Comprehensive Air Quality Model
with extensions (CAMx) was used to simulate the fate of gaseous and particulate species subjected to
multiple chemical and physical processes during RoMANS. This study presents an operational evaluation
with a special emphasis on the model performance of reduced nitrogen species. The evaluation showed
large negative biases and errors at RMNP and the entire domain for ammonia; therefore the model was
considered inadequate for future source apportionment applications. The CAMx Integrated Processes
Rate (IPR) analysis tool was used to elucidate the potential causes behind the poor model performance.
IPR served as a tool to diagnose the relative contributions of individual physical and chemical processes
to the final concentrations of reduced nitrogen species. The IPR analysis revealed that dry deposition is
the largest sink of ammonia in the model, with some cells losing almost 100% of the available mass.
Closer examination of the ammonia dry deposition velocities in CAMx found that they were up to a factor
of 10 larger than those reported in the literature. A series of sensitivity simulations were then performed
by changing the original deposition velocities with a simple multiplicative scaling factor. These simu-
lations showed that even when the dry deposition values were altered to reduce their influence, the
model was still unable to replicate the observed time series; i.e., it fixed the average bias, but it did not
improve the precision.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Excess wet and dry deposition of nitrogen-containing
compounds, such as nitric acid (HNO3), particulate ammonium
(NH4

þ), particulate nitrate (NO3
�), and ammonia (NH3), is a concern

at a number of national parks. Rocky Mountain National Park
(RMNP), in north-central Colorado, provides a well-documented
example of the role of excess nitrogen deposition in sensitive alpine
environments and its potential to influence ecosystem dynamics
(Baron, 2006; Baron et al., 2000; Korb and Ranker, 2001; Nydick
: þ1 970 491 8598.
. Rodriguez).

All rights reserved.
et al., 2004). Human activity, including combustion of fossil fuels,
application of nitrogen fertilizers, confined animal feedlot opera-
tions (CAFO), and cultivation of nitrogen-fixing legumes, has
substantially altered the global nitrogen cycle (Galloway et al.,
2003). Wet and dry deposition of reduced nitrogen (N(eIII)¼
NH3þNH4

þ) and atmospheric oxidation products of nitrogen
oxides (NOx¼NOþNO2) are significant nitrogen inputs in many
environments.

To investigate nitrogen deposition at RMNP, and to elucidate the
nitrogen sources that are impacting the park, the National Park
Service initiated the Rocky Mountain Atmospheric Nitrogen and
Sulfur Study (RoMANS) (Beem et al., 2010; Malm et al., 2009; Levin
et al., 2009). The RoMANS study included two 5-week sampling
periods in 2006. The first was a spring campaign from March 23
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Fig. 1. Map of the three nested computational domains used in this study. The outer
domain (D1) covers the contiguous United States, northern Mexico and southern
Canada with a horizontal grid resolution of 36 km. The inner domain (D3) extends over
most of Colorado with a grid resolution of 4 km, while D2 encompasses the
surrounding states with a grid resolution of 12 km. The states in gray are part of the
Western Regional Air Partnership (WRAP) regional planning organization.

M.A. Rodriguez et al. / Atmospheric Environment 45 (2011) 223e234224
through April 30 and the second a summer campaign from July 6
through August 12. Upslope easterly flow that can bring emissions
from the east (the Front Range region ewhich includes the Denver
metropolitan area e and beyond) is more common during hours of
precipitation than during non-precipitating hours for all seasons.
However, climatologically, wet deposition during spring and
summer is associated with precipitation from different types of
meteorological regimes. Spring precipitation is mostly due to large-
scale storms associated with widespread regional precipitation,
while summer precipitation is mostly due to small-scale afternoon
convective activity due to air masses rising over the mountains. The
frequency of easterly flow when precipitation also occurs is greater
during spring than summer, but the vertical depth of easterly flow
is often greater during summer than spring.

CAMx (Comprehensive Air Quality Model with extensions
version 4.51; ENVIRON, 2005), an advanced eulerian chemical
transport model (CTM), was used to simulate the ambient
concentrations of nitrogen and sulfur species during the two
RoMANS sampling periods. Although CAMx has been used exten-
sively to simulate regional sulfate and ozone (Yarwood et al., 2003;
Morris et al., 2004), and to a lesser degree nitrate and nitric acid
(Baker and Scheff, 2007), its application to modeling ammonia and
organic nitrogen in regions of complex terrain has been limited. As
part of RoMANS, the National Park Service had great interest in
conducting the current modeling effort with the original intent to
provide greater insight into the source types and regions that
contribute the most to nitrogen deposition, especially NH3, at
RMNP. The source apportionment analysis can be reliable only if
a performance evaluation of the regional modeling system properly
assesses the suitability of the model to this type of application
(Barna et al., 2006; Jiménez et al., 2006; Morris et al., 2006; Pun
et al., 2006; Tesche et al., 2006; Tonnesen et al., 2006). The first
part of this study provides an operational model evaluation with
special emphasis on the model performance of reduced nitrogen
species. This evaluation relies on the RoMANS dataset, which is
unique in that it provides high time resolution measurements of
NH3, a species not routinely measured, at the core site located in
RMNP. Realizing that the model performance for reduced nitrogen,
but especially NH3, leaves the model unsuitable for source appor-
tionment applications, the second part of this work concentrates on
a model diagnosis to investigate the underlying causes of this poor
performance. The CAMx ‘integrated processes rate analysis’ tool
was used for an in-depth analysis of the model performance and to
reveal the relative contributions from individual physical and
chemical processes (e.g., emissions, chemistry, deposition, and
transport) to the predicted concentrations of nitrogen species.
Finally, guided by the process analysis results, the effects of
different deposition velocities on the predicted NH3 concentrations
were investigated through a series of sensitivity simulations where
a simple multiplicative factor modifies the original deposition
velocities values.

2. Modeling system description

The air quality modeling system consisted of three major
components: CAMx, a CTM; the Penn State University/NCAR
MesoscaleModel (known asMM5), a regional weathermodel (Grell
et al., 1994); and SMOKE (Sparse Matrix Operator Kernel Emissions;
Houyoux et al., 2002; IE, 2006), an emissions processing system
that transforms emissions inventory data to the chemical, spatial,
and temporal terms required by the CTM. CAMx was run with two-
way grid nesting, using three domains with horizontal grid size
resolutions of 36 km, 12 km, and 4 km (Fig. 1). The 36-km outer
domain covered the contiguous United States, southern Canada,
and northern Mexico. The 4-km inner domain extends over most of
Colorado, and the 12-km domain encompassed the surrounding
states. The horizontal model domains were specified using an
‘Arakawa C’ grid, and sigma pressure levels were used in the
vertical dimension.

Horizontal advection was treated with the piecewise-parabolic
method (PPM), an area-preserving, flux-form advection solver with
explicit horizontal diffusion (Odman and Ingram, 1996). Gas-phase
chemistry was based on the Carbon Bond IV mechanism (Whitten
et al., 1996). ISORROPIA (version 1.6), a thermodynamic equilib-
rium model (Nenes et al., 1999), was used to predict the parti-
tioning of inorganic aerosol constituents (sulfate, nitrate, and
ammonium) between the gas and particle phases. CAMx represents
aerosol size distributions with a sectional approach, and in partic-
ular this study used the CF scheme that divides the size distribution
into two static modes (coarse and fine). The CAMx outputs include
hourly average concentrations for gas and particulate species. MM5
provided the wind fields that CAMx needed to determine the
transport of chemical species, as well as other meteorological
variables such as temperature, pressure, and precipitation.

The SMOKE processing system was used to prepare the emis-
sions inventory data in a prescribed format that reflected the
spatial, temporal, and chemical speciation parameters required by
CAMx on the RoMANS nested domains (Fig. 1). Developing an
approach to estimate air pollutant emissions that were represen-
tative of the RoMANS field study period was necessary since 2006
inventory data were not readily available for North America at the
time this study took place. For most of the emissions sectors, such
as on-road mobile and stationary area sources, inventories devel-
oped by the U.S. Regional Planning Organizations (RPOs) to support
regional haze state implementation plan (SIP) modeling were used
(Morris et al., 2007; Pechan, 2003). In particular, the inventories
and methodologies developed by the Western Regional Air Part-
nership (WRAP) were employed as a starting point for developing
the RoMANS inventory (Tonnesen et al., 2006). The emissions
database was built using the WRAP inventory developed for 2002
and that consists of 22 different categories (e.g., automobiles,
power plants, forest fires, oil and gas development, etc.). Given the
potentially large contribution of NH3 to overall nitrogen deposition
at RMNP, the WRAP NH3 emissions inventory was updated in an
attempt to capture the local and regional NH3 emissions patterns



M.A. Rodriguez et al. / Atmospheric Environment 45 (2011) 223e234 225
more accurately. Additionally, the point biogenic, and mobile
sources were updated to reflect 2006 emissions.

Emissions from agriculture and CAFO activities were the
primary sources of NH3. The present NH3 emission inventorymodel
uses a geographic information system to couple land-use data with
emissions factors and gridded meteorology data to calculate hourly
NH3 emissions within the United States (Mansell, 2005). The model
calculated NH3 emissions from fertilizer, livestock, domestic
animals, wild animals, and soil. All of these NH3 emissions
processes were estimated for theWRAP states in the three RoMANS
modeling grids during the study periods, with the exception of soil
NH3 due to uncertainties in the emissions factors for this process.
The fertilizer sector used monthly emissions factors; the rest of the
other sectors used annual emissions factors. County-level NH3
emissions estimates contained in the stationary area inventories
were used for the rest of the modeling domain. Tables S1 and S2 in
the Supplementary Materials section summarize gridded U.S. and
Colorado-only total annual emissions by major emissions source
categories.

3. Model performance evaluation

The focus of this evaluation was aerosol and gaseous species
pertinent to RoMANS. Seigneur et al. (2000) presented several
standard performance metrics commonly applied to the evaluation
of air qualitymodels. This study favors the use of themean fractional
error (MFE) and themean fractional bias (MFB) as defined by Boylan
and Russell (2006). One key advantage to usingMFB andMFE is that
by normalizing the concentration difference with the sum of the
observed and predicted concentrations, as opposed to normalizing
with the observed concentration alone, the MFE and MFB are
restricted from growing too large when very small observed
concentrations are considered. Additionally, the metrics that define
theMFB andMFEbound themaximumandminimumbias and error
and do not allow a few data points to dominate the calculated bias
and error; also, the metrics are symmetric because they give equal
weight, on a relative basis, to concentrations simulated higher as
well as those simulated lower than observations. The discussion on
Table 1
Model performance statistics for particulate sulfate and particulate nitrate concentrations
IMPROVE monitoring stations for the entire U.S. domain and sites that fall within the west
36-km domain.

Spring

U.S. West

SO4
2�(mgm�3) NO3

�(mgm�3) SO4
2�(mgm�3) NO3

�(mgm�

Mean obs. 1.50 0.45 0.67 0.27
Mean sim 1.77 0.67 0.54 0.47
Numbera 1427 1437 797 816
STDb obs. 1.6 0.7 0.5 0.5
STD sim 2.3 1.0 0.5 0.8
rc 0.76 0.50 0.48 0.37
MBd 0.3 0.2 �0.1 0.2
MNBe (%) 30% 261% 8% 344%
MEf 0.9 0.6 0.4 0.4
MNEg (%) 75% 337% 65% 416%
MFEh(%) 57% 119% 58% 118%
MFBi (%) �6% �17% �23% �9%

a Number of data pairs.
b Standard Deviation.
c Pearson’s correlation coefficient.
d Mean Bias.
e Mean Normalized Bias.
f Mean Error.
g Mean Normalized Error.
h Mean Fractional Error.
i Mean Fractional Bias.
themodel performance in the following sections is basedmostly on
theMFE andMFB. However, the tables that summarize these values
show additional statistics like the mean bias and mean error that
appear in other model evaluations and are provided to allow the
readers a comparison of this study’s results to a larger range of
model evaluations.

3.1. Model performance evaluation using IMPROVE data
for the United States

A coarse-scale evaluation of simulated particulate sulfate and
nitrate was performed with results from the 36-km CAMx domain
and available speciated fine particulate concentrations (<2.5
micrometers in diameter) collected from the Interagency Moni-
toring of Protected Visual Environments (IMPROVE) monitoring
network (Malm et al., 1994; DeBell et al., 2006). The IMPROVE
network collects 24 h average samples every third day.

Table 1 summarizes the model performance statistics for both
the entire 36-km domain and the sites that fall within the western
United States as determined by the WRAP region (Fig. 1). Results
show that the model underestimated observed sulfate concentra-
tions both in spring and summer, but the negative biases were
higher during the summer. The calculated MFE for sulfate showed
that the model deviates from observations even more during the
summer than spring by an additional 5% on average. In this study,
the MFB in the western states during spring was -23%. For
comparison, the MFB in the WRAP-RMC (Regional Modeling
Center) simulations for 2002 was approximately �40% (Tonnesen
et al., 2006). During summer the estimated MFB was �46%, while
in the WRAP-RMC it was close to �20%.

The model also underestimated the nitrate concentrations both
in spring and summer, with larger negative biases during the
summer. The equilibrium dissociation constant for ammonium
nitrate is quite sensitive to temperature changes, varying over more
than two orders of magnitude for typical ambient conditions. In
general, lower temperatures shift the equilibrium system toward
the aerosol phase. Hence, a possible explanation for the observed
seasonal biases of nitrate is that at colder temperatures, particle
during both the 2006 spring and summer RoMANS field campaigns, using available
ern United States alone. Comparison is made with model simulation values from the

Summer

U.S. West

3) SO4
2�(mgm�3) NO3

�(mgm�3) SO4
2�(mgm�3) NO3

�(mgm�3)

2.47 0.21 1.01 0.19
1.85 0.10 0.64 0.10

1438 1444 829 841
2.7 0.3 0.7 0.3
2.9 0.3 0.6 0.4
0.75 0.11 0.48 0.40

�0.6 �0.1 �0.4 �0.1
�16% �26% �21% �14%

1.2 0.2 0.5 0.2
57% 127% 57% 137%
62% 160% 63% 160%

�42% �133% �46% �129%
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nitrate formation is favored, while at warmer temperatures it
dissociates, leaving more available NH3 in the gas phase, in turn
resulting in a greater dependence during the summer than winter
to the model NH3 emissions and deposition magnitudes. The MFB
in the western states during spring was�9%, while the WRAP-RMC
2002 MFB was approximately �50%. For July 2006 the estimated
MFB was �129%, while the 2002 WRAP-RMC value was approxi-
mately �150% (Tonnesen et al., 2006). The estimated MFE showed
that the model errors varied between 120% in the spring to 160% in
the summer. These results show that the model errors for nitrate
were far larger than those for sulfate concentrations, consistent
with the WRAP-RMC results.

3.2. Model performance evaluation at the RoMANS satellite sites

The most extensive measurements during the RoMANS field
study with the highest time resolution (hourly) were made at the
core site in RMNP. Measurements at secondary sites (Lyons and
Gore Pass, Colorado) were somewhat more sophisticated in terms
of measurement capabilities than the remaining ‘‘satellite’’ sites in
the study (Fig. 2). Beem et al. (2010) provided a complete listing of
site names, locations, and operating periods for the measurements,
while Levin et al. (2009) and Malm et al. (2009) provided
a complete description of the measurement technology used
during the RoMANS field study. An evaluation of measured and
simulated aerosol and gas concentrations was performed at the
available satellite sites for both spring and summer.

In addition to particulate sulfate and nitrate, other measured
species in both the gas and aerosol phases (NH3, HNO3, SO2, and
NH4

þ) were compared with model results. Seasonal means and
performance statistics were computed at each of the sites for each
season. For all the satellite sites the comparison was made with
model data from the 4-km domain. The only exception was Grant,
Nebraska, that falls outside the 4-km domain and therefore 12-km
domain data were used instead.

The mean predicted and observed concentrations for all
particulate and gas-phase nitrogen and sulfur species as a function
of site location during the spring and summer campaigns are
shown in Fig. 2a and b, respectively. These figures provide an
overview of the level of agreement between model and observa-
tions. In general, the largest measured and modeled concentrations
gnirpSa

Site Names

1  Dinosaur NM, UT
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  3  Timber Creek (RMNP)
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Fig. 2. Mean predicted and observed 24-h average particulate and gas-phase species conce
upper bar charts and gas-phase species are shown as the lower bar charts (see legend for sca
correspond to the numbers listed next to the bar chart. The number of data pairs varied by se
per site.
for most species occurred in eastern Colorado. However, therewere
significant differences at many sites. For instance, during both the
spring and summer, the model underestimated NH3 concentrations
by a factor of 3 at Brush, located in eastern Colorado, while SO2
concentrations were overestimated by a factor of 5. Furthermore,
themodel underestimated NH3 and NH4

þ concentrations for all sites
in both seasons. Modeled NO3

e concentrations were low, but on the
same order of magnitude of observations, with the exception of
some RMNP sites with underestimations of up to one order of
magnitude. HNO3 and SO4

2� were the only species that consistently
had comparable concentrations between model and observations.

Figs. S1 to S6 in the Supplementary Materials section provide
spring and summer 24-h average time series comparisons between
model and observations that illustrate three selected RoMANS
sites: Gore Pass, Colorado, located west of the Continental Divide
(Figs. S1 and S2), Beaver Meadows in RMNP (Figs. S3 and S4) and
Brush, Colorado, (Figs. S5 and S6) located east of the Continental
Divide. These comparisons have the added advantage of higher
time resolution. Measurements at Beaver Meadows illustrate the
impacts of easterly transport east of the Continental Divide, where
the events of April 20 and April 23 increase the concentrations of
NH3, particulates (NH4

þ, NO3
�, SO4

2�), and to a lesser extent HNO3.
During this same period, west of the Continental Divide at Gore
Pass the concentrations are subjected to westerly flow and seem
more uniformwith less distinct episodes. The model, especially for
the spring, has a very difficult time reproducing the observed daily
concentrations. Across these sites and for both seasons the simu-
lated NH3 concentrations consistently underpredicted observa-
tions. The largest underestimation occurred at Brush where
modeled NH3 was a factor of 10 lower than observations. This site is
located near CAFO operations and therefore closer to emission
sources. However, for SO4

2� the model is able to reproduce on
average the observed concentrations. It is also evident from these
figures that the model overestimates SO2 for all sites and seasons.
3.3. Model performance evaluation for high time resolution
observations at Rocky Mountain National Park

The core site located at RMNP was the only location where
hourly observations were collected during RoMANS. The
remmuSb
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performance evaluation statistics for hourly concentrations of NH3,
NH4

þ, NO3
�, SO4

2�, SO2, NOx, and O3 are presented in Table 2.
In general, the model underpredicted observed concentrations

for particulate NO3
� during both seasons, although both the biases

and errors are smaller for spring than summer. Again, this could be
due to particle nitrate formation favored at colder temperatures,
thus decreasing the biases in spring. Nitric acid hourly concentra-
tions were not available at the core site; however, a comparison
between model oxidized nitrogen (N(V)¼HNO3þNO3

�) and
particle NO3

� was performed (not shown in Table 2). In general the
comparison between model N(V) and particulate NO3

� led to small,
positive biases and reduced errors. This implied that to some extent
the thermodynamical model had some difficulty in partitioning
nitric acid between the gas and aerosol phases.

For reduced nitrogen (N(eIII)¼NH3þNH4
þ) species, the errors

in the NH4
þ and NH3 predictions were 111% and 83%, respectively,

during the spring. During the summer months, the errors in the
NH4

þ and NH3 predictions were 70% and 135%, respectively. Esti-
mates of the biases were negative for all species and both seasons,
indicating a systematic model underestimation for these species.
During spring, NH3 had the lowest MFB (�38%) and NH4

þ had the
highest (�95%), compared to summer when NH4

þ MFB was lowest
(�61%) and NH3 was highest (�131%).

Time series comparisons between reduced nitrogen model
concentrations and observations using hourly values from the core
site are shown in Figs. 3 (spring) and 4 (summer). In the spring, the
measured NH3 concentrations were low on average (w0.1 mgm�3)
except for two distinct episodes on April 20 and April 23 when the
Table 2
Model performance statistics during both 2006 spring and summer RoMANS field camp
compared with model simulation values from the 4-km domain.

Spring

O3 (ppb) NOx (ppb) NO3
� (mgm�3) NH

Mean obs. 49.9 1.7 0.48
Mean sim 60.4 0.6 0.11
Numbera 724 639 343
STDb obs. 9.5 1.2 0.67
STD sim 9.9 0.6 0.25
rc 0.29 0.39 0.15
MBd 10.5 �1.1 �0.4
MNBe (%) 25% �59% �50%
MEf 12.2 1.2 0.4
MNEg (%) 28% 64% 105% 1
MFEh(%) 23% 100% 156%
MFBi(%) 19% �96% �138% �

Summer

O3 (ppb) NOx (ppb) NO3
� (mgm�3) NH

Mean obs. 46.8 1.9 0.18
Mean sim 41.5 0.7 0.01
Numbera 788 724 727
STDb obs. 13.9 0.9 0.29
STD sim 9.7 0.8 0.07
rc 0.49 0.27 0.03
MBd �5.3 �1.2 �0.2
MNBe (%) �5% �62% �90% �
MEf 10.9 1.3 0.2
MNEg (%) 25% 69% 100%
MFEh(%) 25% 108% 189% 1
MFBi(%) �10% �104% �186% �1

a Number of data pairs.
b Standard Deviation.
c Pearson’s correlation coefficient.
d Mean Bias.
e Mean Normalized Bias.
f Mean Error.
g Mean Normalized Error.
h Mean Fractional Error.
i Mean Fractional Bias.
NH3 observations were as high as 0.7 mgm�3and NH4
þ concentra-

tions were close to 2 mgm�3. Beem et al. (2010) and Malm et al.
(2009) found that these periods of higher concentrations were
commonly observed in both spring and summer during periods
when upslope transport brought air from the east into RMNP. This
is not surprising given the large emissions found in the nearby
population centers along the Front Range urban corridor, which
includes Denver, and agricultural regions east of the Rockies. In
general, the model underestimated both NH3 and NH4

þ in the
spring, with the exception of a few days (April 4, 8, and 13) when
the model overestimated NH3 observations. NH4

þ values are always
underestimated by the model regardless of the season. The model
also tended to have difficulty simulating the timing of high-
concentration events, with particular problems simulating the two
events identified above. In fact, during the high observed NH3 event
on April 23, the predicted NH3 was the lowest for the entire spring
campaign. For NH4

þ also the model seems to have difficulty in
correctly predicting the timing of these upslope events.

During summer, two main episodes occur for NH3: one during
July 23 (peak of w2.9 mgm�3) and a second during August 8 (peak
of w1.8 mgm�3). For measured NH4

þ the peaks occur during July 22
(peak ofw1 mgm�3) and July 29 (peak ofw1.5 mgm�3). The second
peak in NH4

þ does not coincide in time with that of NH3, indicating
possible impacts from particulates (ammonium, sulfate, nitrate)
more than from NH3 transport alone. During summer the model
showed a systematic negative bias for NH3, but the timing seemed
better relative to the spring results. The observations showed
a marked diurnal variation that the model also seemed to
aigns. Hourly ambient data from the core site at Rocky Mountain National Park are

3 (mgm�3) NH4
þ (mgm�3) SO4

2� (mgm�3) SO2 (mgm�3)

0.10 0.38 0.53 0.14
0.07 0.10 0.35 0.28

617 521 728 719
0.10 0.31 0.37 0.20
0.07 0.10 0.25 0.48
0.10 0.28 0.18 0.08

�0.03 �0.3 �0.2 0.1
47% �40% 11% 10292%

0.07 0.3 0.4 0.2
25% 84% 87% 10325%
83% 111% 77% 103%
38% �95% �35% 53%

3 (mgm�3) NH4
þ (mgm�3) SO4

2� (mgm�3) SO2 (mgm�3)

0.43 0.34 0.66 0.16
0.09 0.17 0.53 0.53

731 727 727 778
0.32 0.21 0.23 0.17
0.13 0.09 0.32 0.75
0.15 0.21 0.13 0.23

�0.33 �0.2 �0.1 0.4
73% �39% �11% 459%

0.4 0.2 0.3 0.4
79% 51% 46% 469%
35% 70% 50% 102%
31% �61% �28% 88%
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Fig. 3. Time series comparison at the core site located in Rocky Mountain National Park (RMNP) during the spring campaign (March 23 to April 30, 2006) between hourly model
results (in black) and observed ambient concentrations (in red) of (a) reduced nitrogen (N(eIII)¼NH4

þ(p)þNH3(g)), (b) NH4
þ, and (c) NH3. Some observed values at the beginning of

each period were not considered valid and neglected accordingly. The model results presented at the beginning of each period are not for spin up days. Units of mgm�3 (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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reproduce. Although model NH4
þ during the summer is not able to

correctly reproduce the timing of peak events, in general the
average values are closer to observations than during spring.

In summary, the evaluation showed that the model exhibits
poor performance for reduced nitrogen species during both
RoMANS periods. There were not only large negative biases and
errors at RMNP but also throughout the entire domain; therefore
the model was deemed inadequate for any subsequent source
apportionment applications. It was this inability of the model to
capture important NH3 episodes that motivated the application of
process analysis, with the aim of diagnosing which mechanisms
within the model were most relevant to simulating ambient
ammonia concentrations.

4. Model diagnosis using integrated processes rate analysis

Process analysis (PA) has been incorporated into current air
quality models, including CAMx, to examine model predictions in
more detail. PA tracks the physical and chemical processes that
affect concentrations estimated by the model, including advective
and diffusive transport, gas and particle chemistry, emissions, and
wet and dry deposition (Jeffries and Tonnesen, 1994). PA has been
used extensively in regional air quality models to understand the
processes involved in ozone formation (Henderson et al., 2010;
Song et al., 2008; Vizuete et al., 2008; Kimura et al., 2008; Zhang
et al., 2006). In this work, the information PA provided was used
to understand the poor model performance of NH3 concentrations.

Integrated Processes Rate (IPR) analysis (ENVIRON, 2005) was
used, as this yields the most detail regarding the processes in the
model. IPR provided detailed process rate information in the form
of mass fluxes for each physical and chemical process for selected
grid cells and selected species (Wang et al., 1995). Fig. 5 shows the
mass fluxes corresponding to the individual processes that
contributed to the concentration of ammonia during spring and
summer for the 4-km grid cell that contained the RoMANS core site
at RMNP. This figure illustrates that the most important gains
(positive mass flux) at the site were the horizontal transport (both
horizontal advection and diffusion) and the local emissions, while
the major losses were vertical transport and dry deposition. The
inorganic chemistry contribution, i.e. thermodynamic phase par-
titioning, was relatively small compared to other processes. At the
core site during precipitation events, the relative humidity was
high, thus favoring the formation of NH4

þ from available NH3, which
was instantly removed by wet deposition in the model. The NH3
that was lost through wet deposition is first lost into NH4

þ through
inorganic chemistry and then removed by NH4

þ wet deposition. The
model’s performance to estimate wet deposition correctly at any
given site depends in part on the driving meteorological model’s
ability to produce the correct spatial pattern and amount of
precipitation. The RoMANS report (Malm et al., 2009) presents
a quality assurance evaluation of the RoMANS MM5 data, and one
of its findings was thatMM5 didwell in predicting where andwhen
rain occurred, but generally overpredicted rainfall quantities; also
there was better agreement during the cooler months than in the
summer when convection dominates. During the spring, the inor-
ganic chemistrymostly led to losses of NH3 at RMNP, but therewere
a few instances in which it led to gains. In contrast, during the
summer the inorganic chemistry was a net loss of NH3.

To compare the relative magnitude of the fluxes from each
process across a larger spatial domain, the IPR results for the
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Fig. 4. Time series comparison at the core site located in Rocky Mountain National Park (RMNP) during the summer campaign (July 6 to August 12, 2006) between hourly model
results (in black) and observed ambient concentrations (in red) of (a) reduced nitrogen (N(-III)¼NH4

þ(p)þNH3(g)), (b) NH4
þ, and (c) NH3. Some observed values at the beginning of

each period were not considered valid and neglected accordingly. The model results presented at the beginning of each period are not for spin up days. Units of mgm�3 (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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surface layer of each cell were added over the spring period and
presented as isopleths in Fig. 6. This figure shows that emissions
were the most important source of ammonia at the surface, while
the NH3 dry deposition acted as an important sink whose spatial
distribution correlated strongly with the emissions spatial pattern.
Fig. 6 also shows that vertical diffusion was the second largest loss
of surface-level NH3, and its spatial distribution correlated with the
emissions. The aerosol chemistry acted as both a gain and a loss of
NH3, depending on the region, but for most of Colorado it was
either a weak loss or had a negligible contribution to the mass flux.
In order to have a first-order estimate of how strong was the
removal of NH3 due to dry deposition, the following estimate of the
fraction of mass loss through dry deposition FDD relative to the total
available mass was performed for each cell of the 36-km cell
domain (Fig. 7),

FDD ¼ DD

C0 þ
PN

i¼1 Pi
(1)

where C0 is the initial mass in a given cell, Pi is the net positive flux
into the cell due to each of the processes i, and DD is the mass loss
through dry deposition alone. Fig. 7 shows that dry deposition
removed as much as 30e40% of the available mass in the region
that included RMNP. In some places, like the Pacific Northwest, the
removal was larger, approaching almost 100% of the available mass.
For most of the eastern United States, the losses ranged between
40% and 60%, and in many of the regions identified as important
sources of NH3 (the Midwest), the losses were as high as 50%.

In general, the NH3 dry deposition losses accounted for about
50% of the total mass lost, but at particular times and locations it
was as large as 100%. The second most important loss of NH3 was
vertical transport (on average 43% of the total loss), while the
inorganic aerosol chemistry accounted for only 6% of the total loss.
Although an important loss during the NH3 episode observed at the
core site on April 23, dry deposition only accounted for 20e30% of
the total NH3 loss, while about 50e60% of the loss was due to the
vertical transport, and 20e30% was due to chemical transformation
into NH4

þ.
The PA indicated that on average dry depositionwas the process

that led to the largest losses of NH3 in the model and this could
explain the systematic underestimation of NH3 demonstrated in
previous sections. However, given the uncertainties in the emis-
sions inventories, and despite the updates detailed above, it is also
possible that the net fluxes of NH3 might be underestimated or that
the location and timing of these fluxes were misrepresented, which
could also lead to a negative bias. It was beyond the scope of the
current study to evaluate the current NH3 emissions inventory, and
with the losses due to dry deposition in some model grid cells
approaching 100% of the available NH3 mass, it seemed reasonable
to examine the causes behind the possible model overestimation of
NH3 dry deposition.
5. Sensitivity simulations with different deposition velocities

A starting point to investigate the overestimation of NH3 dry
deposition was to inspect the deposition velocity implementation
in CAMx. NH3 dry deposition velocities (vd) are difficult to estimate
and there is wide range of values reported in the literature
(Andersen et al., 1993; Andersen and Hovmand 1995, 1999;



Fig. 5. Contribution of individual processes to the concentration of ammonia during (a) spring and (b) summer 2006 for the 4 km grid cell that contains the core site at Rocky
Mountain National Park. Positive values indicate mass being added to the grid volume, negative values indicate mass being removed.
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Andersen et al., 1999; Harrison and Allen, 1991; Zimmerling et al.,
1997) with values as low as 0.3 cm s�1 (Nemitz et al., 2004) and
as high as 4.6 cm s�1 (Neirynck et al., 2007) and 2e3 cm s�1 on
average (Duyzer, 1994; Zimmerman et al., 2006). Fig. 8 presents the
deposition velocities calculated by CAMx over the entire 4-km
Fig. 6. Spatial distribution of different Integrated Processes Rates affecting ammon
modeling domain. In Fig. 8 the black dotted line shows the
maximum velocities, the solid black line shows the average veloc-
ities, and the red line shows the velocities at RMNP alone. The
maximumdeposition velocities estimated by CAMx varied between
10 and 50 cm s�1, while at RMNP deposition velocities ranged
ia concentrations in the 36-km domain centered in the western United States.



Fig. 7. Fraction of the mass loss through dry deposition relative to the total available
mass (the summation of any existing mass plus the net positive flux due to the all the
processes) in each cell of the 36-km domain.
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between 0.5 and 10 cm s�1, with an average of 5 cm s�1. Fig. 8
illustrates that NH3 deposition velocities in the model were at
least a factor of 2 and in some instances a factor of 10 too high
compared with values found in the literature, corroborating the PA
results that ammonia removal in the model by dry deposition was
certainly overestimated for the RoMANS simulations.

CAMx determines a deposition velocity for each landuse type in
a given cell and then linearly combines them according to the
fractional distribution of land use. The deposition flux is then used
as the lower boundary condition in the vertical diffusion algorithm.
The model uses the Wesely (1989) dry deposition resistance model
for gases (ENVIRON, 2005). The deposition velocity vd is calculated
from three primary resistances r in series:
Fig. 8. Model estimated deposition velocities for the 4-km domain (in black) and at Rocky M
shows the domain-wide maximum values, while the solid line shows the domain-wide av
velocities (vdso2) range between 0.5 and 2 cm s�1 for both spring and summer (For interpre
version of this article.).
vd ¼ 1
ra þ rb þ rs

(2)

The aerodynamic resistance ra represents bulk transport through
the lowest model layer by turbulent diffusion. The quasi-laminar
sublayer resistance rb represents molecular diffusion through the
thin layer or air directly in contact with the particular surface to
which material is being deposited. Finally, over land the surface
resistance rs is further expressed as several more serial and parallel
resistances that depend upon the physical and chemical properties
of the surface in question, such as the pathway into the stomatal
and mesophyllic portions of active plants.

Further inspection of the model deposition velocity parame-
terization in this study indicated that CAMx sets the surface resis-
tance for NH3 to zero through the chemistry parameters file. This
CAMx setup essentially assumes that given the strong rates of
uptake by biota and other surfaces, the surface resistance of NH3 is
set to zero, just as that of strong acids like nitric and hydrochloric
acid. Neglecting the surface resistance term could be playing an
important role in the observed overestimation of NH3 deposition
velocities. Zhang et al. (2003) presented a revised parameterization
for gaseous dry deposition in air quality models and discussed
detailed revisions to rs, noting that the uncertainties in ra and rb
from the different models are small. Zhang’s parameterization
predicted maximum dry deposition velocities for NH3 between 0.8
and 4 cm s�1, depending on land use category and dry or wet
canopies. These values are in better agreement with those reported
in the literature. Future versions of CAMx will provide the option to
choose between Wesely and Zhang’s parameterizations (Ralph
Morris personal communication); however, at the time of this
study Zhang’s deposition scheme was not available.

Nonetheless, it was still possible to evaluate the effect of NH3
deposition velocities onmodel simulations by using the current dry
deposition parameterization. A number of sensitivity simulations
were made by applying simple uniform scaling factors (without
spatial or temporal variation) to the current NH3 deposition
velocities. An additional sensitivity simulation was performed by
replacing the NH3 dry deposition velocity with that of sulfur
dioxide. This case was considered given the recent work done by
the U.S. Environmental Protection Agency (EPA) Atmospheric
Modeling Division with the Community Multiscale Air Quality
(CMAQ) model, which showed that ammonia deposition velocities
ountain National Park (RMNP) (in red) for both spring and summer. The line with circles
erage. For this figure, the domain-wide maximum values of sulfur dioxide deposition
tation of the references to color in this figure legend, the reader is referred to the web



Fig. 9. Time series comparison between sensitivity simulation cases and observations
at Rocky Mountain National Park. Sensitivity case vd/2 refers to original NH3 deposi-
tion velocities divided by a factor of 2, while vd¼ vdso2 refers to the original NH3

deposition velocities replaced by those of SO2.
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should be similar to the values for sulfur dioxide deposition or even
lower over some land use surface types (U.S. EPA, 2008). Table 3
shows the estimated model biases across the RoMANS sites
during spring for the different sensitivity simulations.

While none of the sensitivity simulations showed a significant
improvement in the model performance, in at least one case, the
bias was reduced on average, although the precision was no better
than the base case simulation. The simulation with the original
deposition velocities decreased by a factor of 2 (vd/2) still showed
a systematic negative bias but was smaller in magnitude, although
the correlation with observations was still very poor. Setting the
deposition velocities to a domain-wide value of 5 cm s�1 led to even
larger systematic negative biases than the base case. Finally,
replacing the ammonia deposition velocities with those of sulfur
dioxide in general caused the model to overestimate NH3 obser-
vations. A more detailed time series comparison between these
sensitivity cases and observations at RMNP is shown in Fig. 9. The
main point illustrated by this figure is that changing the original
deposition velocities with a simple multiplicative scaling factor did
not improve the timing of episodes in any of the sensitivity simu-
lations. In particular, none of the cases was able to reproduce the
observed episode during April 23.
6. Discussion

The model performance evaluation presented here showed that
in the Rocky Mountain region, and during the period when the
RoMANS field measurements took place, CAMx was not able to
properly reproduce within a reasonable uncertainty the observed
NH3 concentrations at any of the available observational sites.
While the model performance for other species varied by season
and site, ranging from good to poor, the performance for these
species was comparable to other model evaluations for this region,
e.g., regional haze modeling performed by the WRAP-RMC
(Tonnesen et al., 2006). The poor performance of the model for NH3
and total reduced nitrogen restricted its use to address important
questions related to the source apportionment of different emission
source regions and sectors, the primary objective of the modeling
component of RoMANS. These deficiencies in simulating reduced
nitrogen might not be limited to CAMx and could also occur with
other regional models. Model intercomparison studies focusing on
NH3 performance should be conducted to investigate this issue.

In this study, the CAMx IPR analysis tool was used to investigate
the numerical processes underlying themodel predictions to better
understand the causes of the poor model performance. IPR is
a powerful diagnostic tool that is beginning to be more widely used
by the air quality modeling community. The IPR analysis showed
that dry deposition was the most important NH3 removal mecha-
nism, while aerosol chemistry processes played a small role in the
simulated concentrations. An examination of the deposition
Table 3
Mean Fractional Bias estimates across various RoMANS sites during spring 2006 for di
locations of sites correspond to those presented in Fig. 2.

Spring NH3 Sensitivity Simulations MFB (%)

Site 1a Site 2 Site 3 Site 5

Base case (Vd
b) �171 �41 �62 �107

Vd/2c �159 �5 �9 �60
Vd¼VSO2

d �137 93 115 62
Vd¼ 5 cm s �1 e �193 �111 �106 �139

a Refer to legend on Fig. 2 for names and locations that correspond to site numbers.
b NH3 original deposition velocities.
c Original deposition velocities divided by factor of 2.
d Original deposition velocities replaced by those of SO2.
e Original deposition velocities changed by 5 cm s�1 domain-wide.
velocities estimated by CAMx shows they could be overestimated
by up to a factor of 10 relative to values reported in the literature.
Closer inspection of the deposition velocity parameterization
revealed that the surface resistance termwas neglected. This needs
to be addressed in future work, possibly through the use of
a different dry deposition parameterization implemented in a more
recent version of CAMx. This study also presented a subsequent
suite of sensitivity simulations that modified the values of the dry
deposition velocity, and although not exhaustive, led to the
conclusion that even when the dry deposition values were “fixed”
or altered to reduce their influence, the model was still unable to
replicate the observed time series; i.e., it addressed the average
bias, but it did not improve the precision.

Since NH3 is a primary, emitted species that does not react in the
gas phase, and because the IPR analysis showed that the aerosol
chemistry processes appeared to play a small role in the simulated
concentrations, it is also possible that the NH3 emissions inventory
might be underestimated, or that the location and timing of NH3
fluxes were misrepresented, leading to the negative biases evident
in the model performance evaluation. Furthermore, a recent study
that employed satellite observations found that ammonia emis-
sions in the mid-latitudes could be significantly underestimated
(Clarisse et al., 2009). Clearly, there are significant uncertainties
within the existing ammonia emission inventories, and addressing
these by incorporating current ammonia emission flux research
(e.g., Baum and Ham, 2009) would substantially increase our
confidence in the model predictions.
fferent simulations with varying dry deposition velocities of NH3. The names and

Site 6 Site 7 Site 8 Site 9 Site 10

�125 �113 �160 �118 �86
�90 �83 �142 �76 �49
19 �38 �119 �13 �6

�165 �168 �190 �175 �160
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As a result of RoMANS, the National Park Service decided to look
at year-long trends of NH3 ambient concentrations and deposition
at the core site. The measurements were made from November
2008 to November 2009, and it is expected that a modeling effort
will be performed for this period. Future work will involve a year-
long CAMx simulation for this period. That simulation will use an
updated emissions inventory for NH3 that will be revisited and
likely improved with new information pertinent for Colorado; also
the new modeling effort will include Zhang’s dry deposition
parameterization. Many aspects presented in this study will be
revisited and implemented; for instance, a limitation of the current
study is that the process analysis work does not consider different
spatial scales. It is not surprising that when limiting the IPR
aggregation to the first layer, vertical transport processes dominate.
CAMx provides the ability to aggregate process rates vertically to
the top of the simulated planetary boundary layer (PBL). By doing
this it should reduce the dominance of vertical transport and
permit an evaluation of processes within the well-mixed volume
below the PBL. Furthermore, expanding the horizontal aggregation
would also minimize horizontal transport and better capture the
processes upwind of the core site. With these changes a more
spatially balanced comparison of all processes can be made.
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