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The Rocky Mountain Atmospheric Nitrogen and Sulfur (RoMANS II) study with field operations during November 2008 through
November 2009 was designed to evaluate the composition and sources of reactive nitrogen in Rocky Mountain National Park,
Colorado, USA. As part of RoMANS II, a mesoscale meteorological model was utilized to provide input for back trajectory and
chemical transport models. Evaluation of the model’s ability to capture important transport patterns in this region of complex
terrain is discussed. Previous source-receptor studies of nitrogen in this region are also reviewed. Finally, results of several back
trajectory analyses for RoMANS II are presented. The trajectory mass balance (TrMB) model, a receptor-based linear regression
technique, was used to estimate mean source attributions of airborne ammonia concentrations during RoMANS II. Though
ammonia concentrations are usually higher when there is transport from the east, the TrMB model estimates that, on average,
areas to the west contribute a larger mean fraction of the ammonia. Possible reasons for this are discussed and include the greater
frequency of westerly versus easterly winds, the possibility that ammonia is transported long distances as ammonium nitrate, and
the difficulty of correctly modeling the transport winds in this area.

1. Introduction
Atmospheric deposition of reactive nitrogen in Rocky Mountain National Park, Colorado (RMNP), and surrounding
areas of the Rocky Mountains has been the subject of research
for 30 years (e.g., [1]). During this time, scientists have
endeavored to understand the levels and chemical composition of depositednitrogen [2, 3], the spatial and temporal
trends [4, 5], the chemical and physical mechanisms by which
nitrogen enters aquatic and ecological systems [6, 7], effects
on biota [8, 9] and the dominant sources [10], emission rates
[8, 11], and geographical and meteorological conditions (e.g.,
[11–16]) that cause deposition in sensitive alpine areas. This
paper focuses on the meteorological and source attribution
aspects.
Concentration and deposition measurements for the
Rocky Mountain Nitrogen and Sulfur II (RoMANS II) study

were conducted during November 2008 through November
2009. Others [2, 3, 17] have described these measurements
in detail. The year-long RoMANS II was a follow-up to
RoMANS I [11, 15, 16, 18], in which data were collected at
the same location for two 6-week periods during the spring
and summer of 2006. RMNP is in North Central Colorado,
straddling the Continental Divide. The most detailed measurements for both studies were at the “core site,” 40.38 deg N,
105.546 deg W, and 2750 meters above mean sea level (MSL),
on the eastern slope of the park as shown in Figure 1. To
the east, the terrain drops rapidly to the relatively flat high
plains, where elevations are 1500–1800 meters MSL, while
some peaks to the west reach 4300 meters MSL. The most
densely populated region of Colorado, including the city
of Denver (1610 meters MSL), is the Front Range urban
corridor, which runs north-south through the center of the
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Figure 1: Views of the RoMANS core site and meteorological measurement sites in Estes Park, CO (yellow pins), generated with Google
Earth. Both views are looking north. Panel (a) shows RMNP boundaries in heavy green, Colorado county boundaries in pale green, and
major highways in yellow. The North Platte River valley is the dark green area mostly along Highway 34. Panel (b) shows the orientation of
the local valleys and surrounding terrain. The core site and the profiler are approximately 12 km apart. The profiler and the RAWS sites are
about 3.4 km apart. On the larger map, Cheyenne, WY, and Denver, CO, are approximately 162 km apart.

state from Southern Wyoming to Southern Colorado along
the transition between foothills and plains. The predominant
agricultural activities are in Northeastern Colorado, with
many along the North Platte River valley, including some in
and near the Front Range urban corridor.
The relatively small-scale spatial inhomogeneity arising
from the transition between high plains, foothills, and alpine
peaks presents a challenge for meteorological models. The
prevailing wind direction is westerly in most locations, but
easterly upslope winds occur due to either diurnal mountain
valley circulations with winds near the surface blowing up
valley during the day and reversing at night or synoptic
weather patterns including low-pressure (counterclockwise
circulation) to the south or west or high pressure (clockwise
circulation) to the north [19].
1.1. Studies of Nitrogen Source Attribution in Northern Colorado. Estimates of source attribution of nitrogen at RMNP
and surrounding areas have been of interest for approximately 30 years. The earliest studies based hypotheses about
the origins of nitrogen on spatial and temporal patterns in
measured concentrations, deposition, and meteorology. As
computing power increased, these valuable analyses continued, while the use of air mass trajectories and, more recently,
mesoscale chemical transport models, were added to the tools
available. Since the 1980s, the population, energy use, and mix
of sources in Colorado and the Western United States have
evolved, so currently significant sources may be different than
in previous decades.
Lewis et al. [1] examined deposition of major cations,
anions, particulate matter, and hydrogen ions at 42 sites in
Colorado from May 1982 to May 1983. They inferred sources
by examining spatial gradients and prevailing wind patterns.
The greatest acidity was along the Continental Divide of the
northern and southern thirds of the state, which they stated

was because strong acids were more effectively neutralized by
carbonates at lower elevations. Dominant sources of oxidized
nitrogen were hypothesized to be power plants to the west and
urban areas to the east of the mountains. Reduced nitrogen
compounds were not measured.
Parrish [12] measured airborne NO and NO2 at a high elevation site during the 1980s. They stated that though the Front
Range is usually downwind, NO𝑥 emissions from there were
the predominant sources responsible for enhanced acidic
deposition. They also hypothesized that the mountain-valley
flow might be a mechanism to transport anthropogenic air
pollutants from the boundary layer to the free troposphere.
Baron and Denning [13] determined that during the
1980s, strong acid anions, acidity, ammonium, and high salt
concentrations in precipitation originated east of RMNP and
were transported up valley by funneling winds or convective
instability and that these winds influenced a lower elevation
(2500 meters) site throughout the year and a high elevation
(3200 meters) site most strongly during the summer.
Neff [33] describes the regionally complex meteorology
and air quality modeling associated with the 1987-1988
Denver Brown Cloud study. He discusses the influence of
northeasterly winds bringing ammonia from rural areas and
the mixing of those emissions with NO𝑥 and SO𝑥 from
the urbanized Front Range. He modeled a few days with a
chemical transport model, but the model failed to resolve
important mesoscale meteorological structures, especially
boundary layer and moist processes at the 8 km horizontal
resolution. He suggested that data assimilation was necessary.
He also pointed out that emissions may fluctuate in response
to meteorological conditions in ways not accounted for in
modeled emissions, for example, less auto traffic but more
wood burning during snow fall.
Sievering et al. [34] concluded that during 1991–1994
emissions from the Front Range had little impact at a high
altitude (3540 meters) site in the alpine tundra, but that
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diurnal upslope flows brought these emissions to a lower site
(3020 meters) in the subalpine forest, especially during the
summer and during midday. They argued that the higher
site was usually impacted by westerly winds in the free
troposphere. Isentropic trajectories indicated that the alpine
site was most often influenced by sources in Southern California and Northwestern Mexico on days with high nitrogen
concentrations. They also found that Front Range emissions
can be mixed with emissions from the west. High sulfate
and nitrate concentrations in precipitation at the subalpine
site were highly correlated with trajectories from the west,
including the Four Corners region, Southern California, and
parts of Northern Mexico.
Losleben et al. [14] examined 1984–1997 wet deposition
data at two sites, a high alpine site and one lower and closer
to the Front Range. Precipitation at the higher site was more
acidic and had higher conductivity than the lower site. They
hypothesized that chemical loading from western sources
might be greater than previously thought because westerly
winds predominate at the higher site. They concluded that
the Front Range was an important source of pollutants in
precipitation especially during winter precipitation events,
but that the much higher frequency of westerly flow meant
that sources to the west were cumulatively important. The
most- and least-acidic episodes were associated with southwesterly and northwesterly flows, respectively. They also
discussed meteorological differences between winter and
summer precipitation events at the two sites, the influence
of terrain, and the importance of accounting for duration
and amount of precipitation when estimating sources of wetdeposited pollutants.
Heuer et al. [35] examined spatial and seasonal patterns in
wet deposition and snow pack data in Colorado during 1992–
1997 to infer sources of nitrogen and sulfur compounds. They
found that high elevation sites were influenced by sources
both east and west of the divide, with sources to the west
having greater influence during the winter, while those to the
east have more influence during summer. They concluded
that, overall, sources to the east have greater influence on
precipitation chemistry in the Colorado Rockies because
summertime concentrations were significantly higher than
winter.
Ingersoll et al. [36] examined back trajectories associated
with snow events on the east side of RMNP during the 19981999 winters. They observed that concentrations of nitrate
and sulfate in snow samples were the lowest in storms from
the north and east and elevated for air masses from the west.
The highest concentrations were in storms from the south,
including metropolitan Denver.
Sievering et al. [37] stated that the probability of upslope
flow occurring on any single day at a subalpine forest site was
40–60% during 1999, with the peak in August and minimum
in May.
In a 2003 review of nitrogen deposition in Colorado
and Southern Wyoming, Burns [4] concluded that evidence
up to that point supported a significant eastern source for
atmospheric nitrogen deposition and that this was consistent
with population growth and energy use trends.
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As part of the RoMANS I study, Rodriguez et al. [11]
described chemical transport modeling for two multiweek
periods during spring and summer 2006. The model was
unable to adequately reproduce observed concentrations of
nitrogen compounds, probably mostly due to uncertainty in
emissions and deposition velocities. They noted that upslope
easterly flow on the east side of RMNP is more common
during precipitation than during dry hours for all seasons and
all hours of the day. They also noted that the vertical depth,
but not the frequency, of easterly flow was greater during
summer than during spring.
Also as part of RoMANS I, Gebhart et al. [16] employed
a regression technique using back trajectories to apportion
concentrations of nitrogen and sulfur species measured on
the east side of RMNP to selected source regions. The
highest measured concentrations were usually associated
with transport from the east. However, the model estimated
that the season-long mean attributions for all nitrogen species
for both seasons were greater for regions to the west. Again,
this was thought to be due to the much greater frequency of
westerly winds. The receptor model performed much better
for spring than summer, indicating that the meteorological
model had more difficulty in reproducing summer transport patterns. Larger fractions of nitrogen compounds were
attributed to sources east of the park during the summer than
during the spring.
Beem et al. [18], Day et al. [38], and Benedict et al.
[3] examined spatial patterns in nitrogen concentrations
measured in Northern Colorado during 2006, 2008, and
2009, respectively. Day et al. described patterns in ammonia concentrations in Northeastern Colorado, finding large
gradients near sources such as confined animal feeding
operations, likely due to dilution and a high dry deposition
rate as material moves downwind. Ammonia concentrations
in agricultural and urban areas in Colorado east of RMNP
were 1-2 orders of magnitude greater than those in the park.
The highest ammonia concentrations were in the summer,
but mean winter concentrations were higher than spring or
fall, likely due to lower mixing heights and wind speeds
during the winter. Beem et al. and Benedict et al. found
that deposition and airborne concentrations of key reactive
nitrogen species were much higher east of the Continental
Divide than west and that the highest values measured on
the east side of RMNP were associated with easterly flow.
Diurnal patterns also showed peak concentrations during the
day when easterly upslope flow is most frequent.
Malm et al. [17] described a hybrid deterministic-receptor
approach to apportion ammonia measured at RMNP in 2009
during RoMANS II. An inert tracer was simulated by tracking
ammonia emissions from 107 source regions with a chemical
transport model without deposition or chemistry. Source
regions were combined into common transport pathways,
and a regression model apportioned the ammonia. On an
annual average, about half the ammonia was attributed to
sources within Colorado. Of the half from outside the state,
the largest fractions were from west rather than east of
Colorado, with the largest contributors being California,
Utah, and the Snake River valley in Idaho. They hypothesized
that diurnal patterns in wind directions and concentrations
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provide evidence that the mesoscale meteorological model is
not adequately capturing the upslope flow at RMNP.
Several themes emerge from this earlier work. The earliest
studies focused on oxidized rather than reduced nitrogen,
and their respective sources are likely to differ. It is clear
that when upslope easterly winds occur on the east side of
the Rocky Mountains, they bring emissions from the Front
Range and from agricultural areas in Eastern Colorado. So
far, despite relatively high ammonia emissions in bordering
states to the east, there is no evidence that sources in
those states are large contributors to reactive nitrogen in
RMNP. The influence of sources to the west is not as well
understood. Westerly winds predominate, but easterly winds
are more common during precipitation events that lead to wet
deposition. Also, the diurnal and seasonal cycle of mountainvalley winds that could bring air pollutants from sources
in Central and Eastern Colorado is highly correlated with
measured concentrations at RMNP. However, back trajectory
analyses indicate that the frequent long-term dribble of
emissions from the west may be very important on average,
and some studies have hypothesized that the geography of
the region is conducive to mixing of emissions from both
east and west. The relatively shallow diurnal mountain-valley
flow has also proved to be difficult to model, leading to
potential overestimation of the influence of sources to the
west. Therefore, to accurately determine the influence of
sources of nitrogen deposition in RMNP, it is important to
be able to accurately model the easterly wind flow when it
occurs.
This paper describes the mesoscale meteorological modeling conducted for RoMANS II, including some evaluation of those results and gives details of a back-trajectorybased source apportionment of ammonia concentrations for
RoMANS II. The source apportionment technique described
in this paper extends the RoMANS I trajectory-based source
attribution to include a full year and examines the possibility
that virtually moving the modeled receptor site slightly in
either space or time might improve the correlation between
measured and modeled concentrations by accounting for bias
in the modeled wind field.

2. Methodology
2.1. Mesoscale Meteorological Modeling. Gridded meteorological fields for RoMANS II were generated with the weather
research and forecasting (WRF) model [39, 40]. The model
was run more than dozen times using different physics
options, observational meteorological data, observational
nudging coefficients, and radii of influence for observational
data in an attempt to get the best possible match between
model output and observed meteorology. The first runs were
with WRF version 3.2, while later runs used version 3.3.1.
There were no discernible differences in output attributed to
the different versions of the model.
Many model settings were common to all WRF cases.
These include the three nested horizontal domains of 36,
12, and 4 km grid sizes identical to those used for the 2006
RoMANS I study [11]. The outer domain, known as the
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Western Regional Air Partnership (WRAP) domain, covered
most of North America. The 12 km domain covered parts
of several western states, while the 4 km grid encompassed
most of Colorado. North American Regional Reanalysis
(NARR) data [41, 42] were used for boundary conditions,
initial conditions, and 3-hour analysis nudging on the 36
km domain. Reanalysis rather than higher resolution forecast
data were chosen to maximize the observational data in the
input. The model top was 100 hPa to match the top of NARR,
and there were 34 vertical layers for all runs. Initially, levels
were chosen automatically by WRF, but, in later cases, layers
were selected manually to increase the resolution near the
surface, to match layers used in previous modeling [11] and to
correspond to emissions data used for the chemical transport
model. Increasing the number of layers near the surface
necessitated a factor of 3 reduction in time step (from 180 to
60 seconds) for some days. WRF was run for multiple 3.5day (84 hours) time periods with overlapping 12-hour spin up
times, in part based on the findings of Colle et al. [43], who
found that the best precipitation forecasts were 18–36 hours
after initialization but that at least 12–18 hours are needed for
spin up.
Physics options for initial WRF cases were chosen for
simplicity. These are discussed later, but the switch to more
carefully considered options did not substantially change the
model outcomes. Final choices for the major physics options
and reasons for their use are summarized in Table 1.
The largest differences in modeled output were due to
changing the details of the observational nudging on the 4 km
domain, including the input data, the nudging coefficients,
and the radii of influence. Observational data for nudging
on the 4 km domain always included hourly data from
a 10-meter tower at the core site and from April 10 to
December 27, 2009, from a radar wind profiler in Estes Park,
Colorado, approximately 12 km to the NNE of the core site
(described in [16] and shown in Figure 1). Early WRF cases
also used observational data from the National Center for
Atmospheric Research datasets DS461.0 [44] and DS351.0
[45], for surface and upper air data, respectively. Later, data
from the Meteorological Assimilation Data Ingest System
(MADIS) [46] were used instead because MADIS has a much
denser network of observations, particularly along the Front
Range. However, as discussed in the following section on
model assessment, more data did not always prove to be
better. Figure 2 shows the locations of the meteorological
observations in the NCAR and MADIS datasets. Panel (b) of
Figure 1 also shows the site of a Remote Automated Weather
Station (RAWS) in Estes Park. Data from this site are included
in the MADIS, but not the NCAR, observational data.

3. Assessment of WRF Wind Fields
3.1. Means by Modeling Cases: Surface Wind Example. One
method to assess WRF’s reproduction of key meteorological
variables was to generate many graphs similar to those
shown in Figure 3 in which means of modeled and observed
values are compared for various spatial and temporal scales.
This particularly interesting example shows the east-west
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Table 1: Major physics choices for most WRF model runs, plus reasons. The values in parentheses are the WRF option names in column 1
and the WRF codes for the chosen options in column 2.
Parameterization (WRF namelist
variable)

Choice (WRF code)

Reasons

Longwave radiation (ra lw physics)

Rapid radiative transfer model (RRTM) (1) [20]

Accurate, fast, accounts for multiple
bands, trace gases, and microphysics,
commonly used, used in RoMANS I

Goddard, 2-stream multi-band scheme with
ozone from climatology and cloud effects (2)
[21, 22]
Monin-Obukhov similarity theory provides
exchange coefficients to surface scheme. (1)
[23, 24]
Noah land surface model, unified
NCEP/NCAR/AFWA scheme with soil temp
and moisture in 4 layers, fractional snow cover
and frozen soil physics. New features in WRF
3.1 for processes over ice and snow. (2) [25]

Shortwave radiation (ra sw physics)
Surface layer physics
(sf sfclay physics)

Land surface physics
(sf surface physics)

Planetary boundary layer (PBL)
physics (bl pbl physics)

Yonsei University scheme, non-local K scheme
with explicit entrainment layer and parabolic K
profile in unstable mixed layer (1) [26–28]

Microphysics (mp physics)

WRF single-moment 5-class scheme, has
mixed-phase and super-cooled water (4) [29]

Cumulus clouds (cu physics)

Kain-Fritsch, deep and shallow convection
subgrid scheme with mass flux approach,
downdrafts and CAPE removal time scale, not
used on 4-km domain (1) [30, 31]

43 44

22

41
37
38
N. Mountains
31
29
30
28
23 24

13

14

5

Compatible with PBL scheme below,
WRF manual often recommends, used in
RoMANS I
Used in NARR and RoMANS I, used
operationally at NCEP, compatible with
option for PBL scheme below
Used another scheme in RoMANS I that
is now an “older scheme”
Findings of Hu et al. (2010) [28] that this
had low biases, commonly used
Relatively cheap, includes super cooled
water, snow melt, ice sedimentation, and
time-split fall terms, suitable for
mesoscale grid sizes
Recommendation of WRF manual,
commonly used scheme

40

10

8
Southwest
2
1

17
15

45
42
39
N. Front Range
35 36
34
33
NE Plains
32
27
20
21 25
18 19
16
S. Front Range
12

Recommended in WRF manual for
similar scenarios

9

S. Mountains
6
7

3

26

11

SE Plains4

NPN
RAOB
METAR
(a)

(b)

Figure 2: Colorado (450 km north-south by 610 km east-west) with county boundaries and sites of meteorological observations. Panel (a)
shows sites in NCAR’s DS461.0 dataset. The red hatched area is RMNP. Site 40 on the eastern edge of RMNP is the RoMANS core site. The
remaining sites were grouped as shown for WRF model assessment. Panel (b) shows locations of some MADIS data including locations of
the NOAA profiler network (NPN), radiosonde observations (RAOB) and hourly surface (METAR) data.
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Figure 3: Mean values of U, the east-west component of the wind vector, for several WRF cases, by month, by hour, and by site. The sites are
shown in Figure 2(a). The colored lines in the key represent results from different WRF cases from the earliest and simplest at the end to the
final at the beginning. The black line is the observed data.

component of the wind vector, U, as observed and as modeled
from several different cases of WRF. In all cases, WRF was run
from November 2008 to November 2009. The top panel shows
averages by month for the 45 sites shown in Figure 2(a). The
bottom left of Figure 3 has means by hour of day for these 45
sites, and the bottom right shows means by site for all times.
In each panel, observed values are in black and modeled
values have colored symbols. Results from the first simplest
case (red circles) have no observational nudging and mostly
default physics options. Blue diamonds show results from the
next case, identical to the first, except observational nudging
that was added to the 4 km domain using the NCAR data
discussed above. Green triangles are from the next attempt,
in which the physics options were changed from mostly
default values to those shown in Table 1. Magenta triangles are
from a case identical to that shown in green, except satellite
wind data were removed from the NCAR dataset (discussed
below); cyan x-filled squares are from the first case to use
MADIS data rather than NCAR for observational nudging,
and, finally, the brown squares show results from the final run
also using MADIS data but without aircraft observations and
with the final observational nudging coefficients.
Examining the data in this way provides insight into
potential model bias. From the means by month in the

top panel, it is apparent that all WRF cases reproduced
the mean seasonal pattern, but for most attempts the mean
modeled wind speeds were too high or too westerly for all
months. Second, the small differences between the values in
blue and those in green on all panels show that changing
physics options, on average, had much less impact than
changing the input data and other parameters associated with
observational nudging. The bottom right panel shows that U
is much better modeled at some sites than at others and that
site 40, the RoMANS core site, has the poorest reproduction.
It is also apparent that while, on average, U is usually over
estimated, this is not true for all sites.
The most obvious features in the lower left panel are the
odd periodic spikes occurring every 6 hours for two cases.
They occur only with observational nudging using NCAR
data and are from cases with two different sets of physics
options, so it was apparent that the spikes were due to either
the observational data or the preprocessing of that data. The
only 6-hour data in the NCAR datasets are winds derived
from satellites. When these data were removed, the result was
the case shown by the magenta triangles. The initial switch
from NCAR to MADIS data surprisingly resulted in values
shown by the x-filled cyan squares, clearly the worst results.
Based on the experience with satellite winds, MADIS aircraft
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Table 2: Final observational nudging parameters for WRF. Most values are the default values.
Parameter

Value

Domains
Variables
Variables nudged in planetary boundary layer
Nudging coefficient for winds
Nudging coefficient for temperature and moisture
Horizontal radius of influence
Vertical radius of influence

4-km only
Winds, temperature, moisture
Winds, temperature, moisture
3 × 10−3 1/sec (default is 6 × 10−4 )
6 × 10−4 1/sec
60 km (default is 200)
0.1 eta coordinates

Observational data

10-meter tower at core site, radar wind profiler in Estes Park during
Apr–Dec 2009, MADIS (NPN, RAOB, METAR only)

Error max/buddy check

Vertical consistency/convective adjustment
Smoothing
Objective analysis scheme

True/True
Temperature: 10/8 K
Horizontal Wind: 13/8 m/sec
RH: 50/40 percent
Sea Level Pressure: 600/800 Pa
False/False
None
Cressman (Ellipse and Banana variations applied by WRF as warranted).
Four passes with default 5, 4, 3, 2 grid cell radii.

data were eliminated, resulting in the final WRF output used
for all further RoMANS II modeling and analyses and shown
by the brown squares. There were additional experiments in
which the nudging coefficients and radii of influence were
varied, but most were for only a single month and for clarity
are not shown. Table 2 summarizes the final observational
nudging options used in WRF. Other likely options that may
have influenced the observational nudging results include the
use of the error max and buddy check switches that remove
observations when they differ too greatly from the model
first-guess field and from neighboring observations. It is
possible that in complex terrain too many useful observations
are removed by these checks. In this study they were left on,
as is the default.
Clearly, the WRF results were sensitive to the data used
for observational nudging. Initially, it was not clear why
aircraft and satellite wind data caused unrealistic increases
in wind speeds, but recently Wee et al. [47] showed that
bias in the WRF model related to the vertical coordinate
system may cause problems when assimilating height-based
observations. The graphical analyses do confirm, however,
that, in general, observational nudging is beneficial. Mean
values of U from the final case are the closest to the observed
values on average.
Further spatial and temporal analyses of the modeled
winds, for example, contours of wind speed, U and V (the
north-south component of the wind vector), and maps of
mean observed and modeled wind vectors for different time
periods and sites, led to the observation that WRF could
correctly generate the diurnal easterly upslope flow over
broad areas of Colorado when it occurred but that the
modeled easterly winds often did not extend far enough
to the west to reach the core site. During time periods

1 m/s

Figure 4: Mean observed (black) and modeled (red) wind vectors
in Colorado for June–August 2009 at 3 : 00 pm local time. Internal
lines are county boundaries. The hatched area is Rocky Mountain
National Park. Colorado is 450 by 610 km, bounded by 37 and 41
degrees north latitude and by 109 and 102 degrees west longitude.

when easterly winds were observed there, WRF often had
westerly winds at that site but easterly winds in areas farther
to the east. Furthermore, as might be expected, WRF’s
reproduction of the observed winds was better in areas of less
complex terrain, such as the high plains of Eastern Colorado.
For example, Figure 4 shows the mean midafternoon wind
vectors observed and modeled during June–August 2009.
Note the convergence of easterly and westerly winds along the
Front Range and the high wind speeds along the Continental
Divide. These wind patterns give strength to the hypothesis
that this is likely a region where emissions from sources on
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both sides of the mountains often converge and so have the
potential to react.
3.2. Wind Roses of Observed and Final Modeled Winds.
Wind roses generated using the Openair Library [48] for R
statistical software [49] for the study year for observed and
modeled winds from the final WRF run for seven regions
in Colorado are shown in Figure 5 (see in Figure 2(a) for a
map of the regions). In general, the directional frequency
patterns are broadly reproduced by WRF, though the level
of accuracy varies by region. As expected, modeled and
observed wind directions are most similar in the Northeastern and Southeastern Plains, where the terrain is relatively flat, and perhaps more unexpectedly, also reproduced
well in the Southern Mountains. Directional frequencies
are most poorly reproduced in the Northern Mountains
and the Southwest. The predominant wind direction in the
Northern Hemisphere midlatitudes is generally westerly, but,
in Colorado, channeling and blocking by terrain make this
generality less true in some areas. For example, note the
high frequency of north-south winds in the Northern and
Southern Front Range, due to channeling along the eastern
edge of the Rocky Mountains.
Accuracy in the distributions of wind speeds also varies
by region. For example, in the Northern Front Range and
Northern Mountains, the frequencies of higher-speed winds
are underestimated, while frequencies of lower speed winds
are overestimated. The reverse is true in the Southwest,
while in the Northeast Plains and Southern Mountains the
observed wind speed frequencies are more accurate than in
other regions.
While, on average, WRF reproduces the winds with reasonable accuracy, at the core site, this was less true. Figure 6
shows wind roses of observed and modeled 10-meter winds at
three sites in close proximity to one another: the core site, the
radar wind profiler site in Estes Park, and at the RAWS site in
Estes Park. These are all for May–November 2009 when the
radar wind profiler was operating (see Figure 1 for locations).
The observed winds at the core site are channeled by the
terrain and arrive most frequently from the northwest with
upslope winds mostly from the southeast rather than from
due east. In contrast, the modeled output from WRF is much
too frequently from the west at this site.
At the profiler site, 12 km to the north-northeast, the
observed winds are on average rotated about 30 degrees
counterclockwise from those at the core site, arriving more
frequently from due west and due east, rather than from
northwest and southeast. WRF captures this westerly flow
fairly accurately but underestimates the frequency of easterly
winds. In the adjacent 4 km grid cell, observed winds at a
RAWS site also do not have the high frequency of winds
from due east that are observed at the profiler. The RAWS
site is approximately 3.7 km west of the profiler and about
91 meters higher in elevation. The observed winds at these
two locations are quite different, with the RAWS site having
predominantly southwesterly rather than westerly flow and
with its easterly winds tending to be from the east-northeast
rather than the due easterly winds observed at the profiler.
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As might be expected from adjacent grid cells, the modeled
winds for these two locations are similar. Neither of the grid
cells has a high enough modeled frequency of easterly winds.
These results led to speculation that, due to the complex
terrain, the modeled winds in a nearby grid cell or at a slightly
different time might match the true winds at the core site
better than those in the spatially correct grid cell. Figure 7
shows wind roses of the modeled winds at the core site and
at sites located one 12 km grid cell in each of the cardinal
directions. Note that the modeled winds in the grid cell
12 km east are a much better match to the measured winds
at the core site (Figure 6) than are the modeled winds in the
corresponding WRF grid cell.

4. Back Trajectories
To further investigate transport of emissions to the core site,
hourly ensemble back trajectories with a maximum length
of 7 days were generated using version 4.9 revision 346 of
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model [50]. In ensemble mode, HYSPLIT generates 27 trajectories for each start time by using start points
at the specified start location, as well as a layer above and
a layer below and eight surrounding grid cells. Two sets of
HYSPLIT output were generated, one with input from the
WRF model discussed above and another using output from
the North American mesoscale model at 12 km grid spacing
(NAM12) [51, 52] as input. HYSPLIT was started from five
locations, the core site and from 12 km north, south, east,
and west. Figure 8 shows an example of the 27 ensemble
trajectories started from the core site during a single hour.
Note that the categorization of an hour into either easterly or
westerly flow is not always straightforward. Figure 8(a) shows
the horizontal pathways within Colorado, where within the
first 1-2 days most ensemble members passed over areas in
Northeastern Colorado. However, as Figure 8(b), showing the
same trajectories, illustrates, when traced for a longer time,
it is evident that these trajectories originated in areas to the
west that also have high ammonia emissions, including the
Snake River valley in Southern Idaho and agricultural areas
in Northern Utah. Figure 8(c) shows the trajectory heights by
time. The dashed line is the top of the mixed layer for the
central member of the ensemble. Trajectories truncate when
reaching the edge of all input data domains. In this example,
some ensemble members reached the western edge of the
WRF 36 km domain within 4-5 days.
Figure 9 shows three related analyses generated from the
WRF back trajectories started from the core site at 10 m.
Statistics in each panel are generated from approximately
256,000 individual trajectories. Figure 9(a) is the overall
residence time for the study year. Each endpoint represents
an hour of time in a grid cell. It shows where air masses most
frequently resided before arriving at the receptor. Westerly
flow that tends to bifurcate into either northwesterly or
southwesterly predominates. However, there is also easterly
transport that can bring emissions from Front Range cities
and agricultural areas in eastern Colorado and from states to
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Figure 5: Wind roses for observed and modeled winds in each of seven regions in Colorado from November 2008 to November 2009. Each
light gray circle represents 5% frequency. Region locations are shown in Figure 2(a).
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Figure 6: Wind roses showing the percent of winds from each of 12 directional bins for 10-meter winds during May–Nov 2009 as observed
and as modeled by WRF at the core site, at the Estes Park radar wind profiler site and at the Estes Park RAWS site. Each light gray circle
represents 5% frequency.

the east. Figure 9(b) shows the mean concentration of ammonia at the core site when air masses arrived from each grid
cell. It is calculated by assigning each trajectory endpoint the
value of the measured concentration at the receptor for the
trajectory arrival time. The value for each grid cell is the mean
of the arrival concentrations for endpoints associated with
trajectories that passed through that cell. This panel illustrates
that when air masses arrive from the east the concentration
at the receptor is higher than when air masses arrive from
the west. However, it does not take into account transport
frequency. By combining the information contained in both
top panels, it can be seen that transport from the west is
common, but air masses from this direction tend to arrive
with relatively lower ammonia concentrations. The inverse is

true for air masses from the east; they are less frequent but
on average arrive with higher concentrations. These statistics
are combined to generate the map in Figure 9(c), which is
generated by multiplying the results of the first two panels to
create concentration-weighted residence times. These results
take into account the mean concentration as well as the
transport frequency and can be thought of as an indication
of the cumulative impact of a region. The pattern is similar to
the residence time panel, with some subtle differences. Areas
to the east are weighted relatively higher in Figure 9(c) than
in Figure 9(a). For example, the high average concentrations
during times when trajectories arrived from Eastern Texas
cause values in that region to be higher in the concentrationweighted residence time than in the simple residence time.

Advances in Meteorology

11
WRF 12 km north
N

45%
40%
35%
30%
25%
20%
15%
10%
5%
E

W

Mean = 5.05
Calm = 0%

S
Frequency of counts by wind direction (%)
0–2

2–4

4–6

6–25.137

−1

(m s )

WRF 12 km west
N

80%
70%
60%
50%
40%
30%
20%
10%
E

W

0–2

2–4

4–6

35%
30%
25%
20%
15%
10%
5%
E

50%
40%
30%
20%

10%

W

Mean = 5.81
Calm = 0%

S
Frequency of counts by wind direction (%)

WRF 12 km east
N

WRF core site
N

E

Mean = 6.24
Calm = 0%

S

Frequency of counts by wind direction (%)

6–17.684

0–2

−1

2–4

4–6

6–27.757

Mean = 4.92
Calm = 0%

S

Frequency of counts by wind direction (%)

0–2

−1

(m s )

W

2–4

4–6

6–30.696

−1

(m s )
WRF 12 km south
N

(m s )

50%
40%
30%

20%
10%

W

E

S

Mean = 7.44
Calm = 0%

Frequency of counts by wind direction (%)
0–2

2–4

4–6

6–26.786

(m s−1)

Figure 7: Wind roses showing the percent of winds from each of 12 directional bins for 10-meter winds during November 2008 through
November 2009 as modeled by WRF at the core site and at sites located 12 km in each of the cardinal directions. Wind speeds are indicated
by the colors as shown in the key.
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(a) Horizontal trace in Colorado

(b) Horizontal trace in Western United States
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Figure 8: Hysplit ensemble back trajectories generated with WRF input for 10 May 2009, at 6 : 00 pm MST. The heaviest line is the trajectory
started from the core site. The lighter lines are the remaining 26 ensemble members. In panel (c), the dashed line is the height of the top of
the mixed layer for core site trajectory. There is a dot after each day on all panels. Colorado is approximately 610 km across. On panel (a), the
distance from the Pacific Coast on the west to the eastern edge of the map is approximately 3200 km.

The color break points were chosen to best illustrate the
regional differences in each statistic. Note from the geometric
scales on Figures 9(a) and 9(c) compared to the linear scale
on Figure 9(b) that differences in transport frequency are
much larger than differences in mean concentration and so
dominate the results in Figure 9(c). These results indicate that
sources to both the east and west are important contributors
to ammonia in RMNP.

5. Measured Concentrations
The measured concentrations obtained as part of RoMANS
II are described in detail in Malm et al. [17] and Benedict
et al. [2, 3]. The 24-hour data from the URG denuder are
considered the most reliable ammonia measurement and are
the data used for TrMB modeling. Figure 10 shows a timeline
of these concentrations observed at the core site. In general,
concentrations are higher during the warmer months of the
year. Values above the 90th percentile occurred during all
months from March to September.

6. Trajectory Mass Balance Model
The trajectory mass balance model (TrMB) has been previously described in detail (e.g., [16, 53, 54]). It is a linearregression-based receptor model with measured concentrations at the receptor as the dependent variable and counts
of back trajectory endpoints in selected source regions

as independent variables. Trajectory endpoint counts are
interpreted as time spent in the source region prior to
arrival at the receptor. Regression coefficients account for
mean emissions, dispersion, chemistry, and deposition. The
coefficient multiplied by the endpoints is an estimate of the
mean contribution from a source region over the time period
of the observations.
TrMB was used to estimate the mean seasonal contributions from each of the source regions shown in Figure 11
to the measured ammonia concentrations at the core site.
In addition, tests of the sensitivity to the timing and spatial
accuracy of the winds were conducted in which trajectories
from the preceding and following day and from trajectory
start points in grid cells 12 km east, north, west, and south
were compared to results from using trajectories started in
the correct grid cell and on the correct day.
For collinear source regions, the endpoint counts were
summed to create one combined, rather than two individual,
regions. The test was iterative so that combined source regions
were retested against the remaining regions until no collinear
areas remained. The attributions of the regions were then
reapportioned back to the original smaller regions using
a weighting factor of mean emissions/mean distance. The
definition of collinear is arbitrary; for this study, trials using
70%, 80%, and 90% correlation were used as the limits for
collinearity. The number of collinear source regions varied
depending on this cutoff value, as well as the distributions
of the endpoints between the regions, which depended on
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Figure 9: Three analyses of WRF back trajectories for 24-hour measured ammonia at the core site for the study year shown on maps of the
Western United States with state boundaries. (a) Overall residence time or likelihood of an air mass arriving from each grid cell. (b) Mean
ammonia concentration at the receptor when air mass arrived from each grid cell. (c) Concentration-weighted residence time. The distance
from the Pacific Coast to the eastern edge of each map is approximately 2500 km.
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Figure 10: Observed 24-hour average concentrations of ammonia at
the core site from November 2008 to November 2009. The horizontal
lines are the 10th, 50th, and 90th percentiles. Many peak values are
labeled with month/day.

season, input meteorology, start location, and so forth. Of the
35 source regions, the median numbers of collinear regions
for cutoff values of 70%, 80%, and 90% are 13 (range 2–23), 7
(0–17), and 2 (0–12), respectively.

For each of the four seasons, winter (December, January,
and February), spring (March, April, and May), summer
(June, July, and August), and fall (September, October, and
November), 1080 sensitivity trials of the TrMB model were
run by varying four maximum trajectory heights (1000
meters, 3000 meters, top of the mixed layer, and no limit),
three trajectory lengths (3, 5, and 7 days), three concentration
times (as reported, one day early, and one day late), two
meteorological input data sets (WRF and NAM12), five start
locations (core site, 12 km east, west, north, and south), and
three collinearity limits (70%, 80%, and 90%).

7. Results
One measure of model performance is to examine how
well TrMB is able to match the temporal characteristics in
the observed data. A better match, as signified by a higher
coefficient of variation (𝑅2 ) between modeled and measured
concentrations, does not ensure an accurate model, but a
poorer match gives lower confidence in the results. The
median 𝑅2 values for varying subsets of TrMB trials are
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Figure 11: Source areas used for TrMB modeling and ammonia emissions [32] used for RoMANS II chemical transport modeling on the 36
km (a) and 4 km domains (b). The distance from the eastern edge of the map to the Pacific Coast in panel (a) is approximately 4000 km. In
panel (b), Colorado is approximately 610 km from east to west.

shown in Table 3. The two biggest determinants of 𝑅2 for
the RoMANS II ammonia concentrations are season and the
cutoff value for collinearity. Seasonally, the highest median
𝑅2 (0.54) is for fall and the lowest (0.39) is for summer. Spring
(0.40) was only slightly better than summer, and winter (0.49)
was almost as good as fall. The higher the correlation cutoff
for collinearity is, the higher the median 𝑅2 value is. This is
because the more the source regions are combined, the lower
the degrees of freedom in the regression are. There is a small
effect on 𝑅2 from moving the receptor 12 km in any direction.
The best fit was for 12 km east (0.52) and the worst was for
12 km west (0.44). This is another indication that the easterly
winds at the core site may be underestimated. Concentrations
on the correct day or a day early had similar median 𝑅2 ,
but moving the concentrations to a day late improved the
performance for unknown reasons. Trajectory duration had
little effect on 𝑅2 , indicating that most source areas are usually
less than 5 days transport time from RMNP. In general, the
higher the maximum trajectory endpoint height is, the higher
the 𝑅2 is, but this effect was also small. Contrary to what might
be expected due to the difference in grid size, use of NAM12
rather than WRF as input to HYSPLIT resulted in a better fit.
This is consistent with results from RoMANS I [16].
Table 3 also shows median source attribution results for
all of Colorado and for Northeast Colorado (sources 6, 7, and
11 in Figure 11) for variations in input. These regions were
chosen to facilitate examining sensitivity of apportionment
to source areas that were close versus far and to the east
versus west. The median attributions for the sum of all source

regions within the state are quite stable. No matter which
parameter is varied, it remains in the 42–53% range. By
season, the greatest attribution to Colorado was 52% in the
summer, with the remaining seasons all having median attributions of 44–47%. As expected, restricting the trajectories
to shorter durations or lower heights somewhat increases the
attributions to in-state sources because these changes cause
relatively fewer endpoints to reside in distant source regions.
Reducing the correlation cutoff for collinearity also increases
the attribution to in-state sources. This is due to the distance
weighting used when splitting the combined sources apart for
the final attribution.
The final sensitivity test, used to test the impact of easterly
flow, was attributions to Northeast Colorado. Median values
range from 5% to 17%. The largest differences were, by season,
ranging from 5% in the winter to 17% in the fall. Attributions
for summer (median 16%) were more similar to fall, and
spring (9%) was more similar to winter. Moving the start
point 12 km west gave a lower median attribution at 8% than
moving it east, which resulted in a 17% attribution. Restricting
the trajectories in length made no difference in attribution
to Northeast Colorado, while restricting the height gives
slightly higher attributions to this region because the number
of endpoints in more distant regions is reduced, but the
differences are very small.
Table 4 and Figure 12 give the final TrMB source attribution results using concentrations only at the correct time
but allowing all other input parameters discussed above to
vary. Table 4 has seasonal results for aggregated regions and
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Table 3: Median values of 𝑅2 , percent of ammonia attributed to Colorado and percent attributed to Northeast Colorado for all TrMB trials.
Total number of trials is 4320, so trials/row is 4320 divided by the number of categories. For example there are four seasons, so trials/season
is 4320/4 = 1080.
𝑅2
0.49
0.40
0.39
0.54
0.45
0.52
0.44
0.47
0.49
0.42
0.45
0.44
0.41
0.43
0.44
0.46
0.41
0.46
0.42
0.40
0.48
0.36
0.44
0.50

Category
By season

By start location

By maximum trajectory length

By maximum endpoint height allowed

By input meteorology

By concentration timing

By R cutoff for collinearity

Winter
Spring
Summer
Fall
Core site
12 km east
12 km west
12 km north
12 km south
3 days
5 days
7 days
1 km
Top of MH
3 km
No limit
WRF
NAM12
Correct time
1 day early
1 day late
0.7
0.8
0.9

% from Colorado
47
44
52
46
48
48
48
47
47
52
45
44
52
52
44
42
46
48
48
46
49
53
48
43

% from NE Colorado
5
9
16
17
13
17
8
12
11
12
12
12
13
13
11
11
10
14
14
10
11
11
13
12

Table 4: Mean measured 24-hour ammonia concentrations by season in the far right column and percent attributions ± standard deviations
by TrMB analysis for the 2006 RoMANS I (italic font) and 2009 RoMANS II studies. The values in the bottom row (bold font) are concentration
weighted means of the four 2008/09 seasons.The RoMANS II results are composite results from 360 TrMB trials for each season using
concentrations for the correct time, but allowing all other parameters shown in Table 3 to vary. See Table 5 and Figure 11 for locations.

Season
RoMANS I spring 2006
RoMANS I summer 2006
RoMANS II winter 2008/09
RoMANS II spring 2009
RoMANS II summer 2009
RoMANS II fall 2008/09
RoMANS II overall 2008/09

NE Colorado
(%)

SE Colorado
(%)

CO
Front
Range
(%)

Western
Colorado
(%)

Total
Colorado (%)

Eastern
US
(%)

Western
US
(%)

URG 24-hr
Conc
(𝜇g/m3 )

7±1
9±5
11 ± 9
10 ± 7
20 ± 6
17 ± 11
15 ± 8

NA
NA
0±2
3±4
0±1
4±7
2±4

9±3
15 ± 4
7±6
4±3
2±3
8±5
5±4

39 ± 4
24 ± 5
34 ± 14
27 ± 10
30 ± 12
18 ± 9
26 ± 11

56 ± 5
50 ± 7
52 ± 12
43 ± 12
53 ± 12
47 ± 12
48 ± 12

8±2
21 ± 3
5±6
12 ± 10
8±7
6±7
9±8

35 ± 4
29 ± 5
44 ± 12
45 ± 12
39 ± 9
47 ± 13
43 ± 11

0.14
0.35
0.09
0.32
0.31
0.23
0.24

for comparison also shows results from the 2006 RoMANS
I study [16], which included only spring and summer measurement campaigns. See Table 5 and Figure 11 for the source
areas in each region. Annual concentration-weighted means
of the seasonal attributions are also shown in the bottom
row of Table 4 and, for the individual source areas, in the
numerators of the numbers in Figure 12. The denominators
in Figure 12 are the annual mean percent of back trajectory

endpoints in each area rounded to the nearest whole percent.
It is interesting to compare the source attributions to the
percent of endpoints for the various regions. For most source
areas within Colorado, the attribution is the same or greater
than the percent of endpoints. The exceptions are two areas
in Northwestern Colorado from which there is frequent
transport, but emissions are relatively low. TrMB results are
thus consistent with the expectation that, due to deposition,
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Table 5: Individual source areas included in each of the regions in
Table 4. See Figure 11 for a map of the regions.
Region
Northeast Colorado
Southeast Colorado
Colorado Front Range
Western Colorado
Eastern Colorado
All Colorado
Eastern U S
Western U S

Source areas in Figure 11
6, 7, 11
10
3, 5
1, 2, 4, 8, 9, 12
3, 5, 6, 7, 10, 11
1–12
22–27, 34, 35
13–21, 28–33

chemical reaction, and dispersion, closer sources contribute
more per endpoint than do more distant regions. Also, source
area 6, the area just to the east of the receptor, contributes
much more per endpoint than any other regions. This area has
high emissions of ammonia due to confined animal feeding
operations and other agricultural activities. The TrMB model
does not explicitly include emissions data as input (except
as a weighting factor in the case of collinear regions), yet
the results do reflect the higher emissions in that region. For
sources outside of Colorado, with a few exceptions, source
areas to the east of the state have a higher percent attribution
of ammonia than percent of trajectory endpoints, while the
reverse is usually true for areas to the west. This again reflects
the higher emissions in areas to the east. The higher mean
attributions for sources to the west are due to the much
greater frequency of transport from those regions.
TrMB estimates that approximately half of the ammonia
at the core site is from sources within Colorado, though
winter and summer contribute higher percentages than
spring and fall. Areas to the west contribute more on average
than areas to the east. Western Colorado contributes more
than Eastern Colorado except during the fall, and Western
United States contributes much more than Eastern United
States during all seasons. Of areas within Colorado, Western
Colorado contributes 18–34% on average, depending on
season; Northeast Colorado adds 10–17%, the Front Range
adds 2–8%, and Southeast Colorado adds 0–3%. For areas
outside the state, Western United States contributes 39–47%,
while states to the east add only 5–12%. The 2008-2009 results
vary from those for spring and summer 2006, but there are
a few consistent patterns. Sources in Western United States
and Northeast Colorado contributed more in both seasons of
2009, while sources in Eastern United States and the Colorado
Front Range contributed more in both seasons of 2006. The
measured mean concentrations were similar during the two
summers, but the mean spring concentration was higher by
about a factor of 2 during 2009 as in 2006.

8. Discussion and Conclusions
Previous studies of sources of nitrogen in Rocky Mountain National Park and surrounding areas have shown that
concentrations and deposition are generally higher when
there are upslope easterly winds and that easterly winds are

more likely during precipitation events (wet deposition) than
during dry weather. There are also indications from this study
and previous work that this is a convergence zone where
emissions from both east and west of the Continental Divide
meet and thus can potentially react. Also, simple maps of back
trajectories show that categorizing times into purely easterly
or westerly flow is too simplistic because curvature in the
transport pathways can simultaneously bring emissions from
both directions.
The complex terrain in the mountains makes meteorological modeling more difficult than in areas of flatter
terrain. Small-scale valley and slope winds are not adequately
modeled at the 4 km grid scale within and near RMNP where
mean observed wind directions vary substantially within a
few kilometers. Observational nudging improved the WRF
model performance, but only when satellite winds and aircraft observations were removed from the observational data.
WRF-modeled winds were more sensitive to observational
nudging options than to physics options.
Statistical analyses of back trajectories for the 2008-2009
RoMANS II study corroborate earlier studies that show that
transport from the west predominates, but when there is flow
from the eastern half of the state, ammonia concentrations
are higher than that when the transport pathway is more
purely from the west. Despite high ammonia emissions in
states east of Colorado, simulated transport from these states
is infrequent, and on average they were found to have small
contributions to the measured ammonia concentrations at
RMNP.
Use of the TrMB model to estimate source attributions for
24-hour ammonia concentrations measured at RMNP was
completed for the RoMANS II study. Experiments conducted
to determine if the model was sensitive to moving the
receptor location slightly were prompted by the observation
that easterly winds were not generated by the WRF model
as frequently as they were observed at the core site and
that modeled winds 12 km east of the core site matched the
observations better than modeled winds at the actual site. The
TrMB source attribution results were often not very sensitive
to moving the start location or start time, especially for areas
outside of Colorado. Moving the trajectory start point to
the east results in attributions to source regions in Eastern
Colorado that are a few percentage points higher, and the
ability of the model to reproduce the temporal patterns in the
measured concentrations is also slightly better than when the
trajectory is started from the actual measurement site. TrMB
results show that about half the ammonia measured at the
core site is from sources within the state and that, on average,
sources to the west contribute more than sources to the east.
This was true for all seasons. Ammonia deposits rapidly and
is readily absorbed by cloud and rain drops, so the typical
atmospheric lifetime is several hours to a few days [55].
If sources as distant as Idaho and California contribute to
observed gaseous ammonia concentrations at RMNP, either
the ammonia was lofted high enough to have little interaction
with the surface during transport or it converted to a related
compound such as ammonium nitrate, which has a much
slower deposition velocity and then back to ammonia when
close to the measurement location.
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Figure 12: Source areas for TrMB modeling of ammonia. Top left is the Western US; the inset on the lower right is Colorado. County
boundaries and the receptor site are shown in the inset. The numbers are the annual mean TrMB percent ammonia attribution in the
numerator calculated as in the bottom row of Table 4 and the percent of back trajectory endpoints in the denominator. Values are rounded
to the nearest integer; all areas had at least a fraction of a percent of the total endpoints.

TrMB is only one piece of several source attribution
techniques employed for RoMANS II.
Malm et al. [17] reported the results from a hybrid
deterministic-receptor technique. On an annual average,
this technique also apportioned about half the ammonia
to sources within Colorado. Of the half from outside the
state, the largest fractions were from west rather than east of
Colorado. However, comparison with TrMB results is difficult
due to different source region definitions.
Results from chemical transport modeling have not yet
been published and reconciliation of the various source
attribution methodologies is ongoing.
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