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a b s t r a c t

The Rocky Mountain Atmospheric Nitrogen and Sulfur Study (RoMANS), conducted during the spring and
summer of 2006, was designed to assess the sources of nitrogen and sulfur species that contribute to wet
and dry deposition and visibility impairment at Rocky Mountain National Park (RMNP), Colorado. Several
source apportionment methods were utilized for RoMANS, including the Trajectory Mass Balance (TrMB)
Model, a receptor-based method in which the hourly measured concentrations are the dependent
variables and the residence times of back trajectories in several source regions are the independent
variables. The regression coefficients are estimates of the mean emissions, dispersion, chemical trans-
formation, and deposition between the source areas and the receptors. For RoMANS, a new ensemble
technique was employed in which input parameters were varied to explore the range, variability, and
model sensitivity of source attribution results and statistical measures of model fit over thousands of
trials for each set of concentration measurements.

Results showed that carefully chosen source regions dramatically improved the ability of TrMB to
reproduce temporal patterns in the measured concentrations, and source attribution results were also
very sensitive to source region choices. Conversely, attributions were relatively insensitive to trajectory
start height, trajectory length, minimum endpoints per source area, and maximum endpoint height, as
long as the trajectories were long enough to reach contributing source areas and were not overly
restricted in height or horizontal location. Source attribution results estimated that more than half the
ammonia and 30e45% of sulfur dioxide and other nitrogen-containing species at the RoMANS core site
were from sources within the state of Colorado. Approximately a quarter to a third of the sulfate was
from within Colorado.

Published by Elsevier Ltd.
1. Introduction

From 1985 to 2002, the concentrations of inorganic nitrate and
ammonium in wet deposition increased approximately 25% and
75%, respectively, while the concentrations of sulfur compounds in
wet deposition decreased about 40% at Rocky Mountain National
Park, Colorado (RMNP) (Lehmann et al., 2005). Increasing deposi-
tion of nitrogen compounds has the potential to cause irreversible
ecosystem changes (Porter et al., 2005). Additionally, airborne
particulate matter, including ammonium sulfate and ammonium
nitrate, causes visibility impairment in this protected area. These
issues motivated the 2006 Rocky Mountain Atmospheric Nitrogen
ebhart).

Ltd.
and Sulfur Study (RoMANS) (Malm et al., 2009; Levin et al., 2009;
Beem et al., 2010; Rodriguez et al., 2011), which was designed
to better determine the sources of these compounds. The field
study consisted of two seasons of data collection to characterize
airborne concentrations andwet and dry deposition during the two
climatologically based peak precipitation and wet deposition
seasons in northern Colorado east of the Continental Divide. Late
March through April is the peak season for large-scale storms,
while July through early August, is the peak season for convective
storms.

As shown in Fig. 1, RMNP is located along the Continental Divide
in northern Colorado. The prevailing wind direction in this area is
westerly, but the largest population centers and agricultural
activities are east of the park. The most densely populated region of
the state is the Front Range Urban Corridor (FRUC), running north-
south through the center of the state from southern Wyoming to
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Fig. 1. The top map shows Colorado county boundaries and terrain heights used in the mesoscale meteorological model on the 4-km domain. The heavily outlined area in north-
central Colorado is expanded on the bottom to show the approximate boundaries of Rocky Mountain National Park and locations of the RoMANS core site and other meteorological
monitoring sites.
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southern Colorado along a line where the terrain transitions
between the foothills of the RockyMountains and the high plains of
eastern Colorado. The city and county of Denver, the small county
shown in Fig. 1 near the southeast corner of the heavy box, is the
largest city, with a population of approximately 600,000. The
population of the seven-county Denver metropolitan area is
approximately 3 million, while the entire FRUC has about 4.3
million people. The eastern plains are more sparsely populated but
have increasing oil and gas extraction and more agriculture,
including fertilized crops and the state’s largest confined animal
feeding operations.

The core measurement site for RoMANS was located on the
eastern slope of the park, which straddles the Continental Divide.
East of this site, the terrain drops rapidly to the relatively flat
eastern half of the state, with elevations of 1500e1800 m, while to
the west are peaks of up to 4300 m above mean sea level. At the
coremeasurement site, easterly upslopewind flow can occur due to
either diurnal mountain valley circulations with winds near the
surface blowing up valley during the day and reversing at night, or
by synoptic weather patterns including low-pressure (counter-
clockwise circulation) to the south or west or high pressure
(clockwise circulation) to the north.

Recognizing that each model has different strengths and
limitations, several source apportionment methods were utilized
for RoMANS. These included a deterministic mesoscale chemical
transport model, descriptive statistical back trajectory techniques,
a hybrid deterministic-receptor model, and the Trajectory Mass
Balance (TrMB) Model, which is the topic of this paper.

2. Methodology

2.1. Trajectory mass balance

The Trajectory Mass Balance (TrMB) Model (Pitchford and
Pitchford, 1985; Malm, 1992; Gebhart et al., 2006) assumes that
measured concentrations at a receptor are linearly related to the
frequency of air mass transport from source areas to the receptor by
the following relationship:
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Cit ¼
XJ

Qijt Tijt Njt

j¼1

Subscripts i, j, and t refer to chemical species, source areas, and
times, respectively. C is a measured concentration, Q is the emission
rate, T is a factor to account for chemical transformation, deposi-
tion, and diffusion, and N is the number of back trajectory
endpoints. An endpoint is defined as the calculated position of an
air parcel that will eventually arrive at the receptor. In this appli-
cation the only variables used explicitly are C, the hourly concen-
trations measured at the receptor, and N, the number of back
trajectory endpoints in each source area for each hour. The
remaining term, QT, was estimated by ordinary least squares
regression.

The regression coefficients have units of concentration/
endpoint so there is no mathematical limitation on the number of
trajectories per observed concentration. For example, 24-h
concentrations could be associated with trajectories started at
every hour of the day (24 per concentration), or as in this appli-
cation, trajectories could be started from multiple locations within
a small volume around the receptor. A feature of the regression is
that, as the mean number of endpoints, Nj, increases, the mean
regression coefficients will necessarily decrease in order to repro-
duce the best calculated fit to the measured concentrations within
the constraints of the data. In general, if there were Nj mean
endpoints in a source region from a single trajectory per concen-
tration, then adding a additional trajectories per concentration will
cause each mean Nj to become aNj þ 3j, where 3j is either positive or
negative for each source area. The mean of all regression coeffi-
cients is then reduced by approximately a factor of a, though there
will be variations among the source areas, due to the temporal and
spatial variations in 3jt from the additional trajectories.

Collinearities between source areas were primarily investigated
using the variance inflation factor (VIF) (Belsley et al., 1980):

VIFj ¼
1

1� R2j

where Rj is the multiple correlation coefficient of the endpoints in
source area j, regressed on the endpoints in the remaining source
areas. Values of VIF greater than about 10 indicate that endpoints in
a single source region can be nearly explained by a linear combi-
nation of the endpoints in the remaining source regions. Large
standard errors in the regression coefficients also indicate collin-
earities, as do high correlations between the endpoints in indi-
vidual pairs of source areas.
2.2. TrMB model assumptions and limitations

Errors in the source attribution estimates from TrMB are due to
both errors in the input data and deviations of the unknown terms
from their mean values. An assumption of TrMB is that errors in
trajectories are random; however, there could be regionally and
seasonally dependent biases leading to errors in the mean source
attributions. Furthermore, due to deviations of meteorological and
chemical conditions from the mean, source attributions for indi-
vidual observations can be very inaccurate even when the study-
long mean attributions are predicted accurately. Because every
trajectory crosses the grid cell containing the receptor, TrMB is also
not able to estimate attributions from sources very near the
receptor, and therefore it is not possible to estimate the influence of
emissions within RMNP itself or fromvery nearby areas, such as the
town of Estes Park. Despite these caveats, TrMB has proven useful in
previous air quality source attribution studies, especially when
used as part of a comprehensive assessment involving several
source apportionment techniques (Gebhart et al., 2006; Schichtel
et al., 2005; Pitchford et al., 1999). Lowenthal et al. (2010)
recently evaluated TrMB and other receptor models against
synthetic data and found that TrMB results agreed qualitatively
with the true regional source apportionments.

An advantage of TrMB is that it is not dependent on accurate
knowledge of data such as emissions, which may be poorly char-
acterized. Therefore, results from TrMB provide a cross-check to
results from deterministic chemical transport models and are
useful as part of a weight-of-evidence assessment for source
apportionment. Oreskes and colleagues (Oreskes et al., 1994;
Oreskes and Belitz, 2001) argue that all models of natural
systems are approximations that are always wrong to some degree
and that construction of multiple models of a system can reveal
biases and errors that are otherwise not obvious in single models.
Conversely, as more independent models confirm a hypothesis, the
probability that the hypothesis is true is increased.

Source regions are chosen based on several criteria, including
interest in the attributions from the area; in this case, separating
the influence of sources within Colorado from sources outside the
state was a goal of the study. Second, source areas near the receptor
can be smaller than sources farther away, due to the inherent
increase in uncertainty of trajectory endpoint locations and
increase in dispersion of emissions as the time between source and
receptor increases. Third, model performance is better if the source
areas have significant emissions of the pollutant of interest and if all
or most trajectories passing through the area have similar exposure
to emissions, dispersion, and chemical transformation en route to
the receptor. Finally, to avoid collinearities between source regions,
the timing and number of trajectories passing through each region
should be reasonably independent from other regions. It is often
difficult to choose areas that simultaneously satisfy all criteria.
Source regions selected with an effort to meet these criteria as fully
as possible will be referred to in the following sections as “carefully
chosen” source regions.

2.3. Ensemble technique

In a previous source attribution study (Gebhart et al., 2006;
Schichtel et al., 2005), the best input parameters for TrMB were
chosen by iteratively modifying many variations of source regions,
trajectory model, input meteorological data, trajectory length, start
height, and maximum endpoint height and then choosing the
combinations that could best reproduce known attributions of inert
perfluorocarbon tracers and simulated sulfate from a chemical
transport model (Gebhart et al., 2005, 2006). Those studies found
that therewas no single trajectorymodel or input meteorology that
could best reproduce the known tracer attributions and that use of
multiple trajectories produced better results than single trajecto-
ries. During RoMANS, there was no inert tracer release, and while
the previous study involved only one pollutant during a single
study season, for RoMANS, attributions of several species for two
study periods are of interest, making the previous iterative
exploratory methodology impractical.

Instead, an ensemble technique was developed in which input
parameterswere varied in order to explore the range, variability, and
model sensitivity of both source attribution results and statistical
measures of model fit over many trials for each set of concentration
measurements and season. Table 1 summarizes the parameters that
were varied and the range of values utilized. A priori, some combi-
nations of input parameters were expected to be more appropriate
for some cases than for others. For example, lower trajectory
endpoint heights and shorter trajectoriesmight be expected to give a
better fit for ammonia, which is a primary species, has ground-based



Table 1
TrMB input parameters and range of values used in the trials.

Parameter Values

Input meteorology MM5 alone, EDAS alone,
MM5 þ EDAS

Trajectory start heights 50, 100, 150, 200, 250, 300,
350, 400, 500, 600, 700, 1000 m
above ground level (AGL)

Trajectory lengths 1, 3, 5, 7 days
Maximum endpoint height 100, 1000, 3000, 10,000 m AGL,

top of boundary layer
Minimum endpoints

required per source area
1, 10, 100

Source areas Carefully chosen, state boundaries
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sources, and has fast deposition rates. For a secondary species like
sulfate, which is formed from a precursor mostly released from tall
stacks, higher and longer trajectories may be more reasonable.
Nonetheless, as a sensitivity study, all combinations of input data
were initially used for all species. In addition to providing a range of
reasonable results for each set of species for each season, this
methodology allowed examination of the sensitivity of the TrMB
attribution results and model fit to various input parameters.

Four sets of source areas, one based on state boundaries; one
optimized for ammonia and ammonium; one optimized for
oxidized nitrogen including nitrate; and one optimized for sulfur
dioxide and sulfate, were chosen. Maps of three of these sets are
shown in Figs. 2e4. The emission rates shown in the background of
each figure are the 36-kmmean values for both spring and summer
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Fig. 2. Source areas used for NH3 and NHþ
4 TrMB analyses overlaid on mean NH3

emissions (moles �1sec �136-km �1 grid cell�1). a) State boundaries and all source
areas. b) County boundaries and areas within Colorado.

8
Fig. 3. Source areas used for SO2 and SO2þ

4 TrMB analyses overlaid on mean SO2

emissions (moles �1sec �136-km �1 grid cell�1). a) State boundaries and all source
areas. b) County boundaries and areas within Colorado.
used in the RoMANS chemical transport modeling (Rodriguez et al.,
2011). Emissions data were not used explicitly in TrMB. The set of
state-boundary-based source areas was ultimately not used for the
final attributions and is not shown.
3. Input data

3.1. Concentration data

Concentrations of many species weremeasured and thewet and
dry deposition fluxes were determined at several sites during
RoMANS (Levin et al., 2009; Malm et al., 2009; Beem et al., 2010).
However, only airborne concentration data from the core
measurement site on the eastern slope of RMNP (105.546 deg W,
40.278 deg N, 2743 m AGL) were used for TrMB. Source attributions
were estimated separately for the spring (March 27eApril 30,
2006) and summer (July 7eAugust 11, 2006) field campaigns. Fig. 1
shows a map of Colorado as well as a cutout of the study area in
north-central Colorado that shows the core measurement site and
the locations of meteorological monitors operated during the study.

Among themeasurements at the RoMANS core sitewere 15-min
concentrations of airborne particulate nitrate, sulfate, and ammo-
nium ions from a particle-into-liquid sampler (PILS) coupled to two
ion chromatographs (Beem et al., 2010) and 5-min gaseous
measurements of nitrogen oxide, nitrogen dioxide, ammonia, and
sulfur dioxide from continuous gas monitors. All measurements
were averaged to hourly values for TrMB. Some summary statistics
of these data are shown in Table 2, and timelines for spring and
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summer are shown in Figs. 5 and 6, respectively. The typical
temporal pattern for most species was that concentrations were
generally quite low for most of the study, with occasional pulses of
higher values lasting from a few hours to a few days. Qualitative
examination of the back trajectories during these time periods
showed that these higher concentrations were often associated
with easterly upslope flow.
3.2. Meteorological data

The RoMANS study included surface meteorological measure-
ments and 10-m towers at the core site, Lyons, and Gore Pass,
Colorado (see Fig. 1). Hourly temperature, relative humidity, wind
speed, wind direction, pressure, precipitation, and light scattering
data were collected at these sites. A 915 MHz radar wind profiler
Table 2
Median, standard deviation, maximum, and number of valid observations of the hourly

Species (units) Spring (March 27eApril 30, 2006)

Med Standard Deviation Max

NO (ppb) 0.19 0.29 1.65
NO2 (ppb) 1.06 1.06 6.02
NO�

3 (mg m�3) 0.00 0.52 4.94
NH3 (mg m�3) 0.14 0.15 1.16
NHþ

4 (mg m�3) 0.17 0.26 1.66
SO2 (mg m�3) 0.07 0.20 1.70
SO2þ

4 (mg m�3) 0.43 0.51 2.63
located in Estes Park, Colorado, was installed and operated by staff
of the National Oceanic and Aeronautics Administration. The
profiler operated in two modes, optimally giving hourly wind
speeds and wind directions at approximately every 57 m of height
above ground level (AGL) up to 3000 m and every 97 m up to
6000m AGL. A phased-array Doppler SODAR (Remtech PA0 on loan
from the U.S. Forest Service) was used to measure the vertical wind
structure in 20-m intervals up to 400 m AGL at the Granby, Colo-
rado, airport during the spring campaign only.

The Pennsylvania State University/National Center for Atmo-
spheric Research Fifth Generation Mesoscale Meteorological Model
(MM5) (Grell et al., 1994) generated hourly gridded meteorological
fields on three nested domains with 35 vertical layers and hori-
zontal grid sizes of 36, 12, and 4 km. The coarse outer domain
covered most of North America, the small fine domain encom-
passed most of Colorado, and the intermediate domain covered
parts of the western states.

MM5 was initialized with the North American Regional Rean-
alysis (NARR) data (Mesinger et al., 2006; NARR, 2007), which were
also used for analysis nudging on the coarse domain. Data included
for observational data assimilation on the 4-km domain included
the Automated Data Processing (ADP) surface and upper air
observations obtained from the National Center for Atmospheric
Research (UCAR, 2007a, 2007b), as well as the meteorological data
collected as part of RoMANS. Major physics options used in MM5
were Reisner 2 microphysics (Reisner et al., 1998), the KaineFritsch
2 cumulus parameterization (Kain and Fritsch, 1993; Kain, 2004) on
the two coarse domains, the Noah land surface model (Ek et al.,
2003), and the MRF planetary boundary layer scheme (Hong and
Pan, 1996). An independent quality assurance evaluation of the
RoMANSMM5modeling output was conducted and the output was
deemed acceptable for air quality studies focused on Colorado
(Malm et al., 2009).

An alternative set of back trajectories was generated using
readily available 40-km Eta Data Assimilation System (EDAS) data
(Black, 1994) as input. Data from the one degree Global Data
Assimilation System (GDAS) (Parrish and Derber, 1992; Whitaker
et al., 2008) were used for regions beyond the MM5 and EDAS
domains. Due to its finer horizontal grid spacing and assimilation of
study-specific meteorological data, the MM5 model was expected
to be better able to capture the complex wind patterns in the study
area. However, it was of interest to test whether use of routinely
available meteorological data gives substantially different source
attribution results.
3.3. Back trajectory endpoints

The HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model version 4.8 (Draxler and Hess, 1998; Air Resources
Laboratory, 2010) was employed in simple back trajectory mode to
calculate hourly back trajectory endpoint positions for up to 7 days
backward in time from the RoMANS coremeasurement site. HYSPLIT
measured concentrations at the core site during spring and summer.

Summer (July 7eAugust 11, 2006)

N Med Standard Deviation Max N

639 0.09 0.17 1.61 718
639 1.55 0.79 7.28 721
728 0.15 0.31 3.59 485
637 0.35 0.36 3.12 731
728 0.31 0.16 1.53 727
719 0.11 0.17 1.17 778
728 0.65 0.23 1.84 727
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and input data for it are readily accessible and it is easily deployed
from a web site or a small computer. Consequently, it is a popular,
commonly usedmodel. The HYSPLITweb site currently lists over 100
recent peer-reviewed publications in which the model was refer-
enced (Air Resources Laboratory, 2010). In a recent evaluation,
Anderson and Brode (2010) compared results from four different
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Fig. 6. Time lines of measured concentrations during summer 2006. The x-axis is the
day of the year (190 ¼ July 9, 220 ¼ Aug 8). All units are mg m�3 except NO and NO2 are
in ppb.
Lagrangian models against data from a 1994 tracer release experi-
ment and found that HYSPLIT performed the best of those models.

Trajectories were started hourly from the 12 start heights shown
in Table 1. Often, trajectories started at RMNP at different heights
arrive from very similar directions, though this is not true during
periods of vertical wind shear and is least likely during rapid
changes inwind direction, such as a frontal passage. Use of multiple
start heights is a simple strategy to simulate dispersion and air
masses arriving from multiple directions during periods of large
temporal or spatial gradients in the wind field.

HYSPLIT trajectories are known to be sensitive to the start
position (Draxler, 2003; Gebhart et al., 2005; Lowenthal et al., 2010)
so use of multiple start positions minimizes the uncertainty due to
inadequate spatial or temporal resolution in the input data and
errors or oversimplifications in the model (Draxler, 2003). In this
study, we used several start heights, partially because wewished to
explore the sensitivity of TrMB to this parameter. Alternatively, or
in addition to multiple start heights, trajectories could be started
from multiple nearby horizontal locations.

Trajectories started at higher heights are usually longer due to
higher wind speeds aloft, so have the potential to implicate more
distant source regions. However, trajectories arriving at RMNP from
the west, which is the predominant wind direction, are often
already beyond the continental United States and over the Pacific
Ocean within 2 days.

HYSPLIT estimates the top of the boundary layer by the height at
which the potential temperature first exceeds the ground temper-
ature by 2 K. The minimum is fixed at 250 m AGL for all hours.

4. Results

4.1. Model sensitivity

Before choosing the final set of model parameters for source
attribution, sensitivities of both model performance and source
attribution results to the range of input options were examined.

To judge model performance, the model’s ability to reproduce
the measured concentrations based on the range of coefficients of
variation (R2) between measured and modeled concentrations was
examined. A high R2 does not necessarily imply that the source
attribution results are accurate, but a very low R2 means that TrMB
was unable to reproduce the temporal patterns of the measured
values and that the source attributions are less likely to be mean-
ingful than if the R2 was higher. The maximum VIF and the number
of VIF values greater than 10 were also tracked for each simulation.
VIF is a convenient single value that is related to the statistical
significance of the regression coefficients. Finally, for the sensitivity
analysis, a simple indicator for model source attribution sensitivity
was to track the total attribution for all source areaswithin the state
of Colorado. Determining the attribution to Colorado sources was
a goal of the RoMANS study.

The sensitivity of both model fit and attribution to Colorado to
the choice of source regions was high. Fig. 7 shows the range of R2

and the range of attributions to sources within Colorado for the set
of state boundary source areas and for the carefully selected source
areas that were chosen based on the criteria discussed in the
methodology section. Results are shown for all species combined
and for ammonia only, whichmight be expected to have a relatively
large attribution to Colorado because it is a primary species with
a short lifespan in the atmosphere. For all species and for both
seasons, carefully chosen sets of sources based on the criteria dis-
cussed above resulted in median R2s that were often approximately
double the medians for a set of source regions based solely on the
convenience of approximating state boundaries. The choice of
source regions also had a large impact on the source attribution
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results. The median percentages of concentrations attributed to
Colorado changed by 50% in many cases. The differences were so
large that the state-boundary source set, although convenient, was
abandoned and all further results are from only the carefully
chosen sets of source areas shown in Figs. 2e4.

Another large influence on the fit between measured and
modeled concentrations is the number of trajectory endpoints. Up
to a point, more endpoints usually resulted in higher R2s. Additional
endpoints are generated by combining trajectories started at
several heights or by using both sets of meteorology, or by allowing
trajectories to be longer or higher. For example, for spring sulfate R2

increases almost linearly from approximately 0.25 up to about 0.45
as the number of endpoints increases from less than 100,000 to
more than 300,000. Above this level, more endpoints do not change
the R2 as dramatically; it remains in the range of 0.4e0.55 as the
number of endpoints increases to 500,000. Unless there are very
few endpoints, the number of them does not change the number of
source areas in the model and so does not change the degrees of
freedom in the regression. However, statistically, having more
endpoints does provide a larger range of values for the number of
endpoints in each region, helps minimize the effects of random
errors in individual trajectory calculations, and more accurately
represents the actual physical air mass dispersion in the
atmosphere.

As illustrated in Fig. 8, the sensitivity of both model fit and
source attribution to input meteorology varied by species. Because
model fit had already been found to be sensitive to the total number
of endpoints, whenMM5 and EDAS trajectories were combined, the
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number of start heights was cut in half so that the number of total
endpoints would remain relatively constant for tests of other
parameters. In terms of model fit, the median R2 for all species
combined was relatively insensitive to the choice of input meteo-
rology, but the maximum R2s were higher for MM5 than for EDAS,
and combining trajectories from both MM5 and EDAS resulted in
a slightly higher maximum R2 than using MM5 alone. The sensi-
tivity of attribution to Colorado was similar when all species were
considered together. However, as shown in the bottom half of Fig. 8,
results for some species, such as ammonia, were more sensitive
than others to input meteorology. When trajectories are generated
with MM5 input rather than EDAS, there is a better fit between
measured and modeled ammonia concentrations and a greater
attribution of ammonia to sources within the state. These results
were initially somewhat surprising because the mean MM5 wind
speeds are higher than EDAS wind speeds. However, comparison of
back trajectories generated with MM5 and EDAS input showed that
the MM5 wind fields are better able to capture the diurnal circu-
lation patterns, including the easterly upslope flow in this area of
complex terrain. The largest sources of ammonia within the state
are in the agricultural areas east of RMNP (see Fig. 2) and emissions
from sources east of the receptor site can only arrive via easterly
upslope flow, which is better captured by MM5 than by EDAS.

Trajectory start heights do not have a large influence on the
attributions, except that trajectories with lower start heights
attribute more to sources within the state relative to trajectories
with higher start heights. This is expected due to higher wind
speeds aloft, although within state attributions were relatively
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insensitive to start heights between 50 and 500m.When individual
trajectory start heights, rather than multiple start heights, were
used, the lower start heights performed better than heights
�200 m. This seems reasonable because the concentrations were
measured near ground level.

Longer trajectories resulted in lower attributions to sources
within the state, but attributions were only weakly sensitive to
trajectory lengths as long as the trajectories were at least 3 days
long. Trajectory lengths of only one day appear to be too short to
characterize the contributions from all important sources, but there
was very little difference in R2 if the trajectories were 3, 5, or 7 days
long.

Fig. 9 shows the effects of maximum allowed endpoint height on
model fit and on attribution to Colorado. In general, the greater the
6.0
4.0

2.0
0.0

0.1 BL 1 3 10

All Species

erauqS
R

6.0
4.0

2.0
0.0

0.1 BL 1 3 10

Ammonia Only

erauqS
R

Fig. 9. Boxplots illustrating the sensitivity of fit between measured and predicted concen
ammonia only (bottom) to the maximum allowed endpoint height (km). BL refers to the top
top and bottom are the 75th and 25th percentiles, respectively, and whiskers extend to the
maximum endpoint height, the better the model fit, but the
differences were small for maximum heights of 1000 m or greater.
When endpoints were restricted to the boundary layer (BL) as
calculated by HYSPLIT, the ranges of model fit, both for all species
and for ammonia only, were very similar to restricting the
maximum height to 1000 m, probably because that is the closest of
the fixed heights. Approximately 30% of the BL values were the
minimum of 250m AGL, the medianwas approximately 500m, and
95% were below 2100 m. It is interesting that utilizing the addi-
tional information contained in the spatial and temporal variability
of the BL depth did not improve the model fit. Two possible reasons
are 1) the BL depth is not calculated with enough accuracy or is not
meaningful as calculated, particularly for areas in complex terrain,
and 2) emissions above the boundary layer do contribute to the
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measured concentrations at the receptor because they later get
mixed downward toward the surface. Some emissions, such as
those from tall stacks, may frequently be emitted above the
boundary layer, but those emissions do eventually reach the
surface.

Requiring 100 total endpoints in a source region is too stringent.
This is probably because some infrequently traversed, but none-
theless important, source regions get eliminated by this criterion.
There was very little difference in model fit or model results
between requiring only one endpoint and requiring at least 10 total
endpoints in a source region.

Most VIF values were below 10. This is partly a side effect of
initially choosing source areas partially based on avoiding collin-
earities between them. However, problems with collinear source
areas did occur during the spring for NH3 and NHþ

4 , for which there
were often collinearities between sources 10 (Southeast Colorado)
and 25 (Eastern Kansas) and/or sources 20 (Southeast NewMexico)
and 22 (Texas Panhandle). See Fig. 2 for their locations.
Fig. 10. Boxplots of total attributions to Colorado (top) and R2 between predicted and
observed concentrations (bottom) from TrMB trials for each species and season. Figs.
3b, 4b, and 5b show the locations of source areas in Colorado. Spring is in gray and
summer in black. The center of each box is the median, the tops and bottoms are the
25th and 75th percentiles and the whiskers extend to the minimum and maximum.
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4.2. Final source attributions

Based on the sensitivity results discussed above, cases that
required 100 endpoints per source area, allowed only trajectories
below 100 m, and had one-day trajectory lengths were eliminated
and only the “carefully chosen” sets of source areas were used.

In order to keep the number of back trajectory endpoints rela-
tively constant for each set of trials while using a relatively high
number of trajectory endpoints, when MM5 or EDAS alone was
used, all 66 possible sets of 10 of the 12 start heights were used.
When trajectories generated with both EDAS and MM5 were
combined, 66 randomly chosen sets of five start heights were used
for each set of species and season. The final source attributions
were based on all remaining simulations that had no VIF values
greater than 10. The number of simulation trials retained for each
species and season varied depending on the VIF results but ranged
from 3200 to 4743 for each species and season combination except
spring NH3 and spring NHþ

4 . For these cases, only 472 and 423 cases,
respectively, met the VIF criteria. To test whether this was a biased
set of trials, source attribution results that allowed VIF values of up
to 12 (945 valid cases for spring NH3), 15 (1897 cases), and 20 (3262
cases) were also examined. There was very little difference in the
source attribution results, so only those cases that met the
maximum VIF value of 10 are reported here.

The full range of source attribution results are summarized in
Figs. 10e12. In terms of model fit, in general, the R2 values between
observed and predicted concentrations were highest for both
seasons for NH3 and for spring NO�

3 and SO2þ
4 and lowest for NO

and NO2, especially during the summer. Spring fits were better,
often substantially better, than summer for all species. Low R2

indicates that the mean regression coefficients were not adequate
to capture the variability in the meteorology, chemistry, and
deposition that occurred during the study period, that source areas
need to be further refined, or that there were errors in the
concentrations or wind fields. The seasonal differences indicate
that meteorological models may not have been as accurate during
the summer as during the spring or that the deviations of hourly
conditions from the mean were more extreme during the summer.

Mean attributions plus or minus one standard deviation to
sources within the state of Colorado ranged from 26 � 6% of the
spring SO2þ

4 to 58 � 4% of the spring NH3. Seasonally, there was
little difference in attribution to in-state sources during the two
seasons. The largest difference was for NHþ

4 , with a mean summer
attribution of 43 � 8%, compared to a mean spring attribution of
36 � 9%. For most species, the mean spring in-state attribution was
slightly higher than summer. The exceptions were NHþ
4 , NO, and

SO2þ
4 , for which the summer medians were slightly higher.
To facilitate comparison of attribution results across species for

other regions, sources were grouped geographically and then the
range of results were plotted as the boxplots shown in Fig. 11 for
areas within the state and in Fig. 12 for areas outside Colorado.
Aggregating the results for the small sources into larger regions also
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has the advantage of reducing any possible attribution errors due to
collinearities because the source regions located along similar
transport pathways are grouped together. There is not an exact
correspondence between the regions across species because there
were three sets of source areas. The source groupings are shown in
Table 3.

Within the state, the highest mean attributions to northeastern
Colorado, shown in the top panel of Fig. 11, were for NH3 (6 � 1%
spring and 9 � 5% summer) and NHþ

4 (3 � 1% spring and 8 � 1%
summer), with all other species having very little attribution to this
region. This region has the largest concentration of agricultural
emissions in the state. Attributions of most species to northeastern
Colorado were higher during the summer than during the spring,
which could be due to the greater frequency and vertical depth of
the upslope easterly flow during the summer, though seasonal
differences in emissions, chemistry, and deposition may also
contribute.

Highest mean attributions to the Colorado Front Range, the
region containing most of the urban population of Colorado, were
for the oxidized nitrogen species (12 � 3% to 25 � 5%), summer
sulfur dioxide (17� 3%), and summer ammonia (17� 3%), while the
lowest were for sulfate (3 � 2% spring and 5 � 2% summer).
Attributions of NO2, NO�

3 , and NHþ
4 to the Front Range were

somewhat higher during the spring, while attributions of all
remaining species were greater during the summer. The measured
nitrate concentrations at RMNP were very low during the summer.
The results suggest that the seasonal differences are more
Table 3
Source areas grouped together for the boxplots of attributions shown in Figs. 10e12.

Region Sources for
NH3 and
NHþ

4 (Fig. 2)

Sources for
SO2 and
SO2þ

4 (Fig. 3)

Sources for
NO, NO2, and
NO�

3 (Fig. 4)

Colorado
northeast

6, 7, 11 6 7

Colorado
front range

3e5, 12 3e5 3e6

Colorado west 1, 2, 8, 9 1, 2, 7, 8 1, 2
Non-Colorado

east
23e30 20, 21, 26e29, 31, 32, 35 19e25

Non-Colorado
west

13e22, 31e36 9e19, 22e25, 30, 33, 34 8e18, 26e33
attributable to emissions, chemistry, and deposition than to
transport since they are not consistent across species.

Emissions of most species are generally lower in western Colo-
rado, but this region does have coal-fired electrical generating
stations, the city of Grand Junction, and some agricultural and oil
and gas activity. Also, the high frequency of transport from that
direction leads to relatively high attributions to the western half of
the state. Mean attributions ranged from 12� 4% of the summer NO
to 39 � 4% of the spring NH3. The frequency of transport from the
west is somewhat higher during the spring than during the
summer. Four of the seven modeled species, NH3, NO, NO�

3 , and
SO2, had mean attributions to western Colorado that were higher
during the spring than during the summer, while the remaining
species, NHþ

4 , NO2, SO
2þ
4 had greater attributions to this region

during the summer. Therefore, mechanisms other than differences
in seasonal transport frequency are playing a role in the
attributions.

Attributions to source areas outside the state of Colorado are
shown in Fig. 12. Mean attributions to the western United States
range from 28� 5% of the spring NH3 to 68� 6% of the spring SO2þ

4
and are much higher than mean attributions to the eastern United
States, which range from 4 � 1% of the spring SO2 to 21 � 3% of
the summer NH3. Though emissions are greater in the East, the
frequency of transport from the west is much greater than from
the east. It is notable that the highest attributions to the eastern
United States are for summer NH3 and summer SO2 (12 � 5%) and
that frequency and vertical depth of easterly flow is greater during
the summer than during the spring.

5. Discussion and conclusions

Carefully chosen source regions dramatically improved the
ability of TrMB to reproduce the temporal patterns of the measured
concentrations. Source attribution results are also very sensitive to
source region choices. Conversely, source attribution results were
relatively insensitive to trajectory start height, trajectory length,
minimum allowed endpoints per source area, and maximum
allowed endpoint height, as long as the trajectories were long
enough to reach contributing source areas and were not too
restricted in height or horizontal location. For this study, trajectory
lengths of 3e7 days all gave similar results. Better fits between
measured and predicted concentrations resulted when more
endpoints were used. The aggregation of many trajectories helps
minimize the effects of random errors in individual trajectories and
may also be necessary in order to capture the dispersion of air
masses in the atmosphere.

The general pattern of the source attribution results is reason-
able. For example, the ammonia attributed to agricultural areas to
the east of RMNP is larger than the attributions of oxidized nitrogen
and sulfur species attributed to this region. Similarly, the attribu-
tions of oxidized nitrogen species to the populated Colorado Front
Range are higher than are the attributions of reduced nitrogen.
Consistent with the predominant wind direction, source regions to
the west contributed larger fractions on average than did areas to
the east, and for some species, areas to the east with large emis-
sions also had larger attributions during the summer than during
the spring, which is consistent with the greater frequency and
depth of easterly upslope flow during the summer.

TrMB was one of three methods used to estimate source
apportionment of airborne concentrations during RoMANS. Two
other methods were used: the Particulate Source Apportionment
Tool (PSAT) and a hybrid receptor-deterministic approach, both
dependent on results from the Comprehensive Air Quality Model
with Extensions (CAMx), an eulerian photochemical transport
model. In the hybrid model, inert tracer concentrations were
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calculated by the CAMxmodel, source areas were grouped using an
eigenvector technique, and then source apportionments to the
grouped sources were scaled to the measured concentrations using
multiple linear regressions. Details of these methods are discussed
in Malm et al. (2009) and Rodriguez et al. (2011). Each method
has 00strengths and weaknesses and different data requirements.
Ultimately, the CAMx PSAT results were not used for source
apportionment due to the inability of the model to adequately
reproduce measured concentrations. TrMB was not used for
source apportionment of deposition, partially because a large
fraction of the deposition was due to infrequent episodic wet
deposition, and TrMB results are much more highly uncertain for
individual time periods, especially those that differ substantially
frommean conditions, than for the study-longmean (Gebhart et al.,
2005).

TrMB usually attributed less to in-state sources than the hybrid
model, but in many cases the range of values from TrMB included
the hybrid model results. The hybrid model predicted 75e80% of
the ammonia and spring ammonium were from within Colorado,
compared to 51 �6% and 58 � 4% of the ammonia but only 36� 9%
of the spring ammonium attributed to the state by TrMB. The
hybrid model attributed about 50% of summer ammonium to Col-
orado sources and TrMB attributed about the same, 43 � 8%. TrMB
attributed 42 � 8% of the spring nitrate and 39 � 5% of the summer
nitrate to Colorado. This is about the same as the hybrid model
during the spring (about 50%), but much greater than the hybrid
model, which predicted only about 20% from in-state sources
during the summer. For the sulfur species, the models were fairly
consistent. The hybrid model attributed about half the SO2 during
both seasons to in-state sources, while the mean TrMB attributions
were only slightly lower at 39 � 7% and 41 � 6%. The models
differed somewhat on summer SO2þ

4 , for which the hybrid model
attributed 50%, while TrMB attributed 34 � 8% to Colorado sources.

Future experiments with the TrMB model could include use of
more explicit input data. For example, measured or modeled
precipitation could be used to eliminate endpoints that likely were
associated with emissions that wet deposited prior to reaching the
receptor. It is also possible to explicitly include deposition, disper-
sion, and emissions in the TrMB equation. However, while more
explicit physics has the potential to increase the accuracy of the
model, there is also the possibility of introducing errors. For
example, precipitation estimates could be in the wrong place or at
the wrong time or may be spatially nonrepresentative. Emissions
data can have very large uncertainties. A follow-up field study was
conducted at RMNP in 2009, inwhich datawere collected over a full
year. Those data have not yet been fully analyzed.

Disclaimer

The assumptions, findings, conclusions, judgments, and views
presented herein are those of the authors and should not be
interpreted as necessarily representing official National Park
Service policies.
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