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For the first time in the 40-year history of the National Atmospheric Deposition Program/National Trends Net-
work (NADP/NTN), a unique urban-to-rural transect of wet deposition monitoring stations was operated as
part of the NTN in 2017 to quantify reactive inorganic nitrogen wet deposition for adjacent urban and rural, mon-
tane regions. The transect of NADP stations (sites) was used to collect continuous precipitation depth and weekly
wet-deposition samples in the Denver - Boulder, Colorado, urban corridor. Gradients in reactive inorganic nitro-
gen (Nr) concentrations and wet deposition were identified along the transect, which included Rocky Mountain
National Park. Back trajectory modeling and stable isotopes suggested contribution of agricultural ammonia
(NH3) to urban Nr wet deposition in Denver, but apportionment of wet-deposited Nr to agricultural versus
urban mobile sources was not possible for this study. The results demonstrate the importance of multiple mon-
itoring sites across an urban area in defining fine-scale geographic patterns in atmospheric deposition and its
sources. Data from new sites located within 50 km of the urban area demonstrate that the urban influence
does not extend as far as the inverse distance weighting would have suggested without such empirical
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Data availability:

Precipitation chemical analysis data for the
NUANC sites are available by request to the
NADP at http://nadp.slh.wisc.edu/NTN/
contacts.aspx. Data for regionally representa-
tive NTN sites are available from the NADP web
site at http://nadp.slh.wisc.edu/data/NTN/. Pre-
cipitation depth records for these sites are
available from the NADP at http://nadp.slh.
wisc.edu/siteOps/ppt/default.aspx. The stable
isotope data are available on the USGS National
Water Information System (NWIS, U.S. Geolog-
ical Survey, 2019) at https://waterdata.usgs.
gov/nwis. The ambient ammonia concentration
data are available by request to Katherine Ben-
edict, Colorado State University, Department of
Atmospheric Science at katherine.benedict@
colostate.edu.

monitoring data. It is important to determine the radius of influence of urban emissions and associated deposi-
tion on the interpolated deposition raster, which is constrained by a paucity of monitoring sites east of Denver.

Published by Elsevier B.V.

1. Introduction

Characterization of total atmospheric nitrogen deposition in cities is
increasing in importance as over 50% of the world's population lives in
urban areas with an expected increase to 66% by the year 2050
(United Nations, 2015). Nitrogen deposition in the urban environment
affects surface water quality, soil composition, and forest health
(Divers et al.,, 2014; Pouyat et al., 2008). Understanding dry and wet de-
position of reactive inorganic nitrogen (Nr) species and other chemical
constituents is complicated by the spatial and temporal variability of the
many types of emission sources and deposition surfaces in urban areas
(Decina et al., 2017; Cook et al., 2018). Urban nitrogen emissions from
stationary, mobile, and transient air-pollution sources affect the chemi-
cal makeup and physical deposition characteristics of airborne mate-
rials, the most important being automobiles (Mage et al., 1996; Mayer,
1999; Bettez and Groffman, 2013; Hamilton et al., 1995; Hofman et al.,
2014; Jin et al.,, 2014; Kirchner et al., 2005; Lovett et al., 2000; Templer
and McCann, 2010; Rao et al., 2014).

Wet deposition monitoring by the National Atmospheric Deposition
Program (NADP) and ambient air monitoring by the Clean Air Status
and Trends Network (CASTNET) purposely avoid urban areas in favor
of collecting regionally representative data. Currently, less than 10% of
NADP National Trends Network (NTN) monitoring sites are classified
as “urban,” which are defined as sites within 15 km of an area with a
population density exceeding 400 people km~2, and data from these
sites are excluded from NADP's interpolated annual wet-deposition
map products. For these NADP maps, representative measurements
from rural and isolated areas are extrapolated across the entire U.S.
landscape, and the urban deposition data are plotted as discrete values
that are not incorporated into the interpolated deposition raster. Histor-
ically, this approach has been preferred to avoid extrapolation of depo-
sition measurements from urban areas across the non-urban landscape.
Consequently, NADP annual wet deposition maps underestimate depo-
sition loads (fluxes) in regions affected by urbanization (Howarth,
2007; Redling et al., 2013; Elliott et al., 2007; Rao et al., 2014; Decina
et al., 2017, 2018).

Preferred location selection for both NTN and CASTNET sites has re-
sulted in existing monitoring networks that are strongly influenced by
inputs from power plants compared to other sources because elevated
smokestacks facilitate the regional transport of emissions (Elliott et al.,
2007; Elliott et al., 2009). Despite the effectiveness of existing network
sites at monitoring emission reductions stemming from the Clean Air
Actand its amendments, there is growing concern that existing network
site preferences overlook the single largest emission source in the
United States - vehicular emissions, which moreover are emitted closer
to the ground and thus are subject to local deposition (Elliott et al.,
2007; Elliott et al., 2009; Redling et al., 2013; Fenn et al., 2018). In

addition to being sources of dust, transportation is the single largest
and most overlooked source of Nr emissions to the atmosphere, ac-
counting for over half of the total nitrogen oxides (NOx) emissions in
the eastern United States (Butler et al., 2005; Bettez et al., 2013;
Redling et al., 2013). Mobile sources of Nr are also one of the major
sources of ammonia (NH3) emissions, including emissions in Denver
(Bishop and Stedman, 2015). Other urban Nr sources include volatiliza-
tion of NH3 from fertilizers and sewer gas (Felix et al., 2014). The nu-
merous Nr sources complicated by their spatial distribution and
temporal variability makes representative measurement of urban Nr
challenging.

Alogical step toward better understanding of urban atmospheric de-
position across the United States is to increase monitoring in urban
areas (Rao et al., 2014). In addition to urban monitoring data, studies
are needed to derive proper representation of spatial and temporal var-
iability of urban deposition across different types of urban-rural gradi-
ents. This task is commonly achieved through transect studies
whereby monitoring sites are located along an urban-rural transect
(Bytnerowicz et al., 2015; Padgett et al., 1999; Lovett et al., 2000;
Decina et al., 2018, 2017; Rao et al., 2014; Templer and McCann, 2010;
Bettez and Groffman, 2013; Cook et al., 2018; Lohse et al., 2008; Hall
et al., 2014; Zbieranowski and Aherne, 2012; Sun et al.,, 2017; Wang
et al, 2016; Huang et al., 2015; Li et al., 2013; Pan et al,, 2012).

Transect studies indicate pronounced urban-rural gradients in depo-
sition. Rao et al. (2014) characterized urban-rural Nr deposition and its
effects in Boston, Massachusetts, and observed more than 100% greater
annual Nr deposition load at urban compared to non-urban sites. Recent
research throughout the Boston region demonstrates that atmospheric
deposition in urban areas is both elevated and highly spatially variable
relative to nearby rural ecosystems (Decina et al., 2017). These results
indicate that multiple monitoring stations are required within urban
areas to accurately characterize the variability of emissions and deposi-
tion in these ecosystems and in urban-rural gradients.

This study examines results from the most spatially dense network
of NTN sites existing in a metropolitan area. For this effort, six new
NTN sites were established in 2017, which added to 15 existing NTN
sites in Colorado. In this analysis, chemistry of wet deposition was eval-
uated for the year (2017) from the new urban sites in the Denver-
Boulder, Colorado, metropolitan area (DBM) plus two existing rural,
montane sites in the Colorado Front Range, including the Loch Vale,
Rocky Mountain National Park site (Fig. S-1). The NADP data were eval-
uated alongside ambient ammonia monitoring, air mass back trajectory
analysis, and nitrate isotopic analysis to further understand deposition
loads and sources to urban environments. One of several long-term ob-
jectives of this multi-year study is to estimate the contribution of urban
N emissions from the DBM to Nr deposition in ROMO. Another objective
is to optimize collection and use of urban NADP wet deposition data to
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improve spatially interpolated raster calculation for atmospheric wet
deposition mapping.

1.1. Study area

Approximately 3.2 million residents live in the DBM study area
(MDEDC, 2019). The Denver County population alone was 600,000 res-
idents in 2010 and grew to 705,000 in 2017. The city of Boulder had a
population of approximately 108,000 residents in 2018 (U.S. Census
Bureau, 2019; Boulder Economics Council, 2019). The urban areas are
situated in valleys along the South Platte River basin. Another important
feature of the region is a large area of agricultural production northeast
of the DBM with approximately 31,500 km? of farmland and numerous
livestock feed lots (USDA, 2018). The urban, suburban, and agricultural
land uses on the eastern side of the study area are contrasted by mostly
national forests and wilderness areas located west of the DBM. Conse-
quently, nitrogen (N) emissions are much lower in the Front Range
mountains immediately west of the DBM than on the eastern plains,
but N is transported into the mountains by infrequent easterly winds
(USEPA, 2018; Benedict et al., 2013).

Prevailing winds varied markedly in the DBM during 2017, with
strong northeasterly winds dominating in downtown Denver, more
westerly winds in the western suburbs, and strong southwesterly
winds in Boulder. Montane areas along the Front Range were domi-
nated by westerly winds during the year (Colorado Department of
Public Health and Environment (CDPHE), 2018). The climate is charac-
terized by hot and dry summers with scattered convective storms and
cool winters with typically moderate, frontal precipitation events
(Hanson et al.,, 1978). Average monthly air temperature in the DBM
ranges from approximately 0 °C in winter to 21 °C in summer. The
2017 annual precipitation depth for the DBM was 42 cm (average of
five NADP sites) compared to depths of 61 cm and 122 cm for two mon-
tane NADP sites located within 48 km of the urbanized areas (NADP,
2018).

The DBM is in the rain shadow of the Rocky Mountains on the Colo-
rado Piedmont along the eastern edge of the Front Range (Hanson et al.,
1978). The Front Range generally is the mountainous region between
the Arkansas River and the Wyoming State border along the Continental
Divide (Trimble and Machette, 1979) (Fig. S-2). The complex topogra-
phy of the DBM plays a major role in regional air quality with terrain-
induced flows and mesoscale circulations, such as easterly weather sys-
tem flows (upslope) from the Denver Cyclone described by Fried et al.
(2016). Air quality impairment occurs in the DBM most often during
winter when temperature inversions trap air pollutants in the valleys
(Hanson et al.,, 1978).

Air-pollution emissions data obtained from the 2014 National Emis-
sions Inventory (NEI) for the most populated counties in the region
(Denver, Boulder, Jefferson, Douglas, Adams, Arapahoe, Larimer) were
estimated at 36,919 metric tons (MT) for nitrogen oxides (NOx) and
916 MT for ammonia (NHs) from on-road vehicles (USEPA, 2018). An-
nual NH; emissions for fertilizer and non-agriculture vegetation for
the counties was 247 MT, and publicly owned treatment works emis-
sions were 0.12 MT in 2014. Livestock emissions for NH; were 1195
MT for the urbanized counties, compared to 11,090 MT for agricultural
counties with limited urbanization (USEPA, 2018).

The CDPHE Air Pollution Control Division data for 2017 indicate that
66,800 MT of NOx were emitted in the counties with urban areas, ap-
proximately half of which is attributed to on-road vehicles per the
2014 NEI (CDPHE, 2018; USEPA, 2018). Approximately 29% of the
2017 NOx emissions in the urbanized counties was from point sources
(e.g. electricity generation). Therefore, most of the NOx emissions and
half of the NH3 emissions in the DBM are from vehicles and point
sources, but statewide, NH3 emissions from agricultural sources exceed
urban sources by nearly a factor of 10 (Fig. S-3: NOx and NH; emissions
from biogenic, mobile, and stationary sources in Colorado for 2014
(USEPA, 2018)).

2. Methods and approach
2.1. Network for Urban Atmospheric Nitrogen Chemistry (NUANC)

Six urban wet-deposition monitoring sites were established by the
U.S. Geological Survey (USGS) in 2016-2017 as part of the NADP/NTN
with support from several cooperators' (Fig. S-2). The USGS sites iden-
tified as CO87, CO06, CO11, CO86, CO85, and CO84 are the core sites for
the Network for Urban Atmospheric Nitrogen Chemistry (NUANC). The
C084 site was added in May 2017 by the Boulder Creek Critical Zone Ob-
servatory project, and only a partial record is available for 2017. The lo-
cations of these urban sites form a transect across the DBM, which is
extended northwest into the mountains of the Colorado Front Range
by long-term NADP/NTN sites CO94 and CO98 (Fig. S-2). The CO98
site is located in the Loch Vale watershed in ROMO. The entire transect
of eight sites is approximately 90 km long and has an elevation range
from 1593 m (Denver) to 3159 m (Loch Vale) above mean sea level
(Fig. S-2).

Each monitoring site was equipped with a continuously recording
electronic precipitation gage (“gage(s)” hereafter) and a precipitation
sample collector (“collector(s)” hereafter, Figs. S-4-S-9). Weekly com-
posite wet-deposition samples were collected every Tuesday unless
prevented by inclement weather, in which case samples were collected
the next day. Samples residing in the collectors more than 8 days and
2 h were invalidated by NADP. Samples were collected, filtered, and an-
alyzed using NADP protocols (NADP, 2018).

Data for wet-deposition sample concentrations and precipitation
depths were obtained from the NADP (NADP, 2018). The wet-
deposition data were quality assured and flagged per NADP protocols.
Quality rating (QR) codes of “A” and “B” are assigned to data that are us-
able without restriction, and “C” codes are assigned based on identifica-
tion of visible contamination in samples with concentrations of at least
six analytes above the 95th percentiles for each site's historical record.
However, because the six NUANC sites were new, they had no previous
records for computation of the 95th percentile concentrations. There-
fore, “C"-coded data were used for some aspects of the data analysis as
indicated herein.

For security purposes, the urban sites in downtown Denver (CO06
and CO87) were installed on top of 1-story buildings surrounded by
other tall buildings and trees. While installing NTN collectors on roof-
tops violates NADP siting criteria traditionally used for rural sites, it is
rarely avoidable in an urban environment. The CO85 site in Boulder
was also in violation of siting criteria for multiple objects, including a
nearby fence, building, and additional meteorological equipment within
5 to 20 m of the collector. However, violations of siting criteria at these
urban sites are hardly unique. Rather, they are similar to many existing
NADP sites classified as rural. The NADP siting criteria are not used to in-
validate data, but rather to enhance the representativeness of the data
for each location. Photographs of the sites are available in the Supple-
mental Information (Figs. S-4-S-9). Consistency of the data between
the urban sites indicated that the configurations of the instruments
did not adversely impact 2017 monitoring at any of the sites.

2.2. Stable isotopes in wet deposition

To capture potential variations in sources and formation pathways,
the NADP Central Analytical Laboratory (CAL) poured off split samples
for stable isotope analyses of natural abundances of nitrogen and oxy-
gen in the nitrate molecules (5'°N-NO5 and §'20-NOs, respectively)
for weekly samples from February 21-May 23, 2017. Upslope events
occur during this period of late winter and spring time when low pres-
sure centers set up southeast of the Continental Divide and push moist

! Cooperating entities include:Colorado Department of Public Health and Environment,
City and County of Denver, U.S. Fish and Wildlife Service, and University of Colorado-
Boulder.
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air across the eastern plains and upwards in elevation into the Front
Range. Upslope air masses travel over the agricultural and urban areas
and move into the mountains. These easterly storm systems move up-
ward in elevation and along the land surface of increasing elevation
(orographic lifting) and often cause substantial precipitation. Splits of
the weekly-collected composite samples and one discrete upslope
event sample (March 29) were filtered with 0.45-um polyethersulfone
filters into 125-mL brown polyethylene bottles with specially sealed
caps per NADP protocols, and the samples were frozen to preserve
them for isotopic analysis.

After the records for weekly precipitation depth and sample vol-
umes were reviewed, split samples were retrieved from the frozen stor-
age for the March 29 upslope event and weekly composite samples
representing upslope and non-upslope conditions. An automated online
warning system provided notification of upslope events, but sampling
these discrete events was logistically challenging. Composite samples
were selected for weeks with the most complete representation
throughout the transect of sites.

All of the stable isotope split samples were analyzed for abundance
of 8'°N-NO; and 8'80-NO5 by the USGS Reston Stable Isotope Labora-
tory (RSIL). The RSIL standard operating procedures are provided by
Coplen et al. (2012). At RSIL, dissolved nitrate in the water was con-
verted to nitrous oxide (N,O) by denitrifying bacteria that contained a
mutation that inhibited the further reduction to N,, and the N,O was an-
alyzed for nitrogen and oxygen isotopic abundance by continuous-flow
isotope-ratio mass spectrometry (Thermo Scientific Delta V Plus? with a
universal triple collector). Primary reference materials for 5'°N were at-
mospheric nitrogen gas (N), IAEA-N-1, and USGS32, which have
assigned values of 0, +-0.43 and +180%., respectively. Primary refer-
ence materials for 6'%0 were Vienna Standard Mean Ocean Water and
Standard Light Antarctic Precipitation (SLAP), which have consensus
values of 0 and —0755.5%., respectively, (Coplen et al., 2012).

2.3. Ambient ammonia

Ammonia was measured in the DBM using Radiello radial passive
samplers for 2-week integrated samples at three NUANC sites (CO11,
C085, and CO86) and additional Front Range and eastern plains sites, in-
cluding Denver (La Casa Community Health Center), which is closest to
the CO06 NUANC site (Fig. S-2). The ammonia passive sampler includes
a blue microporous diffusive body (RAD 1201), an adsorbing cartridge
impregnated with phosphoric acid (RAD 168) and a vertical adapter
(RAD 122) (Radiello, Padova, Italy). The passive samplers were installed
in an inverted bucket to keep direct sunlight, precipitation, and wind
from impacting the sampling cartridge (Day et al., 2012). Cartridge ex-
tracts from the passive samples were analyzed for ammonium by ion
chromatography using 20 millimolar methanesulfonic acid eluent on a
Dionex CS12A column followed by a CSRS ULTRA II suppressor and a
Dionex CD-20 conductivity detector. To provide context to the urban fo-
cused sites, other sites where NH3 was measured included an agricul-
tural operation (Kersey) and an isolated Front Range site in ROMO.

2.4. Spatial analysis

Annual precipitation-weighted mean concentrations of nitrate
(NO3), ammonium (NHZ ), and Nr were calculated for each monitoring
site as:

Annual precipitation weighted mean (Pwm @)

_ i (C x Ppt)
el L - bl

sooppe o

where: n is number of weeks with samples, C is concentration of the an-
alyte, in milligrams per liter (mg/L), and Ppt is weekly precipitation, in

2 Any use of trade, firm, or product names is for descriptive purposes only and does not
imply endorsement by the U.S. Government.

Table 1

Median values for weekly ion concentrations in wet-deposition samples from National At-
mospheric Deposition Program sites in the Denver-Boulder, Colorado metropolitan area
(€087, CO06, CO11, CO86, CO85, and CO84) and nearby Front Range (C094 and C098),
2017.

NADP sites in order of increasing latitude, longitude, and
elevation along urban-rural transect and decreasing
population density

Analyte C087 (CO06 CO11 CO86 (€085 (CO84* C094 (€098
Median values
Ca*?, mg/L 0.486 0.586 0.528 0.320 0.347 0.257 0.175 0.116
Mg*2, mg/L 0.048 0.062 0.064 0.032 0.042 0.031 0.018 0.013
Na*, mg/L 0.096 0.162 0.114 0.089 0.067 0.034 0.025 0.013
K*, mg/L 0.071 0.068 0.067 0.044 0.060 0.045 0.018 0.013
Cl~, mg/L 0.227 0343 0.262 0224 0.193 0.070 0.048 0.03
NH, mg/L 1.141 1411 1267 1.018 1.092 0.771 0.334 0.201
NO3', mg/L 1.562 1515 1.746 1.502 1.608 1.189 0.700 0.464
N, mg/L 1202 1427 1368 1.140 1218 0879 039 0.246
S0z 2, mg/L 0.722 1.004 0.806 0.605 0.626 0.406 0.243 0.266
PctNHZ, (%) 76 78 72 70 70 69 64 59
PctNOs3, (%) 24 22 28 30 30 31 36 41
H™, uEq/L 0339 0.295 0359 0.525 0421 0913 1.698 2.633
pH (from medianH) 647 6.53 644 628 638 6.04 577 558
Precipitation, cm 066 051 036 072 089 058 079 1.68

[CO84*, partial annual data beginning May 2017; mg/L, milligrams per liter; N,, reactive in-
organic nitrogen; PctNHZ, percentage of total inorganic nitrogen as ammonium, PctNO3’,
percentage of total inorganic nitrogen as nitrate; (%), percent; H*, hydrogen ion; cm,
centimeters].

centimeters (cm). Annual deposition load in kilograms per hectare is
calculated as:

Annual deposition load (kg/ha) = Pwm x Pptyr x 0.1, (2)

where Pptyr is the total precipitation depth for the year irrespective of
sample representation, in cm.

Annual precipitation-weighted mean concentrations were mapped
for NADP/NTN sites located within 500 km of the DBM, and an interpo-
lated raster was calculated for each analyte with ArcMap Spatial Analyst
version 10.5 (Esri, 2016) using cubic inverse distance weighting at a
fixed 100-km radius. Each precipitation-weighted mean concentration
raster was multiplied by a 4-km? raster of 2017 annual precipitation
depth obtained from the PRISM Climate Group (URL: http://prism.
oregonstate.edu/explorer/, accessed October 24, 2018) to obtain annual
wet-deposition load raster maps in units of kilograms per hectare
(kg ha™"). This procedure was done for two conditions: 1) including
NUANC site data and 2) excluding NUANC site data to evaluate the ef-
fects of including urban data in NADP/NTN mapping products.

2.5. Back trajectory modeling

Back trajectory modeling of air masses that generated precipitation
for each storm were estimated using the National Oceanic and Atmo-
spheric Administration (NOAA) HYSPLIT model (Stein et al., 2015).
The Greenwich Mean Time (GMT) stamps recorded for the start of 15-
minute intervals in which the collectors opened for each storm event
were used as the start times for 24-hour back trajectory estimation.
Back trajectories were estimated for the 500-m, 750-m, and 1000-m al-
titudes above the land surface for each storm event, and the model was
rerun for every 6 h of storm duration. Back trajectory azimuths were es-
timated manually to the nearest 10 degrees from the monitoring sites
back to where the storm air masses were predicted to be in contact
with the land surface or to the locations of the air masses at the begin-
ning of the 24-hour period. The back trajectories were precipitation
weighted for the weekly composite samples when individual storm
back trajectories were within 180 degrees of each other. When storm
back trajectories were greater than 180 degrees apart for a composite
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Fig. 1. Concentrations of sulfate, calcium, nitrate, ammonium, hydrogen ion, and reactive inorganic nitrogen deposition load for weekly precipitation samples along an urban to rural,
montane transect of sites in the Denver-Boulder metropolitan area and adjacent Front Range mountains, 2017.
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Fig. 2. Weekly nitrate, ammonium, calcium and reactive inorganic nitrogen (Nr)
concentrations and pH for National Atmospheric Deposition Program/National Trends
Network samples collected along an urban to rural, montane transect of monitoring
sites in the Denver-Boulder metropolitan area and Colorado Front Range, 2017.

sample (less than 10% of the samples), the back trajectory azimuths for
the storm with the largest amount of precipitation was selected.

The 24-hour back trajectories were used to create weekly concentra-
tion rose plots and seasonal deposition-load rose plots (Supplemental
Information Fig. S-10) using the “openair” package in R (R Core Team,
2018). The rose plots indicate the dominant regional sectors

contributing weekly wet deposited Nr in the wet-deposition samples
collected at each site, and also the fraction of Nr as NHZ . Isotope rose
plots were created to evaluate the 8'°N-NO;3 and §'0-NO; values
with respect to each precipitation event represented by the samples,
which were collected for 9 weekly composite periods, and one upslope
event on March 29, 2017.

2.6. Statistics

Median and quartile values were calculated for weekly wet-
deposition concentration and load measurements. Boxplots of concen-
trations and loads were plotted using R to illustrate data distributions.
Correlation was evaluated with Spearman's Rho (Helsel and Hirsch,
2002).

3. Results
3.1. Reactive inorganic nitrogen deposition in the DBM and front range

Median (50th percentile) values for concentrations of major ions,
NHZ, NO3, hydrogen (H" from pH), Nr, percentages of Nr from both
NO; and NHJ, and precipitation depth measured at the DBM and
rural, montane sites are shown in Table 1. Interquartile range values
(75th percentile minus 25th percentile) are shown in Table S-2.
Boxplots in Fig. 1 illustrate the data distributions for sulfate (503 ™), cal-
cium (Ca®™), NO5, NHZ, and H™ concentrations and Nr wet-deposition
load along the transect. Boxplots for magnesium, sodium, potassium,
and chloride (not shown) exhibited similar site-specific variability as
those in Fig. 1.

Wet-deposition samples from the rural, montane sites, C094 and
€098, had lower median concentrations for every analyte except H"
compared to other sites in the transect (Table 1). The rural, montane
site concentrations of analytes exhibit smaller interquartile ranges, indi-
cating less variability than urban site concentrations (Fig. 1), except for
H™. Calcium concentrations increase with pH for the urban sites and are
highly correlated (Spearman's Rho = 0.62). Calcium concentrations and
pH are also highly correlated for the rural, montane sites (Spearman's
Rho = 0.64) (Fig. 2). The weekly NO3 and NHj are strongly positively
correlated (Spearman's Rho = 0.83) within each urban and rural, mon-
tane cluster of data (Fig. 2).

Data shown in Figs. 1 and 3 indicate Nr-concentration and
-deposition load gradients along the urban to rural, montane transect
of monitoring sites, with higher concentrations and loads in the more
intensely urbanized areas (CO87, CO06, CO11, and CO85) compared to
less intensely (CO86, CO84) urbanized areas (Fig. 3). Speciation of the
components of Nr also changes with distance along the transect. The
fraction of annual Nr deposition load from NHZ was 0.77 at CO87 in
Denver and decreased to 0.60 at CO98 (Fig. 4), indicating that Nr from
NHZ in the wet-deposition samples decreased with distance from the
urban corridor and follows a southeast to northwest gradient. As ex-
pected, weekly and annual precipitation depths were higher in the
mountains than in the DBM (Table 1, Fig. S-11).

Although NO3™ and NHZ median weekly concentrations are higher
in the DBM precipitation than in the mountains, median weekly Nr
wet-deposition load measurements are similar in these distinct envi-
ronments because larger amounts of precipitation fall in the mountains
than in the eastern plains, especially in the winter when Nr wet-
deposition load was greater at the rural, montane sites than at the
DBM sites. Weekly rural, montane Nr wet-deposition loads were com-
parable and sometimes exceeded urban Nr wet-deposition loads during
the late summer (July and September), which also coincided with a pe-
riod of increased ambient NH3 concentrations at an agricultural location
at Kersey, Colorado, located approximately 45 km northeast of the DBM
and 94 km northeast of the CO98 site in ROMO (Fig. 5A).

Measurements of ambient NH3 in the region's air indicate a strong
gradient in ambient NH3 with higher concentrations in the east to
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Fig. 3. Annual precipitation-weighted mean reactive inorganic nitrogen concentrations in wet deposition samples for National Atmospheric Deposition Program sites in Colorado, 2017.

lower concentrations in the west, which is consistent with previous
measurements by Beem et al. (2010) and Benedict et al. (2013). The
trend in concentrations from east to west was observed from down-
town Denver to ROMO on average and on a bi-weekly basis (Fig. 5A).
Ambient concentrations of NHs at Kersey are significantly higher than
those in Denver by a factor of 12, on average.

Annual wet-deposition loads of NO3, NHZ, Nr, SO3 2, and Ca™2 for
2017 are plotted with longitude along the urban-rural, montane tran-
sect of NUANC sites in Fig. S-11 (Supplemental Information). Annual
NOs3 load increased between the Denver and Boulder sites across the
DBM, and rural, montane loads of approximately 4-5 kg NO3 ha~!
were similar to the urban site NO3 loads. Nr loads decreased from
east to west (urban to rural, montane) across the transect (3.9 to
2.9 kg ha™') largely due to decreasing ammonium loads (3.8 to
2.3 kg ha™1). Loads for SO; 2 and Ca*? ranged from 1.6 to 2.6 kg ha™!
and 0.7-1.5 kg ha™', respectively and varied only slightly across the
transect despite the fact that the CO98 site in ROMO received more pre-
cipitation than the urban sites by a factor of three.

Rose plots for precipitation depth, Nr concentrations, and fraction of
Nr as NHJ indicate that urban sites C006, CO87 and CO11 had relatively
few weekly samples associated with back trajectories from the south
and southwest sectors during spring and summer (Fig. 6a). Minor Nr
contributions from southwesterly storms are evident for the sites
C086 and CO85, in the urban portion of the transect that is closest to
the mountains (Fig. 6a, b). Compared to the urban CO85 site, a slightly
larger southwesterly contribution of wet deposition is indicated at site
C094, located 20 km west of CO85 and in the mountains (Fig. 6b). By
contrast, back trajectories for the CO98 storms were predominantly
from the west and southwest sectors, indicating that sources of wet de-
position to the CO98 site in ROMO are typically different from those for
the other sites in the transect (Fig. 6b). Furthermore, the roses plots in-
dicate that the highest percentages of Nr as NHZ occur when storms are
northerly, northeastly, and easterly for all sites in the transect except
C098, where samples with the highest percentages of annual Nr as
NHZ were from the south, southwest and west.

3.2. Stable isotope composition of wet deposition

The 6'°N-NOs values along the transect ranged from —7.99 to 4.51
per mil (%.), and 6'80-NO5 values ranged from 49.57 to 77.95%. with
means of —1.98 and 63.88%. (n = 56), respectively. The 6'80-NO;
values indicate a gradient along the transect with isotopically lighter
5'80-N05 in the urban precipitation and isotopically heavier 5'80-NO5
in the rural, montane precipitation (Fig. 7). Gradients in 6'°N-NO5
values along the transect occurred as well, but not every week and not
always in the same direction along the transect. No gradients in 5'°N-
NOs values were measured for the weeks ending February 28 through
May 9. Then, gradients in 5'°N-NO; values were observed for samples
collected for the weeks ending May 16 through May 30. The gradient
in 6'°N-NOs values for the week ending May 16 is in the opposite direc-
tion from those observed for the weeks ending May 22 and May 30. The
greatest variability in 6'°N-NO; values along the transect was observed
for an upslope event on March 29, 2017.

The isotope rose plots indicate that isotopically lighter NO3™ with re-
spect to both '°N-NO5 and 6'80-NOj; values is associated with north-
erly, northeasterly, and easterly storms (Fig. S-12). For urban sites, the
isotope rose plots indicate isotopically lighter NO3 (44.57-65 (%o
5'80-N03 and —7.99-1%. 8'°N-NO3) was associated with more easterly
storms, but heavier isotope ratios (50-77.95%. 6'80-NO; and
—3-4.51%. 6'°N-NO3) were found for westerly storms. The CO98 iso-
tope rose plots are markedly different from those of the other sites
with most samples having back trajectories from west and southwest
sectors. However, CO98 samples with some of the lightest isotope ratios
(65.95-68.98%. 6'80-NO3 and —5.88 — —2.21%. 6'°N-NO;) were from
the southeast and northeast sectors.

3.3. Annual deposition maps

Maps in Fig. 84 and B compare interpolated Nr wet-deposition load
raster data sets to illustrate how inclusion of NADP data from the
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Fig. 4. Fraction of wet-deposited reactive inorganic nitrogen asammonia (NHZ") for National Atmospheric Deposition Program sites in Colorado, and the annual 4-km? PRISM precipitation

depth raster, 2017 (PRISM Climate Group, 2018).

urban NADP sites in the DBM would change the 2017 NADP annual wet-
deposition maps for Colorado. As expected, inclusion of the urban site
data increases the estimated Nr wet-deposition load in the DBM region
with a radius of influence that extends approximately 100 km outward
from Denver (Fig. 8B). This is not surprising as a 100-km interpolation
radius was used. However, smaller interpolation radii of 50 km and
25 km produced identical raster maps.

The raster in Fig. 8A was subtracted from the raster in Fig. 8B to ob-
tain the difference raster shown in Fig. 9. A region of Nr wet-deposition
load differences between +2 and +3 kg ha—! yr~! are projected be-
yond 100 km east of the DBM, and differences of approximately
+1.5 kg ha~! yr~! are projected northeast into the States of Wyoming
and Nebraska. By contrast, there is no measurable difference between
the two Nr wet-deposition load raster maps in the Front Range region
near ROMO. Data from the montane sites C094, C090, CO02, CO98,
CO19, and CO21 constrain the urban data interpolation from affecting
the Front Range montane region.

The influence of the urban data has unintended effects on the inter-
polated wet-deposition load raster. The NUANC data coincidentally pro-
duced a realistic Nr wet-deposition raster for areas outside the DBM on
the eastern plains where agricultural emissions are relatively high, but
there are no constraining NADP monitoring sites within that agricul-
tural region to confirm the representativeness of the interpolation. In-
clusion of the urban data also resulted in an increase in estimated Nr
deposition load for two high-elevation areas approximately 100 km
southwest of the DBM (Fig. 8B), again with no confirmatory monitoring
data for that area.

4. Discussion
4.1. Wet-deposition chemistry in the DBM and Colorado Front Range

The 2017 NUANC provided the first data set for evaluating sources of
Nr in the DBM wet deposition, and also for studying the effects of urban
air pollution on Nr wet-deposition in the Colorado Front Range. The re-
sults, which are consistent with past work by others in several urban
settings, demonstrate that urban sites have elevated concentrations
and loads of Nr. The urban network of monitoring sites in the DBM
allowed identification of concentration and load gradients within a
90-km radius of the DBM and creation of an interpolated map at a
finer scale than developed annually by NADP. Together, these findings
demonstrate the importance of urban atmospheric deposition monitor-
ing at a finer scale than typically done to quantify and illustrate the in-
fluence of urban air pollution on atmospheric wet deposition in the
surrounding region.

The data reflect chemical processes and sources of Nr that are char-
acteristic of urban environments. For example, relations of pH with
Ca*? and Nr for the urban and montane sites illustrate an example of
the urban scrubber phenomenon described by Lovett et al. (2000)
whereby dust suspended by urban activity acts as a buffer of acidic
wet deposition. The data from this study suggest that dust-induced
scrubbing of Nr might also occur. Strong correlation (Spearman's Rho
= 0.83) between weekly NO3 and NH. concentrations within each
urban and rural, montane cluster of data suggests common sources of
both NO3 and NHZ within each of these different environments.
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However, the 8'80-NO; and 8'°N-NO; stable isotope data indicate
something different - that there are likely different sources of Nr depo-
sition to the DBM region and ROMO, depending on season and storm
trajectory (Fig. S-12).

The combination of the time series, back trajectory, and stable iso-
tope data suggest that chemical transformation of the Nr species varied
both seasonally and with distance from the DBM. Southeast to north-
west gradients of decreasing annual precipitation-weighted mean Nr
concentrations along the transect, which coincided with decreasing per-
centage of total Nr as NHj, indicate that speciation of Nr in the samples
also follows the southeast to northwest gradient across the transect.
This spatial pattern is consistent with larger sources of NH3 emissions
in the urban and agricultural areas east of the Front Range compared
to within the Front Range itself.

Correlations between pH and Nr in urban and montane data clusters
suggest that there are differences in Nr sources, atmospheric processing,
and deposition processes in the urban and rural, montane environments
represented within the transect. Back trajectory modeling results indi-
cated that agricultural NH; emitted from the agricultural region north
and northeast of Denver might contribute to Nr deposition load in the
DBM, but apportionment of NHZ derived from agricultural versus
urban NHs sources (e.g. livestock, fertilizer versus power generation
plants, vehicles) was not possible based on the data obtained during
2017. Decreasing NH3 concentrations with distance from the urban

and agricultural areas suggest a change in source intensity and removal
of NHs from air masses, by wet and dry deposition, or reaction with par-
ticulate matter to form solid phase species such as (NH4)2SO4soiid) and
NH4NOs(s01ia). The patterns suggest that the agricultural region is a
source of Nr to the urban area, and that the urban emissions also con-
tribute to episodic Nr wet deposition in the nearby (50 km) Front Range.

The wet-deposition measurements at CO98, in ROMO, were differ-
ent from those of the other sites in the transect, but not always. Baron
and Denning (1993) explain that the uniqueness of CO98 wet-
deposition chemistry compared to other Front Range NADP/NTN sites
is attributed to the complex topography that prevents air masses from
the southeast and east from entering the Loch Vale drainage where
site CO98 is located. However, there were several storms sampled at
C098 with greater than 70% of the total Nr as NH4 with back trajectories
from the south, southeast, northeast, and northern sectors, suggesting
agricultural and minor urban sector contributions of Nr deposition to
C098 for these storms during 2017. Isotope rose plots further indicated
that contributions of 6'>N-NO5 from the urban and agricultural regions
were larger for CO94 than for CO98 (Fig. S-12). This suggests that
sources of NO3™ in wet deposition at CO94 and CO98 were usually unre-
lated, and also that sources of NO3™ in wet deposition at C098 were usu-
ally unrelated to urban emissions in the DBM during 2017.

Some general mechanisms are proposed to explain the atmospheric
processing of N in DBM air pollution and observed wet and dry
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deposition gradients for upslope (easterly) conditions: 1) gas-particle
partitioning of ammonium nitrate (NH4NO3) to wet and dry-
deposited particles in the dusty urban corridor; 2) denitrification of
NO3™ by NOx and ozone (03) to Ny; and 3) dispersion of the urban and
agricultural plume(s) as they travel from east to west into higher eleva-
tions (Riehl and Herkhof, 1972; Vu et al., 2016; Benedict et al., 2013; Li
et al,, 2017; Fried et al., 2016). Measurements of other parameters such
as: organic nitrogen species; additional stable isotopes (e.g. 5'70-NOs,
15N-NH3); washout particulate characterization (e.g. metals, organic
carbon, organic nitrogen species, microplastics) and wet- and dry-
deposition sampling guided by eddy covariance measurements over a
range of atmospheric stability conditions, could improve understanding

Precipitation
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of emission sources and atmospheric processing of N in the DBM and
surrounding agricultural and montane areas (Butler, 1988; Geddes
and Murphy, 2014; Johnson et al., 2001; Michalski et al., 2004; Felix
etal, 2017).

4.2. Interpolated wet-deposition maps for urban areas

The 2017 NUANC provided the first data set for evaluating the effects
of using NADP wet deposition data from urban sites for interpolated at-
mospheric deposition mapping products. The Nr deposition load differ-
ences map illustrates how monitoring data from sites within 50 km of
the urban corridor provide realistic constraint on the influence of the
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Fig. 6. a. Rose plots showing precipitation depth, total reactive inorganic nitrogen (Nr) concentration, and fraction of Nr from ammonium (NHj) plotted by frequency of storms with
estimated 24-hour back trajectories in each directional sector for sites in the Denver-Boulder, Colorado metropolitan area, 2017. b. Rose plots showing precipitation depth, total
reactive inorganic nitrogen (Nr) concentration, and fraction of Nr from ammonium (NHJ") plotted by frequency of storms with estimated 24-hour back trajectories in each directional
sector for sites in Boulder, Colorado (CO85) and Front Range (C094, C0O98), 2017.
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Fig. 6 (continued).

urban data in the interpolated raster. The actual radius of influence of
the urban site data on the interpolation outside the urban corridor is un-
certain and can only be verified with additional monitoring data. For ex-
ample, the influence of the urban site data on estimated Nr deposition in
the ROMO boundary is not detectable from the interpolated raster
owing to the spatial control from CO19 and CO98 sites in the park and
the nearby rural - isolated, montane CO02, C090, and C094 sites.
Inclusion of the 2017 urban data from the NUANC sites in the annual
deposition raster likely produces a more representative spatial model of
Nr wet deposition for the DBM region. The raster that includes the urban
data is much more indicative of the Nr deposition gradient between the
urban corridor and mountains to the west. Other North American stud-
ies that show similar urban-rural spatial gradients that appear steeper
than expected include studies in the San Bernardino Mountains west
of Los Angeles, California (Bytnerowicz et al., 2015), Alberta, Canada
(Watmough et al., 2014), and Phoenix, Arizona (Cook et al., 2018).
The Alberta study used throughfall measurements to show that acid de-
position declined logarithmically with distance from the industrial cen-
ter of their study area, such that sulfur plus nitrogen deposition [load]
was substantially reduced within 75 km from the industrial center. In
the Phoenix study, Cook et al. (2018) indicated that “regional scale
models overestimated deposition [load] rates by 60% ...and

misidentified hot spots of deposition across the airshed.” The Phoenix
study area is in an arid airshed with nearby mountainous terrain,
which is similar to this study in the DBM area.

In lieu of installing monitoring sites to constrain the urban data-
interpolation effect, more work is needed to test algorithms for control-
ling the radius of influence of the urban data on the interpolated raster.
Objective criteria and techniques could be developed to discretize inter-
polation of basins within the region using land use and topography con-
straints. Alternatively, the deposition load raster itself could be used to
correct the radius of influence. Using the Alberta study (above) as an ex-
ample, the annual Nr wet deposition measurement from a single urban
monitoring site along with calculated, exponentially decreasing Nr
values for locations selected radially from the urban center could be
used to estimate the Nr deposition load raster for the region, which
would include a measured value for the urban center.

5. Conclusions

This study is the first detailed characterization of Nr wet deposition
in the DBM, which is complemented by data for ambient ammonia in air
and 6'°N-NO5 and 5'80-NO5 stable isotope data for wet-deposition
samples. Monitoring in the urban area improved understanding of N
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Fig. 7. 5'°N-NO; and 6'%0-NOs values (per mil, °/00) for weekly precipitation samples collected at sites in the Denver-Boulder, Colorado metropolitan area (CO87, CO11, CO86, CO85) and
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Fig. 8a. A. Annual reactive inorganic nitrogen (Nr) precipitation-weighted mean concentrations measured by the National Atmospheric Deposition/National Trends Network (NADP/NTN)
sites and estimated Nr wet deposition raster maps interpolated without urban deposition data, 2017. Variation in concentration represented by sizes of circles.

atmospheric deposition loads to the DBM urban environment and out-
lying region. Wet-deposition Nr and NHZ concentrations and loads de-
creased with distance from urbanized to non-urbanized (rural,
montane) locations along a 90-km transect from the DBM to ROMO,
which is also in the same direction of increasing precipitation with in-
creasing land surface elevation. The chemical characteristics of wet de-
position and weekly precipitation event trajectories at the CO98
(ROMO) site were markedly different from those at the urban sites for
most weekly samples, but not all, suggesting infrequent impacts from
DBM air quality on ROMO precipitation quality. Gradients in concentra-
tions of ambient NHs in air, Nr (NO3™ plus NHJ ) wet deposition, and
5'°N-NO; and 6'80-NOj; values suggested influences of both agricultural
and urban emissions from the eastern plains to both urban and regional
Nr deposition, but allocation of specific sources was not possible. The
5'°N-NO; and 6'80-NO; values also suggest chemical and phase trans-
formations of Nr species over the urban-rural, montane transect. More
work is needed to understand wet-deposition chemical and physical
processes specific to urban areas and how sources and transformation
of air pollutants affect urban and adjacent environments in the DBM
and ROMO.

Urban wet-deposition monitoring improved the spatial representa-
tion of interpolated N atmospheric deposition loads for both urbanized
and adjacent, non-urbanized areas. Monitoring wet-deposition at loca-
tions outside the urban area is essential for controlling the radius of in-
fluence of the urban data on interpolated Nr deposition raster data. This
study indicated the maximum distance for such monitoring to be less
than 20 km (approximate distance between Boulder (CO85) and Sugar-
loaf (C094) sites) from the urban corridor, but additional work is
needed to determine this distance east of the DBM. Currently, there
are 16 sites classified as urban in the entire NADP/NTN nationwide, in-
cluding the 6 NUANC sites for this study in Colorado. Additional
NADP/NTN sites in urban areas are needed nationally to improve the

representation of Nr wet-deposition in annual interpolated mapping
products.
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Fig. 8b. B. Annual reactive inorganic nitrogen (Nr) precipitation-weighted mean concentrations measured by the National Atmospheric Deposition/National Trends Network (NADP/NTN)
sites and estimated Nr wet deposition raster maps interpolated with urban deposition data, 2017. Variation in concentrations represented by sizes of circles.

High: 3.06
Low: -0.67

Fig. 9. Annual reactive inorganic nitrogen (Nr) precipitation-weighted mean concentrations measured by the National Atmospheric Deposition/National Trends Network sites and
difference between two raster data sets interpolated with and without Network for Urban Atmospheric Nitrogen Chemistry (NUANC) data, 2017. Variation in concentrations
represented by sized of circles.
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