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Abstract Ammonia (NH;) was monitored at four locations (two urban and two rural) across New York
State from April 2016 to October 2017 using active and passive systems. The two rural sites were Pinnacle
State Park (PIN) and the Village of Potsdam, and the two urban sites were the City of Rochester and Queens
College in New York City. Active and passive concentrations were well correlated across all sites (* = 0.866),
but the active systems measured 6.2% higher NH; concentrations. The mean (+SD) NH; concentrations
measured using active systems in Queens College, City of Rochester, Village of Potsdam, and PIN were 3.22
+2.23,2.84 +1.91,1.29 + 1.12, and 0.82 + 0.64 ppb, respectively. Ambient NH; concentrations varied with
diel vehicular and seasonal agricultural activities. NHz concentrations at the urban sites had lower
seasonal variability than the rural sites. NH; concentrations were generally related to regional and in-state
NH; emissions although less regional influence was observed at the urban sites. Local NH; source directions
were identified using conditional bivariate probability function. The urban sites were affected by local
NHj; sources such as vehicular emissions and urban population centers. Likely distant NH; source locations
affecting the four sites were identified using simplified quantitative transport bias analysis model. Rural sites
were more highly affected by transported NH;. Midwestern and Atlantic were major NH; source areas.
NH; emissions from the south of PIN were probably due to the use of diesel trucks and other diesel engines
in the hydraulic fracturing industry in Pennsylvania near the New York State border.

1. Introduction

Ammonia (NH3) is the most dominant volatile base in the atmosphere and results in the formation of sec-
ondary inorganic aerosol through reactions with sulfuric and nitric acids. NH; now has a reduced impact
on human health since it only makes a limited contribution of PM, 5 (Gu et al., 2014) due to the substantial
reductions in secondary inorganic aerosol and it precursor gas concentrations (Rich et al., 2019; Squizzato
et al., 2018a). NH; has other potential adverse environmental effects. For example, long-range transported
NH; can reduce the biodiversity of remote ecosystems (Bittman et al., 2017; Ellis et al., 2013). Deposited
NH; and ammonium (NH,4*) formed by reacting with acid gases in the atmosphere can cause aquatic eutro-
phication (Tang et al., 2017). NH; can also affect the climate since it is a strong greenhouse gas (Wang et al.,
2017). However, more recently, the importance of the role of NH; as an air pollutant was recognized as NH;
was found to be a critical factor in the nucleation process of new particle formation (Yue et al., 2010; Zheng
et al., 2012). Both lab and field observations have suggested that NH; can increase nucleation rates 100- to
1,000-fold even at ppt levels (Meng et al., 2017; Seinfeld & Pandis, 2016). Therefore, NH3 can significantly
affect ambient air quality as the key precursor of the formation of secondary sulfate and nitrate particles
(major components of PM, s; Liu et al., 2015; Seinfeld & Pandis, 2016; Sun et al., 2017). In addition, the
importance of NHj; in terms of its global impacts has increased because of the substantial reductions of
SO, and NO, emissions (Emami et al., 2018; Squizzato et al., 2018a) while there have been only limited
reductions of NH; emissions (Tang et al., 2017; Xu et al., 2017).

On a global scale and in the United States, NH; emissions from agricultural activities including the decay of
domestic livestock waste, volatilization losses from fertilizers, emissions from soils, and biomass burning
(Bray et al., 2018) have been considered to be the major NH; sources (>80%; Bittman et al., 2017; Zhang
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et al., 2018). These agricultural emissions can impact urban air pollution through atmospheric transport (Gu
et al., 2014; Reche et al., 2012). In urban areas, major NH; emissions are due to nitrogen oxide (NOy) emis-
sion control equipment, such as three-way catalysts (TWC) on light-duty vehicles (Nevalainen et al., 2018;
Thiruvengadam et al., 2016) and selective catalytic reduction (SCR) systems on both stationary sources
(Forzatti, 2001) and new heavy-duty diesel engines (Thiruvengadam et al., 2016). In a TWC, NHj is formed
as a byproduct of incomplete reduction and emitted by both gasoline and natural gas vehicles (Sun et al.,
2017). In electricity generating unit SCR systems, industrial heaters, and cogeneration plants, NH; is
injected as a reductant causing major NHj emissions or “slip” (Forzatti, 2001). Thiruvengadam et al.
(2016) reported that SCR-equipped heavy-duty diesel tractors can emit NH; particularly as they age. In addi-
tion, NH; emitted from urban wastes such as garbage and sewage can be important in high population com-
munities (Galan Madruga et al., 2018).

NHj; transported from agricultural sources was also considered to be important for urban atmospheres given
they were thought to dominate the emissions (Gu et al., 2014). Agricultural NH; emissions were reported to
have high seasonal variability and usually peaked in spring or summer due to the increased fertilizer use
and/or manure spreading activities and temperature (Sigurdarson et al., 2018). Urban NH; emissions, that
is, from TWC and SCRs, as well as residential natural gas combustion were considered to be more important
to urban areas in winter time (Forzatti, 2001; Shelef & Gandhi, 1974). However, the extent of agricultural
NH; emission impacts on urban areas has been uncertain (Pan et al., 2016) because (1) uncertainties exist
in agricultural NH; emissions estimates as these processes depend on detailed spatial and temporal informa-
tion on local agricultural practices and environmental conditions (Paulot et al., 2014; Zhang et al., 2018); (2)
the lifetime of NH; can vary depending on the physicochemical properties of the atmosphere (Aneja et al.,
2000; Kruit et al., 2012; Vieno et al., 2014); and (3) the importance of urban NH; emissions has increased
with the shift of fuels from coal to natural gas in power plants over the past decade (especially in the
United States) and changing vehicular control system. Since new natural gas generators are new sources,
they would be required to be equipped with SCRs. There has also been an increased penetration of SCR-
equipped heavy-duty diesel vehicles into the on-road truck fleet since their introduction in 2010. There have
also been changes in light duty vehicles to reduce their emission of NOy. Their NH; emissions are generally
unregulated (Thiruvengadam et al., 2016).

Although there have been efforts to reduce agricultural NH; emissions at local to international scales
(Bittman et al., 2017; Tang et al., 2017; Wang et al., 2017), Bittman et al. (2017) suggested that atmospheric
NH; concentrations are not declining in Canada and the United States because the reductions in acid gas
concentrations tend to increase its residence time and resulting NH; concentrations (Meng et al., 2017;
Pinder et al., 2011).

Atmospheric NH; has been monitored by the Ammonia Monitoring Network (AMoN) since 2007 (officially
since 2010) as a part of the National Atmospheric Deposition Program (NADP). In New York State (NYS),
seven monitoring sites were established and are currently active. The AMoN sites measure NH; concentra-
tions on a biweekly basis with passive diffusion gas samplers. However, few active sampling, temporally
resolved NH; monitoring sites (or networks) have been established that can provide real-time information
on NH; concentration patterns, source types, and likely source locations (Saylor et al., 2010).

According to the recent emissions inventory (USEPA, 2016), agricultural activities (contributing 64%),
including direct livestock emissions, manure decomposition, and fertilizer, dominate the total NH; emis-
sions in NYS. However, they were significantly lower in NYS compared to other agricultural regions in
the United States, such as the Midwest and Southeast (contribute around 80%; Paulot et al., 2014;
USEPA). NH; emissions from urban sources were found to be comparable with agricultural emissions for
the two urban counties included in this study (Monroe and Queens; USEPA, 2016). Therefore, it is important
to determine whether the transported NH; from agricultural regions (in-state and out-state) is a major con-
tributor to atmospheric NH; in NYS.

In this study, ambient NH; concentrations (5-min values aggregated to 60-min averages) were measured
with active sampling systems at four NYS sites: Queens College (QUE), Rochester (ROC), Pinnacle State
Park (PIN), and Potsdam (PTD). The diel, weekly, and monthly patterns of NH; concentrations at these
NYS urban and rural sites were characterized. The ambient NH; concentrations were also investigated by
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examining ambient meteorological conditions, such as temperature, relative humidity (RH), wind speed,
and direction. The contributions of transported agricultural NH; were determined with multiple statistical
approaches: (1) correlations between NH3 concentrations and state or regional NH; emissions were estab-
lished, (2) the importance and directionality of local NH; sources were investigated using conditional bivari-
ate probability function (CBPF), and (3) likely source locations for the long-distance transported NH; were
identified based on a trajectory ensemble receptor model, simplified quantitative transport bias (SQTBA).

2. Ambient Ammonia Measurement

2.1. Methods

2.1.1. Monitoring Sites

The four monitoring sites are shown in Figure 1. QUE (40.73614, —73.82153) was located in New York City
(Queens County), ROC was located in southeastern Rochester (43.14618, —77.54822, Monroe County), PIN
was located in Pinnacle State Park (42.09142, —77.20978, Steuben County), and PTD (44.662118,
—75.001016) was located at Clarkson University, Potsdam (St. Lawrence County). The sampling periods
were from April 2016 to October 2017 except QUE (from June 2016 to October 2017). QUE and ROC were
urban sites located in populated regions that can be directly affected by urban emissions, such as vehicle
emissions, nonpoint human activities, and wastewater treatment facilities. PIN and PTD were rural sites
since agricultural NH; emission, such as livestock and fertilizer application, dominated these sites.
However, vehicular and other diesel emissions may also be important at PIN as there were increasing
heavy-duty vehicles servicing the fracking activities in northern Pennsylvania (Squizzato et al., 2018b).

Meteorological data including hourly ambient air temperature, RH, and wind speed and direction were
recorded at the monitoring site or at nearby meteorological stations. The meteorological data used for ana-
lysis in PIN, QUE, and ROC were obtained from Elmira Corning Regional Airport, LaGuardia Airport, and
Rochester International Airport, respectively. The meteorology data used for analysis in PTD were recorded -
on-site.

2.1.2. Ammonia Measurements

NH; was measured using active (continuous) and passive (biweekly) systems. The active system used a
denuder difference technique through a dual-channel nitric oxide-ozone (NO-O;) chemiluminescence
detector system with 5-min time resolution for data reporting and analysis as described in detail by Saylor
et al. (2010). As shown in supporting information Figure S1, ambient air is drawn through Na,CO;-coated
annular denuders (URG, Inc., Chapel Hill, NC) at a flow rate of 1.25 L/min to remove HNO; and other reac-
tive NOy compounds in both channels. The air flow was continuously maintained through each set of con-
verters and diverted sequentially to the chemiluminescence detector. The flow in Channel 1 was directed
through a 600 °C Pt mesh converter to oxidize the reduced nitrogen species (primarily NH; and particulate
NH, ) to NOy followed by a 350 °C Mo converter to reduce the NOy, to NO. The flow in Channel 2 was direc-
ted to a citric acid-coated annular denuder to remove all NH; before being directed to the Pt and Mo conver-
ters. The NH; concentrations were defined as the differences between the nitrogenous species measured in
the two channels. The NO monitor is zero checked daily and span checked every other day. The denuders
were replaced monthly or when there was a disparity between the concentrations measured in the two chan-
nels suggesting breakthrough had occurred such as negative values. The detection limit for the difference
signal is 200-300 ppt and is driven largely by day-to-day variability in zero checks used for the baseline
adjustments. The expanded instrumental uncertainties for the instrument measuring ammonia in a clean
background gas based on the uncertainties in the calibration standard, instrument response, conversion effi-
ciency, and flow with a coverage factor of 2 were 10%. The overall expanded uncertainty in the active NH;
measurement was estimated to be +15% to 20% based on the variations in the comparisons with the inte-
grated concentrations measured as the ammonia captured in the citric acid denuder (Edgerton et al.,
2007; Saylor et al., 2010).

The collocated passive system diffusion samplers have no moving parts (Radiello, Sigma-Aldrich) and were
obtained from the AMoN operated by the NADP. Ammonia monitoring was added to NADP in 2010 after
pilot testing beginning in 2007 (http://nadp.slh.wisc.edu/amon/). The radiello samplers are described in
detail in radiello manual available from https://www.restek.com/pdfs/radiello-manual.pdf. The NH; sam-
plers are prepared in a central laboratory (now at the University of Wisconsin-Madison) and, after being
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Figure 1. Map of the four NH; monitoring sites.

returned to the lab, are analyzed using flow injection analysis by reaction with phenate as described in the
AMOoN operations manual (http://nadp.slh.wisc.edu/lib/manuals/ AMON_Operations_Manual_v_1-3.pdf)
and the NADP QA/QC plan (http://nadp.slh.wisc.edu/lib/qaplans/NADP_Network_Quality_Assurance_
Plan.pdf). They were installed at each site in accordance to the AMoN standard operating procedures.
Each sampler was exposed for a 2-week period and then returned to the central laboratory for analysis
and reporting of the resulting concentrations. Calculations are based on the values provided in the
radiello manual. AMoN/NADP provided the quality control as described by Puchalski et al. (2011).
Puchalski et al. (2011) report that the coefficient of variation between duplicate, collocated samplers was
about 10%. The measurement error was not reported but is very likely to be larger than 10%.

2.1.3. CBPF

Local NH; source directions were estimated using CBPF analysis that provides a conditional probability field
for high concentrations dependent on wind speed and direction (Masiol et al., 2017; Uria-Tellaetxe &
Carslaw, 2014). It is defined as

mag,AulC2X

CBPFpony = (1)

NAgAu
where mag a, is the number of samples in the wind sector A8 with wind speed interval Au having concen-
tration C greater than a threshold value x, nag A, is the total number of samples in that wind direction-speed
interval. For these analyses, the threshold values were set as the top 25% concentrations of each site.

The wind direction-speed intervals with higher CBPF values indicate that the contaminant concentrations
have high probability to be associated with the corresponding wind speed and direction. Local source direc-
tions can be determined when high CPBF regions are observed.

2.1.4. SQTBA

Likely NH; source locations that contribute to long-distance transport events were evaluated using SQTBA,
a trajectory ensemble receptor model that can be applied to data collected at multiple sites (Brook et al.,
2004; Hopke, 2016; Zhou et al., 2004). SQTBA was performed using the TraPSA software (Zhou et al.,
2016), which is a specialized software developed for potential source apportionment based on trajectory
ensemble models, combined with the NOAA/ARL HYSPLIT4 model (Stein et al., 2015; H. Zhou et al.,
2018; Hao Zhou et al, 2017). The NCEP/NCAR Reanalysis database was used for generating
back trajectories.
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The lifetime of NH; in the atmosphere ranges from 1-5 days since it can
react with acid gases or be dissolved in liquid water (Tang et al., 2017;
Wang et al., 2017). However, NH; will convert to NH,* by reacting with
gaseous sulfuric or nitric acid during transport, and the resulting NH,*
particles can have atmospheric lifetimes of the order of 1-15 days
(Aneja et al., 2000; Kruit et al., 2012; Vieno et al., 2014). In addition,
NH; can remain longer in the atmosphere when the particulate form
changes from (NH,4),SO4 to NH4NO;, since NH4NO3 is in equilibrium
with gaseous nitric acid and ammonia and can release NHj; at higher tem-
peratures (Tang et al., 2017). Therefore, the back trajectories were calcu-

Active NH, (ppb)

Figure 2. NH; concentration measured by active (biweekly average) and

passive systems.

lated for 72 hr (3 days) with a starting height of 500 m above ground level.

3. Results

3.1. Active Sampler Versus Passive Sampler

As shown in Figure 2, biweekly average concentrations from the active

NH; systems were compared with NH; concentrations measured using
the AMoN passive system after blank correction. One obvious outlier was observed; an AMoN value from
QUE was anomalously low (below the reported detection limit) and was excluded from the comparison.
The correlation between the remaining active and passive systems data was strong (* = 0.866).
However, the active system measured higher average NH; concentrations (6.2% higher on average) that
is within the uncertainties for both measurement systems. There were no apparent differences in the fits
across all four sites suggesting that these results were not dependent on the specific active measurement
system, operator, or site characteristics. It is not possible to know which of the two systems provides
the more accurate estimate of the ambient ammonia concentration since both approaches involve assump-
tions and measurement uncertainties but were subjected to routine calibrations and quality
assurance procedures.

3.2. Hourly Ammonia Concentrations

The average NHj concentrations measured at the QUE, ROC, PTD, and PIN were 3.22 + 2.23, 2.84 +
1.91, 1.29 + 1.12, and 0.82 + 0.64 ppb, respectively. The temporal variations in the ammonia concentra-
tions for each of the four sites are presented in Figures 3 and 4. The lines provide mean values while the
shaded area describes the 5% and 95% limits to the distributions. These variations for the four sites sepa-
rated by season are shown in Figures S2 to S5 for PIN, PTD, QUE, and ROC, respectively. NH3z concen-
trations at the urban sites (QUE and ROC) were significantly higher (Kruskal-Wallis test, p < 0.01) than
that at the rural sites (PTD and PIN). The enhanced NH; concentrations in urban areas can pose more
serious environmental concerns due to the denser populations and poorer dispersion (Galan Madruga
et al., 2018). To evaluate the potential influence of in-state agricultural emissions to urban areas, the daily
average NH; concentrations were compared between urban and rural sites day to day by plotting the dif-
ferences in the daily values among the sites (Figure S6). It can be seen that the urban sites had higher
daily NH; average concentrations (higher by 2.37 ppb on average) for the most days (96%). Therefore,
it is unlikely that the enhanced NH; concentrations found at the urban sites were mainly responding
to the in-state agricultural emissions even though the total NH; emissions in NYS were dominated by this
source type.

3.3. Diel Patterns

The diel patterns of NH; concentration on weekdays and weekends at the four sites are shown in Figures 3
and 4. NH; concentrations peaked at 7 A.M. (high peak) and 8 P.M. (low peak) at the urban sites. The peaks
at the urban sites corresponded to morning-evening rush hours when the NHj; concentrations can be
enhanced by increased emissions from high traffic volume with stop-and-go conditions (Sun et al., 2017;
Wang et al., 2016). The evening peaks at the urban site corresponded to the NH; residual from the afternoon
rush hour given the poorer dispersion conditions due to the lower mixed layer heights and lower wind
speeds. Figure S7 shows diel patterns of the distributions for temperature and wind speed at the four mon-
itoring sites with larger day/night variations at the rural sites than the urban sites. This difference is likely
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Figure 3. Temporal variations in the NH3 hourly concentrations at the rural sites (Pinnacle State Park and Village of Potsdam). The lines represent mean values
and the shaded areas are the 95% confidence intervals.

the result of the urban heat island effect where urban materials retain heat more than rural soils. The diel
NH; patterns were found to be different between weekdays and weekends at the urban sites (Figure 4).
On the weekend days, hourly and peak (rush hour) NH; concentrations were lower than on weekdays in
the urban sites, which can be related with reduced NH; emission from smaller peak traffic volumes on
the weekend (McDonald et al., 2014; Wang et al., 2018; Zhu et al., 2015).

NH; concentrations peaked in mid/late afternoon at the rural sites as shown in Figure 3 due to the increased
temperatures in the afternoon. Hourly NH; concentrations at the rural sites were found to be strongly cor-
related with the temperature. However, there were no such correlations found for the urban sites. These
results suggest that the NH; concentrations at the rural sites are largely controlled by temperature varia-
tions. However, other NH; sources that are independent of temperature, such as vehicular TWCs and mobile
and stationary SCRs, are important at the urban sites.
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Figure 4. Temporal variations in the NH3 hourly concentrations at the urban sites (Queens College and City of Rochester). The lines represent mean values and the

shaded areas are

the 95% confidence intervals.

3.4. Seasonality

Monthly average NH; concentrations were positively correlated with temperature for the all sites. These
results suggest that the NH; concentrations can be enhanced at both in urban and rural sites by higher tem-
peratures that can increase the partitioning of NH; from aqueous (or particulate) phase into the gas phase as
well as increasing the formation of NH; and emission from anaerobic processes in animal manure, soil, and
vegetation (Sutton et al., 1993; Zhu et al., 2015). Monthly variations at each site were estimated using a cri-
teria value defined as (maximum month average — minimum month average)/annual average. Criteria
values for the four sites are PIN = 1.47, PTD = 1.57, ROC = 0.76, and QUE = 0.72. As previously reported
(Felix et al., 2017; Paulot et al., 2014), larger monthly variations were found at the rural sites. At the rural
sites, NH; emissions were mainly from agricultural activities such as manure spreading, soil emissions,
and vegetation that can be impacted by the changing meteorological conditions including temperature,
RH, wind speed, and atmospheric dispersion conditions (Asman et al., 1998; Sutton et al., 1993). Thus, the
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low rural concentrations in winter are NH; emissions in urban areas had less seasonality, which can be
important to urban PM concentrations in the cold season (Huang et al., 2012; Paulot et al., 2014; Sun
et al., 2017). However, there are also decreases in urban ammonia concentrations during the winter months
(Figure 4). These decreases are attributed to the formation of particulate ammonium nitrate during the
colder months. The ammonium nitrate particles would pass through the citric acid denuder, add to the
NO measured in both channels, and, therefore, be subtracted out. There may also be some additional loss
of ammonia to precipitation scattering during the winter months.

4. Factors Affecting the Ammonia Concentrations

4.1. Temperature

Higher NH; concentrations occurring at higher temperatures have been reported at both urban and rural
locations (Bray et al., 2018; Wang et al., 2018). Increased temperature can shift NH; from the aqueous (or
particulate) phase to the gas phase, and increase NH3 emissions from animal manure, soil, and vegetation,
and thereby increase the ambient NH; concentrations (McDonald et al., 2014; Zhu et al., 2015). In addition,
biological activity associated with anaerobic digestion that occurs in manure piles or lagoons can also be
enhanced by higher temperatures. Consistent results were also found in this project as daily NH; concentra-
tions increased exponentially with increasing temperature as shown in Figure 5. Large variations were found
at the urban sites for a given temperature. However, the lowest correlation was obtained at PTD likely as a
result of the outliers of high NH; concentrations in the spring and summer. It is likely that known instances
of manure spreading on local farms resulted in some of these elevated values.

4.2. Emissions

4.2.1. In-State Emissions

The NH; emissions and emission density in NYS were evaluated for each county based on NEI 2014
(Figure S8) and the in-county emissions for the four monitoring sites are presented in Table 1. A more
detailed delineation of the emission sources is provided in Table S1. The ambient NH; concentrations in
the atmosphere were generally correlated with nearby NH; emissions (Tang et al., 2017; Van Zanten
et al., 2017). The QUE site that had the highest measured NH; concentrations is located in the New York
City metropolitan area (Queens County), had the highest population density (Masiol et al., 2017), and had
the highest in-county emissions and emission density. Residential heating with natural gas was reported
to be the largest source in this county (55.7%) with on-road light duty motor vehicles second (21.2%) and nat-
ural gas combustion for electricity generation (12.2%; Table S1; USEPA, 2016). Rochester (Monroe County)
is one of the most populated cities in the western NY. The largest source was again reported to be the resi-
dential natural gas heating (36.0%) followed by on-road light duty vehicles (21.3%) representing most of the
nonagricultural sources (Table S1). However, the attribution of such a high fraction of the local ammonia
emissions from residential natural gas combustion emissions is not compatible with either the seasonal or
seasonal diel patterns (Figures S4 and S5). There are substantial drops in ammonia concentrations during
the winter months. The traffic rush hour pattern remains for QUE and ROC. There is certainly no seasonal
rise or increase overnight when residential heating would peak in the winter. Thus, it appears that residen-
tial natural gas combustion emissions may be overestimated. The emission factors for residential natural gas
combustion were first developed in the 1950s and 1960s.

Using them and a 1976 study (Muzio & Arand, 1976), Cass et al. (1982) developed the emission factor
reported by Battye et al. (1994) that was then incorporated in USEPA AP-42 emissions factors (USEPA,
1996) and used in the 2014 NEI analysis (USEPA, 2016). Since the 1970s, natural gas combustion appliances
have become much more efficient with current units having efficiencies greater than 98%. Thus, the chem-
istry of those emissions and the potential for ammonia formation have likely changed significantly. The
results presented here do not appear to be consistent with residential combustion of natural gas as the largest
source of urban ammonia emissions.

The temporal patterns are more consistent with motor vehicles being the largest source. The QUE site is
within 2 km of the Long Island Expressway and the Van Wyck Expressway, two heavily trafficked highways
(Venkatachari et al., 2006). The ROC site is located near two interstate and one state highways within 1 km
of the site and was affected by NH; emissions from the vehicles on these roads as well as the diesel trains that
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Figure 5. Daily average temperature compared with hourly NH; concentrations measured at each of the four sites.

run within 50 m of the monitor (Emami et al., 2018; Zhou et al., 2018). Monroe County had the lowest emis-
sion rate of the four counties but had the second highest average ammonia concentrations. These results sug-
gest that the NH; concentrations at the ROC site were driven largely by local urban NHj; sources particularly
vehicular traffic. At ROC, traffic appears to dominate even though nonagricultural emissions only contrib-
uted 58% of the total reported in-county NH; emissions.

Lower NH; concentrations were found at the rural sites (PIN and PTD) and can be related to the lower in-
county emission densities from the widely dispersed agricultural activities although the total emissions were
relatively large (Figure S8). In addition, long-distance transported air parcels with high NH; concentrations
from out-state NH; emission source can enhance the measured NH; concentrations for both rural and urban
sites as will be discussed below.

4.2.2. Out-of-State Emissions

NH; has a relatively short lifetime in the atmosphere (1-5 days or less), although it can remain in the air
longer in warm weather as NH; can be released from semivolatile NH4,NOj; particles that have longer life-
times (1-15 days; Aneja et al., 2000; Kruit et al., 2012; Tang et al., 2017; Vieno et al., 2014). Therefore, only
central and eastern U.S. regions were considered as potential sources of out-of-state NH; emissions although
significant NH; was emitted from areas further west (Paulot et al., 2014; USEPA, 2016). Annual NH;

Table 1
Local NH3 Emissions and Emissions Densities (County-Based) for the Four Sites Based on NEI 2014
Total NH3 emission Total NH;3 emission density Nonagricultural
Monitoring site Counties (ton/year) (ton/year/kmz) emission (%)
NYS total 33,337 0.24 63
QUE Queens 1,101 2.38 99
ROC Monroe 748 0.21 58
PTD St. Lawrence 1,027 0.14 1
PIN Steuben 960 0.26 1
ZHOU ET AL. 8295
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Figure 6. Annual NH; emissions in the central and eastern U.S. (divided into five regions with different border color) and
AMOoN site (presented as circles) concentrations.

emission amounts in the central and eastern United States are presented in Figure 6 along with average NH;
concentrations from 2016 to 2017 obtained from AMoN. NYS had lower in-state NH; emissions compared to
the states with major livestock industries such as Iowa and North Carolina. The AMoN sites with high NH;
concentrations (>2.0 ppb) were all located outside of NYS. Therefore, long-distance transported NH; from
these states can potentially affect NHz concentrations in NYS given the prevailing southwest to northwest
wind directions.

4.2.3. Emissions Seasonality

Ambient NH; concentrations can be affected by the seasonality of the NH; emissions. In particular, agricul-
tural NH; emissions are reported to have high seasonal variability and usually peak in spring or summer due
to increased fertilizer application and/or manure handling activities (Sigurdarson et al., 2018). Monthly NH;
emissions were estimated for five regions of central and eastern United States using the annual NH; emis-
sions amount (NEI 2014) and monthly variations estimated for the five regions based on a previous study
(Krupa & Moncrief, 2002; Paulot et al., 2014). The divisions of the five regions are shown in Figure 6: upper
Midwest (Michigan, Minnesota, and Wisconsin), Midwest (Iowa, Illinois, Indiana, Kentucky, Missouri,
Ohio, and West Virginia), Southeast (Alabama, Arkansas, Georgia, Mississippi, and Tennessee), Northeast
(Connecticut, Maine, Massachusetts, New Hampshire, and Vermont), Atlantic (Delaware, Maryland, New
Jersey, Pennsylvania, North Carolina, South Carolina, and Virginia), and local (New York). The monthly
NH; emissions at the national and regional scales for different types of NH; source are shown in Figure
S9. Livestock contributes most of the NH; emissions nationally and in the Northeast region. Emissions
are low in winter, peaked in May, and remained at relatively high levels in summer and autumn due to man-
ure processing (Paulot et al., 2014). NH; emissions from fertilizer application also peaked in May. However,
emissions rapidly decreased in summer and autumn. The NH; emissions from livestock and fertilizer had
high seasonal variations whereas low seasonal variations were reported for other NH; emission types, such
as fuel combustion and vehicle emissions.

To evaluate the contributions of regional/local NH; emissions to NYS ambient NH; concentrations, nonne-
gative multivariable regressions were calculated for the monthly NH; emissions and the monthly average
NH; concentrations. This equation can be written as

Conc.(NH;) =a+ Y b;(Regional Emission); )

where a is the contribution coefficient of local emissions, such as vehicles and stationery SCR, and b; is the
contribution coefficient of emissions from region i, with a and b; forced to be nonnegative since negative
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Table 2 contributions are not physically possible. The contribution coefficient
Nonnegative Regression Results for the NH3 Concentrations at the Four Sites cannot be estimated when the emissions were not positively corre-
Upper lated to the NH; concentrations.

Site Midwest Midwest Northeast Atlantic Southeast Local r°

The regression results presented in Table 2 indicate that NH; emis-

W DOITERL (O 0.291 ALY ALY 000 0.76 gions from the Northeast region were important (contribution coeffi-
PTD -~ 0.00 0.0196 0.00 0.0296 0.00 0.00  0.60 cients >0) to all four sites indicating significant impacts from in-state
ROC  0.00 0.00 0837 000 000 131 042 s : E518 Hmpacts |

QUE  0.00 0.00 0.703 0.00 0.00 2.00 030 emissionto NH;concentrations at the four monitoring sites. The con-

tribution coefficients of local emissions (a) were only found to be
important at the urban sites (ROC and QUE). These values were
much larger than contribution coefficients of the Northeast region suggesting that local emissions domi-
nated the ambient urban NH; concentrations. The out-of-state NH3 emissions from the Upper Midwest
and Atlantic were also found to be important for the rural sites (PIN and PTD) implying the long-distance
transported NH; can be more important to the rural sites as they had lower NH; concentrations. Note that
more analyses are needed to confirm the contributions of out-state emissions to rural sites as the increasing
similarity (correlation) of agricultural activities between NYS and other states can also increase these contri-
bution coefficients. Therefore, the likely source locations from out-state emissions should be identified using
SQTBA and will be discussed below.

4.3. Ammonia Source Locations

4.3.1. Local Source Directions

The local NH; seasonal patterns for the four monitoring sites were characterized using CBPF as shown in
Figures 7 for PTD and 8 for ROC. The plots for PIN and QUE are presented in Figures S10 and S11. The cor-
responding seasonal wind roses for these sites are also presented in these figures. At the rural sites (PIN and
PTD), high CBPF regions were mainly associated with higher wind speeds (Figures 7 and S10). These results
suggest that advection from source areas increased the ambient NH; concentrations. The PTD site (Figure 7)
was likely to have been affected by the NH; emitted from dairy farms surrounding the site. The PTD patterns
appear to be largely driven by the prevailing wind directions. There is an enhancement of the northeasterly
probabilities in the summer compared to the spring values, but the reasons for the shift in direction are not
known. The concentrations diminish in autumn with the decreasing temperatures and become very small
during the cold winters.
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Figure 7. Seasonal conditional bivariate probability function results for Potsdam.

ZHOU ET AL. 8297



'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres

10.1029/2019JD030380

spnng (MAM) summer (JUA) CPE
™ 2 Al ~
g probability spring (MAM) summer (JA)
15 15 n N 0% N
3% 3%
0% 0
10ws 10w 07 2%% 3’;1
s s y 15% / 15%
" " 3 10% e
W - 5|¥ > LS 06 “
W - + E |W h _+_ 3
" 0s v e
04
Vs Vs mean = 4 mesn
autumn (SUN) anter (OJF) s ot S com e 1
" ™ | autumn (SON) winter (0JF)
o 03 0% N 10% N
3% 3%
1 35 0% %
%% 2
10w 10w Fo2 Py P
% W 15%
$ $ 10% o 1G% b
w €W S| rot w _*:\ € —% L 1 ) 1
3 el 4
L ‘
‘. M NH,
mean = 35171 mean = 4
s s s caim s 123 % S ‘
CPF atthe 75th percentile (=3.9) e
Oto2 2104 41086 61019693

(ms™)
Frequency of counts by wind direction (%)

Figure 8. Seasonal conditional bivariate probability function results for Rochester.

The PIN site in the summer when temperatures are highest and agricultural activity peaks also had CBPF
values driven by the prevailing winds from the southwest. However, in spring, autumn, and winter, the high-
est probabilities were toward the south and southeast even though these wind directions had low frequen-
cies (Figure S10). This site was likely impacted by the NH; emitted from the trucking related with the
hydraulic fracturing industry in Pennsylvania. Squizzato et al. (2018b) reported an anomalously high contri-
bution of diesel PM in the same directions as the Pinnacle site in their analysis of composition data. The loca-
tions of the fracking sites can be seen in Figure S65 in the supplementary material for Squizzato et al.
(2018b). Thus, areas further east of the PIN site could be expected to have enhanced concentrations arising
from the fracking area emissions.

At the urban sites (ROC and QUE), high CBPF regions were mainly observed at low to moderate wind
speeds suggesting the dominance of local NH; sources (Figures 8 and S10). The ROC site had a high
CBPF zone to the southwest of the site probably due to the vehicular emissions from interstate and state
highways combined with the prevailing wind directions. The QSC site is very close to the Long Island
Expressway and at low wind, vehicular emission likely had a high impact. There is a high summer CBPF
area to the west of the site that may be related with NH; emission from the Ravenswood generating station
(largest point NH; emission source in Queens [Table S1] and located to the west of the site). This station is
used mainly for meeting peak electricity demands in the summer.

4.3.2. Source Locations of Transported NH;3

The likely distant NH; source locations were identified with SQTBA for the four sites for the four seasons as
shown in Figures 9 (rural sites) and S11 (urban sites). The areas with higher SQTBA values (presented as red)
on the maps indicate higher potential as likely NH; source locations. The AMoN sites with relatively high
NH; concentrations (>2.9 ppb) in the corresponding periods (April 2016 to November 2017) were also
marked on the maps (circles). As shown in the figures, the AMoN sites in the likely NH; source locations
identified by SQTBA had relatively high NH; concentrations suggesting that SQTBA model results represent
these emissions and it is reasonable to accept the identified likely NH; source locations.

For the rural sites (Figure 9), the northeastern and midwestern regions of the United States were identified
as likely NH; source locations for the spring and summer seasons likely as a result of fertilizer application,
livestock, and active soil emissions. Pennsylvania was also determined as likely NH; source locations for the
rural sites supporting the CBPF results. Likely source locations for the rural sites found in Quebec for the
spring and summer periods suggest potential NH; emissions from boreal forest fires (Begum et al., 2005;
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Figure 9. Simplified quantitative transport bias analysis results of different seasons for rural sites (PIN and PTD). The cir-
cles displayed on maps show the Ammonia Monitoring Network sites with relatively high NH; concentrations (>2.9 ppb)
during the same periods. PIN = Pinnacle State Park; PTD = Village of Potsdam.

Wang et al., 2010). There could also be contributions from the agricultural activities in the St. Lawrence
River Valley. The Mid-Atlantic coast region was identified as a likely source area throughout the year and
appears more notable in autumn and winter. NH; can form in these estuarine areas in the coastal plain in
anoxic sediments and soils. There are substantial concentrated animal feeding operations in the Delmarva
peninsula and in North Carolina, but NH; emission from livestock in winter is relatively small (Wu, Hu,
et al., 2008; Wu, Krishnan, et al., 2008), and transport to the rural sites from these concentrated animal
feeding operation areas is relatively weak.

For the urban sites (Figure S12), the calculated SQTBA values were lower than rural sites (lighter color) sug-
gested that the transported NH; was less important at the urban sites due to the significant local emissions,
such as vehicle emissions, stationary source SCRs, and from domestic waste processing (Nevalainen et al.,
2018; Thiruvengadam et al., 2016). The midwestern region of the United States was a likely NH; source area
for spring, summer, and autumn, and eastern Pennsylvania and Maryland were important to the spring and
summer values. These regions may represent emissions from the Chesapeake Bay estuarine areas. No signif-
icant distant source locations were determined for winter.

The SQTBA results for the combined four sites are displayed by season in Figure S13. These results are very
similar to those obtained for the urban sites (Figure S12) since they represent all of the high NH; concentra-
tion values. However, it is clear that the high urban values are driven by local sources so that the trajectory
ensemble methods are strongly biased by the significant differences in the concentration distributions
between the two site types. Thus, Figure 9 better reflects the influence of transported ammonia for NYS.
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5. Conclusions

Ambient NH; concentrations were measured at the four sites, PIN, PTD, ROC, and QUE, in NYS from April
2016 to November 2017 using both active and passive monitoring systems. The NH; concentrations mea-
sured using the active systems were found to be comparable with those measured using the passive system
that were analyzed and quality controlled by the national AMoN program but the active system measured
6.2% higher NH; concentrations. The urban sites (QUE and ROC) had higher NH; concentrations than
the rural sites emphasizing the importance of local sources such as traffic and population centers. There
were distinctly different diel and somewhat different seasonal patterns between the urban and rural sites.
Diel variations at the rural sites coincided with typical traffic patterns, while at the rural sites, concentrations
tracked ambient temperature changes. Seasonal patterns were weaker at the urban sites and appeared to
depend more on changes in the dispersion conditions.

These results suggest that the urban NH; emissions, mainly from vehicles and stationary SCRs, have impacts
on urban NH; concentrations and resulting urban particulate air pollution even though agricultural NH;
emissions dominated the total NYS NH; emissions. It appears that the ammonia emission factor for residen-
tial combustion of natural gas may overestimate those emissions given the changes in the efficiency of these
heating appliances. Further efforts need to be made in reducing urban NH; emissions to further reduce the
particulate air pollution at the urban areas. There were stronger seasonal patterns in the rural site concen-
trations driven by the agricultural activities in the region. However, an additional source of NH; at the
Pinnacle site was likely the high level of hydraulic fracturing activity in neighboring Pennsylvania. The rural
sites were also more strongly affected by regional transport of ammonia into NYS.

Data Availability

The data obtained in this study are available at http://pireds.asrc.cestm.albany.edu:3000/.
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