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Abstract. Atmospheric ammonia (N$)l is a critical component of our atmosphere that contributes to air quality degradation
and reactive nitrogen depositidmpwever, our knowledge of NHh urban environments remains limited. Ydang ambient
NH;:and rel ated species were measured for ©NoNBandpatidulate ns ¢
ammonium (pNH") to understand the tempbsources and chemistry of Nkh a northeastern US urban environment. We
found that urban NEand pNH* concentrations were elevated compared to regional rural background monitoring stations,
with seasonally significant variations. Local and transported sources o{N\Ht + pNHs*) were identified using polar
bivariate and statistical back trajectory ams&y which suggested the importance of vehicles, volatilization, indwsidy,
stationaryfuel combustion emissien Ut il i zing % (Nksnemigsioe soyrce pignatire fion echides, a
Bayesian stable isotope mixing model indicates thiaicles contributél6.843.5%( meanN18) to the annua
of urban NH, with a strong seasonal pattern with higher relative contribution during whttelt7.6%) compared to summer
(34.1£5.5%). The decrease in the relative importance of vehgohissions during the summer was suggested to be driven by
temperaturedependent Nkl emissions from volatilization sourgeseasonal fuel combustion emissions related to energy
generation, and changim seasonalransport patternsased on wind directioack trajectory, and N&emission inventory
analysis. This work highlights that reducing vehiclesM¥Fhissions should be considered to improve wintertime air quality in

this region.



35 1. Introduction
Ammonia (NH) is a critical component of tr@mosphere and the global nitrogen cy8ehera et al., 2013; Galloway et al.,
2004) As the pimary alkaline atmospheric molecule, dlplays an important role in neutralizing atmospheric acids, leading
to fine particulate matter (PM), including particulate ammonium (pNH,, which have important implications for air quality,
human health, visibty, and climate chang@ehera and Sharma, 2010; Updyke et al., 2012; Wang et al.,. 28¢B¥ultural

40 activities, including fertilizer application and livestock waste, dominate the emissiongpabitdunting for over 60%f the
global inventory(Bouwman et al., 1997however, there are significant NiSpatiotemporal variabilities due to its short
atmospheric lifetime, typically a few hours to a day, and numerous emission gMacé3amme et al., 2018 rban regions
have been shown to have elevated levels of At nitrogen depositiofPlautz, 2018; Joyce et al., 2020; Hu et al., 2014;
Decina et al., 2020, 201,4phdicating the potential for important n@gricultural emission sources thatyrtisproportionately

45 impact human and environmental health. In recent years, quantifying slefat®lHs; and its deposition products in the US
has been a focusf several national monitoring networks, including the Ammonia Monitoring Network (AMoN), th
Interagency Monitoring of Protected Visual Environments (IMPROVE), the National Atmospheric Deposition Program
(NADP), and the Clean Air Status and Trends Network (CASTNET). However, these measurements are typically conducted
in rural locationsLongtem records of NHand its deposition products in urban regions are exceedingly scarce, which often

50 leads to models evaluated to observatipmsarily conducted in rural locatiorfPaulot et al.2014)

The NH; sources contributing to the urban budget remain contested. Several studies have identified vehicle emissions as

major urban NH emission sourcéSun et al., 2017, 2014; SuasBertoa et al., 2014, 2017)n contrast, other studies have

suggested that vehicle emissions are relatively unimportant for urban regions and instead have found evidence for significar
55 local and transported emissions due to temperatependent volatilization sourc@idu et al., 2014; Yao et al., 2013; Nowak

et al., 2006) Recent satellite observations, takinyatage of the COVIEL9 lockdown period, have for the first time

confirmed vehicle emissions as a significant localized source afiNtn urban regiorfCao et al., 2021) However,
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guantifying the contribution dbcal urban NHemissions to the urban background is complex as it is coupled to meteorological
parameters that influence Nidnd particulate ammonium (pNH partitioning, mixing/dispersion of local emissions, and

contributions via longange transport ém agricultural regionéMeng et al., 2011; Walker et al., 2004)

The nitrogen stabl'N(ida9 o' RanpI(WRereend-bPpl00S, iwherdeRrs the datio ofSN/*“N, and

air isthe N isotopic reference) may be a useful chemical fingerprinting tool to track source contributions and validate model
apportionments of urban NHFelix et al., 2017, 2013) I ndeed, numer oWsf NestandgpNHEfor hav e
source apportionmeiie.g.,Felix et al., 2017; Pan et al., P& Berner and Felix, 2020; Liu et al., 2018; Pan et al., 2018; Wu

et al., 2019; Bhattarai et al., 2020; Xiao et al., 2020; Zhang et al.,,2021)a ki ng advant age ™™f t h
signatures of agricultural Nd¢missions relative to fossil fleombustion(Felix et al., 2013; Chang et al., 2016 this study,

we have characterized the seasonal ambient (NHs + pNHs") source contributions using concentration and isotope
measurements at an urban site in Providence, RI, US, using laberatdigd and fieldtested collection techniques shown

to quantitatively collectNKHf or a c ¢ u r a 5 charactdrization@Velters and Hastings, 2018; Walters et al., 2019)

The study site is a midized coastal city located withthe northeastern US megapolis. This is an important region to monitor
because the northeastern US wintertime air quality has not improved as much as expected, despite aggressive reductions
precursor emissions in recent decafi&sah et al., 2018) We have r ec e nN(NHs) foomm arban wehicder i z e
pl umes, which has indicated?N hsiisg nsactuurrcee otfo 6h.a6vie2 salréesnci ognup
thattendtohae n e ¢°N values(@/altérs et al., 2020)Here we aim to quantify the importance of vehicle;Mhissions

at our wurban site. O N measuredents af spactated Nl iNeéweEsglandaandtcen&ibutes to s t
our understandin@f seasonal urban Ntsource apportionmeimt an environment thagarticulate nitrate (pN¢) formation

is commonly NH-limited (Park et al., 2004)



80 2. Materials, Methods, and Datasets
2.1 Collection of NHx and Associated Gases and Particles

Simultaneous collections of reactive gases and fiure conducted using a series of coated glass honeycomb denuders and
a downstream filter pack housed in ae@fComb Speciation Cartridge. This sampling system has been extensively evaluated
for its ability to speciate between inorganic gases and particulate matter for offline concentration detertKimatiiakis et

85 al., 1993, 1988 Additionally, this system i s “M(NH)u i ardpNHE)withe c h n i
a precision of x@a and+0.9a ( 1,GespectivelyfWalters and Hastings, 2018; Walters et al., 201Briefly, the sampler
consisted of a PTFEoated inlet taninimize reactive gas loss, a PMimpactor plate, a basiwoated honeycomb denuder
(2% carbonate (w/v) + 1% glycerol (w/v) in 80:20 wateethanol (v/v) solution) to colleetcidic gases including nitric acid
(HNOs) andsulfur dioxide §0;), an acidcoaed denuder (2% citric acid (w/v) + 1% glycerol (w/v) in 20:80 watethanol

90 (v/v) solution) to collect Ni| and a filter pack consisting of a Nylon and 5% (w/v) citric amdted cellulose filter for the
collection of pNH*. All denuder and filter pparation, handling, and extraction techniques have been previously described
(Walters and Hastings, 2018; Walters et al., 20IB)e samplers were held vertically to limit the potentaldravitational
settling of particles on the denuder surfaces and were housed in a-tuskoweathefprotected container. Ambient air was
sampled at a flow rate of 10 liters per minute. Collections were conducted for 24 h (15:00 to 15:00 thegfalfoyin

95 approximately twice per week in Providence, RI, US (41.83 °N, 71.40 °W) on the rooftop of a building from February 6, 2018,
to February 1, 2019 (Figure 1). The study locatioa midsized coastal city within New England, with an approximate
popuhtion of 180,000 and population density of 3,800 pet. Kithe monitoring location i® an urbaAmixed use region that
includes commercial buildings, residential buildings, highways, and industry with some clegroMtsources such as
vehicles, residdial heating, sewage, and industrial emission.

100

22Concent r a’™(NHgP Isaopid Analysis

The concentrations of the denuder and filter extraction solutions were analyzed using colorimetry and ion chromatography
analytical techniques. The colosnic analysis included measurements of jNHising the indophenol blue method (i.e.,

US EPA Method 350.1) and [NQ via diazotization with sulfanilamiddihydrochloride (i.e., US EPA Method 353.2) that

105 was automated by a discrete Yk spectrophotometer (Westco SmartChem). Anion concentrations that incluggldNfad

], and [SQ?] were analyzed using ion chromatography (Dionex DX500). The limi¢tefation (LOD) of was approximately

0. 5 te'Yfoo [NHs] and [NO] and L2 forg@hlp [NO3], and [SQ?]. The relative standard deviations for all
guantified ions were less than 5%. Laboratory blanks of denuder and filter samples weregllgriadien, representing
approximately 10% of the collected samples. The blanks were below our LOD, except]fitvaiCiad a large and variable

110 blank for both the carbonate denuder and Nylon filter, such that this data was not reported in this work.
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The det er N aithetNHGmhe denudér and filter extracts was conducted using a chemical technique that converts
NH4* to NGO, using an alkaline hypobromite solution and reducing the generatedd\N®O using sodium azide in an acetic

acid buffer solution(Zhang et al., 2007) The generated & was purified and concentrated using an automated extraction
system coupled to a conti nuous “fdeemwindticnadpeyossly@esdriiigdaltekéa s s ¢
and Hastings, 2018) In each sample batch, unknowns were calibrated to two internatioratignized N isotopic
reference materials, IAEAN2 and USGSN2 5 ,al wietsh o8 0 2 @Bahkeiet ah,1393; Bohlke and Coplen,

1993) respectively.Anin-house N qu al i t y®™=oh.t5 &) 4 ndefence ma@rial with known isotope
composition(RSIL-N10219 (N = 2 . (BoklRe et al., 2007vere also run intermittently as quality control to monitor the

conversion of NG to ;O and system stability acr NMNH/YwemperformedChyr r e c
accounting forisobarc i nf l uences, blank effects, and cal i®™MNH&Y)i ng
standards. The correction scheme r BNND)t eadn d nt EN(NEtYem daagr

values of 0.501 + 0.024 near the theoretical line of 0.500 for the azide/acetic acid reductionArethgabt al., 2007; Mcllvin

and Altabet, 2005) The pooled standard deviations of the isotop
NO. 54l 4()n= and N1. 3a-NR nSAS’5) irhouseoNiH*, dnd\ ESA=N10219, respectively. Due to the
numerous steps and potential interferences associated with the employed chemical conversion technique, we established t
following quality assurance ceitia for our sample unknowns: (1) [N g r e at e rilLttohcanmbat fhe signifadnt
alkaline hypobromite reagent blank, (2) [MWIINH 4] ratio less than 5% since NGs an interferent, and (3) quantitative yield

of NH4* to NO; conversion (i.ei ncompl et e conver si on'Nvractiohation) Tdesel criteria wewen d e s
met for 90 out of 97 NElsamples and 60 out of 97 phitsamples. The 7 rejected Neamples were because of criterion 3,
while the rejected N samples included 18 from criterion 1, 8 from criterion 2, and 11 from criterion 3. The presence of
significant amounts of [N&] was found exclusively on the Nylon filters, which likely refléw influence of N@collection

as previously demonstratéBerrino et al., 1988) Replicate measurements of sample unknowns across batch analyses was

conducted for approximately 1066f s ampl es and had an average deviation o

2.3 Ancillary Datasets

Annual emission data of Nfat the county level was accessed from the US EPA National Emission Inventory 201)NEI

and chemically speciated gridded hourly Mdhission datavas generated using the Sparse Matrix Operator Kerner Emissions
(SMOKE) modekBaek and Seppanen, 202The SMKE processor was initialized using the NE)14 emissionsiodeling

platform (EMP) version 7.1, as this was the most recently available NEI at the time of the analysis. The model output was
binned by month Ancillary meteorological parameters were accdsgem the Rhode Island Department of Health air
monitoring and Chemical Speciation Network (CSN) monitoring station at East Providence (Figure 1).eiRatzcessed

from colocated Ammonia Monitoring Network (AMoN) and Clean Air Status and Trends Net({@ASTNET) stations

5
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located within New England (US EPA Region 1) fdiHs] and[pNH4'], respectively. These sites included Abington, CT
(41.84°N, 72.03W), Underhill, VT (44.53°N, 72.8%V), Woodstock, NH (44.53°N, 72.8%), and Ashland, ME (46.60°N,
68.41°W) (Figure 1). Archived back trajectories and boundary layer heights were computed using the NOAA Air Resource
Lab HYSPLIT mode(Stein etl., 2015) 72h back trajectories were calculated arriving at Providence, Rl (I, 73.43W)

using the NAM 12 km meteorology initiated at the end of each sampling period. Atmosphghad\ilifetime typically on

the order of 2.1 day@aulot et al., 2016such that the chosen trajectory time should account for the potential etloge
transport of NHto the sampling site. A new back trajectory was calculated every 3 h for a max of 8 trajectoriesassitgmp

the 24 h sampling period at 100 m above ground level.

2.4 Statistical Analyses

Geospatial statistical analysis that included bivariate wind direction and wind speed polar plots arajeéxoky clustering
was conducted using tifeo paeinr 6 pr o gr a m (GaralanvkaadgRepkinss2012)gpocaRNH: source identification
was estimated using the conditional bivariate probability function (CBPF) analysis that provides a conditional problability fi
for high concentrations dependent on wind speed and diretioa-Tellaetxe and Carslaw, 2014l is defined aghe

following (Eq. 1)

66079 — 21— ; (Eq. 1)
where g, s t he number of samples in the wind sector od wit
athreshold value x,g%, ips t he t ot al number of s amplThethréshold values werensetn d

as the top 25% concentration for these analy3émse bivariate polar plots show how a concentration of species varies with
wind speed and direction in polar coordinates amiseful in characterizing emission sour¢€arslaw and Ropkins, 2012;
Carslaw et al., 2006; Tomlin et al., 2009; Zhou et al., 202@)ditionally, source locations that contribute to leagge NH

transport were evaluated using the potential source contribution function (PSCF). This analysis combines atmospheric
concentrations with air massajectories and usegsidence time infonation to identify air parcels that contribute to high
concentrations at a receptor gféeming et al., 2012; Pekney et al., 2006; Begum et al., 200 PSCF calculation indicates

the probability that a source is located at latituded longitudg and is calculated as the following (Eq. 2):
0 "Y$ "O— (Eq. 2)
where 1) is the number of times that the trajectories pass through the cell (i,j) iaisdtine number of times that a source

concentration was high when the trajectories passed through the cell (i,j), and the criterion for deterpirsiaglefined as
the 90" percentile(Carslaw and Ropkins, 2012)
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3. Results and Discussion
3.1Urban NH3s and pNH4" Temporal Concentrations

The urban NHand pNH* were monitored under a range of meteorological conditions (Figure 2). The annuyptdNgtd
from 0. 2343wiot h2.a 4meagn no f 3 (=978 and [¥M0L] 5 1r 7a negge/dm f r o m S3@uithtal 9 t
mean of 0. 43@=687 Th2 BH, paditpring between gas and partiglease was quantified as fNKFNH3 =
[NH3]mol/([NH3]moi + [PNH4*]mol) and ranged from 0.307 to 0.972 with an average of 0.688+0.141 (n=97). A strong seasonal
pattern vas observed for both [NdHand fNHs with the highest values observed during warmer periods. No significant
seasonal pattern was observed for [pNHhat remained relatively consistent throughout each season and characterized by
frequent spike events ioold and warm monthsncluding near July & corresponding to a period of significant firework
activity.

The [NH;] and fNH; were positively correlated with temperature (r = 0.66; p<0.01 & r = 0.51; p<0.01; Figure S1). This
relationship wagonsistent with previous observations in rural and urban locations that suggestgtb[N&linfluenced by
temperaturalependent volatilization (e.g., agriculture, vegetation, sewage, and waste) and evaporation froolatémi
NH4NO; particles(Wang et al., 2015; Hu et al.,, 2014; Yao et al., 2013w&loet al., 2006; Yao and Zhang, 2016)
Additionally, [NHs] was negatively correlated with wind speed (f042; p < 0.01) and mixing height (r-6.52; p<0.01)
indicating the importance of dilution and vertical height to reaface [NH]. The meaured [pNH*] were not significantly
correlated with any meteorological parameter (Figure S1). Instead, the annual and $paBtiipivas closely associated
with [pNOs] (r=0.69; p<0.01) andpSQ?] (r=0.63; p<0.01). This finding is expected due te tiole that NH has in
neutralizing atmospheric nitric acid and sulfuric acid, leading to pMNidrosols in the form of NMOs, NHsHSQ,, and
NH4SOy.

3.2 Comparison of Urban NHs and pNH4* to Regional Observations

The measured urban [NHand [pNH,*] data fromProvidence, RI, USverecompared with th@earby regional observations
from AMoN/CASTNET sites within New Englan@Figure 1 & Figure 3). Overallhe annual average [NHn Providence,

RI, wassignificantly greater (p<0.05) than thegionalNew England AMoN sitesThis findingwasgenerallyconsistent with

the NEF14 estimatefor New Englandwhichtends to show that annual NEmission derifeswerehighest for regions near
urban locations (Figure 1YNH3] grouped by season indicatgubtle differences in the seasonal profiles at the varying New
England sitegFigure 3A) [NHs] at Providence, RWas statistically higher (p<0.05) during winter andumn than the New
England AMoN sites and higher than all sites excepAfiington, CT,during summer. During spring, [NHat Providence,

RI, was not statistically different from any of the New England AMoN sites, which typically exhibited a spantiHs]

peak that likely reflects the influence and timingetilizer application(Felix et al., 2017) We note that there can be large

7
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heterogeneity in urban [Ng§ however,the Providence, Rmonitoring site was specifically chosen since it was away from
any direct emission sources aata raised elevation. Théffdrence in our measuregdNHs] and reported by AMoN are
unlikely to be explained by differences in sampling methodolo@g¥e have recently demonstrated that our active denuder
sampling technique resulted in Nebncentrations within-5% of that determined from simultaneous deployed passive NH
collection techniques, which are utilized at AMoN si(@galters et al., 2020) This result was consistent with previous

comparisons between active and passive d#tinpling technigus(Zhou et al., 2019%uchalski et al., 2015)

The annual average [pNH at theProvidence, Réite was also found to be significantly higher than the regional CASTNET
sites(p<0.05;Fig. 3B). However, waen broken down by seasoheProvidence, Rsitehassignificantly higher [pNH*] than

all theregional CASTNET sitesnly during autumr(p <0.05) During the winteland summertheProvidence, Rsite did not
have significantly higher [pNH] than any of the CASTNET sites. During the spring, [pNMas hgher inProvidence, RI
than the two most remote regional CASTNET sites, including Ashland, ME, and Woodstockp<OH)5) but not
significantly different from the Abington, CT or Underhill, VT sitel.is important to note that ethodology differencem
the collection of pNH" could havesignificantly influencedthe [pNH:*] annual differences and seasonal patter@sir
collectionmethod (Nylon filter + acigcoated filter) should lead to tlygiantitativecollection of pNH* (Walters et al., 2019;
Yu et al., 2006)In contrastpNH4* collections athe CASTNET sites utiliz€TFE filteis which could be biasddw due to
the potential for significantbss of seni-volatile NHiNOs (Ashbaugh and Eldred, 2004; Yu et al., 200%he potential for
NH4NO; volatilization should be more significant for warmer temperat(@atbaugh and Eldred, 2004; Yu et al., 2005)
However, we did not observe a significant differencelimmepNH.*] between th&rovidence, RI, and regional CASTNET

sites Thus, he influence of sampling methodologies on the spatiotemporal {)igetterns remamdifficult to quantify.

Localized NH emissions likely play an important role in contributing to the observed elewsbesh [NH] and the
spatiotemporal patterns across New England (Figure Bhe NEF14 emission profiles at the AMoN sites indicated that
agricultural activities drive theeasonal NH emissions, while neagricultural sources, including stationary fuel combustion
(electricity generating units and residential heating) and vehicles, were important during winter but their relativéicostribu
significantly decreaskduring wamer periods.In contrast, the annu&lHs emissionin Providence, Rl were dominated by
fuel combustion emissions. The total Néission density in Providence, Rl had less seas@melbility than the regional
AMON/CASTNET locations despite a potentisasonal change in emissions with reldyiveigh contributions from
residential heating (i.e., oil, gas, wood combustion) during winter compared with suWmaote that natural gas and oil
stationary fuel combustion, which is predicted to be the maigé¥itission source at our urban study site as well as in other
major urban areas in regions with a large heating der(i@mou et al., 2019)has a highly uncertain NHemission factor
established from limited studies conducted before 1BRZio and Arand, 1976; Cass et al., 1982¢dditionally, it has been
recently pointed out that vehicle Nidmission, andter major source of urban NHmight be underpredicted by at least a
factor of 2 in the NE[Sun et al., 2017; Fenn et al., 2018)
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3.3Ur b a¥N oftUrban NHx

Me a s ur e meNmttthePraviflenag, Rmonitoring site were utilizetb enhance understanding of source contitns to
urban NR. The MeNH)uUanged fromr21.4t0-20a wi t h  an -189%50a a g98)~aonfdN(iNH,")
ranged from74t01758 wi t h a meé&& n( 6®)4Figude’5)9 Thé measured!™>N data was binned by season that
included winter (Dec, Jan, Feb), spring (Mar, Apr, May), summer (Jun, Jul, Aug), and autumn (Sep, Odt, N&N(8H3)
was statistically higher during spring/(. 6 N 3n=2A. &10 )chmpared to the other seasons (summdr3 . 9 N 4=21 &
autumn =1 3 . 1 N &=2n winter =-1 3 . 4 N 5=1@px0.05). T h éN(fNH,") also indicated significant seasonality

with | ower values dounrl&py commared Ot dNAdEOdammd( WwishNer8y 9.

(p<0.05). However, gringtimet ®N(pNH,*) (4 . 1nN1B).wasinot statistically different from any season.

T h €°N &f atmospheric Nkland pNH* reflects a combination of source effects from different;dhhission sourceand
isotopic equilibrium between NHand pNH* that has been shown to have a large influence on setting the N isotopic
distribution between these molecu(®@galters et al., 2018;&vard et al., 2017; Kawashima and Ono, 2018¢leed, lte annual
iN(pNHs)  was st at i s t™N@dNHs) (p<9.01)réflecting the contributionsifrom the nitrogisotopeexchange
reactions between NyHand NH*, which tends tee | e v a t™&l(pNHH)eelative tot >N(NHs) (Walters et al., 2018;
Kawashima and Ono, 2019; Urey, 1947)The isotope difference or isotope enrichmeauttdr {*Chnna+mnz) between
115N (pNH4*) andt *>N(NH3) was calculated as the following (Eq. 3):

<] - 7 17 0R6O0 17 00O (Eq.3)
The™Npangedfrom0 . 1 t o 34. 13& ana (n=b6)mgae)eTiherelwas a6tNr70. n8g s paiterm a |
with higher val ues dfNwaswgaklgcorteldtedrwithptempearatude s ;0.55 m <D.01dpig. S1),
suggesting that these values were difficult to predith e o b s €N wasdsignificantly lower thanhe expected
temperaturalependent theoretical isotopic equilibrium values betweesadHliNH*of 3 5 N3 & a(Waltér§et dl,2018)
and pr evi'dNwisserfatioegSadardeptial., 2017ndicating that incomplete isotopic equilibrium betweensHd
pNH4* was achieveat the study siteThi s result has i mpor €M sotrce appgtionmerd studiesn s
of NHs; and pNH*, which commonly utilize an assumed and theordticedlculated phasdependent fractionatiote.g.,
Zhang et al., 2021; Pan et al., 2016; Gu et al., 2022a, b; Berner and Felix, 20@6%ential explanation for the observed
incomplete isotopic equilibrium would be that Iazetl NHz; emissions perturbed the isotopic equilibrium between &t
pNHs* which may take tens of minutes to several hours to be achigiet et al., 1993) Indeed, previously laboratory
dynamic flow chamber experiments have demonstrated that fresteMiii s si ons t e i°N values below the | t
theoretically predicted valugKawashima and Ono, 2019)Additionally, there maye other contributing isotope effects

between NHand pNH* such as the hypothesized kinetic is@adfect associated with NHliffusion to an aerosol surface

q
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| eadi ng £9%(pN&al.") | ovvad ru el c BNti\Hg (Pandet al., 2016)T h e o b s BN seasahalitgpiemains

difficult to explain Still,

we speculate that it mdye related to higher localized emissions ofsNidring warmer periodthat

perturb the NH/pNH," isotopeequilibrium and/or sesbnal changes in PM chemical compositi¢Ran et al., 2016such as

higher NHINO3 during colder months

To account for the complex phadee p e nd e'Nc ev aani abi | i t i'EH,) ascerding &olthe followirtg ¢Ed.

4):

1 0

60 "0 1 G060 p BO | 00O (Eq.4)

The anNiE) ranged from-17. 4 to 6. 346 abl4.av®er@u=56) (Figure

seasonality with lower values during summed ( 0 N 4 n=28} compared to winter3 . 4 N 5n=B3} and spring-

3. 8N3n=3130) .

TINENHA (86t. W2 iidn=tiB)avas not significantly different from any seas®het 1°N(NH,)

u

5) .

is independent of the phasé®N fractionation, such that ishould be a robust tracer reflecting the integrated source

contributionsand physical processinijom locally emittedand transported Nkl and pNH*. Therefore, h e SN{NH;)

observations would suggest a seasonal change in sources @fithHhcreased relative emissions from a source with a high

UWN(NHz) v al u

emi ssions

importance bvehicle emissions to NHn Providence, RI malgaveincreasdd ur i ng col der s e'@WNfNbh s .

e during the col der pe '>N@ldssvalue fduringisummtmerr Vehiced
h a ¥N{NHg n vall anvea to¢ivhlté&s et &A.22020:aSong et al., 2024)ch that the relative

decrease during summand increase in [NH might suggest increased emissions from temperakependent emission

sources with a relatively lo@>N(NHs) signaturesuch as volatilizatiofFelix et al., 2013; Freyer, 1978; Heaton, 1987; Chang

et al., 2016; Hristov et al., 20Q9) Ther e wENNH,) eafiationswithinaeach asonivhich may be related to

wind direction shifts and varying contributions from local urbarsEhission sources and lomgnge transport of NH

The physical processing of Niould have also played an importantrale it h e  o'tNENely) seasdnal trends. The

enrichment factor associated with détty deposition has not been measured dire&ii, it has been suggested to be low (~

4a) b as elysiaalprodedsiegt NHsin a vehicle tunng]Walters et al., 2020) Thisresultwould suggest that as NH

undergoes

dry de p'™NEIH3 in the atmosphese beconmes slightfy depleted as the heaMidg is

preferentially deposited. The increased temperatures durinmeuand autumn would have increased the amount of dry

deposited NH that revolatilized into the atmospheréBehera et al., 2013) NHz volatilization has been shown to have a

significant fractionation effect leading to the emission otNepleted int®N (Hristov et al., 2009; Frank et al., 2004urther

work is needed to rizfe our understanding of Ntbidirectional exchange andsit mp a c¢ *N; lwowevel, we expect this

processvouldh a v e

NHs volatilization

cont r i BN(NHg daluésaurihdloewarmer pieriods due to increasemhperaturalependent
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3.4 Identifying Urban Local Sources of NH

Wind data and bivariate plot statistical analysis were utilized to investigate local and transported sources of,urbitue NH

local wind data indicated a clear shift in wind direction and speed from generally faster winds from the west/northygest durin
winter to slower winds from the south/southeast and northeast during summer #HigWénd direction and wind speed

polar bivariate CBPF plots of [NdHand [pNH,*] indicated relative high probability under conditions of low wind speeds (i.e.,

< 2 m/s) for all seasons, suggesting the importance of local emitteddlirtes and pNFiformation. These elevated CBPF
probabilties were also associated with winds from the southeast to west, the directi@®@fihd 195, major interstate

hi ghways, and industr i alN@iluwaluesvthine&ch spasonaverd gbserved Withevinds fragnh e ¢
these directiond, mpl i cating the i mportance of ¥NWMNHy)c|sei genmtsusrieo nosf,
compared to other NHs our ces t hatsN(MH)n dv atlou ensavbee llow 04a, i n®NNHdi ng
emissiongWalters et al., 2020)

Additionally, high CPF probabilities for both [NdHand [pNH;"] were observed during the warmer seasons of summer and
autumn from moderate winds-&m/s) from the northeast and west. This result may implicate local tempeatepgedent

NHs emission sources such sswagedines, trash cans, soil emissions from green spaces, and regional trgHspettal.,

2014; Sutton et al., 2000; Pandolfi & 2012; Reche et al., 2012; Meng et al., 2011; Galdn Madruga et al., 2018; Zhou et al.,
2019) These winds wer e as s otN(NHL), eahsistent tvith volatilizatioh @ntributiens with & low U
i*>N(NHs) emission signature betwees6.1t0-1 0. 34 based on | ivest o(bldatonyid87t Feeyea nd f
1978;Felix et al., 2013; Chang et al., 2016) ow CPF probabilities for both [NgHand [pNH:*] were generally associated

with high wind speeds (i.e., > 4 m/s), reflecting the dilution of these pollutants and strong background mixing. Amexceptio
to thistrend was observed for [pNH during the winter, ith elevated CPF probabilities with high wind speeds indicating the
importance oflong ange transport. I nt er est i ¥N§NHy) fromtthis evinceprofilea sith a s e
high values during the cold seasons and low values during summer, suggesting that the backgrobad MNkyer

contributions from vehicle emissions and volatilization during the cold and warm seasons, respectively.

3.5 Role of LongRange Transport as a Source of Urban Nk

Air mass back trajectories and PSCF analysis were utilized to identify source locations of transparseul [WNH* to
Providence, RI. The clustered seasonal air mass back trajectories indicatethdtghgeasonal air mass origivith winds
originating from the north and west during winter with higher contributions of air masses derived from the south and along th
coast during summer (Figu&. During summer and autumn, potentially significantddidd pNH* source regions originated

over the midAtlantic, midwestern US, Atlantic coast, southeastern US, southeastern Ontario, and southeastern Quebec. Thes

regions have significant agriculturedlated NH emissionssuch as fertilizer applicatigivestock waste, andignificant
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urban and industriactivites. Tr ansport from these regi on'$N(NHgvaldes @e;15d0 hav e
-5a ), consistent with transport of volatilizexriculturalNH; emissions that favor the release of isotopically litfitHs
(Heaton, 1987; Freyer, 197Bglix et al., 2013; Chang et al., 2018)d available industrial emissionsth a reportedow
115N(NH3) valuesof -2 0 . 1 a afsteeb factoryHeaton, 1987) We alsonote that NH deposition and reolatilization

during transport oAny NH; emission source may also lead to significant isotope fractionation gis Mehsported downwind.
Because Nkivolatilization has been shown to lead to the initial release afdédleted irt°N, it is reasonable to assume that

this longrange trasported NHwo ul d c o n t*¥N{Nbl3d Frank bt alw 2004; Hristov etl., 2009) Thus, low
i>N(NH3) values from the identified important contribution regions during the warmer seasons may also reflect the
bidirectional exchange of NHas it is longrange transported downwind from agricultural, urbanized, and indi=gdal
regions. Availablegroundbased monitoring data indicates tentified sourceegions tend to have elevated ambient §NH

and [pNH*], consistent with these regions as potentiakidHd pNH* source contributors to Providence, RI (Figu®.S
Additionally, the Atlantic coast may represent contributions from oceasflNkiexpected to increase during warmer periods
(Paulotetal.,,2015) whi ch has been ¥Nwaugsliskelleetalt2003have | ow U

Elevated PSCF probabilities were identified for [pNHluring the winter from the midtlantic and Midwestern US, which

is consistent with available [pN# groundbased observations that tend to peak during this period due to ambient conditions
tha favor the formation of NeNOs (Figure ) . This transport regi on®™N(NHyvhieaes t o |
(e.g.,-5 to @& ) from the Midwestern US and relatively low mean from the-Mithntic (~10a ) Across the US, [Ng was

lowest during winter due to decreased agricultural activities (Fig@e Sndeed, the NEL4 indicates that the relative
importance of nomagriculturalNHs our ces increases duri ng wPNINHQ valudsBerigngr e 4
fromthe Midwst may refl ect the regional ¥IN{NHspwaltesuck as vehitles and/arr ¢ e
fuelkc omb ust i on. N(NHowalaes denvedsfrom the miéitlantic may suggest that agricultural emissions such

as animal housing remaim amportant wintertime Nksource contributor to Providence, RI. Additionally, there could be
contributions fronstationaryf uel combust i on N(NHg)isigriatare af14.68 to-l & p Gélix et al., 2013)

and contributions from upwind volatilized Nlidmissions from Canada.

3.6 Urban NHx Source Apportionment

The NH source contributions at Providence, RI, including local and transported emissions, were quantified using SIMMR
(Parnell et al., 2010) The model was i nYiN(NHxvalees and assumigg vehitles, vaolatibzatian; e d
stationaryfuel combustior{i.e., residential fuel combustiomdustrial fuel combustion, energy generating upasgindustry

were the main sources, as evidenced by the local wind direction and back trajectory analysis and Zhgrétfittions. We

acknowledge that there are additional miscellaneoussdttces in an urban environment, including pets, household psoduct
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humansand wood combustio@Ampollini et al., 2019; Sutton et al., 2000; Li et al., 202®)wever, we assumed that these

sources were negligible compared to the main identified emission sources.

The source apportionment results aresehs ve t o t he number of ¢ o'fNENHH emissicch s o u
signatures, and u FPMN(NHg) temission source sighdiuees were pdeliberatély chosen from sampling
methodologies that have utilized active sampéipgroaches, as it has been velcumented from several studies that passive
sampl er s INENSI bias and coulcabe tnreliablBan et al., 2020; Kawashima et al., 2021; Walters et al., 2020)
Fertilization application is a significant source of N#issions globally and within the US. However, fertilizer application
represents a small component of the overall agriculaurgssions at our site (~1.8%) and within our region (7.1%; US EPA
Region 1) based on the NE#. Further, fertilizatiosrelated NH emissions tend to peak during spring; however, we neither
identified any significant Nilong-range transportregionnorb s er ved a r e PN(NHy) duging dpeirgrwhichs e i
woul d be consistent with a SN{NHy emissiendaignhtaray THus, fettilizer applieation v o |

was notdirectly considered in our source apportionmerddelbutlumped into the considered volatilization category.

The input source values for vehiclsgtionaryfuel combustion/industty and v ol ati |l i zat i(datersver e
et al, 2020) -1 5 . 3 N@eafoid 1987; Freyer, 1978nd-1 9 . 2 N@rey@ri1978; Heaton, 1987; Hristov et al., 2009;
Frank et al., 2004)Stationary fiel combustina n d i neN(N$4) emyssidn signatusaveregrouped due ttheir similar

values (Text S1). The v ol a #N(NHs)zemissioo mignalfure represents integrated volatilization measurements
conducted in animal she(lsreyer, 1978; Heaton, 198 And measurements that include monitoring volatilization as a function
of ti me, whi ch NN variakilisy (Hesto\genal.,f2008; &rank et dl., 2004 he volatilizationcategory
represergdwaste volatization from agricultural activities and urbaources (i.e., sewer, trash, green spagesiransported

NHs that has revolatilizedto the atmospheneecause oNHs bidirectional exchangeFurther details on our rationale for the

c hosen % galuesare pravided in the Supporting Information (Text S1).

The mixing model predicts ¢h relative fractional contributionsof vehicles, volatilization, and stationary fuel
combustiorindustry emissions of me a mM&gt35%, 26.3:12.3%, and 26.914.4% to the annual Nk background in
Providence, RI(Figure 9A). The relative contribution of vehicle emissions had a strong seasonal profile with higher
contributions during the colder seasonsairiter (56.4+7.6%) and spring (55.4t5.8%) compared to thevarmer seasons of
summer (34.1+5.5%) and autumn 45.45.5%). The relative contribution for volatilization andtationary fuel
combustiorindustry waspredicted to peak during summer with mean8b7+15.4% and34.2£18.2%, compared to winter

with means 020.9+10.3%,22.6:12.1%, respectively The annual and seasonal massghted contributiosof the considered
sources were calculatedilizing the NH concentrationgFigure 9B). Overall, vehicles tended to be a consistentceof

urban NH with contributions of 35.2+2.6, 33.3+3.5, 32.8+5.3, 35.2+4.3, and 35.4+4.8 nhfol/the annual, spring, summer,

autumn, and winter, respectivelf.he masaveighted contributins for both volatilization and fuel combustifoilow their
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relative fractional profiles wittsignificant seasonal patterthat pealed during summer compared to winter, respectively.
405 Based on the NE14, wind direction, and lorgange transport analyqisigures 47, & 8), we suspect theelative contribution

of vehicle emissions diminished during summer due to the increased importance of templefgackent NElvolatilization

emissions increased energy consumption due to coolieghands, and/or change in transport over ihgandustrialized

regions such aseavily urbanized Toronto and the East Coast shorelihe exact NHvolatilization source remains unctea

However, here was evidence of significant contributions frtmwal urban volatilization (i.e., sewage, waste, urban green

410 spaces) and lonrange transpoiftom regional agriculturalegionsand over the ocean

The source apportionment results were compared witpréticted NH emissions from the NEL4. We acknowledge that
this comparison may not yield quantitative results because thd Nfwhs at a countrlevel resolutionand our single study
site may not represent all the cowdyel NHs emissionpredictiors; however, tis conparisonmay yield aqualitative
415 understandingn the uncertainties of urban NH Overall, theseasonallyconsistenimassweighted contributiorof vehicle
emissiondrom the mixing modesource apportionment resuli&s consistent with the NE1L4 that predicts nearly uniform
vehicle emissions throughout the yéigure4). However the NEFL4 predicts a mucklightly lowercontribution of annual
vehicle emissions in our study locatioh31.9%compared to our mixing model resul#6(8:3.5%). Our mixing model
source apportionment results indicateslatively low fractionahnd massveightedcontribution forstationary fuel combustion
420 for winter. In contrasthe NEF14 indicaed that residential fuel (natural gas and oil) combustion was the largest emission
source of NHat our study sitehe rural CASTNETites and other citieduring periods osignificant heating demang2&hou
et al., 2019) While we acknowledge that tistationaryf u e | c o riPN(NHs)temission signatures wevacertain, the
mixing model and seasonal [NHesults would suggest that residential \#tnissions were overpredicted in the NE|
while vehicle emissions may be underpredictddhus, vehicle and fuel combustiemission factors may need to be reedit

425 to more accurately model urban [MHand predict its human and ecological impacts

4. Conclusion

Elevated urban NHconcentrations were observed in Providenceré&ttive to regional background monitoring stations in
New England. “NWHYi sgogumaceaelapipor t i o'IN(NEL suggesetsativehicles repteseht anz i n
important source of urban NHith strong seasonal variability h€ relative contribution of vehicle emissions was highest

430 during winter/spring, which is significafiecause Nklemissions may contribute to the elevated,Bbbserved during this
time in the eastern U$Shah et al., 2018) Reductions in vehicle ammonia emissions may represent a promising way to
mitigate the adverse impacts of elevated urbarn bithcentrations and yield positive benefits for ecosgstand human
health. However, vehicle Nf¢missiongesult fromthe technology used to combat vehicled@d CO emissions. Decreasing

vehicle NH emissions may not be achievable until vehicle fleet electrificattxpanding national observational netk®to
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include urban measurements of [flH a HNGNHJj are needed to monitor urban trends and design future regulatary NH

fossilfuel-related emission reductions.

This work demonstrated that nitrogen isotopic analysis allows for further refinement of our understanding and quantification
of urban NH sources, laying the foundation for future source apportionment studies. Utilizing a lab@eibeg collection

method suitable for Nklspeciation and isotope analysis was critical for accurate source apportionment due to the observed
complex phasel e p e n d°d isdtopelifractionation between NHand pNH*. Future studies should improve our
understanding of the drivebehind NHand pNH* p h a &N\ fragtionation, including controlled chamber studies and field
observations, which may also provide important insights into controls afpNH4* gas to particleohase conversion. Still,

this work highlights the need to prr o v e!*N¢Nitlg) emission source values, particularly for our volatilization, industry,

andfuel combustion sources, to enhance the quality of the source apportionment results.
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Figure 1. Overview of the sampling location in Providence, RI, USA (red diamond) locatedithin New England (A) with the
Ammonia Monitoring Network (AMoN)/Clean Air Status and Trends Network CASTNET; blue triangle), Chemical Speciation
Network (CSN; black circle), CASTNET only (black square)monitoring locations indicated The countiesin A are color-coded for
NEI-14 NHz emission densities. The zoomeid map of Providence, RI, US is shown i with the sample sitdocation (red diamond),
the nearby CSN locationwith reported meteorology data(black circle) in East Providence, RI, USA, andhe NH3s point emission
sourcesfrom the NEI (orange circles; sizecoded to annual NH emission) indicated. Image B) was created usingGoogle Maps
(Map data ©2019 Googlg
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Figure 2. Time series plots of the measured NHtlata including (A) [NH3], (B) [pNH4*], and (C) fNHz and the reported meteorology
data including (C) temperature (Temp), relative humidity (RH), and wind speed (VW) from Feb 2018i Feb 2019 in Providence, RI,
US. The light data points refer to the 24 integrated samples (A, B, C) or 24 averaged meteorology data (D, E, Fand the dark

lines represent approximate 2veek moving averages.
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Figure 3. Box and whiskers plos that summarize the annualand seasona(A) [NH3] and (B) [pNH4*] distribution s (lower extreme,
lower quartile, median, upper quartile, and upper extreme) with the mean dpen triangle) and outlier (black asterisk) at the
Providence, Rl (PVD) site and the New England AMoNCASTNET sites including Abington, CT (CT), Underhill, VT (VT),
710 Woodstock, NH (NH), and Ashland, ME (ME). Similar lowercase letters in the box and whiskers plots represent categories with
statistically similar values.
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Figure 7. Overview of (A) windrose plots and polar bivariate (wind direction and wind speed) plots of theconditional bivariate
probability function (CBPF) for (B) [NH3] and (C) [pNH4*], and (D) meani*>N(NHy) in Providence, RI, sorted byseason.
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