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Abstract

Intensive measurements of gaseous and aerosokespeere made at a suburban site
near Fort Worth in June 2011. Inorganic aerosahmanents of submicron particles (PM
were dominated by sulfate (30 (1.25 + 0.66ug m°), followed by ammonium (NK) (0.44
+ 0.24pg m®) and nitrate (N@) (0.12 + 0.11ug m°). Data regarding gas-phase ammonia
(NH3) and acidic trace gases such as nitric acid (fN@d hydrochloric acid (HCI) were
collected simultaneously. Pearson’s correlatioeffezients between NH, SQ*, and NQ
suggest that particulate NHmainly existed as ammonium sulfate ((B4$0s;) and that
ammonium nitrate (NENOs) was not formed during most of the study peridkgly due to
high temperatures (30.15 + 4.32) over the entire campaign. Ambient aerosolsadrtd
be nearly neutral. Theoretical calculations ofritin@dynamic equilibrium were performed
to consider the formation of NNO; and ammonium chloride (N)I). When relative
humidity (RH) was lower than deliquescence relatiuamidity (DRH), RusPanos and
PnhzPrcr (i.e., partial pressure products) were smallemtlte associated equilibrium
constants, indicating the lack of MWO3; and NHCI formation. When RH was above DRH,
higher levels of N@ often were observed. A strong relationship betwe€s and SQ” at
higher RH implies that NFENO3s; might be formed on the moist surface of pre-exgs8ulfate
aerosols. In the particle mixture, (WO, reduces the equilibrium constant, making the
agueous system a more favorable medium foyNMB4 formation. In addition, measured
particle number size distributions showed that emsol growth event was coincident with
humid periods characterized by substantially ineeéaconcentrations of particulate NH

NOs, and SG7. Excess N also was found to be correlated closely withsNfiring this



episode when elevated RMevels imply aqueous MNNOs; formation.  Significant
NHs-induced formation of organic nitrogen also miglatvé contributed to the increased

particle concentration at high RH.
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1. Introduction

Ammonia (NH) is recognized as an important atmospheric camstit because it
actively participates in chemical reactions withdar gaseous species such as sulfuric acid
(H2SQOy), nitric acid (HNQ), and hydrochloric acid (HCI). This neutralizatiprocess plays
a critical role in determining ambient aerosol #&gid The resulting ammonium salts largely
constitute particulate matter (PM) that has striomglications for air quality, cloud formation,
and human healtiPppe and Dockery, 2006;IPCC, 2007]. However, spatial and temporal
variations of gas-phase NHare poorly understoodClarisse et al., 2009]. Global NH
emissions have been substantially elevated ovetatsteseveral decades due to increased
anthropogenic activities, especially agricultuned éhe lack of regulatory controlStton et
al., 2008]. The abundance of atmosphericsNdHunderestimated by the current emissions
inventory Myles, 2009].

Ammonia measurements are notoriously difficult anel usually not included routinely
in governmental air quality monitoring network site Measured atmospheric Alvels in
the Dallas-Fort Worth (DFW) area remain ambiguoaisd pertinent information is very

scarce in the previous studies, even comprehetiigice campaigns such as the Texas Air



Quality Study. The only published literature refiag ambient NH sampling in the DFW
area calculated the NHemission factor from oak forests at Cooper LakdeSPark in Delta
County and predicted that domestic sources (eams,dcats, and humans) are predominant
contributors to non-industrial NHemissions in Dallas County (DC) (41%) and Tarrant
County (TC) (45%) of the DFW ared&grwar et al., 2005]. The National Emissions
Inventory of the United States Environmental PritecAgency (U.S. EPA), by contrast,
estimates that on-road gasoline light duty vehitiase the largest contribution among all
source categories of NHn DC (52%) and TC (46%)U.S. EPA, 2008]. This prominent
discrepancy underscores the paucity of sufficiexpeemental data. Some pioneering
efforts have been made. For examf@eng et al. [2013a] presented relevant results from a
one-month campaign and provided new insights irtfa dburces in the DFW area.

The gas-particle partitioning and salt formatiorNéi; has been investigated recently in
some urban and suburban areas throughout the wadrdthe South Coast Air Basin of
California, Nowak et al. [2012] concluded based on aircraft measureméiatsNH; emitted
from dairy facilities and automobiles lead to thedynamically favorable conditions for
ammonium nitrate (NENOs) formation. In the Great Lakes regioBanier et al. [2012]
noted that wintertime air pollution episodes welaracterized by large contributions of
NH4NO3; to PM under low temperature, high relative hunyidind air mass stagnation
conditions. In OntarioEllis et al. [2011] observed that NHwas efficiently converted to
particulate ammonium (NF) in the presence of high levels of sulfate {5 which
subsequently triggered NHelease from the surface due to bi-directionat.fluln Houston,

Gong et al. [2013b] indicated that industrial NHmissions contributed to the enhancements



in particle mass concentration and particle nungbecentration during summer. In Beijing,
Meng et al. [2011] reported that N¢was correlated closely with NH that NH," primarily
existed as ammonium sulfate ((WkEOy) in summer, and that both (NHSO, and NHNO;
were major forms of particulate NHin winter. In Shanghabu et al. [2010] found that
NH4NOs and ammonium chloride (N)&l) were present in sampled RM(d, <2.5 pum) and
PMyo (dy, <10 um), indicating that NHklis a vital precursor of aerosol patrticles in tiodiyted
atmosphere. In BarcelonBandolfi et al. [2012] attributed the low gas fraction of B/H
defined as the molar concentration ratio of gasédids to total NH (the sum of NH and
NH,"), to significant secondary formation of sulfateggesting that the evolution of NH
concentrations is controlled by gas-particle parting.

However, the evaluation of the impact of Nbin local and regional air quality with
respect to PM formation in the DFW area is far froomplete. In this work conducted near
Fort Worth, the mixing ratios of NHand primary acidic trace gases were fully examined
[Gong et al., 2013a], the mass concentrations of aerosol camps such as NA in
submicron particles (PM were systematically explored, and the size distions of fine
particles were simultaneously determined, consatjugnproving the present understanding

of the gas-particle partitioning of NHh the study region.

2. Experimental Methods
Atmospheric NH measurements were performed using a ffh4external cavity
quantum cascade laser-based sensor employing d@nanphoto-acoustic spectroscopy.

Detailed information about the NHnstrument can be found iGong et al. [2011]. In



contrast to traditional bulk denuder techniquesNbf; sampling, which often suffer from
low time resolution and human-induced contaminatduring sample transport, this
laser-based sensor is designed to target only N&b molecules with high sensitivity
(detection limit of 0.7 parts per billion (ppb))diigh selectivity (minimized interferences
by other gaseous species), thereby achieving ireal-gas-phase NHdetection without
disturbances from particulate NH Relevant measurement techniques for other gaseou
species (e.g., carbon monoxide (CO), sulfur diox{8€»), nitrogen oxides (NQ, total
reactive nitrogen species (MO HNO;s, soluble chloride (presumably HCI), and volatile
organic compounds (VOCs)) and meteorological patarse(e.g., temperature, relative
humidity (RH), wind direction, and wind speed) aemmarized inGong et al. [2013a].
Mass concentration and chemical composition (&b, SO, and nitrate (N@)) of PM
were measured using an Aerodyne High-Resolution eJafaFlight Aerosol Mass
Spectrometer (HR-ToF-AMS) at 15-minute intervalsBlack carbon (BC) data were
collected using an aethalometer (Magee ScientModel AE51). In addition, particle
number-based size distributions covering a rang® f20 to 498 nm were monitored using a
Scanning Electrical Mobility Spectrometer (SEMSMB Model 2002). The campaign was
performed in the early summer of 2011 at the Eagtaintain Lake continuous ambient
monitoring station (CAMS 75) administrated by thexas Commission on Environmental

Quality (TCEQ) as described (Bong et al. [2013a].

3. Results and Discussion

3.1 Temporal and Diurnal Variations of Aerosol Speies



Figure 1 shows time series of hourly-averaged HR-AMS data along with
meteorological parameters during the aerosol measemts (9 June 2011 — 30 June 2011).
The statistics of the dataset for aerosol companamn¢ listed in Table 1. Their mass
concentrations displayed a large amount of vaitgbil Sulfate (overall average + one
standard deviation, 1.2%5 0.66 pg m°) accounted for 69% of total inorganic Phass,
which ranged from 0.35 to 8.3& m* with a mean of 1.81 + 0.94g m°>. The highest
pollution level occurred around midnight on 23 Jud@11, when the largest spike of O
was observed under low wind speed conditions. Aniom (0.44+ 0.24 pg m°) tracked
SO closely, indicating that N was mostly formed through the neutralization eS8, by
NHs. Nitrate (0.12+ 0.11 ug ni®) did not change significantly, except during pdsiavhen
gas-phase HN©also was substantially available, suggesting @t might be formed
primarily through gas-particle conversiofdng et al., 2013a]. In addition, important
environmental variables for PM formation, tempemty(30.15+ 4.12 °C) and RH
(47.1#16.84 %) were continuously recorded, and theirctdfare discussed in detail in the
following sections. Wind mainly blew from southeaad south-southeast (70% of the time
during the campaign) throughout the measuremenis, vénd speed (8.18 + 1.37 ni)s
reached up to 12.51 nit én the middle of the campaign.

Figure 2 illustrates the diurnal profiles of inonjmaaerosol species in RNbased on the
HR-ToF-AMS data. The bottom whisker, box bottomelinside the box, box top, and top
whisker represent the 10th, 25th, 50th, 75th, abith ercentiles of the data, respectively,
and the continuous solid lines represent mean saluth general, it can be seen that/NH

increased in the morning and evening, with a greai@gnitude in the enhancement during



the later period. The behavior of $Owas very similar to Ngf, indicating the probable
presence of (NK.SO, and/or NHHSO,. Nitrate tended to be relatively constant, on
average, between midnight and 05:00 CST, but Veriffom day to day. The levels
decreased in the morning, while a slow but steadyease was observed after the sunset.
LIDAR-measured planetary boundary layer (PBL) he{glot shown here) started to increase
at 07:00 CST and reached the maximum value (200@roynd 17:00 CST, after which it
rapidly decreased and remained as low as 500 riglat n It is likely that the dynamics of
PBL affected the trend of aerosol species in thenieg when their concentration levels rose

in a developing nocturnal PBL.

3.2 Ammonium Salt Formation

Figure 3 presents scatter plots of [NHzersus [NQ], [SOs*] (to prevent overlap in the
figure, 2[SQ?*] is not adopted here), and [ND+ 2[SQ:*] (all in units ofumol m*). The
regression yields a strongly linear relationshipween NH* and SG@* with a Pearson’s
correlation coefficient (r) of 0.98. The slope5®) of the regression line implies that NH
mainly existed as (Np.SQu. This is further confirmed by a mean equivalerato (i.e.
[NH,]/2[SO:2]) of 0.94. By contrast, no such good relationstiists between NH and
NO; (r=0.41). In addition, the near-unit slope (1.09}he regression line between [\NH
and [NQ] + 2[SO*] suggests that ambient aerosols typically werelypesutral.

In order to investigate the formation of W¥O; and NHCI, theoretical calculations of
thermodynamic equilibrium for the chemical reacsidretween Ngland HNQ or HCI were

performed. When ambient RH is lower than deligease RH (DRH), NENO; and NHCI



are solids at equilibrium, and the equilibrium dangs can be estimated empirical8eson

and Seinfeld, 1982aPio and Harrison, 1987].

KnHanoz=eXxp[84.6-24220/T-6.1In(T/298)] 1)
Knhaci=exp[2.2358InT-2.13204* 10 1+65.437516-8.16 7* 10T +4.64383*10'T?
-1.10475*10'°13) 2)
where K is the equilibrium constant for saland T is temperature in Kelvin.

The DRH for NHNO3; and NHCI can be determined as followBi¢ and Harrison, 1987;
Seinfeld and Pandis, 2006]

(DRH)nHanos=eXp[1.6954+723.7/T] A3)

(DRH)NHac=137.13-0.2T 4)

When ambient RH is higher than DRH, MHD; and NHCI take water up and exist in
the aqueous phase. In this study, RH is below DR#hg the majority of the measurement
period. Figure 4 (a) presents the theoreticallicwdated equilibrium constant for solid
NH4NO; (solid line) based on Equation (1) and the papiaissure productnBsPanos as a
function of ambient temperature under RH<DRH caadg. On thex axis, 1000/T values
vary between 3.20 and 3.36'Kcorresponding to a range of 24.47 to 39°85 The
equilibrium constant is very sensitive to the ambi@mperature, changing over two orders
of magnitude. It is noted thaffPxnos calculated using measured mixing ratios ofsNH
and HNQ was always smaller thanykanos.  Therefore, the thermodynamic condition was
not favorable for NENO3z formation, and solid NENO; is not expected to be formed.
During those periods, measured N©oncentrations remained relatively low and did not
change significantly.

By contrast, when RH is above DRH, increased lew€NO; were observed. Figure



5 illustrates this phenomenon in that ;N€oncentrations were relatively elevated at high RH
There was a poor overall relationship (r=0.32) letw NQ and SG* during the entire
study period. It is probably influenced by theginient absence of NNO3 formation due to
high temperatures and inadequatezNidd/or HNQ in the gas phase. \Kunosz decreases
as aerosols deliquesce (increasing RH) and the girength of NENO3 decreasesJel son,
1982]. As a consequence, the abundance of &ftd HNQ in the atmosphere required for
NH4NO; formation decreases. The new equilibrium consKaptanos can be derived by
multiplying Knnanos by the NHNO; ionic strength fraction (Y) which is expressed by
Y=[NHsNO3J/([INH 4NO3]+3[(NH4),SOy]) [Selson and Seinfeld, 1982b]. In the
NH4"/NO3/SO* mixture, additional (N&).SO;, reduces the equilibrium constant, makes the
agueous system a more favorable medium for,NMP4 formation, and shifts the
thermodynamic equilibrium toward the aerosol phase.

For example, during a high RH (75.24 + 10.63 %)iqukbetween the evening of 22
June and the morning of 23 June, 2011, RH was amiive DRH. Nitrate reached the
maximum value (0.84g m) over the entire campaign, and the mean valuengutiis time
was 0.64ug m3 (~five times larger than the campaign-average evalu0.12ug m'3). The
Pearson’s correlation coefficient between jNénhd SG* during this period was 0.55 (an
increase of ~70% compared to the campaign-widduevaf 0.32), indicating that N4 O3
might be formed on the moist surface of pre-existsulfate aerosols. Additionally,
regression yields a good relationship betweery’Nf@d particle surface area concentration
measured by SEMS (r=0.71), indicating potentiataé formation through heterogeneous

conversion on particle surfaces. Similarly, durampther high RH (72.66 + 6.56 %) period
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between the evening of 23 June and the morningt@diuPe, 2011, NOincreased to 0.5dg
m?3 and was strongly correlated with $0(r=0.93). This further demonstrates that
co-existence of SO in the deliquescent aerosols favors aqueougNH formation.

In Shanghai,Pathak et al. [2009] attributed high N© levels to the nighttime
heterogeneous hydrolysis of dinitrogen pentoxidetlon surface of S§& aerosols in an
NHs-deficient atmosphere. In Beijintanniello et al. [2011] observed a strong relationship
between N@ and SG* (r=0.89) at high RH and estimated an average Yevaf 0.2 with
elevated N@ concentrations during summertime. In Guangzhdw.et al. [2008] found
that when RH is above DRHu®Punos is larger than the calculatedyfinos and suggested
that NH{NO; formation is possible. All these studies intetpdethe observations as nitrate
being produced on the wet surface of pre-existinffage aerosols, underscoring the
conclusion that the same process is importantignstindy area.

Measured particle number size distributions, giverFigure 6, display a growth in
particle size between the evening of 23 June amantbrning of 24 June, 2011, implying that
NH3; participated in an aerosol growth event as a reguhe formation of aqueous NNO;
and (NH)2SQO; during that humid period. Meanwhile, both NHand SQ@” reached their
maximum values (2.08g m* and 5.84ug m>, respectively) over the entire campaign, and
the mean event values were 14Pni* (~three times larger than the campaign-averageeval
of 0.44 ug m* for NH,") and 3.99ug m® (~three times larger than the campaign-average
value of 1.25ug m? for SQ?), respectively. Highly efficient gas-particle s@msion
contributed significantly to this specific polluticepisode characterized by the highest;PM

level observed in this study. Figure 7 shows gdancrease in the size-resolved particle
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number concentration during the event comparedhéocampaign-average size distribution.
It can be seen that smaller particles €d250 nm) were major contributors to the episode.
The ternary plot of Ni, NOs, and S@ shown in Figure 8 indicates the higher relative
NOs fraction at higher RH (percentage of concentratiompeq m°). The proportion of
NOs in the inorganic components of PMncreased up to 21% compared with the
campaign-average value of 4%, probably due to agBibNO3 formation.

It should be noted that no relationship was fouetiveen the observed NHnixing
ratios and the total particle number concentratimasured by the SEMS, despite isolated
events such as those depicted in Figure 6. Suelationship has been simulated in power
plant plumes in HoustorGGong et al., 2013b]. The lack of such a relationship in thespnt
study indicates the location of the sampling sitedownwind from major emissions sources
or that decreased gas-phase mixing ratios inhibpi@dicle nucleation events that would
increase particle number concentrations signifigant

Figure 4 (b) shows the theoretically calculatedildmium constant for solid NgCI
(solid line) based on Equation (2) and the pagiassure productyRsPac as a function of
ambient temperature under RH<DRH conditions. i ba seen that\NRsPuyc calculated
using measured mixing ratios of Mldnd HCI was always smaller thapd4c. Therefore,
the thermodynamic conditions were not favorableNét,Cl formation, and solid NkCI is
not expected to be formed at equilibrium, as with;NOs;. Nevertheless, detailed
investigations about the formation of solid andadgueous NECI are impeded by the
unavailability of particulate chloride (Tldata because Qévels were at or near the detection

levels of the HR-ToF-AMS and other high time-resioin instrumentation.
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In the present work, the average gas fraction of MHs/(NHs+NH4")) is 0.76 + 0.15,
indicating that NH remained predominantly in the gas phase rather tihe aerosol phase.
Additionally, the HNQ gas fraction (=HN@(HNO3+NO3)), with a mean of 0.86 + 0.10,
reflects the lack of nitrate aerosol formation dgrimost of the study period. High
temperatures (30.1% 4.12 °C) favored the evaporation of volatile ammoniumtsséé.g.,
NH4NO; and NHCI) and shifted the thermodynamic equilibrium towvahe gas phase.
Similar observations have been reported by otheties. Robarge et al. [2002] estimated
an average gas fraction higher than 0.8 for;NiHsummer at an agricultural site in the
Coastal Plain region of North CarolinaSaylor et al. [2010] found much greater NHevels
compared to Nif in PMp 5 in a rural area near Atlanta, leading to a mean gs fraction of
0.89. Baek and Angja [2004] measured ammonium-poor (1.641.26 ug ) aerosols in
eastern North Carolina, while NK17.89 + 15.03ug m®) was abundant in the gas phase.

Ammonia preferentially reacts with ,HO, in the atmosphere, and if extra Nl
available after the neutralization process, HN@d HCI will further react with it. Here,
excess Nif is defined as [N&]-2[SOQ,*] (in units ofymol m®).  Figure 9 is an example of
the relationship between excess Aldnd NQ during the event described previously. The
slope (0.84) of the regression line and a Pearsmmi®lation coefficient of 0.94 suggest that
NH4NO; was formed. AnalogoushyDu et al. [2010] observed that the slope of the
regression function between non-sulfate ,;NBEnd NQ was 0.88 in the early summer at an
urban site in Shanghai. The slope was further avgul to 0.98 when Civas included in
the calculation. Thus, sufficient availability §H; in the gas phase is indispensable for the

complete neutralization with 480, and for an environmental condition favoring HNO
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partitioning into the aerosol phase.

3.3 Particulate Organic Nitrogen Formation

It is known that atmospheric NHtan react with gas-phase organic acids and organic
aerosols to form condensable salt& [t al., 2003; Kuwata and Martin, 2012] and brown
carbon Updyke et al., 2012], respectively. Figure 10 shows time sedk$iR-ToF-AMS
nitrogen-containing organic fragments (CHN, CHOMdaCHOQgt1N, where gtl implies
more than one oxygen atom) during the previousfindd event and the periods just before
and just after the event. It can be seen thatrthgs concentration of organic nitrogen was
elevated substantially during the humid period cmient with the aerosol growth event.
The mean organic nitrogen concentration duringetent period was 0.8g m* (~five
times larger than the campaign-average value of @d m*, which itself is skewed
considerably by the event), indicating that sigmifit NH-induced formation of organic
nitrogen might have contributed to the increaseatigh@ concentrations at high RH via NH
reacting with gas-phase organic acids or partiigmnto aqueous aerosols containing organic
acids. It is also possible that the observed acgaitrogen resulted from other chemistry,
such as that involving VOCs and MN{Jacobson, 1999].

Organic nitrogen species are believed to contributght absorption.  Although direct
particle absorption measurements were not madagitine campaign, an aethalometer was
used to measure BC. Therefore, BC data duringetresit were investigated. The average
concentration of BC was 0.4% C ni® during the event (an increase of ~30% compared to

the campaign-average value of 0,85 C ni®); meanwhile CO levels also were significantly
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elevated. As a consequence, the ratio of BC tad@not increase substantially during the
event compared to other measurement periods, siggese enhancement in BC is likely
due to emissions from local fuel combustion soyrced from the formation of organic

nitrogen. If organic nitrogen did contribute tgHt absorption during this event, it was

likely at wavelengths other than those utilizedlty aethalometer.

4. Conclusions

Comprehensive aerosol measurements were made msttiofvFort Worth in the early
summer of 2011 (9 June— 30 June) using a HR-ToF-AMSaethalometer, and a SEMS
simultaneously. When analyzed in conjunction withce gas mixing ratios measured
simultaneously, the impact of NHn particle mass concentrations in the DFW atmesph
were investigated. Mass concentrations of aerggeties in sampled RMhowed a large
amount of variability: S& (1.25 + 0.66ug m°), NH," (0.44 + 0.24ug m®), and NQ (0.12
+ 0.11pg m®). Pearson’s correlation coefficients between,NI$Q*, and NQ suggest
that particulate NiI mainly existed as (NSO, and NHHSO, and that NEHNOs was not
formed during most of the study period, likely dioehigh temperatures (30.15 + 4.iQ)

over the entire campaign. Ambient aerosols wesgly@eutral.

In order to investigate the formation of W¥O; and NHCI, theoretical calculations of
thermodynamic equilibrium were performed. When BIRH, RusPanos and RusPac
were always smaller than the estimated equilibraamstants Knanos and Kynacy, indicating
the absence of NMMO; and NHCI formation. When RH>DRH, however, relatively

increased levels of NODwere observed. The strong relationships betwe®@g &hd S
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and surface area at high RH imply that /NKD; is formed on the moist surface of
pre-existing sulfate aerosols. The co-existenceSOf in the wet particles lowers the
equilibrium constant, providing a thermodynamicalgvorable condition for aqueous
NH4NOs formation. In addition, measured particle numdiee distributions clearly showed
the occurrence of an aerosol growth event synclumath ammonium salt formation during
some humid periods characterized by increased otrat®ns of particulate Nf, NOs', and
SO2. Excess N also was found to be closely correlated withsN@uring this event
when PM levels were significantly elevated. The signifitaNHs-induced formation of
organic nitrogen also might have contributed toittweased particle mass concentration at
high RH. Extensive measurements in the futuredasgrable to better evaluate the effect of
NHs; on local and regional air quality with respectRM formation in the DFW area,
especially in winter, as NWM O3 and NHCI formation is much more favored under colder

conditions.
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Table 1. Statistics of inorganic aerosol components in;RMy m®) collected during the
measurement period.

So” NOs NH,4"
Mean 1.25 0.12 0.44
Standard Deviation 0.66 0.11 0.24
Maximum 5.84 0.84 2.03
Minimum 0.20 0.03 0.06
Median 1.09 0.09 0.39
10th Percentile 0.62 0.06 0.21
25th Percentile 0.81 0.07 0.27
75th Percentile 1.57 0.13 0.56

90th Percentile 2.09 0.19 0.74
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