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HIGHLIGHTS

o Simultaneous measurements of gaseous and aerosol species were conducted.
o Atmospheric NH3 contributed to increases in measured particle mass and measured/modeled particle number concentrations.
e NH,4 " existed in the form of (NH,4),SO4 and NH4HSO,4; NH4NO3 and NH4Cl formation was suppressed in summer.
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measured using a 10.4-um external cavity quantum cascade laser-based sensor employing conventional
photo-acoustic spectroscopy, while gaseous HNO3 and HCl were sampled using a mist chamber—ion
chromatograph (IC) system. Particle chemical composition was determined using a particle-into-liquid-
sampler—IC system. There was a large amount of variability in the gas phase mixing ratios of NH3
(3.0 & 2.5 ppb), HNO3 (287.4 + 291.6 ppt), and HCI (221.3 & 260.7 ppt). Elevated NH3 levels occurred around
particulate matter mid-day when NH,* (0.5 + 1.0 pg m—3) and SO,%~ (4.5 & 4.3 pg m~>) also increased considerably, indicating
Gas-particle partitioning that NH3 likely influenced aerosol particle mass. By contrast, the formation of NH4NO3 and NH4Cl was not
Aerosol nucleation observed during the measurements. Point sources (e.g., power plant and chemical plant) might be potential
contributors to the enhancements in NHs at the measurement site under favorable meteorological condi-
tions. Increased particle number concentrations were predicted by the SAM-TOMAS model downwind of a
large coal-fired power plant when NH3 emissions (based on these measurements) were included, high-
lighting the potential importance of NH3; with respect to particle number concentration. Separate mea-
surements also indicate the role of NH3 in new particle formation in Houston under low-sulfur conditions.
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1. Introduction usually at trace concentration levels ranging from parts per trillion
(ppt) to parts per billion (ppb). Agricultural (e.g., fertilizer appli-
Ammonia (NHs) is widely present in the atmosphere due to cation and animal husbandry) (Mount et al., 2002; Rumburg et al.,

many anthropogenic and natural sources (Clarisse et al., 2009), 2008) and industrial and motor vehicle (e.g., chemical production
and traffic emission) (Kean and Harley, 2000; Hsieh and Chen,

~* Corresponding author, Tel.: +1713 348 2093 2010) activities contribute to significant increases in local and/or
E-mail address: rob.griffin@rice.edu (R]. Griffin). regional NHs levels. In addition, National Emissions Inventory (NEI)
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air pollutant emissions trends data prepared by the United States
Environmental Protection Agency (U.S. EPA) indicate that annual
NHs emissions from the source category of electric utilities have
risen continuously since 2005 (U.S. EPA, 2008).

Gaseous NH3 can increase particulate matter (PM) mass con-
centrations through the formation of ammonium salts such as
ammonium sulfate ((NH4)2S04), ammonium nitrate (NH4NO3), and
ammonium chloride (NH4Cl) via chemical reactions with sulfuric,
nitric, and hydrochloric acids, respectively. Experiments also reveal
that NHs plays a vital role in aerosol nucleation events (Kulmala
et al., 2002). For example, McMurry et al. (2005) observed a posi-
tive correlation between number concentrations of nucleated par-
ticles and NHs in the sulfur-rich Atlanta atmosphere.

The resultant PM affects the Earth’s radiation budget through
direct and/or indirect effects and modifies the properties of clouds
by serving as cloud condensation and/or ice nuclei (U.S. Climate
Change Science Program, 2009). Epidemiological studies also
have demonstrated a strong correlation between human exposure
to PM and increased rates of respiratory and cardiovascular illness
and other adverse human health effects (Pope et al., 2002; Pope and
Dockery, 2006). Despite these implications for its negative impacts
on air quality, NH3 currently is not regulated under the National
Ambient Air Quality Standards by the U.S. EPA. As a result, there are
substantial uncertainties in spatial and temporal variations of NH3
due to the scarcity of ground-based observations.

Conventional NH3 studies primarily have focused on the mea-
surements near source areas (e.g., farms) (Robarge et al., 2002;
Ferm et al., 2005) using a bulk denuder technique with off-line
analysis (e.g., ion chromatography (IC)) (Baek and Aneja, 2004;
Wilson and Serre, 2007). Newly developed NHj3 instruments us-
ing laser spectroscopy and chemical ionization mass spectrometry
have improved time resolution and detection limits and minimized
human-induced errors (Nowak et al., 2007; Pogany et al., 2010).
Meanwhile, relatively little previous work has investigated the ef-
fect of gas-particle partitioning of NH3 and the interaction between
NH3s and acidic gaseous and particulate species due to a paucity of
simultaneous datasets. In addition, information about NHs3 levels
for the industrial and urban area of Greater Houston is still scarce.
Nowak et al. (2010) conducted a 14-day aircraft measurement
campaign including atmospheric NH3 along the Houston Ship
Channel (HSC) area during the second Texas Air Quality Study
(TexAQS II). Gong et al. (2011) characterized the seasonal and
diurnal patterns of gaseous NHj levels in Houston. According to a
photochemical model, the estimated NH3; mixing ratios for the
Houston area are in the range of 1—15 ppb (Pavlovic et al., 2006).

The Toxics Release Inventory (TRI) of the U.S. EPA highlights the
importance of NH3 as an air pollutant in urban communities
nationwide (U.S. EPA, 2010). Fig. 1(a) presents the total air toxics
releases (20.8 million pounds) by species in the Houston—Sugar
Land—Baytown metropolitan area according to the TRI in 2010 (U.S.
EPA, 2010). It can be seen that NH3 has the third largest individual
magnitude of emissions after ethylene and propylene. Based on the
NEI (U.S. EPA, 2008), agricultural and automobile activities are
major contributors to gaseous NH3 emissions. Fig. 1(b) summarizes
the NEI NH3 emissions (10.2 million pounds) by source categories
specifically for Harris County, Texas in 2008 and indicates that on-
road gasoline light duty vehicles and fertilizer application account
for approximately 56% of the annual NH3 emissions.

In order to examine the effects of NH3 on air quality in Houston,
measurements of gas-phase NHs, nitric acid (HNOj3), soluble chlo-
ride (assumed to be hydrochloric acid (HCl)), and aerosol species
were performed during the summer of 2010 by simultaneous on-
line gas- and particle-phase instrumentation. In addition, NH3
and particle number concentrations were measured synchronously
during a one-month period in the summer of 2012. Finally, we

(a)

N Ethylene: 17%
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SN Livestock Waste: 8.3%
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Fig. 1. (a) Annual total air toxics releases (20.8 million pounds) by species in the
Houston—Sugar Land—Baytown metropolitan area (U.S. EPA, 2010); (b) Annual NH3
emissions (10.2 million pounds) by source categories in Harris County, Texas (U.S. EPA,
2008).

performed model simulations aimed to elucidate the role that NH3
plays in nucleation within power plant plumes in Houston.

2. Materials and methods
2.1. Sampling site

In this study, the simultaneous measurements of trace gases and
particle chemical composition were carried out from August 5, 2010
to August 9, 2010. Although a five-day dataset is relatively limited,
the total number of data points is large due to the highly time-
resolved nature of the measurements and therefore can provide
insight into air pollution episodes in an urban area potentially
affected by industrial activities. All instruments were deployed in a
trailer atop an 18-story (~65 m above ground level) building
(North Moody Tower) located on the University of Houston (UH)
main campus, which is influenced by many local and regional
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emission sources such as highways, airports, and industrial facil-
ities. Detailed information about this sampling site can be found in
Lefer and Rappengliick (2010). Meteorological parameters (e.g.,
temperature and relative humidity) as well as mixing ratios of some
important air pollutants (e.g., carbon monoxide (CO)) are measured
regularly by the UH research group at this location (Lefer et al.,
2010; Luke et al., 2010). All data were averaged into 1-h intervals
solely for temporal consistency. A second one-month campaign
was performed in July—August 2012 to investigate specifically the
relationship between NH3 and particle number concentration.

2.2. Gaseous species measurements

Gas-phase NH3; was measured using a 10.4-um external cavity
quantum cascade laser-based sensor employing conventional
photo-acoustic spectroscopy as described in detail in Gong et al.
(2011). This optical sensor uses a state-of-the-art photo-acoustic
cell that enables NH3 detection limit at a sub-ppb level. The mea-
surement accuracy is estimated to be +7%. Gas-phase HNO3 and
HCl were measured using a mist chamber together with IC (Dionex,
Model CD20-1), where the minimum detection limits of ppt levels
were reached for a temporal resolution of 10 min with an uncer-
tainty of +10% (Dibb et al., 2004; Luke et al., 2010).

2.3. Aerosol species measurements

Particle chemical composition was measured using a particle-
into-liquid-sampler (PILS) (BMI, Model 4002) coupled directly to
two IC systems (Dionex, Model 1600) (Lee et al., 2003; Orsini et al.,
2003). Mass concentrations (pg m~—>) of water-soluble inorganic
components including ammonium (NH "), sodium (Na*), potas-
sium (K*), calcium (Ca®*), magnesium (Mg?*), sulfate (SO4%~), ni-
trate (NOs™), nitrite (NO, ) and chloride (CI7) in fine particle
aerosols (with diameters smaller than 1 um) were determined at
16-min intervals. The detection limit for measured ions is
100 ng m 3, and the uncertainty of PILS—IC measurements is 7%
(Sorooshian et al., 2007). The continuous and real-time monitoring
of particle number concentration (# of particles/volume of air) with
a temporal resolution of one minute was performed using a
condensation particle counter (TSI, Model 3772).

3. Results and discussion
3.1. Effect of NHs3 on particle mass concentrations

Fig. 2 presents a time series of hourly-averaged mixing ratios of
gaseous NHs3 (3.0 + 2.5 ppb (overall average + one standard devi-
ation)), HNO3 (287.4 + 291.6 ppt), HCI (221.3 + 260.7 ppt), and CO
(109.8 + 22.4 ppb) and concentrations of particulate NH4"
(05 + 10 pg m3), SO, (45 + 43 pg m>), NO3~
(0.3 £ 0.2 pg m~3), and Cl~ (0.2 £ 0.1 pg m>) along with meteo-
rological parameters. The NH3; mixing ratios are a subset of the data
considered by Gong et al. (2011). NH3 levels were elevated around
mid-day, when NH,* and SO,%> also dramatically increased
compared to other time periods of the measurements. This sug-
gests that NH3 played an important role in PM mass formation and
that gas-particle conversion occurred when NHs; was available,
though SO42~ partitions to the aerosol phase regardless of NH3
level. However, NO3;~ and ClI™ concentrations did not change
significantly throughout the study period.

During these peaks, the wind mainly blew from the southwest
in the direction of some point sources of NH3 including a large coal-
fired power plant (W. A. Parish) and chemical factories that are
specified in the TRI (also verified by Hybrid Single-Particle
Lagrangian Integrated Trajectory modeling (Draxler and Rolph,

2012)). The selective catalytic reduction (SCR) technique was
installed to control nitrogen oxides (NOy) emissions from Parish
after 2004 (Peischl et al., 2010). Other unspecific/unidentified
sources nearby the sampling site in that direction also might be
potential contributors to elevated NH3 levels.

Auxiliary data collected atop the North Moody Tower were used
to assist in NH3 source identification. For instance, primary pol-
lutants such as CO emitted from automobile tailpipes can be used as
indicators of vehicular emissions. Since the introduction of three-
way catalytic converters, motor vehicles have contributed to
elevated NHj3 levels in urban areas (Perrino et al., 2002; Kean et al.,
2009) when NOy is over-reduced inside the converters (Heck and
Farrauto, 2001; Heeb et al., 2006; lanniello et al., 2010). In the
present work, nevertheless, no enhancements in CO were coinci-
dent with enhanced NH3 around mid-day, indicating that motor
vehicles are less likely to cause elevated NH3 in Houston during the
study period. This phenomenon might be related to the catalytic
converter performance in summer; additional NH3 sources also
could obscure the NH3—CO correlation, which was pronounced in
winter (Gong et al., 2011).

During the five days of measurements, concurrent decreases in
HNOs3 and HCI and concurrent increases in NO3;~ and CI~ were not
observed when NH3 levels were elevated around mid-day, indi-
cating that NH4NO3; and NH4Cl were not formed in significant
amounts. This hypothesis is confirmed by the very low saturation
ratios (<<1) illustrated in Fig. 3. The saturation ratio is the partial
pressure product (Pny, Puno, O Pnp, Pycp, in units of ppb?) divided
by the equilibrium constant (Kyy,no, OF Knp,cl in units of ppb?)
that can be calculated using empirical equations (Pio and Harrison,
1987; Seinfeld and Pandis, 2006) based on the reversible formation
of NH4NO3 and NH4(CI (eqs (1) and (2)).

NH; (g) + HNOj (g) < NH4NOs(s or aq) (1)

NH3(g) + HCl(g) <> NH4Cl(s or aq) (2)

Particulate NH4NO3; and NH4Cl condense when the saturation
ratio is larger than one, and they evaporate when the saturation
ratio is smaller than one. This is in contrast to Nowak et al.
(2010) who observed NH4NO3 formation during TexAQS II in
HSC plumes with elevated NH3 levels ranging from 5 to 80 ppb,
probably due to the shift in the thermodynamic equilibrium to-
wards the aerosol phase caused by very high NHs mixing ratios.
High temperatures (30.1 + 2.3 °C) likely do inhibit the formation
of NH4NO3 and NH4Cl because volatilization increases with
temperature; by contrast, sulfate is considered essentially non-
volatile (Bassett and Seinfeld, 1984). The Extended Aerosol In-
organics Model (E-AIM) also was employed, and it yielded
similar results for the calculation of thermodynamic equilibrium/
gas-particle partitioning using measurement data from this study
(Clegg et al., 1998).

Comparable results have been reported previously by some
urban-scale studies in other parts of the world. For example, in
Barcelona, Pandolfi et al. (2012) conducted simultaneous mea-
surements of gaseous NH3 and aerosol species during summertime.
It was found that the coefficients of determination between NH,*
and SO4%~ and NO3;~ were 0.80 and 0.03, respectively, suggesting
that NH4NO3 was not formed probably due to relatively high
temperatures. In Central Taiwan, Lin et al. (2006) characterized
NHs3, HNO3, NH4 ", and NO3 ™, and attributed lower NO;~ concen-
trations in summer to the higher volatility levels of particulate
NH4NOs. In Beijing, Meng et al. (2011) observed the decreased
correlation between NH4 ™ and NO3 ~ in summer compared to other
seasons and noted that most of NHs* in PM;s is present as
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Fig. 2. Hourly-averaged mixing ratios of NHs, HNO3, HCl, and CO and concentrations of NH,", SO4%~, NO3~, and Cl-, as well as meteorological parameters during the 2010

measurements.

(NH4)2S04 during summertime. These findings support the hy-
pothesis above for the lack of NH4NOs in this study.

Table 1 summarizes the Pearson’s correlation coefficients (R)
between cations and anions during the measurement period,
indicating that NH,* is largely associated with SO4%~ and that Na*
and Mg?™ are closely correlated with NO;~ and Cl~ based on the
corresponding R values (>0.80). This could partially result from the
different origin of air masses. For example, the concentrations of
Na*, Mg?*, and Cl~ increased concurrently when southerly winds
off the Gulf of Mexico were prevalent, indicating that air masses
transported from the marine environment possibly affected the
sampling site during those periods. Additionally, the slope (0.77)
of the regression line between [NH;*] and [SO42~] implies that
(NH4)2S04 and ammonium bisulfate (NH4HSO4) might have
co-existed.

A regression between molar concentrations of cations and an-
ions yields a strongly linear relationship (Fig. 4, R = 0.96;
p < 0.0001; slope = 1.53), suggesting that ambient aerosols were
likely acidic as a result of incomplete neutralization. However, the
average value of the molar concentration ratio of gaseous NH3 to
total NH3 (the sum of NH3 and NH4"), also known as the gas
fraction (¢ = 0.86 + 0.17), suggests that NH3; remained predomi-
nantly in the gas phase rather than the aerosol phase, as shown in
Fig. 5, although sampled aerosols were ammonium-lean.

It is unlikely that aerosols that have achieved equilibrium are
high in acid content when gaseous NHj is prevalent in the at-
mosphere. There may be aerosol cations such as aminium that
are less likely to volatilize and that are not measured with the
PILS—IC. However, if we assume that ambient aerosols are neutral
and attribute all missing cations to aminium, the estimated
required mixing ratio of gaseous amines following the example in
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Ge et al. (2011) is approximately 55 ppb, an unrealistically large
value.

It has been shown that it can take several hours for atmospheric
fine particles including ammonium salts to achieve equilibrium
(Wexler and Seinfeld, 1992; Meng and Seinfeld, 1996), that coatings
can cause mass transfer limitations with respect to ammonium
sulfate particles (Chan and Chan, 2007), and that the presence of
organic vapors can inhibit neutralization of sulfate aerosols by NH3
(Liggio et al., 2011). While the data to prove that these phenomena
occur in the Houston atmosphere do not exist for the current study,
the possibility that one or more of them happen in Houston in-
creases the likelihood of having non-neutral aerosols in the pres-
ence of excess gaseous NHs.

It is also noted that the mean gas fractions for HNO;
(¢ =0.71 £ 0.14) and HCl (¢ = 0.72 + 0.24) were larger than 0.5, as
shown in Fig. 5, indicating they existed mainly in the gas phase. This
observation may be attributed to the warm conditions during the
measurements, which favor volatilization of NH4NO3 and NH4Cl. In
addition, Fig. 5 displays the molar concentration ratio of NHj to the
sum of HNO3 and HCI (11.3 & 9.5) over the entire course of sam-
pling, indicating that NH3 was much more abundant than HNO3
and HCL.

3.2. Effect of NH3 on particle number concentrations

Nucleation of new particles frequently is observed in many lo-
cations throughout the world, even in the polluted atmosphere
(e.g., Pittsburgh, St. Louis, Mexico City, Beijing, and the Po Valley)
where the condensation sink is expected to be significant (Stanier
et al., 2004; Hamed et al., 2007; Qian et al., 2007; Smith et al.,
2008; Yue et al., 2010).

Aerosol nucleation and growth processes in coal-fired power
plant plumes have been found to be great contributors to particle

Table 1
Pearson’s correlation coefficients (R) between cations and anions during the mea-
surement period.

S04~ NO;~ c- NO,~
NH,* 0.98 0.49 0.40 0.02
Na* 0.58 0.90 0.94 0.28
Ca* 0.05 0.07 0.04 0.20
Mgt 0.41 0.81 0.91 0.07
K* 0.41 0.36 0.15 0.38

number concentrations near source regions (Brock et al., 2002). In
Rochester, New York, Wang et al. (2011) observed largely decreased
particle number concentrations (over a size range of 10—500 nm)
attributable to the shutdown of a nearby large coal-fired power
plant. Stevens et al. (2012) incorporated the TOMAS aerosol
microphysics module (Adams and Seinfeld, 2002; Pierce and
Adams, 2009) into the SAM Large-Eddy Simulation/Cloud
Resolving model (Khairoutdinov and Randall, 2003) (SAM-TOMAS)
and simulated significant nucleation and growth in the plume of
two power plants (including the Parish plant), in agreement with
aircraft measurements. Using the SAM-TOMAS to simulate the
changes in NOy and SO, emissions, Lonsdale et al. (2012) found
enhanced particle nucleation and growth in the Parish plume as a
result of the implementation of power plant emissions-control
technologies (due to stronger NOy controls than SO, controls). In
the present work we also used this model to investigate how the
excess NH3 observed at an urban sampling site (presumably from
the Parish power plant) may affect the nucleation and growth of
particles in the plume. The model simulates the aerosol size dis-
tribution using 15 size bins segregated by dry mass per particle
covering a size range from 3 nm to 10 pm and microphysical pro-
cesses including coagulation, H,SO4 condensation, and nucleation
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Fig. 4. Linear relationship between measured cations and anions.
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Fig. 5. Time series of gas fractions for NHs;, HNO3; and HCl and of the ratio of NH3 to the sum of HNO3 and HCL.

(Stevens et al., 2012). Modeled H,SO4 vapor formation depends on
sulfur dioxide (SO,) and hydroxyl radical (OH) concentrations, and
the OH concentrations in turn depend on the amount of sunlight
and the NO, concentrations.

NHj3 is considered to be a potentially important participant in
aerosol nucleation and formation (Kulmala et al.,, 2000; Birmili
et al., 2003; Kirkby et al., 2011). In order to evaluate the effects of
NHs on particle number concentrations along the trajectory of
power plant plumes, we hypothesize that elevated NHs levels
originated from NHj3 slips at Parish, and we add NH3 emissions from
the plant to the SAM-TOMAS simulations, although relevant data
from simultaneous measurements of particle number concentra-
tions are not available as direct evidence for the 2010 campaign.
Two ternary (H,SO4—H20—NH3) nucleation schemes, Merikanto
et al. (2006) and Napari et al. (2002) (which is scaled by a factor
of 107> to better agree with observations (Westervelt et al., 2011)),
are tested in SAM-TOMAS.

Fig. 6 shows twelve simulations from SAM-TOMAS under
various environmental conditions. It shows the number of new
particles in the plume normalized by the SO, emitted as a function
of the distance downwind from the plant. Both schemes were run
with 900 ppt and 0 ppt NH3 background mixing ratios. In addition,

three different NH3; emission scenarios (high: 0.012 kg s~ '; me-

dium: 0.007 kg s~ '; low: 0.0012 kg s—!) were employed and tested
based on the calculated range of NH3; emission factors (82,500 to
825,000 Ib yr—!) from Parish based on vendor-estimated slip values
(1—10 ppm) (Electric Power Research Institute, 2009). In all simu-
lations, the number of new particles reaches a maximum near
10 km downwind; beyond this point, concentrations decrease
because coagulation rates exceed nucleation rates. It can be seen
that NH3 emissions are very important for new particle formation,
especially in the simulations in which background NHsz mixing
ratios are low (i.e., the green and red lines show a large variation in
nucleation between simulations with different NH3 emission rates).
When background NH3; mixing ratios were larger, the simulated
effect of NH3 emissions on nucleation was more saturated and the
predicted differences between NHj3; emission scenarios were
smaller. Specifically, the fractional increases in particle concentra-
tions between the low and high NH3 emission simulations at 50 km
downwind were 1.1 for Merikanto’s nucleation scheme with
900 ppt NH3 background mixing ratio, 2.0 for Merikanto’s nucle-
ation scheme with 0 ppt NH3 background mixing ratio, 1.2 for
Napari’s nucleation scheme with 900 ppt NH3 background mixing
ratio, and 2.5 for Napari's nucleation scheme with O ppt NHj3

101 T T T T

10"

107

New particles per SO, emitted (#/kg SO)

High NH;, Merikanto, 900ppt background
Med

Low

High NH;, Merikanto, Oppt background
Med

.- Low

High NH,, Napari, 900ppt background
Med

1--- Low

High NH;, Napari, Oppt background
Med

--- Low

16 "
10 20000 30000

Distance from source (m)
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50000
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Fig. 7. Hourly variations in particle number concentration, NHs, and SO, on August 11,
2012.

background mixing ratio, respectively. Larger NH3 emissions
accelerate aerosol nucleation in the simulations, as the system
exhibits a high sensitivity to the amount of NH3 slip, which em-
phasizes the significance of future NH; measurements in areas near
power plants that utilize SCR. In addition, although Houston is
currently in compliance with the mass-based PM; 5 standards, ef-
forts to characterize particle number concentration and size dis-
tribution synchronously with measurements of gaseous and
particulate species are needed to better understand NH3 impacts on
both particle mass and number concentrations.

In order to further examine the link between atmospheric NH3
and particle number concentration, simultaneous measurements of
these two variables were conduct from July 19, 2012 to August 21,
2012 atop the North Moody Tower. Concurrent and significant in-
creases in NHs mixing ratios and particle number concentrations
were observed during some periods (an example of the episode on
August 11, 2012 is shown in Fig. 7), although SO, levels were rela-
tively and consistently low likely due to the lack of air masses
transported from the power plant region. However, this un-
derscores the importance of NH3 as a potential precursor of aerosol
particles, even in a sulfur-poor atmosphere.

4. Conclusions

Simultaneous measurements of gaseous and aerosol species
were made in early August of 2010 in Houston, TX. Mixing ratios of
trace gases showed a considerable amount of variability. Elevated
NH3 levels were synchronous with enhancements in NH4* and
S0,42~ around mid-day, indicating the contribution of atmospheric
NH3 to particle mass concentrations. NH; ' existed in the form of
(NH4)2SO4 and NH4HSO4; however, the formation of NH4NO3 and
NH4CI was not observed during the study period likely due to high
ambient temperatures. Increased particle number concentrations
were predicted by the SAM-TOMAS model downwind of a large
coal-fired power plant when NH3 emissions based on these mea-
surements were included; observations indicate that NH3 could be
important in determining particle number concentrations, even
without the presence of large amounts of sulfur. This study shows
the significant effects of NH3 on PM formation in the polluted
Houston atmosphere, suggesting the importance and necessity of
long-term or routine monitoring of aerosol precursors in the future.
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