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A B S T R A C T

Animal feeding operations (AFOs) are the largest ammonia (NH3) emission sources in the United States (U.S.).
However, the impact of NH3 emissions from AFOs on the formation of secondary inorganic PM2.5 (iPM2.5) has
not been well understood and systematically assessed. Under the Southeastern Aerosol Research and
Characterization (SEARCH) Network, the hourly concentrations of iPM2.5 chemical compositions and its pre-
cursor gases as well as meteorological data were measured at eight urban/nonurban sites labeled as JST/YRK,
BHM/CTR, GFP/OAK, and PNS/OLF during 1998–2016. Using the SEARCH data, this research investigated the
spatiotemporal variations of atmospheric chemical conditions in those rural and urban areas. The spatiotemporal
variations of atmospheric chemical conditions at the eight sites are characterized by four parameters, including
(1) gas ratio (GR), (2) gas-phase NH3 molar fraction (NH3/NHx), (3) total available NH3 (gaseous ammonia +
aerosol ammonium) to sulfate (SO4

2−) molar ratio (TA/TS), and (4) PM2.5 ammonium + nitrate to total PM2.5

mass ratio (AN/PM2.5). Results indicate that the NH3 emissions from AFOs may explain the greater values of GR,
NH3/NHx, and TA/TS in the wind directions coming from AFOs at YRK and OAK rural sites than the other wind
directions. In the wind directions coming from AFOs at YRK and OAK, NH3 was in excess of fully neutralizing
acidic gases, more NH3 stayed in gas phase than those in other wind directions, and both ammonium sulfate and
ammonium nitrate existed in iPM2.5. The upward trend in NH3/NHx indicates that gas-particle partitioning
ofNH3–NH4

+shifted toward gas phase, while the downward trend in AN/PM2.5 may implicate that smaller
fraction of PM2.5 was directly NH3 sensitive. Understanding of the spatiotemporal variations of atmospheric
chemical condition provides insights to improve our understanding of iPM2.5 formation under rural and urban
conditions, the reduction in sulfur dioxide (SO2) and nitrogen oxides (NOx) emissions resulted in the reduction of
iPM2.5 formation despite the increase in NH3 emissions in the Southeastern U.S.

1. Introduction

Particulate matter with aerodynamic equivalent diameter less than
or equal to 2.5 μm (i.e., PM2.5) has gained intensive attention due to its
adverse health and visibility degradation effects (Cambra-Lopez et al.,
2010; Li et al., 2018; Ma et al., 2011; Pope III et al., 2009; Pui et al.,
2014; Zhang et al., 2015). PM2.5 may be formed through different
processes. Primary PM2.5 is directly emitted from sources, while sec-
ondary PM2.5 is formed through chemical reactions of various precursor
gases in homogeneous and/or heterogeneous processes (Hinds, 1998;
Seinfeld and Pandis, 2006; Wang et al., 2006; USEPA, 2020). In am-
bient air, ammonia (NH3) as the major alkaline gas, may react with
acidic gases, i.e., nitric acid (HNO3) and sulfuric acid (H2SO4), to form
ammonium (NH4

+) salts, a.k.a. secondary inorganic PM2.5 (iPM2.5), in a

process called thermodynamic equilibrium gas-particle partitioning
ofNH3–NH4

+(Huy et al., 2019; Seinfeld and Pandis, 2006; Wang-Li,
2015; Zhang et al., 2008). Secondary iPM2.5 constitutes a significant
fraction of atmospheric PM2.5 in the United States (U.S.) (Bell et al.,
2007; Cheng et al., 2019; Cheng and Wang-Li, 2019a, 2019b; Walker
et al., 2004), in China (Geng et al., 2017; Liu et al., 2018; Meng et al.,
2018; Tian et al., 2016; Xu et al., 2016), in India (Sharma et al., 2007),
in Italy (Perrone et al., 2019; Squizzato et al., 2013), in Germany
(Poulain et al., 2011), and in Singapore (Behera et al., 2013a), thus,
extensive research has been performed to study the characteristics of
iPM2.5 and precursor gases under different atmospheric chemical cli-
matology. In the troposphere, NH3 gas preferentially reacts with H2SO4

to form ammonium sulfate ((NH4)2SO4) and ammonium bisulfate
(NH4HSO4) (Seinfeld and Pandis, 2006). If excessive NH3 is available,
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ammonium nitrate (NH4NO3) salt is expected to exist in iPM2.5; how-
ever, the fractional contribution of NH4NO3 to iPM2.5 depends on en-
vironmental conditions (Nenes et al., 1998; Pathak et al., 2009). Due to
its lack of thermal stability, NH4NO3 may decompose to the gaseous
form of HNO3 and NH3 under high temperature (T) and low relative
humidity (RH), the environmental conditions that do not favor the
particle phase. On the other hand, sulfate (SO4

2−) salts are relatively
thermally stable compared with nitrate (NO3

−) salts and the vapor
pressure of H2SO4 is very low, thus, almost all the NH3 that reacted with
SO4

2−stays in the particle phase (Olszyna et al., 2005; Seinfeld and
Pandis, 2006). Moreover, nonvolatile cations such as sodium (Na+),
calcium (Ca2+), magnesium (Mg2+), and potassium (K+) may also exist
in iPM2.5 and coarse particles and poses great influence on the parti-
tioning of NH3–NH4

+ (Anlauf et al., 2006; Makar et al., 1998; Snider
et al., 2016).

In the atmospheric boundary layer, the gas-phase NH3 is directly
emitted from emission sources (Meng et al., 2018; Reche et al., 2015),
while HNO3 and H2SO4 are largely transformed from gaseous pollutants
such as nitrogen oxides (NOx) (NOx = NO + NO2) and sulfur dioxide
(SO2) through (photo)chemical reactions (Behera et al., 2013b; Khoder,
2002; USEPA, 2019; Wang et al., 2006). The major NH3 emission
sources include agriculture, industrial processes, automobile emissions,
soil, and oceans (Behera et al., 2013b; Pan et al., 2016). Whaley et al.
(2018) noted the important role of bidirectional flux of NH3 on ambient
NH3 levels. And NH3 emissions from agricultural sources such as animal
feeding operations (AFOs) are the largest sources of atmospheric NH3 in
the U.S. (USEPA, 2004; McQuilling, 2016). Thus, the AFOs NH3 emis-
sions may have important impact on the atmospheric chemistry of
secondary iPM2.5 (Stokstad, 2014; Wang-Li, 2015; Cheng, 2018) and
research has indicated that NH3 has substantial influence on PM2.5 pH,
the increase of NH3 gas concentrations may lead to the decrease of
particle pH under NH3-rich conditions (Song et al., 2018). Once
emitted, NH3 will experience complex transport and transformation
processes prior to its removal (see Fig. 1).

Tropospheric lifetime of NH3 is from 0.5 h to 5 d (Seinfeld and
Pandis, 2006) with dry deposition being the major removal process
(Walker et al., 2019). Due to its short lifetime, the spatial variation of
atmospheric concentration of NH3 can be caused by the variabilities in
the emission sources (associated with agricultural activities and pre-
sence of AFOs), bidirectional flux of NH3 (Whaley et al., 2018), and dry
deposition rates (associated with the land use practices) (Duyzer, 1994;
Phillips et al., 2004; Rattray and Sievering, 2001; Sutton et al., 1994).
Due to relatively short lifetime of NH3 and spatial separation of emis-
sion sources of NH3 and acidic precursor gases (transportation and

industrial activities), NH3 emissions from AFOs may have variable po-
tential for the formation of iPM2.5 in rural and urban environments
(Cheng, 2018).

In the literature, four chemical parameters have been proposed to
evaluate the potential effects of NH3 emissions on iPM2.5 formation
(Ansari and Pandis, 1998; Dong et al., 2014; Makar et al., 2009).

First is the gas ratio (GR), which is used to characterize the neu-
tralization degree of NH3 (Ansari and Pandis, 1998; Dong et al., 2014):

=
−TA TS
TN

GR [ ] 2[ ]
[ ] (1)

where TA (in units of μmole m−3) equals to the sum of gas-phase NH3

and aerosol-phase ammonium (NH4
+), TS (in units of μmole m−3)

stands for the total sulfate including SO4
2−, bisulfate (HSO4

−) and
H2SO4, and TN (in units of μmole m−3) stands for total amount of NO3

−

and HNO3. The GR represents the potential for neutralization. If one
assumes uniform mixing conditions, GR = 1 would be indicative of full
neutralization; GR > 1 would indicate the NH3-rich condition when all
acidic species are fully neutralized and there is excessive NH3, while
GR < 1 would reveal the NH3-poor condition when acidic species are
not fully neutralized. More specifically, atmospheric conditions when
0 < GR < 1 would indicate that the amount of total available NH3

(gaseous NH3 + aerosolNH4
+) is enough to fully neutralize all H2SO4,

but not total available HNO3 (gaseous HNO3 + aerosolNO3
−). Condi-

tions with GR < 0 would reveal that the amount of total available NH3

is not enough to fully neutralize either total available H2SO4 or total
available HNO3.

Second, gas-phase NH3 to NHx (=NH3+NH4
+) molar fraction can

be used to assess the changes in the partitioning of NH3–NH4
+(Ellis

et al., 2011; Saylor et al., 2015):

=

+
+

NH
NH NH

NH /NH [ ]
[ ] [ ]3 x

3

3 4 (2)

The NH3/NHx ratios close to zero would correspond to the condi-
tions when all NH3 is neutralized by acidic trace gases, while values
greater than 0 would describe chemical conditions with excessive un-
neutralized NH3 in the gas phase, e.g., the ratio NH3/NHx = 0.5, would
indicate equal amounts of NH3 in the gas phase andNH4

+in the particle
phase.

Third, the total available NH3 to SO4
2−molar ratio (TA/TS) can be

used to assess the atmospheric acidic conditions and the possible che-
mical composition of iPM2.5. When TA/TS < 1, both NH4HSO4 and
H2SO4 may exist in inorganic aerosols. When 1 < TA/TS < 2, the
NH4

+ salts in inorganic aerosols may consist of NH4HSO4, letovicite

Fig. 1. Fate and transport of NH3 emitted from AFOs in the atmosphere.
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((NH4)3H(SO4)2), and (NH4)2SO4. When TA/TS > 2, the NH4
+ salts in

inorganic aerosols may consist of both (NH4)2SO4 and NH4NO3 (Makar
et al., 2009).

=
+

+

−

NH NH
SO

TA/TS
[ ] [ ]

[ ]
3 4

4
2 (3)

Fourth, the mass ratio of NH4
+ + NO3

− to total PM2.5 (AN/PM2.5)
characterizes the fraction of PM2.5 mass that is directly sensitive to the
changes in NH3 emissions. The change of NH3 emissions is apt to di-
rectly affect the concentrations of existing particle NH4

+ and
particleNO3

− prior to affecting particle SO4
2− (Makar et al., 2009).

=
+

+ −NH NO
PM

AN/PM2.5
4 3

2.5 (4)

The effects of NH3 emissions on iPM2.5 formation may vary in
spatiotemporal scales due to the fate and transport of precursor gases as
well as the future climate change and the more stringent regulation
rules for pollutants emissions (Cheng et al., 2019). Therefore, more
efforts should focus on the investigation of dynamic changes of atmo-
spheric chemical conditions in response to the changes of emissions
scenarios. The objective of this study was to investigate the spatial and
temporal variations of GR, NH3/NHx, TA/TS, and AN/PM2.5 in urban
and rural areas of the Southeastern U.S. Section 2 describes the study
methodology, Section 3 includes the data analysis and discussions, the
conclusions are summarized in Section 4.

2. Methodology

2.1. Data collection sites

The data collected at eight Southeastern Aerosol Research and
Characterization Network (SEARCH) sites from 2004 to 2016 were used
in this study. SEARCH was established in the early 90s to help states
monitor PM2.5 for regulatory purposes, to collect long-term data for air
quality model evaluation, and to identify the long-term spatial and
temporal trends of PM2.5, mercury (Hg) and ozone (O3) (USGS, 2016).

As shown in Fig. 2, the SEARCH Network monitored air quality data
at eight sites representing urban and rural environments. The details
regarding the site description can be found in Hansen et al. (2003) and
Blanchard et al. (2013). Briefly, the JST site is an urban site in the
midtown of Atlanta. The site is affected by the emissions from local
traffic and industrial sources. The YRK site represents a rural site lo-
cated in a forest and agricultural area of Georgia and is influenced by
the emissions from a cattle pasture as well as animal production house
emissions. The BHM site is in the city of Birmingham and is impacted by
the emissions from traffic and industrial sources. The CTR site is in a

forest area approximately 85 km to the southwest of Birmingham and
50 km to the south of Tuscaloosa and is impacted by air masses coming
from these two urban areas. The GFP site is an urban site located in
coastal area, 1.5 km from the Gulf of Mexico. The atmospheric chemical
condition at the GFP site is influenced by residential emission sources,
local roads and highways. The OAK site is a rural site located in a forest
area, away from industrial emission sources, with AFOs farms located to
the north and west of the site. The PNS site is an urban site located in
the coastal area, 5 km from the Gulf of Mexico, and is impacted by
emission sources coming from industrial activities and major highways.
The OLF site is a suburban site, impacted by the nearby residential
emissions and local roads. Measurements at all onsite monitoring sta-
tions started in 1998/1999. Measurement details at the eight sites are
summarized in Table 1.

Concentrations of gas-phase pollutants (e.g., NH3, HNO3, SO2) and
iPM2.5 chemical compositions (e.g.,NO3

−,NH4
+ and SO4

2−) were si-
multaneously measured using continuous/semi-continuous methods
(averaged over 1 h) and filter–based method (averaged over 24 h, not
shown in Table 1). Measurement method, duration, frequency, quality
control (QC), and quality assurance (QA) were reported by Edgerton
et al. (2005, 2006, 2007).

Fig. 2. The geographical locations of the eight monitoring sites under the SEARCH (Green label indicates urban sites; red label indicates rural or suburban sites).

Table 1
Field measurements at the eight sites.

Observables Technique Max
resolution

Detection limit

• Gases: ppb
NO CL 1–min 0.05
NO2 Photolysis/CL 1–min 0.1
HNO3 Denuder/Mo reduction/

CL
1–min 0.1

NOy Mo reduction/CL 1–min 0.1
SO2 UV–fluorescence 1–min 0.2
NH3 Denuder/Pt oxidation/

CL
5–min 0.2

• iPM2.5 chemical compositions: μg m−3

SO4
2− Fe reduction/

UV–fluorescence
5–min 0.4

NO3
− Filter/Mo reduction/CL 5–min 0.2

NH4
+ Filter/Pt oxidation/CL 5–min 0.1

• Meteorological conditions:
T/RH/SR/BP Various 1–min N/A
WS/WD/

Precipitation
Various 1–min N/A

CL: chemiluminescence; SR: solar radiation; BP: barometric pressure; WS: wind
speed; WD: wind direction; N/A: not applicable.
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2.2. Data analysis

The following steps were taken to pre-process the 1-h and 24-h
average data for the analysis of spatiotemporal variations of GR, NH3/
NHx, TA/TS, and AN/PM2.5:

• Some measurement values were reported to be either negative or
below the detection limit (DL) of the instruments. The negative
values less than (−DL) were considered questionable and excluded
from the dataset, while the other values below the DL were replaced
with half of the DL (USEPA, 2000).

• Following the method by Blanchard et al. (2012), the days at each
site with more than 3-h precipitation were labeled as wet days and
were excluded from the data analysis.

• Following the method by Saylor et al. (2010), the values of each
parameter within 10° wind direction bin were grouped together.
Average values and 95% confidence intervals of the hourly data in
each 10° wind direction were calculated for each wind sector.

The hourly data of NH3 gas concentration are only available at six
out of eight sites and only during specific years: YRK (2008–2016), JST
(2010–2016), CTR (2012–2016), BHM (2011–2016), OLF (2013–2016),
and OAK (2010). The hourly NH3 concentrations in 2013 had better
data completeness, thus, the investigation of spatial variation of para-
meters requiring hourly NH3 gas concentration measurements (i.e., GR,
NH3/NHx, and TA/TS) was only performed at the YRK, JST, CTR, BHM,
and OLF sites in 2013 and at the OAK site in 2010. The temporal var-
iation of NH3/NHx, TA/TS, AN/PM2.5 at eight sites was based on 24-h
average filter-based data in 2004–2013 and 1-h average data in
2014–2016 due to the change of monitoring practice. Diurnal and
seasonal variations of AN/PM2.5 at six sites were based on 1-h average
data. As for YRK, JST, CTR, BHM, and OLF sites, the completeness of
hourly AN/PM2.5 data is better in 2013, thus, the data in 2013 at these
sites were chosen for diurnal and seasonal analysis. While as for OAK
site, the hourly AN/PM2.5 data were only available in 2010, thus, the
diurnal and seasonal analysis of AN/PM2.5 was only performed in 2010
at the OAK site. Tukey honest significant difference (HSD) test was
utilized to check the year-to-year temporal variation of NH3/NHx, TA/
TS, and AN/PM2.5.

To obtain thorough information of AFOs distribution, visual check
of the zoom-in Google map approach was used to identify the dry-based
poultry farms and wet-based swine farms locations. Spatial distribution
of the poultry and swine farms within 100 km (radius) of the eight sites
was used to assist wind sector analysis.

3. Results and discussion

3.1. Spatial variation of the GRs

Fig. 3 shows the wind sector analysis of GR values at the six sites.
According to Fig. 3, as for YRK and JST sites, GR values were greater
than one, suggesting NH3-rich conditions at these two sites for all wind
directions. In terms of the BHM and CTR sites, the BHM site exhibited
NH3-rich conditions with the GRs greater than one for all wind direc-
tions; while for the CTR site, GR values varied in different wind di-
rections with GR values greater than one for the southeasterly and
westerly wind directions. The OLF site was in NH3-rich area with GRs
greater than one for all wind directions, while the GRs at the OAK site
exhibited variations in different wind directions with GR values greater
than one for the westerly-northwesterly wind directions.

Out of all the sites examined, Fig. 3 shows that the largest GR values
occurred at the YRK site in the wind direction of 100°-130°. The YRK
site also exhibited large variations in GRs for different wind directions,
suggesting the possibility of significant NH3 emission sources at the
proximity of the site. The Google map (see Fig. 4) shows three poultry
farms located at 1.5 km, 1.5 km, and 3.1 km southeast (100°-130°) of

the YRK site. This result is consistent with the findings of Saylor et al.
(2010) who analyzed the NH3 gas and NHx concentrations for different
wind directions at the YRK site in 2007 and reported significantly
higher NH3 gas and NHx concentrations in the wind direction of 100°-
140°. The wind direction-based analysis of GRs reveals that AFOs farms,
located in the distance of 1.5–3.1 km upwind, can significantly affect
the GR values at the YRK site. The continuous hourly measurements
captured the dynamic variation of different gas-phase and particle
phase pollutants at the YRK site, the event with high NH3 concentration
was detected at the YRK site on November 3–5, 2013 (Fig. S1), which
confirmed the influences from NH3 emissions of AFOs farms.

In addition, Fig. 3 shows some dependence of GRs on the wind di-
rection at the JST site. Blanchard et al. (2012) used chemical mass
balance (CMB) method and U.S. EPA's National Emission Inventory
(NEI) to estimate the contributions of various emission sources to the
gas-phase and particle-phase pollutants in the Southeastern U.S. Their
results indicated that at the JST site, vehicle emissions contributed to
the largest portion of NHx concentration. It is believed that NH3 emis-
sions from a trucking facility (located within 100 m to the north of the
JST site) and a parking lot (located within 150 m to the east of the JST
site) may be responsible for higher GR values in 10°-20° and 70°-100°
sectors, respectively (Google map check). Moreover, a rail yard, a
wastewater treatment facility, and a power plant located within 3.6 km
to 7.5 km to the northwest of the JST site could be responsible for NH3

emissions, causing higher values of GRs in 310°-340° wind directions
(Fig. S2).

Fig. 3 shows that the GRs exhibited higher values in the wind di-
rection of 30°-50° at the BHM site. Three large industrial emissions
sources were located to the northeast of the BHM site (USEPA, 2011);
the Google map in 2016 also confirmed the existence of these three
large industrial emissions sources. To the northeast of the BHM site, one
steel mills as well as ferroalloy manufacturing plant are 4.6 km away
from the BHM site, the coke battery plants in these facilities are im-
portant emission sources of NH3, SO2, and NOx. In addition, one con-
struction material company is 3.4 km away from the BHM site; crushed
limestone mining and quarrying emitted both SO2 and NOx. And cal-
cium carbonate (CaCO3) from limestone may also compete with NH3 to
react with available HNO3. The closest industrial source to the north-
east of the BHM site is an iron foundry company, the coke battery in the
company emitted NH3, SO2, and NOx (Fig. S3).

At the CTR site, the NH3-poor conditions dominated in 2013; while
in the wind direction of 140°-170°, the GRs were greater than two. The
NHx concentration vs. wind direction at the CTR site didn't exhibit the
higher NHx concentration to the southeast of the CTR site, therefore, the
higher GRs in the wind direction of 140°-170° may be due to the lack of
acidic gases, the lower acidic gases (HNO3 and H2SO4) concentrations
in the wind direction of 140°-170° still led to higher GRs.

The GRs exhibits higher values to the west and northeast of the OLF
site. The NHx concentration vs. wind direction analysis indicates that
the higher NHx concentration appeared to the west and northeast of the
OLF site as well. The geographic location of the OLF site may explain
the variations of NHx concentration and GRs in different wind direc-
tions. The forest and grassland are located to the north and south of the
OLF site, therefore, lack of NH3 emission sources in these two wind
directions leads to lower NHx concentration and GRs.

As for the OAK site, higher GRs appear in the wind direction of 200°-
220° and 280°-350°, this may be explained by the AFOs NH3 emissions
surrounding the OAK site. The AFOs farms distribution within 100 km
of the paired sites-OAK and PNS sites is in Fig. 5.

The OAK site is about 67 km to the Gulf of Mexico in the coastal
area. Moreover, the OAK site is in the forest area with a large number of
AFOs farms located to the north and west of the site. The source ap-
portionment analysis by Blanchard et al. (2012) showed that agri-
cultural NH3 contributed to more than half of the NHx concentration at
the OAK site. The forest may have higher deposition rates and inhibit
the transport of NH3, SO2, and NOx to the OAK site from the southerly
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and easterly wind directions, while the significant NH3 emissions from
AFOs farms to the north of the OAK site may pose great impact on the
GR, thus making the GRs higher in northwesterly wind direction at the
OAK site.

3.2. Spatial and temporal variations of NH3/NHx

The change of NH3–NH4
+ partitioning in response to changes of the

precursor gas emissions can be characterized by gas-phase NH3 molar
fraction (i.e. NH3/NHx). Out of all the sites examined in this study,

Fig. 3. The GRs at the YRK, JST, CTR, BHM, and OLF sites in 2013 and OAK site in 2010 (Note different scales in the figures).

Fig. 4. AFOs farm distribution within 100 km of the YRK and JST sites (left) and in the proximity of the YRK site (right).
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NH3/NHx exhibited a significantly upward trend over the past 13 years,
with the exception of BHM and PNS sites (see Table 2). This upward
trend is consistent with the analysis of Saylor et al. (2015). The ob-
served increase in NH3/NHx indicates that both increase in NH3 con-
centrations and the reduction in acidic precursor gases concentrations
(NOx & SO2) rendered the partitioning of NH3–NH4

+ toward gas phase,
thus, the formation of iPM2.5 tended to be limited by the availability of
acidic gases instead of NH3. Xing et al. (2013) noted the decreasing
trend in NOx and SO2 emissions due to the implementation of various
regulations such as clean air interstate rule (CAIR) in 2005 and cross-
state air pollution rule (CSAPR) in 2011.

Fig. 6 shows the NH3/NHx ratios under different wind directions at
the six sites. According to Fig. 6, an excessive amount of NH3 in the gas
phase was measured at all the sites. The NH3/NHx ratio was higher
(more than 60% of NHx was in the gas phase) at YRK, JST, and BHM
sites compared to OAK, OLF, and CTR sites (where ~40% of the NHx

resided in the gas phase). The variation of the NH3/NHx in different
wind directions can be explained by the spatial heterogeneity of the
iPM2.5 precursor gas emission sources as well as the fate and transport
of various precursor gases (Fine et al., 2008; Wang-Li, 2015). At the
YRK site, the NH3/NHx was higher in the wind direction of 100°-120°,
which can be attributed to NH3 emissions from the AFOs located
southeast of the YRK site (see Fig. 4). At the OAK site, the NH3/NHx

ratios were generally higher for the air masses coming from the wes-
terly-northwesterly directions, which may also be explained by the NH3

emissions from AFOs farms. The fate and transport of precursor gases
contributed to the variation of NH3/NHx ratios in different wind di-
rections at each site, and the wind-direction dependence of NH3/NHx

ratios provided important information for the partitioning of NH3-
NH4

+ due to spatial distribution of precursor gases sources.

3.3. Spatial and temporal variations of TA/TS

The yearly averaged values of TA/TS for 2004–2016 are summar-
ized in Table 3. According to Table 3, the TA/TS exhibits a significantly
upward trend at the eight sites. The upward trend in TA/TS was asso-
ciated with the reduction in SO2 emissions and increase in NH3 emis-
sions in the Southeastern U.S. Less SO2 was available to be transformed
into H2SO4 through (photo)chemical reactions, leading to lower con-
centration ofSO4

2−in the particle phase (Xing et al., 2013). Overall,
Table 3 shows that the annual average values of TA/TS at the eight sites
(except OAK site in 2004) were greater than 2 in the past 13 years,
indicating that NH4

+salts in inorganic aerosols may consist of both
(NH4)2SO4 and NH4NO3.

The TA/TS under different wind directions at the six sites are shown
in Fig. 7. For the spatial variation, TA/TS exhibited lower values at the
OLF, OAK, and CTR sites, higher values at the YRK, JST and BHM sites.
The agricultural NH3 emission sources at the YRK site, NH3 emissions
from vehicles at the JST and BHM sites might have made the TA/TS
higher. Especially in the wind direction of 100°-130° at the YRK site, the
values of TA/TS were significantly higher than the other wind direc-
tions, which indicates the impact of poultry farm NH3 emissions to the
southeast of the YRK site.

3.4. Spatial and temproal variations of AN/PM2.5

The temporal variation of AN/PM2.5 at the eight sites in 2004–2016
is shown in Table 4. The AN/PM2.5 values at YRK, JST, CTR, and OLF
sites exhibited a significantly downward trend over the past 13 years.
Saylor et al. (2015) analyzed the temporal variation of NH4

+ andNO3
−

in the Southeastern U.S. in 2004–2012 and discovered a significant
reduction trend at the eight sites. The reduction in the sum con-
centrations of NH4

+ and NO3
− may result in the reduction of AN/

PM2.5, and the NO3
− can also switch to coarse mode due to the pre-

sence of base cations, which may also led to the reduction of AN/PM2.5.
Thus, smaller fraction of PM2.5 mass was directly NH3 sensitive.

The diurnal and seasonal variations of AN/PM2.5 at six sites were
analyzed and are shown in Fig. 8. As it can be seen, AN/PM2.5 exhibited
a significantly seasonal and diurnal pattern at six sites. For seasonal
variation, the values of AN/PM2.5 were higher in colder seasons and
lower in hotter seasons. The semi-volatile characteristic of NH4NO3 can
explain the seasonal variation (Olszyna et al., 2005; Poulain et al.,
2011). The NH4NO3 aerosol is not thermally stable under high T such as
summer conditions, thus, NH4NO3 decomposes into gas-phase NH3 and
HNO3; while under low T such as winter conditions, NH4NO3 tends to
stay in particle phase. For diurnal variation, the values of AN/PM2.5

Fig. 5. AFOs farm distribution within 100 km of the OAK and PNS sites.

Table 2
Yearly averaged values of NH3/NHx at the eight sites.

Year YRK JST BHM CTR GFP OAK PNS OLF

2004 0.45 ± 0.21 0.40 ± 0.19 0.54 ± 0.20 0.17 ± 0.13 0.36 ± 0.21 0.18 ± 0.13 0.41 ± 0.21 0.27 ± 0.16
2005 0.49 ± 0.19 0.42 ± 0.18 0.57 ± 0.19 0.19 ± 0.15 0.38 ± 0.20 0.22 ± 0.15 0.39 ± 0.18 0.28 ± 0.17
2006 0.53 ± 0.18 0.39 ± 0.17 0.55 ± 0.17 0.18 ± 0.12 0.42 ± 0.20 0.23 ± 0.16 0.39 ± 0.18 0.27 ± 0.15
2007 0.61 ± 0.17 0.48 ± 0.17 0.58 ± 0.17 0.29 ± 0.21 0.44 ± 0.18 0.25 ± 0.18 0.44 ± 0.19 0.31 ± 0.16
2008 0.53 ± 0.20 0.44 ± 0.15 0.61 ± 0.15 0.18 ± 0.12 0.40 ± 0.18 0.19 ± 0.15 0.38 ± 0.19 0.26 ± 0.16
2009 0.61 ± 0.18 0.53 ± 0.16 0.60 ± 0.16 0.24 ± 0.15 0.45 ± 0.17 0.25 ± 0.14 0.42 ± 0.17 0.31 ± 0.15
2010 0.59 ± 0.19 0.51 ± 0.15 0.60 ± 0.13 0.23 ± 0.14 0.45 ± 0.18 0.26 ± 0.16 N/A 0.30 ± 0.20
2011 0.58 ± 0.17 0.56 ± 0.16 0.57 ± 0.17 0.26 ± 0.16 0.43 ± 0.17 N/A N/A 0.31 ± 0.15
2012 0.69 ± 0.14 0.62 ± 0.14 0.62 ± 0.15 0.28 ± 0.13 0.48 ± 0.17 N/A N/A 0.35 ± 0.15
2013 0.59 ± 0.18 0.62 ± 0.16 0.57 ± 0.17 0.28 ± 0.15 N/A N/A N/A 0.36 ± 0.14
2014 0.58 ± 0.14 0.63 ± 0.14 0.56 ± 0.15 0.32 ± 0.13 N/A N/A N/A 0.37 ± 0.14
2015 0.62 ± 0.17 0.66 ± 0.16 0.48 ± 0.17 0.35 ± 0.17 N/A N/A N/A 0.44 ± 0.13
2016 N/A 0.66 ± 0.14 N/A 0.34 ± 0.15 N/A N/A N/A N/A

N/A: Not available.
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were higher at noon. This may be explained by the diurnal variation of
PM2.5 mass, NH4

+ andNO3
−concentrations. Edgerton et al. (2006)

analyzed the diurnal variation of PM2.5 mass concentration and its
chemical compositions at the SEARCH eight sites, the results indicated
that the PM2.5 mass and NO3

− concentrations exhibited higher values
in the early morning and at night and lower values in the daytime due
to the diurnal change of planetary boundary layer (PBL) height and
turbulent mixing. WhileNH4

+ concentration exhibited no specific
diurnal pattern, the combined effects of the diurnal variation of PM2.5

mass, NH4
+and NO3

−concentrations leads to the higher AN/PM2.5 at

noon.
The values of AN/PM2.5 were higher at the JST and BHM sites than

the YRK and CTR sites at noon. This can be explained by the abundance
of the NOx and SO2 gas in the urban areas. The NOx gas emitted from
vehicles and SO2 gas emitted from electricity generating unit (EGU) can
be transformed by the more intense solar radiation into HNO3 and
H2SO4 at noon at the JST and BHM sites. The NH3-rich condition at the
JST and BHM sites facilitated the reaction of NH3 with HNO3 and
H2SO4.

Fig. 6. The NH3/NHx under various wind direction at the YRK, JST, CTR, BHM, and OLF sites in 2013 and OAK in 2010. Note different scales on figures.

Table 3
Yearly averaged values of the TA/TS at the eight sites.

Year YRK JST BHM CTR GFP OAK PNS OLF

2004 4.32 ± 3.00 3.53 ± 1.60 4.53 ± 2.44 2.09 ± 0.62 2.72 ± 1.25 1.92 ± 0.71 3.09 ± 1.51 2.26 ± 0.74
2005 4.70 ± 3.00 3.77 ± 1.75 4.78 ± 2.74 2.17 ± 0.99 3.01 ± 2.05 2.12 ± 1.12 2.97 ± 1.15 2.52 ± 1.42
2006 5.20 ± 4.50 3.49 ± 1.44 4.52 ± 1.97 2.05 ± 0.60 3.05 ± 1.50 2.18 ± 1.24 2.91 ± 1.11 2.28 ± 0.68
2007 7.85 ± 9.39 4.34 ± 1.92 5.27 ± 3.22 3.00 ± 2.87 3.21 ± 1.93 2.29 ± 1.28 3.48 ± 2.00 2.66 ± 0.88
2008 6.08 ± 4.26 3.95 ± 1.76 5.62 ± 3.74 2.44 ± 1.24 3.11 ± 1.40 2.29 ± 0.93 3.00 ± 1.20 2.51 ± 1.17
2009 6.94 ± 4.45 4.86 ± 2.00 5.91 ± 6.67 2.66 ± 1.04 3.75 ± 2.18 2.41 ± 0.98 3.54 ± 1.56 2.64 ± 0.94
2010 6.30 ± 3.62 4.62 ± 1.61 5.31 ± 1.85 2.47 ± 0.74 3.74 ± 2.14 2.60 ± 0.94 N/A 2.98 ± 1.46
2011 6.16 ± 4.08 5.30 ± 2.58 5.51 ± 2.78 2.66 ± 0.97 3.55 ± 1.49 N/A N/A 2.96 ± 0.92
2012 7.94 ± 4.37 5.95 ± 2.71 5.81 ± 2.54 2.55 ± 0.86 3.78 ± 2.34 N/A N/A 3.11 ± 1.62
2013 6.20 ± 3.58 6.52 ± 3.64 5.50 ± 2.71 2.61 ± 0.72 N/A N/A N/A 2.98 ± 0.76
2014 9.30 ± 7.52 8.00 ± 4.42 7.76 ± 5.28 4.63 ± 3.89 N/A N/A N/A 4.09 ± 2.39
2015 18.59 ± 15.73 12.13 ± 10.11 13.32 ± 10.81 9.43 ± 8.18 N/A N/A N/A 9.26 ± 7.82
2016 N/A 14.91 ± 8.72 N/A 9.11 ± 6.25 N/A N/A N/A N/A

N/A: Not available.
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4. Conclusions

Spatial and temporal variations of atmospheric chemical conditions
at eight urban/nonurban sites under SEARCH Network were in-
vestigated based on the analysis of four parameters, i.e., GR, NH3/NHx,
TA/TS, and AN/PM2.5. It is discovered that from 2004 to 2016, both
(NH4)2SO4 and NH4NO3 existed in iPM2.5 at the eight sites. The GRs
analysis reveals that AFOs NH3 emissions contributed to the higher GRs
at two rural monitoring sites coded as YRK and OAK in the wind

direction coming from AFOs. An upward temporal trend of NH3/NHx

ratio was observed, indicating relatively more NH3 stayed in gas phase
over the last decade. The TA/TS also exhibited an increase trend in
2004–2016, in response to the reduction in SO2 emissions in the
Southeastern U.S. over the time. The AN/PM2.5 analysis indicates that
smaller fraction of PM2.5 mass was directly NH3 sensitive over the time
span studies here. Understanding of the spatial and temporal variations
of atmospheric chemical conditions provides insights to improve our
understanding of iPM2.5 formation under rural and urban conditions,

Fig. 7. The TA/TS under different wind direction at the YRK, JST, CTR, BHM, and OLF sites in 2013 and OAK in 2010. Note different scales on figures.

Table 4
Yearly averaged values of AN/PM2.5 at the eight sites.

Year YRK JST BHM CTR GFP OAK PNS OLF

2004 0.16 ± 0.06 0.15 ± 0.06 0.14 ± 0.07 0.13 ± 0.06 0.12 ± 0.04 0.11 ± 0.04 0.11 ± 0.03 0.12 ± 0.03
2005 0.17 ± 0.06 0.16 ± 0.06 0.13 ± 0.06 0.12 ± 0.04 0.13 ± 0.09 0.11 ± 0.04 0.12 ± 0.03 0.13 ± 0.04
2006 0.17 ± 0.08 0.14 ± 0.06 0.13 ± 0.06 0.12 ± 0.06 0.12 ± 0.04 0.11 ± 0.05 0.12 ± 0.04 0.13 ± 0.06
2007 0.19 ± 0.08 0.16 ± 0.07 0.14 ± 0.08 0.12 ± 0.05 0.13 ± 0.05 0.12 ± 0.04 0.12 ± 0.03 0.12 ± 0.03
2008 0.18 ± 0.07 0.17 ± 0.08 0.14 ± 0.07 0.13 ± 0.06 0.13 ± 0.06 0.12 ± 0.04 0.12 ± 0.03 0.13 ± 0.04
2009 0.17 ± 0.08 0.15 ± 0.08 0.14 ± 0.08 0.12 ± 0.06 0.13 ± 0.08 0.11 ± 0.05 0.12 ± 0.04 0.12 ± 0.04
2010 0.17 ± 0.11 0.15 ± 0.08 0.13 ± 0.08 0.12 ± 0.06 0.12 ± 0.04 0.13 ± 0.07 N/A 0.12 ± 0.04
2011 0.15 ± 0.08 0.14 ± 0.08 0.14 ± 0.07 0.13 ± 0.07 0.13 ± 0.06 N/A N/A 0.13 ± 0.05
2012 0.12 ± 0.06 0.13 ± 0.07 0.11 ± 0.05 0.11 ± 0.04 0.12 ± 0.04 N/A N/A 0.11 ± 0.03
2013 0.14 ± 0.07 0.14 ± 0.07 0.13 ± 0.08 0.10 ± 0.05 N/A N/A N/A 0.11 ± 0.03
2014 0.11 ± 0.08 0.14 ± 0.11 0.13 ± 0.09 0.09 ± 0.05 N/A N/A N/A 0.09 ± 0.03
2015 0.13 ± 0.10 0.19 ± 0.14 0.14 ± 0.10 0.08 ± 0.06 N/A N/A N/A 0.10 ± 0.04
2016 N/A 0.14 ± 0.11 N/A 0.08 ± 0.04 N/A N/A N/A N/A

N/A: Not available.
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the reduction in SO2 and NOx emissions resulted in the reduction of
iPM2.5 formation despite the increase in NH3 emissions in the
Southeastern U.S..
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