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Abstract

:

Recently, precursor gases such as ammonia have sparked a growing interest in the secondary formation of particulate matter (PM). Most studies focus on urban areas and scientific data. Studies on precursor gases and PM emitted from agricultural sources are insufficient; thus, this paper presents a field monitoring study conducted from agricultural sources. To estimate the effect of precursor gases for PM2.5 from naturally ventilated dairy barns, correlation analyses were conducted using real-time monitoring data on the mass concentrations of PM2.5, NH3, SO2, NO2, and H2S and meteorological data. In addition to mass concentration, the emission and loading rates were used to closely analyze pollution status. The mass concentrations of PM2.5 and gaseous compounds did not correlate well, whereas the mass emission rates for PM2.5 and gaseous compounds (SO2, NH3, and NO2) correlated well because the unit of the emission rate reflected the ventilation factor. The correlation coefficients between PM2.5 and precursor gas emission rates ranged from 0.72 to 0.89 (R), with the SO2 emission rate exhibiting the highest correlation coefficient (R = 0.89). This correlation implies that SO2 from dairy farms is a dominant species among the gaseous precursors influencing the secondary formation of PM2.5; alternatively, SO2 and PM2.5 are produced from the same sources. The ambient PM2.5 loading rate and barn PM2.5 emission rate—estimated by multivariate linear regression using the gaseous independent variables NH3, SO2, and NO2—revealed high-correlation coefficients (0.60 and 0.92, respectively) with the measured data. At present, most studies investigating the precursor gases of PM in agricultural fields have focused on NH3; however, this study suggests that SO2 is a key factor in PM2.5 pollution. To elucidate the secondary formation of PM from precursor gases in agricultural sources, particulate ammonium, sulfate, nitrate, and chloride, which were not measured in this study, as well as oxidants and intermediates, should be considered in future research.
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1. Introduction


Fine particles with an aerodynamic diameter of less than 2.5 microns (PM2.5) affect air pollution, climate change [1,2,3,4], visibility [1,2], and human health [3,4]. Fine particles are not only directly emitted from primary sources, such as automobiles, biomass burning, and various industrial combustion processes, but are also indirectly formed through gas-to-particle conversion in the atmosphere from gaseous compounds, such as ammonia (NH3), sulfur dioxide (SO2), and nitric oxides (NOx) [5,6,7], in the presence of oxidants via photochemical reactions [5,7]. Numerous studies have reported that ammonia influences secondary particle formation as a precursor of ammonium (NH4+) salts [2,3,7,8,9,10,11,12,13,14]. Some studies have demonstrated that sulfur dioxide and nitric oxides, i.e., precursors of sulfate (SO42−) and nitrate (NO3−) salts, are key factors in secondary formation rather than ammonia [10,15].



Agricultural sources, such as livestock building, manure management, and land application processes, not only significantly contribute to global ammonia emissions [8,9,16], but are also emission sources of precursor gases, such as SO2, nitric oxides (NOx), and volatile organic compounds (VOCs) [13]. In animal feeding operation (AFO) facilities, ammonia is mainly released from urea (CO(NH2)2), which is produced by the hydrolysis of urine by urease during microbial metabolism in feces [13,17]. Sulfur dioxide and NOx in AFOs are mainly produced from feces, i.e., from sulfur-containing protein decay and denitrification processes [13,18]. The formation of ammonium and sulfate salts in AFOs is positively correlated with solar radiation and temperature, and nitrate is correlated with solar radiation [19]. These findings imply that solar irradiance and temperature are important factors that drive photochemical reactions and convert gas precursors into fine particulates. Hydrogen sulfide (H2S), which is abundant in AFOs, plays an important role in the atmospheric budget of sulfur compounds, odor complaints, and influences the formation of aerosol sulfate via oxidation in the air [20]. Although many studies have been carried out on the role of precursor gases in secondary aerosol formation in the agricultural environment, the pathway of secondary formation of fine particles from those precursor gases is still not fully elucidated.



Major components of PM2.5 emitted from AFOs are composed of sulfate, nitrate, ammonium, and organic carbon (OC), followed by elemental carbon (EC), crustal elements, and heavy metals [11,13,15]. Inorganic PM2.5 mainly exists as ammonium sulfate and bisulfate and ammonium nitrate, respectively [8,9,15,21]. To clarify the formation mechanism of secondary inorganic PM2.5, Li et al., (2014) conducted correlation analyses between ammonium ions and sulfate or nitrate ions in PM2.5. Ammonium has high correlations with sulfate or nitrate [15,19]. The molar ratio of ammonium and sulfate ions was investigated to seek the major inorganic species in PM2.5 in AFOs [8,9,11,13]. Particulate ions, such as ammonium, sulfate, nitrate, and chloride, and gaseous NH3, emitted from livestock industries, are occasionally studied; however, monitoring studies of gaseous SO2 and NO2 emitted from livestock industries are rare. Recently, Wang et al., (2015) conducted a monitoring study in a Chinese layer house to verify the relationship between PM2.5 and gaseous precursors (NH3, NOx, and SO2); however, the correlation between those gases and PM2.5 concentrations was not significant [22]. Generally, the PM2.5 concentration should be highest during the daytime due to human and industrial activities, solar irradiance, temperature (secondary formation), etc. [23,24]. Unpredictably, many studies have shown that PM2.5 mass concentrations in the daytime are lower than that at night because the planetary boundary layer increases with increasing temperature during the daytime [1,25,26,27]. The use of distinguished units from PM concentration can be effective for explaining these inexplicable results. PM2.5 emission and loading rates, which include the ventilation rate, have been suggested as powerful units for interpreting more clearly the PM2.5 pollution status, as indicated in our previous study [23].



In this study, we carried out a correlation analysis using real-time monitoring data between PM2.5 and its precursor gases measured at naturally ventilated dairy barns. Data on mass concentrations, emission rates, and loading rates for PM2.5, NH3, SO2, NO2, and H2S inside and outside the barn were used in the correlation analysis to estimate key precursors for PM2.5 emissions at this dairy production site. In addition, correlations between PM2.5 and meteorological parameters, such as temperature, relative humidity, solar irradiance, and wind velocity, were also performed. Finally, we reproduced estimated barn PM2.5 emission rates and ambient PM2.5 loading rates using multi-linear regressions with respect to its precursor gases.




2. Experimental Methods


2.1. Monitoring Site


This study was conducted in a pair of naturally ventilated free-stall dairy barns (Mabton, WA, USA). Barn 1 (183 m × 30 m) housed approximately 650 cows and barn 2 (214 m × 39 m) housed approximately 850 cows, respectively. Barns 1 and 2 had 4 and 6 lines for free stalls, respectively, and the width of each stall was 1.32 m. The dairy farms had two vertical curtain systems at the north and south walls, and all curtains were fully open in the summer season (2.7 m maximum opening). The openings in the east and west walls and roof were 4.27, 4.27, and 1.6 m, respectively. Each cow was milked 3 times a day at the milking parlor and spent approximately 4 h outside the barn. Excreted manure in the barn was flushed every six hours via flushing water from the lagoon. Additional details and information on the study site were provided in a previous study [28,29,30,31]. Potential emission sources of PM and gaseous compounds in these dairy buildings—manure decay, animal and machine activities, feeds, soil beddings, dusts from outside, secondary aerosol formation, etc.—were thought to be derived from the animals themselves.




2.2. Measurement Instruments


As shown in Figure 1, three measurement points—two points inside the two barns and one point outside the two barns—were operated in real-time for the monitoring of PM2.5, NH3, SO2, NO2, and H2S. To monitor the corresponding ventilation data, 16 three-dimensional ultrasonic anemometers (Model RM Young 81000, RM Young Company, Traverse City, MI, USA) were installed at the doors of each barn. Gas sampling ports for the monitoring of NH3, SO2, NO2, and H2S were located at the same points with the anemometers. To monitor the meteorological parameters, a pyranometer (Model LI-200SL, LiCOR, Lincoln, NE, USA), a relative humidity–temperature probe (NOVUS Model RHT-WM, NOVUS Electronics, Canoas, Brazil) and a wind anemometer (Model 03002VM Wind Sentry, RM Young Company, MI, USA) were installed on the weather tower on the roof of barn 1. Continuous gas sampling was carried out using a gas sampling system (GSS), which consisted of 10 solenoids placed in the on-farm instrument shelter (OFIS). The ammonia concentration was measured using a photoacoustic IR multigas monitor (Model 1412, Innova AirTech Instruments, Ballerup, Denmark, 0.2 ppm of LDL); sulfur dioxide and hydrogen sulfide concentrations were measured using a fluorescence-based analyzer (Model 450i, Thermo Fisher Scientific, Waltham, MA, USA, 1 ppb of LDL); and the NO2 concentration was measured using a chemiluminescence NH3 analyzer (TEC Model 17C, Thermo Environmental Instruments, Franklin, MA, USA) composed of a combination NH3 converter and an NO-NO2-NOX analyzer (1 ppb of LDL). The NH3 concentrations measured by this instrument were compared with the concentration measured by the Innova Model 1412, which was used as an official analyzer for NH3 in the National Air Emission Monitoring Study (NAEMS) project [28]. The barn PM2.5 mass concentrations were monitored using two TEOMs (tapered element oscillating microbalances, Model 1400a, Rupprecht & Patashnick, Albany, NY, USA, 0.6 µg/m3 of LDL) inside the barn, while ambient PM2.5 concentrations were monitored using a beta gauge (Model FH62C14, Thermo Electron Corporation, Waltham, MA, USA, 0.6 µg/m3 of LDL). Periodical maintenance, such as a zero-span check and multi-point calibration, was conducted according to the manufacturers’ recommendations during the monitoring period [28,29].




2.3. Sampling and Data Acquisition


The average and standard deviations of PM2.5, NH3, SO2, NO2, H2S, and meteorological parameters during the measurement period are presented in Table 1. The weather conditions of the monitoring site were hot and dry in the summer and cold and wet in the winter seasons [30,31]. Previous studies showed that a higher amount of air pollutants was usually emitted in the summer season [23,30,31]. Because the measurement PM2.5 was conducted between 9 July and 21 July 2009, the presented data were limited to 13 days in this report. Emission and loading rates were calculated by multiplying each concentration and barn ventilation rate or ambient wind speed, respectively. Continuous measurements of PM2.5 were taken at two points in the barns and at one point on the outside of the barn (ambient air), while meteorological parameters were continuously recorded at the weather tower located on the rooftop of barn 1. Measurements of gases were performed on a sequential rotation at 10 sampling locations (SLs) in the two barns (5 locations for each barn: SLs 1, 3, 5, 7, 9 for barn 1 and SLs 2, 4, 6, 8, 10 for barn 2) and were conducted for 10 min at each sampling location. It took 100 min to measure all 10 sampling locations in the two barns [29]. A desktop computer located in OFIS acquired real-time measurements data using an AirDAC software [28]. Once a day, the collected data were saved on the site computer and transmitted to a data scientist’s desktop computer. Site design, sampling schedule, sampling layout, data acquisition, periodical maintenance, etc., were conducted under the protocols provided by the NAEMS project [28,29,30,31].




2.4. Data Processing


In this study, the averages of 30 min of data obtained from the raw data collected every minute were used for analysis in this paper. For example, the 30-min average data for gaseous compounds meant that the data comprised an average of two measurements in barn 1 and one measurement in barn 2 (SLs 1, 2, and 3). Then, the next 30-min data comprised an average of one measurement in barn 1 and two measurements in barn 2 (SLs 4, 5, and 6). This process was repeated with subsequent 30-min data. The 30-min average data of precursor gases and PM2.5 for the two barns were integrated and merged by considering the weighted averages of the barn ventilation rates. Outliers were deemed to be any data lying outside of the interquartile range (1.5 × IQR) for each dataset and were not used in subsequent data analyses [31,32,33]. The 30-min means (48 datasets per day) for the entire 13 days of the measurement campaign were used in diurnal pattern, correlation, and linear regression analyses and principal component analysis (PCA). Multivariate linear regression and PCA were performed using IBM SPSS Statistics version 20 software.





3. Result and Discussion


3.1. Summary of Measurement Data


Table 1 shows the average concentrations and emission rates of PM2.5 and precursor gases, as well as the average values of meteorological parameters during the monitoring period. The PM2.5 concentrations at ambient temperature and in the barns were approximately 31 and 70 μg/m3, respectively, which were much higher than the U.S. daily PM2.5 standard [34]. The PM2.5 emission rates of barn 1 (emission factor (EF): 0.17 g/cow/h) were slightly higher than those of barn 2 (EF: 0.14 g/cow/h). The emission rates of NH3, H2S, SO2, and NO2 were 29 g/min (EF: 2.32 g/cow/h), 1.0 g/min (EF: 0.08 g/cow/h), 0.2 g/min (EF: 0.016 g/cow/h), and 3.7 g/min (EF: 0.30 g/cow/h), respectively.



The average wind speed, relative humidity, and temperature were 2.2 m/s, 32%, and 27.6 °C, respectively. Zou et al., (2020) reported that the emission rates from naturally ventilated dairy barns in North China were approximately 1.52 g/AU/h (1 to 8 ppm) for ammonia, 0.001 g/AU/h for hydrogen sulfide, and 0.002 g/AU/h for sulfur dioxide, respectively [35]. In another study from Canada, the emission rates from a dairy barn were approximately 26.5 to 97.5 mg/min (2.1 to 7.8 mg/AU/h) for PM2.5 and 0.45 to 1.78 g/AU/h (1.9 to 3.1 ppm) for ammonia, respectively [36]. Ammonia emissions reported in dairy barns in previous studies and our study were similar, whereas the emission levels of PM2.5, sulfur dioxide, and hydrogen sulfide varied. These differences are probably due to differences in farm management, monitoring methods, feed, surrounding environment, and other factors.




3.2. Diurnal Patterns of Fine Particles and Gaseous Pollutant Concentrations


Figure 2 shows the diurnal profiles of average PM2.5, SO2, NH3, and NO2 concentrations in the two barns. The PM2.5 concentrations ranged from 55 to 75 μg/m3 and were usually higher in the morning. The SO2 concentrations ranged from 1.3 to 2.2 ppb and showed lower levels at 06:00 to 09:00 in the morning, at 13:00 to 14:30 in the afternoon, and at 22:00 to 24:00 in the nighttime. The NH3 concentrations ranged from 0.7 to 1.4 ppm and were higher during the nighttime than during the daytime. The NO2 concentrations ranged from 0.015 to 0.075 ppm and were higher in the morning than in the afternoon, similar to the PM2.5 concentration pattern. The diurnal variations of the PM2.5 and SO2 concentrations were not as significant as those of the NH3 and NO2 concentrations. The pattern of the NH3 concentrations was inversely proportional to that of the NO2 concentrations, which most likely meant that the emission source or formation mechanisms of the two gases were not the same or they were emitted at different times. Bjerg et al., (2012) reported that NH3 emissions were higher in the morning (before noon) because animals urinated more at this time [37]. NH3 emissions were lower at night because of reduced feeding and defecation [35]. Other studies also showed that ammonia concentrations during the daytime were lower than those during the nighttime. This pattern was also frequently observed in urban areas and can be explained by the increased planetary boundary layer (PBL, atmospheric mixing layer of air pollutants) caused by surface radiation during the daytime [1,26,27]. In general, wind fields affect concentration because air pollutants emitted from various sources are diluted and mixed into ambient air. Therefore, the interpretation of pollution status is sometimes very difficult and can yield unusual results (a limitation of concentration unit).



Figure 3 shows the correlations between PM2.5 concentrations and SO2, NH3, and NO2 concentrations, respectively. Although NH3, SO2, and NO2 are precursor gases for the formation of secondary aerosols [2,5,7,8,9,14,20], the correlations between PM2.5 and the concentrations of these gaseous compounds were not statistically significant. Wang et al., (2015) reported that correlations between PM2.5 and NOx, SO2, and NH3 concentrations were statistically significant, finding the greatest correlation between PM2.5 and NOx [22]. As shown in Figure 3, no correlations were found between PM2.5 and precursor gases, suggesting that further analysis of the field monitoring data using other units, which is more in-depth than the concentration unit, should be conducted.




3.3. Diurnal Profiles of Fine Particles and Gaseous Compound Concentrations, Emission Rates, and Loading Rates


The diurnal profiles of PM2.5 concentration and emission and loading rates in the barns and in ambient air (outside the barn) are shown in Figure 4. In our previous study, the PM2.5 emission and loading rates were suggested as parameters that could be used to effectively interpret or determine the PM2.5 pollution status [23]. The diurnal variations in the PM2.5 emission rates and ambient PM2.5 loading rates in the barns were more significant than the variations in concentration data (Figure 2), which were higher during the daytime than the nighttime. The average concentrations inside or outside the barns showed similar levels throughout the day (60–75 and 30–40 μg/m3, respectively), whereas barn emission rates and ambient loading rates were widely distributed (1–4 g/min and 2–6 μg/m3/min, respectively), with the highest peaks at 15:00 in the barns and 18:00 outside the barns. The units of the emission and loading rates were calculated by multiplying mass concentration and ventilation rate or wind velocity. At the monitoring site, wind velocities during the daytime had much higher values than those during the nighttime (data not shown).



The diurnal patterns of precursor gas emission rates from the barns are shown in Figure 5. In contrast to the patterns in Figure 2, the SO2, NH3, and NO2 emission rates were significantly higher during the daytime than the nighttime, similar to the PM2.5 emission rate profile (Figure 4 upper), but the H2S emission rates did not exhibit a similar pattern with other precursor gases. The NH3 emission rate increased during the daytime, which was consistent with previous research [15,35,37,38]. When we identify the emission and pollution status, the use of emission or loading rates, which includes wind fields, can be more effective than the use of a concentration unit.




3.4. Correlation Analyses between Fine Particles and Gaseous Compounds


Figure 6 shows the correlations between the PM2.5 emission rates and gaseous emission rates from the barns. NH3, SO2, and NO2 emission rates correlated well with the PM2.5 emission rates (R = 0.72–0.89) and the p values were significant (p < 0.05), with the SO2 emission rates having the highest correlation (R = 0.89). The correlation between H2S and PM2.5 emission rates was not significant (p > 0.05). Li et al., (2014) reported that aerosol (PM2.5) mass concentration correlated well with sulfate (R = 0.70) and H2SO4, whereas gaseous NH3, nitrate, and chloride salts did not correlate well with aerosol mass concentrations in the livestock facility. In their model simulation, the reduction in sulfate and H2SO4 significantly influenced the reduction in PM, rather than the reduction in NH3 [10,15]. These findings suggested that both gaseous and particulate sulfur compounds would be a dominant species for PM pollution in livestock facilities. In many studies, ammonia has been recognized as the key precursor gas of secondary PM formation in agricultural sources. This finding suggested that SO2 emissions can also play an important role in PM pollution in agricultural areas.



Figure 7 shows the correlation between barn PM2.5 emission rates and meteorological parameters. Solar irradiance, wind velocity, and temperature were directly proportional to the barn PM2.5 emission rates (significant p values < 0.05) with solar irradiance showing the highest correlation (R = 0.87). Numerous studies reported that solar radiation strongly influences the formation of secondary aerosols because solar radiation mediates the photochemical reactions between precursor gases with O3, OH, and H2O2, as well as NO in the atmosphere; thus, an increase in solar radiation increases the formation of secondary particulate matter [5,39,40,41]. However, the PM2.5 emission rates from the barns were inversely proportional to relative humidity. In general, temperature is inversely correlated with relative humidity, whereas temperature is positively correlated with wind speed [1]. Zou et al., (2020) reported that SO2 and NH3 emissions from Chinese dairy buildings were increased with increasing temperature and ventilation rates during the daytime [35]. The higher PM2.5 emission rate during the daytime might be caused by the increasing SO2 and NH3 emissions in this study. This is because animal and machine activities, manure excretion, manure decay, and the resuspension of fine particles from soil beddings might increase during the daytime. Secondary aerosol formation by gaseous precursors could also progress during the daytime.



Figure 8 shows the principal component analysis (PCA) using 13 variables to evaluate the relationship between PM2.5 emission or loading rates and gas emission rates or meteorological parameters. Although PCA results do not prove causation, many scientists employ PCA to assess associations when performing a correlation analysis involving multiple variables [42,43,44]. Relative humidity (BarnRH and AmbRH) and barn H2S emission rates (BarnH2S) were separated by component 1 and 2 with negative loadings. The PM2.5 emission rate (BarnPM2.5) and loading rate (AmbPM2.5) were grouped with barn SO2 emission rate (BarnSO2), temperature (BarnT and AmbT), ambient solar irradiance (AmbSolar), ambient wind velocity (AmbWV), barn NH3 emission rate (BarnNH3), barn NO2 emission rates (BarnNO2), and barn animal activity (BarnAct). BarnPM2.5 was closely clustered with BarnSO2, BarnT, AmbT, AmbSolar, and AmbPM2.5, while AmbPM2.5 was clustered with AmbWV, BarnSO2, and BarnNH3. Barn SO2 emission rate was highly correlated with barn PM2.5 and ambient PM2.5, which coincided with the correlation shown in Figure 7. The ambient PM2.5 loading rate was close to the emissions of SO2 and NH3, indicating that ammonium sulfate is likely to be a dominant secondary PM in ambient air, based on this PCA result. Both particulate ion salts (ammonium, sulfate, nitrate, and chloride) and intermediates (HNO3, HONO, and H2SO4) should be measured to identify this secondary PM formation in further studies.




3.5. Multivariate Linear Regressions between PM2.5 and Its Precursor Gases


To elucidate the relationship between PM2.5 and its precursor gases, multivariate linear regression was conducted, with the dependent variable of PM2.5 emission or loading rates and three independent variables (NH3, SO2, and NO2 emission rates), as shown in Equation (1). Table 2 and Table 3 show the results for barn PM2.5 emission rate and ambient PM2.5 loading rate, respectively. Both regressions showed significant p values and regression coefficients (R = 0.93 for the barn PM2.5 emission rate and R = 0.67 for the ambient PM2.5 loading rate, respectively). The slopes (B-values) between the PM2.5 emission rate and NH3, SO2, and NO2 emission rates were positive, whereas the B-values between PM2.5 and NO2 emission rates were negative in the regression for ambient PM2.5 loading rate. In both regressions, the T-value (coefficient divided by standard error) for the SO2 emission rate was highest amongst the three gases, implying that the barn SO2 emission rate had the most significant influence on PM2.5 emissions.


y (PM2.5) = A·x1 (NH3) + B·x2 (SO2) + C·x3 (NO2) + Intercept



(1)







The estimated ambient PM2.5 loading rates and barn PM2.5 emission rates were reproduced using an empirical linear regression equation (Table 2 and Table 3) and compared with the measured data (Figure 9). The p-values in both regressions were significant (less than 0.05). The estimated ambient PM2.5 loading rates underestimated the direct measurements (slope = 0.40 and R = 0.60). However, the estimated barn PM2.5 emission rates were comparable to the direct measurements (slope = 0.85 and R = 0.92). The latter regression was more significant for the estimations of PM2.5 emissions from measurements of SO2, NH3, and NO2 in dairy barns because the gaseous compounds were measured only in the barn (not in the ambient site) in this study. In addition, regarding the reduction in PM2.5 emissions from the livestock facility, these regressions clearly revealed that the emission of these precursor gases (especially SO2 emissions) must be controlled or managed.





4. Conclusions


To estimate the key precursors of PM2.5 emissions, the concentrations and emission rates of NH3, SO2, and NO2, as well as meteorological parameters, were analyzed for correlations with the PM2.5 concentrations, emission rates, and loading rates at the dairy site. No statistically significant differences between concentration data were observed, whereas NH3, SO2, and NO2 emission rates correlated well with the PM2.5 emission rates in the correlation analysis, with correlation coefficients ranging from 0.72 to 0.89 in the PCA. SO2 (R = 0.89) was the most significant species among three precursor gases influencing PM2.5 emissions in the livestock facility. This result suggests that the management of sulfur-containing compounds (SO2 and H2S) in agricultural sources is important from the standpoint of PM emission control and odor control. Solar irradiance, wind speed, and temperature were positively correlated with the PM2.5 emission rates. Solar irradiance showed the highest correlation coefficient (R = 0.87), whereas relative humidity was negatively correlated with PM2.5 emissions. In the multivariate linear regressions, barn the PM2.5 emission rates and ambient PM2.5 loading rates could be reproduced using the precursor gases SO2, NO2, and NH3, and the correlation coefficient of the estimated barn PM2.5 emission rates correlated well with the measured barn PM2.5 emission rates (R = 0.92).
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Nomenclature




	AFOs
	Animal feeding operations



	AmbPM2.5
	Ambient PM2.5 loading rate



	AmbRH
	Ambient relative humidity



	AmbSolar
	Ambient solar irradiation



	AmbT
	Ambient temperature



	AmbWV
	Ambient wind velocity



	AU
	Animal unit



	B
	Coefficients for independent variables



	BarnAct
	Animal activity in barn



	BarnNH3
	NH3 emission rate from barn



	BarnNO2
	NO2 emission rate from barn



	BarnPM2.5
	PM2.5 emission rate from barn



	BarnRH
	Relative humidity in barn



	BarnSO2
	SO2 emission rate from barn



	BarnT
	Temperature in barn



	CO(NH2)2
	Urea



	DAC
	Data acquisition and control



	EC
	Elemental carbon



	g/cow/h
	Gram per cow per hour (cow·h)



	GSS
	Gas sampling system



	H2S
	Hydrogen sulfide



	H2SO4
	Sulfuric acid



	HNO3
	Nitric acid



	HONO
	Nitrous acid



	IQR
	Interquartile range



	LDL
	Lower detection limit



	μg/m3/min
	Microgram per m3 minute (m3·minute)



	NH3
	Ammonia



	NH4+
	Ammonium ion



	NO3−
	Nitrate ion



	NOx
	Nitric oxides



	OC
	Organic carbon



	OFIS
	On-farm instrument shelter



	PBL
	Planetary boundary layer



	PCA
	Principal component analysis



	PM
	Particulate matter



	PM2.5
	Fine particles with an aerodynamic diameter of less than 2.5 micron



	SD
	Standard deviation



	SLs
	Sampling locations



	SO2
	Sulfur dioxide



	SO42−
	Sulfate ion



	T
	Coefficient divided by standard error



	VOCs
	Volatile organic compounds
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Figure 1. Description of monitoring site (Joo et al., (2015a)) [23]. 
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Figure 2. Diurnal profiles of the PM2.5 and sulfur dioxide concentrations (upper) and ammonia and nitrogen dioxide concentrations (bottom) in the barns. 
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Figure 3. Correlations between PM2.5 mass concentrations and gaseous concentrations in the barns. (p-values = 0.160 for SO2, 0.161 for NO2, 0.814 for NH3, and 0.781 for H2S, respectively). 
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Figure 4. Diurnal profiles of PM2.5 mass emission rates and concentrations in the barns (upper) and in the ambient air (bottom). 
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Figure 5. Diurnal patterns of hydrogen sulfide and sulfur dioxide emission rates (upper) and ammonia and nitrogen dioxide emission rates in the barns (bottom). 
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Figure 6. Correlations between PM2.5 mass emission rates and gaseous air pollutant emission rates at the barns (p-values < 0.001 for NH3, NO2, and SO2, and p = 0.071 for H2S, respectively). 
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Figure 7. Correlations between PM2.5 mass emission rates and meteorological parameters in the barns (p-values for all regressions < 0.001). 
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Figure 8. Principal component analysis (PCA): results rotated by Varimax to capture factors influencing PM2.5 emission in 24 h. Components 1 and 2 explain 67.1% and 10.9% of the variance, respectively. 
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Figure 9. Correlations between direct PM2.5 measurements and estimated PM2.5 (from the multivariate linear regressions): PM2.5 loading (left, p < 0.001) and emission rates (right, p < 0.001). 
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Table 1. Average of PM2.5, gaseous compounds and meteorological parameters during the monitoring periods.






Table 1. Average of PM2.5, gaseous compounds and meteorological parameters during the monitoring periods.





	
Measurement Period

	
9 July~21 July 2009






	
PM2.5

	
Ambient PM2.5

	
Barn 1 PM2.5

	
Barn 2 PM2.5




	
Concentration (μg/m3)

	
Loading rate

(mg/m3/min) *

	
Concentration (μg/m3)

	
Emission rate (g/min)

	
Concentration (μg/m3)

	
Emission rate

(g/min)




	
Mean

	
30.81

	
4.03

	
72.77

	
2.08

	
67.85

	
1.79




	
SD

	
8.54

	
2.26

	
7.71

	
1.62

	
11.64

	
1.30




	

	
Barn NH3

	
Barn H2S

	
Barn SO2




	
Gaseous compounds

	
Concentration (ppm)

	
Emission rate

(g/min)

	
Concentration (ppb)

	
Emission rate

(g/min)

	
Concentration (ppb)

	
Emission rate

(g/min)




	
Mean

	
1.01

	
29.10

	
17.69

	
1.03

	
1.85

	
0.21




	
SD

	
0.35

	
18.93

	
6.01

	
0.72

	
0.92

	
0.17




	

	
Barn NO2

	
Ambient meteorological parameters




	
Gaseous compounds and others

	
Concentration (ppm)

	
Emission rate

(g/min)

	
Wind Velocity (m/s)

	
Solar irradiance

(W/m2)

	
Relative humidity (%)

	
Temperature

(°C)




	
Mean

	
0.04

	
3.66

	
2.21

	
354.59

	
31.58

	
27.55




	
SD

	
0.02

	
2.60

	
1.18

	
32.24

	
6.77

	
3.26








* Ambient loading rate = Concentration (μg/m3) × Air exchange rate (frequency/min) = μg/m3/min, air exchange rate means the exchanged frequency of air in an imaginary control volume box (1 m3) during 1 min.
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Table 2. Multivariate linear regressions between barn PM2.5 emission rate (dependent variable) and its precursor gas emission rates from the barns.
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Regression

	
Independent Variables

	
B (Coefficients for Independent Variables)

	
T (Coefficient

/Standard Error)






	
R = 0.933

p value < 0.001

	
Intercept

	
−0.088

	
−0.468




	
NH3

	
0.025

	
2.727




	
SO2

	
4.942

	
4.755




	
NO2

	
0.166

	
3.516
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Table 3. Multivariate linear regressions between ambient PM2.5 loading rate (dependent variable) and PM2.5 precursor gas emission rates from the barns.






Table 3. Multivariate linear regressions between ambient PM2.5 loading rate (dependent variable) and PM2.5 precursor gas emission rates from the barns.





	
Regression

	
Independent Variables

	
B (Coefficients for Independent Variables)

	
T (Coefficient

/Standard Error)






	
R = 0.666

p value < 0.001

	
Intercept

	
1.369

	
2.354




	
NH3

	
0.041

	
1.460




	
SO2

	
7.733

	
2.410




	
NO2

	
−0.062

	
−0.424
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