
1 
 

ON THE CHEMICAL NATURE OF AEROSOL, CLOUDS, AND PRECIPITATION ALONG 

THE US WEST COAST 

 

 

by 

Lin Ma 

______________________________________________ 

Copyright© Lin Ma 2019 

A Dissertation Submitted to the Faculty of the  

DEPARTMENT OF CHEMICAL AND ENVIRONMENTAL ENGINEERING  

In Partial Fulfillment of the Requirements  

For the Degree of  

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA  

 

2019 

 

 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Lin Ma, titled On the Chemical Nature of Aerosol, Clouds, and Precipitation 
Along the US West Coast and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of Doctor of Philosophy. 

I.,_ 

�±:.:..-· ,;.· ;;..·· -==
===

---

Armin Sorooshian, Chair 

� ,r d-u,_ ,< 
L 

Date: 4/19/2019 

Date: 4/19/2019 

Date: 4/19/2019 

Date: 4/19/2019 

Final approval and acceptance of this dissertation is contingent upon the candidate's submission 
of the final copies of the dissertation to the Graduate College. 

I hereby certify that I have read this dissertation prepared under my direction and recommend 

that it be accepted as fulfilling the dissertation requirement. 

\ 

A--
Dissehation Director: Armin Sorooshian 
Professor 
Department of Chemical and Environmental Engineering 

Date: 4/19/2019 

2 



3 
 

ACKNOWLEDGEMENTS 

I want to give special thanks to Armin Sorooshian for accepting me in his research group and 

providing financial support during this study. I also want to thank Ara Philipossian, Farhang 

Shadman, and Scott Saavedra for being my committee members. I thank Nancy Rogers who 

advised me to switch advisors, prepared documents and accompanied me at meetings during the 

transition time. To all of them who made this dissertation possible, I am greatly thankful. 

To Armin Sorooshian who restored me from a broken condition and gave me courage to 

complete my Ph.D. studies, I feel lucky to meet him. I thank him for being incredibly accessible. 

Armin taught me communication. I thank him for making my final year studying at University of 

Arizona such a wonderful and unforgettable experience.  

I want to thank Anne Padias and Dee Belle-Oudry in the Chemistry and Biochemistry 

Department for offering me opportunities to teach general chemistry laboratory courses. I thank 

Mark for the teaching preparation training. I thank Tori, Laura, Peggy and everyone who worked 

closely at Teaching Support Office. 

To Alex, Ali, Hossein, Rachel, Connor, Alberto, Abdulmonam, David, Mojtaba and Joe in the 

Sorooshian research group, I thank them for their help and discussion. I thank Hossein 

Dadashazar who generously taught me Positive Matrix Factorization and patiently answered 

numerous questions I asked.  

I want to thank friends back in China who took care of my parents when I was not at home. I 

thank them for celebrating my parent’s birthday and going on trips with my parents. 



4 
 

I want to acknowledge Xuezi Qin who I knew from English school for being a family friend of 

mine over many years. Through knowing her, I learned to relax and enjoy life. I thank her for 

always warmly welcoming me to LA.  

I wish to thank my following friends: Cybil, Brina, Danlei, Fangyuan, Nancy, Scott, Jon, Macro, 

Yuliang, Henry, and Dezheng. I thank Nina for writing me letters and sharing fond stories with 

me. I thank Han, Yichen, Yingying and Gaby who offered me a place to stay when I was 

preparing for the Ph.D. qualifying exam. I thank Ruochen for inspiring me to learn computer 

coding and being a role model in many aspects of life. I thank Paul for teaching me electron 

microscopy and thank Jerry and Paul for analyzing aerosol and struvite samples for me. I thank 

my roommates Xiaoxiao and Evelyn for being loyal friends and giving me mental treatment day 

and night. I thank them for accompanying me and brainstorming solutions for me in life 

situations.  

I thank Jeff, Adam, Barbara, Belinda, Nancy, Jenelle, Dean, Tom, Chris, Jason, Steven, and 

Mike, all of who helped Matt and me when we were working on a pilot project at Tres Rios 

WWTP. I thank Matthew Potzler for helping me open and close manhole and monitoring gas 

flow during extremely hot summer days.  

Finally, I want to thank my parents for their love and support. I thank them for sending me 

abroad for studies and taking long flights to visit me.  

  

 

 

 



5 
 

DEDICATION 

 

 

 

To my parents Lixin Ma and Junjun Gao 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

TABLE OF CONTENTS 

 

 

LIST OF FIGURES………………………………………………………………….…………8 

ABSTRACT………………………………………………………………………….…………9 

CHAPTER 1. INTRODUCTION…………………………………………………....………..12 

1.1. Background and motivation of aerosols………………………………………………….12 

1.2. Characterization of size-resolved water-soluble metal elements in Marina, California….13  

1.2.1. Background………………………………………………………………………...13  

1.2.2. Positive Matrix Factorization (PMF)………………………………………………15 

1.3. Characterization of size-resolved particulate matter in Manila, Philippines……………..16 

1.3.1. Background………………………………………………………………………...16 

1.3.2. Scanning Electron Microscopy (SEM)…………………………………………….17 

1.3.3. Aerosol microscopy characterization……………………………………………....19  

1.4. Interrelationship between aerosol and precipitation……………………………………....20 

1.5. UV/H2O2 advanced oxidation processes (AOPs)………………………………………....21 

1.5.1. Background……………………………………………………………………...21 

1.5.2. Analytical techniques………………………………………………………........23 

1.5.3. Singlet oxygen…………………………………………………………………...26 

1.6. Struvite prevention using carbon dioxide………………………………………….………28 

1.6.1. Background…………………………………………………………….………...28 

1.6.2. Struvite microscopy characterization……….…………………………………....31  

1.6.3. Struvite precipitation model…………………….……………………………......41 

1.7. Explanation of dissertation format………………………….………………………….......46 



7 
 

CHAPTER 2. PRESENT STUDY……………………………………………………...……..48 

2.1. Size-resolved characterizations of water-soluble particulate elements in a coastal area: 

source identification, influence of wildfires, and diurnal variability………………………….48 

2.2. Size-resolved composition and morphology of particulate matter during the Southwest 

monsoon in Metro Manila, Philippines………………………………………………………..50 

2.3. Sources of pollution and interrelationships between aerosol and precipitation chemistry at a 

central California site………………………………………………………………………….52 

2.4. Modeling the oxidation of phenolic compounds by hydrogen peroxide…….……………53  

2.5. Sustainable struvite control using carbon dioxide…………………………….…….…….55  

 

APPENDIX A: SIZE-RESOLVED CHARACTERISTICS OF WATER-SOLUBLE 

PARTICULATE ELEMENTS IN A COASTAL AREA: SOURCE IDENTIFICATION, 

INFLUENCE OF WILDFIRES, AND DIURNAL VARIABILITY…………………...…….57 

APPENDIX B: SIZE-RESOLVED COMPOSITION AND MORPHOLOGY OF 

PARTICULATE MATTER DURING THE SOUTHWEST MONSOON IN METRO  

MANILA, PHILIPPINES……………………………………………………………………109 

APPENDIX C: SOURCES OF POLLUTION AND INTERRELATIONSHIPS  

BETWEEN AEROSOL AND PRECIPITATION CHEMISTRY AT A CENTRAL 

CALIFORNIA SITE…………………………………………………………………………167 

APPENDIX D: MODELING THE OXIDATION OF PHENOLIC COMPOUNDS BY                   

HYDROGEN PEROXIDE PHOTOLYSIS……………………………………………….….234  

APPENDIX E: SUSTAINABLE STRUVITE CONTROL USING CARBON DIOXIDE….248 

REFERENCES……………………………………………………………………..…………286 



8 
 

LIST OF FIGURES 

Figure 1.3-1 Schematics of Scanning Electron Microscopy (SEM)……………………….…18 

Figure 1.5-1 UV Spectrum of P-Cresol measured in deionized water…………………….….23 

Figure 1.5-2 IFE corrected EEM Spectrum of 1000μM p-Cresol in deionized water…….….24 

Figure 1.5-3 HPLC chromatograph of p-Cresol (20.049 minute) and its by-product 4-

methalcatehol (25.212 minute) …………………………………………………………….….25 

Figure 1.6-1 Images of precipitate grown in deionized water (A) and centrate (B) from Tres Rios 

water reclamation facility Tucson, Arizona……………………………………………….…..32 

Figure 1.6-2 SEM Images and EDX analysis of naturally occurred precipitates from Tres Rios 

water reclamation facility Tucson, Arizona before (A) and after (B) ferric chloride addition and 

precipitate grown in laboratory (C)…………………………………………………….…..…32 

Figure 1.6-3 Spatial distribution of calcium (top) and magnesium (bottom) in naturally occurred 

mineral from Tres Rios Water Reclamation Facility before ferric chloride addition……..….35 

Figure 1.6-4 Spatial distribution of calcium (top) and iron (bottom) in naturally occurred mineral 

from Tres Rios Water Reclamation Facility after ferric chloride addition…………………....36 

Figure 1.6-5 (1)-(8) are additional SEM images of struvite synthesized in laboratory using 

centrate from Tres Rios Water Reclamation Facility……………………………….……..…..37 

Figure 1.6-6 Model predicted struvite supersaturaion index (SI = Kso/Ksp) under atmospheric 

pressure at 25 ℃. Total magnesium, ammonia, and phosphate concentrations were set equal to 

typical values found in Tres Rios centrate (22.5 mg/L, 1260 mg/L, and 110 mg/L, 

respectively)………………………………………………………………………….….…....45 



9 
 

ABSTRACT 

Particulate matter (PM) in ambient air affects visibility, climate, human health, and the 

hydrological cycle. The water-soluble fraction of PM is relevant to nucleation efficiency, 

atmospheric residence time and hygroscopicity. In regions such as coastal California (United 

States) and Metro Manila (Philippines), pollution comes from variety of sources. By analyzing 

water-soluble element data collected in Marina, California from two separate summertime field 

campaigns: the Nucleation in California Experiment (NiCE) in 2013 and the Fog and 

Stratocumulus Evolution (FASE) campaign in 2016, six characteristic sources were found: 

Marine Emissions (45.4% of total mass), Secondary Aerosol (24.4%), Biomass Burning (13.1%), 

Waste Facilities (8.7%), Vehicular Emissions (4.4%) and Crustal Emissions (3.9%). Temporally-

resolved results showed higher PM levels associated with Vehicular Emissions (day/night mass 

concentration ratio = 31.3) in Marina, California. Similar source apportionment analysis was 

conducted using data collected in Metro Manila, Philippines through a year-long sampling 

campaign (the Cloud, Aerosol, and Monsoon Processes Philippines Experiment (CAMP2Ex) 

weatHEr and CompoSition Monitoring (CHECSM) study) established in July 2018. It was 

observed that black carbon contributed a large fraction of PM in Metro Manila, exceeding what 

is found in most all other global regions. Positive Matrix Factorization (PMF) results revealed 

that the highest contribution to the study region was Aged/Transported pollution (48.0% of total 

mass) and followed by Sea Salt (22.5%), Combustion (18.7%), Vehicular/Resuspended Dust 

(5.6%) and Waste Processing (5.1%).  In Metro Manila, secondarily produced inorganic species 

exhibited peaks in the submicrometer range (0.32–0.56 µm) while ions associated with primary 

emissions had peaks in the supermicrometer range (1.8–5.6 µm).  Most of the water-soluble 
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elements exhibited bimodal behavior, with peaks in the submicrometer and supermicrometer 

range.  

Pinnacles National Monument, ~65 km east of the coastline of California, is one of the few 

monitoring sites along the US western coast where aerosol and precipitation data are both 

available. At that site, seven pollution sources were identified by PMF: aged sea salt (25.7% of 

PM2.5), biomass burning (24.2% of PM2.5), fresh sea salt (8.2% of PM2.5), secondary sulfate 

(11.7% of PM2.5), dust (10.0% of PM2.5), vehicular emissions (8.2% of PM2.5) and secondary 

nitrate (5.2% of PM2.5). Examining co-located aerosol and precipitation data provided insights 

into aerosol and precipitation interactions. Results revealed that the reduction of pH in 

precipitation is likely due to uptake of HNO3 instead of acidic aerosols such as secondary sulfate 

and aged sea salt partitioning to rain drops. The positive correlation between Ca2+ in 

precipitation and two aerosol source factors (dust and aged sea salt) and PMCoarse indicated that 

coarse particles promoted precipitation to some extent. The finding that sulfate was highly 

corelated with dust and aged sea salt source factors, suggested that secondary sulfate partitions to 

dust and sea salt particles.  

Arid and semi-arid region such as Tucson, Arizona are experiencing water shortages, which 

promotes the development of advanced technologies that can improve process performance in 

water reclamation. UV/H2O2 advanced oxidation processes (AOPs) have been mostly used in 

destruction of organic compounds in tertiary wastewater treatment. The transformation 

mechanism of organic compound UV/H2O2 AOPs involves reaction with hydroxyl radical that is 

difficult to measure using analytical techniques. Existing models that have been developed to 

quantify and monitor the attenuation of organic compounds did not consider the scavenging 

effect between hydroxyl radical and reaction intermediates. In this study, a complete kinetic 
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model was developed to understand the full reaction mechanism of p-cresol in UV/H2O2 AOPs. 

Such a model can be employed to predict concentrations of target compound and intermediates.  

Centrate is a supernatant of products produced in anaerobic digesters. Struvite is a relatively 

insoluble mineral that has been identified in sludge and anaerobic digestor associated pipelines. 

The formation of struvite clogs pipes and coats pumps and can significantly reduce process 

performance. Because the solubility of struvite is higher in low pH solution, carbon dioxide from 

an anaerobic digester was used to reduce pH of centrate for prevention of struvite formation. 

Bench experiments were conducted to validate an equilibrium model that was used to predict the 

steady state pH of centrate at the point of injection of carbon dioxide under atmospheric and 

elevated pressures. The equilibrium model was also used to determine pH, where struvite 

formation occurs. A pilot plant was constructed to investigate alternative operation modes. 

Results showed that mixing carbon dioxide pre-saturated centrate with a fresh centrate stream 

can reduce centrate pH to levels necessary to prevent struvite formation and is more effective 

than injection of gaseous carbon dioxide. This study provides a design protocol for wastewater 

treatment plants that experience struvite issues to implement proposed technologies for 

preventing struvite formation.  
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CHAPTER 1. INTRODUCTION 

1.1. Background and motivation of aerosols 

Aerosols (liquid or solid particles in a gaseous medium) range in size from nanometers to tens of 

micrometers and are comprised of myriad species. Among all environmental threats, aerosols are 

responsible for the most deaths globally, specifically being responsible for one out of every eight 

deaths and a total of 7 million deaths according to data available from 2012 (World Health 

Organization). Aerosol particles scatter and absorb solar radiation and serve as cloud 

condensation nuclei (CCN), thereby influencing cloud microphysics and radiative transfer. 

Consequently, aerosols influence climate, the hydrologic cycle, and atmospheric visibility. The 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 2013) 

identified aerosols and their interactions with radiation and clouds as the largest source of 

uncertainty in current estimates of the total anthropogenic radiative forcing.  Therefore, aerosol 

particles arguably represent the weakest link in predictions of future climate change.  Major 

uncertainty surrounds the nature of aerosols and the magnitude of their effects in the atmosphere 

partly because of their physicochemical complexity, short lifetime, and spatial inhomogeneity.  

The ability of aerosols to impact health, visibility, climate, and the hydrological cycle depends 

on their composition, size, and shape. To model and predict these aerosol properties it is 

necessary to deeply understand their sources, formation mechanisms, and atmospheric aging 

processes. The goal of this dissertation is to mainly characterize size-resolved aerosol properties 

in a variety of regions, but most especially the western United States. The following subsections 

outline the motivation and main points of different investigations that comprise this dissertation. 
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1.2. Characterization of size-resolved water-soluble metal elements in Marina, California  

1.2.1. Background 

The water-soluble fraction of elements is important to characterize because it represents the 

fraction of elements that are responsible for the dynamic of atmosphere via affecting nucleation 

efficiency, atmospheric residence time, particle growth/shrinkage mechanisms, bioavailability 

and human and environmental health. The central coast of California is a region of high interest 

because it is impacted by diverse pollution sources. Marine, shipping, biomass burning, dust and 

vehicular and agriculture emissions have been identified based on the data collected in Pinnacles 

National Monuments ~65km east of the Pacific coast (Dadashazar et al., 2019). This study 

analyzed data collected during two separate summertime field campaigns: the Nucleation in 

California Experiment (NiCE) in 2013 and the Fog and Stratocumulus Evolution (FASE) 

campaign in 2016. Analyzed data are used to gain knowledge on emission sources and size 

distributions of water-soluble elements. 

Metals elements play an important role in ambient air as they can serve as tracers for pollution 

source identification (Blanco et al., 2003; Font et al., 2015) and promote aqueous phase chemical 

reactions such as the production of sulfate and low molecular organic acids (Alexander et al., 

2009). Metal elements that originate inland from anthropogenic or natural emissions when 

transported to the ocean can become nutrients of organisms in the ocean and thus contribute to 

global biochemical cycling. In addition, metal elements are detrimental to human health, 

especially the smaller fraction that can penetrate deeper in the respiratory system (Baghurst et al., 

1992; Mateos et al., 2018).  

Natural and anthropogenic emissions are two major sources for the origination of metal elements 

in ambient air. Among natural sources such as sea spray, soil, crustal rock, vegetation and 
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volcano eruption, sea salt and crustal matter contribute the most to the natural emitted elements. 

Metal elements in ambient air can also come from variety of anthropogenic sources such as 

vehicular emissions, industrial combustion processes, smelting, power plant and ship emissions.  

Identifying the sources of elements and size distribution provide more insights on understanding 

aerosol physical and chemical properties that influence atmospheric cycling and climate change. 

Water-soluble elements impact human health and play an important role in wet deposition and 

global cycling of nutrients and contaminants. For example, elements can enter to the blood 

stream and stimulate inflammation responses due to their ability to elevate oxidative stress 

through generation of reactive oxygen species (ROS) inside the body (Li et al., 2008). 

Furthermore, water-soluble elements have been reported to cause severe damage to DNA and 

promote mutation of genes (Valavanidis et al., 2008). Despite the impacts of elements on human 

well-being, elements can also affect the environment. For example, iron that is associated with 

crustal matter and biomass burning can be transported from land to atmosphere and become part 

of droplets that finally deposit into the ocean or lakes through precipitation. The water-soluble 

fraction of the iron, when deposited in oceans, can become a fertilizing agent and provide 

nutrients for microorganisms. In the atmosphere, iron is also responsible for catalyzing in-cloud 

photochemical oxidation reactions that break down large organics into low molecular weight 

acids such as oxalate. The catalytic behavior of iron can alter chemical composition of 

atmospheric aerosols and thus affect the hygroscopic and optical properties of aerosols.  

The goal of this study is to characterize water-soluble elements that are suspended in ambient air 

by examining their chemical composition, size distribution and source of emission. The results 

collected in this study provide information on size-resolved elemental composition for regions 

that share similarity of geological and meteorological conditions.  
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1.2.2. Positive Matrix Factorization (PMF) 

PMF is a receptor model developed by Environmental Protection Agency (EPA) to identify 

source types in region of interest based on measured source profile information, and emissions or 

discharge inventories. It is a multivariate factor analysis tool that requires input of speciated 

sample data and yields factor contributions and factor profiles (Paatero and Tapper, 1994). 

Factor profiles must be interpreted by user to decide source names of each pollution source. 

Errors can be reduced by increasing uncertainties in the model. A species should not have large 

influence on solution, if it is given a high uncertainty. To minimize influence of missing value, 

increase uncertainty is a common practice to make a missing value truly missing. In other words, 

higher uncertainty provides model more freedom to make predictions. If one assumption does 

not work well, then model can make another assumption instead of being forced to reach a 

solution with a high Q value. Q is an important parameter in PMF as it measures goodness-of-fit 

of data points. Optimal solutions are identified by low Q values. PMF model offers an option to 

categorize species by “weak”, “strong” and “bad” based on signal to noise ratio. If a species is 

categorized as “bad” species, it is removed from the model. If a species is categorized as “weak” 

species, its uncertainty is tripled in the model, resulting a minimized impact on PMF solution. 

Uncertainty of “strong” species remind as input value (Norries et al., 2014). In addition, extra 

uncertainties can be added manually by user in data preparation step to improve model results. 

Bootstrapping (BS) and displacement (DISP) are both error estimation tools in PMF model. BS 

error intervals include random errors in input data and part of the errors from rotational 

ambiguity. In contrast, DISP error intervals do not include any random errors but strongly 

influenced by rotational ambiguity. BS resamples results from PMF base model results that are 

randomly located within rotationally accessible space. If BS results match base model results, it 
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is referred as mapped. User input sample uncertainties do not have significant impact on BS 

errors, however sample uncertainties have strong impact on DISP error estimates. DISP displaces 

base model results from predicted value and then performs factor swaps. DISP evaluates the 

probability for one factor to be reassigned to another factor. It provides user details about how 

factor solutions are sensitive to small changes. A robust base model solution should demonstrate 

small rotational ambiguity. BS-DISP are combination of BS and DISP. Since BS-DISP estimates 

both random errors and rotational ambiguity, BS-DISP is a more robust in error estimation than 

application of BS or DISP alone.  

1.3. Characterization of size-resolved particulate matter in Manila, Philippines 

1.3.1. Background 

Southeast Asia has been a region of interest for aerosol size and chemical composition 

characterization because it is heavily polluted by anthropogenic activities due to rapid 

urbanization and increasing population, and it is also influenced by natural pollution. Properties 

of size-resolved aerosol particles have implications for human health, visibility, climate and 

hydrological cycle. The Philippines is a country in Southeast Asia that is susceptible to climate 

change. As a political and economic center of the Philippines, Metro Manila is composed of 16 

cities and the most populated Quezon City has been chosen as the sampling location of this 

study.  

Metro Manila is heavily polluted by vehicular emissions that can be attributed to personal cars, 

motorcycles, commercial trucks, and motorized public transportation such as powered tricycles 

and jeepneys along the roadway. Another unique feature of Metro Manila is that its pollution 

level is consistent in both the dry season (November – April) and wet season (May - October), 

which is a phenomenon that is rarely seen in other cities around the world. An increasing number 
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research studies have been undertaken in Metro Manila as the area is largely polluted by 

anthropogenic sources such as vehicular, industrial and domestic cooking. The region is also 

impacted by long-range transported pollution such as biomass burning. Research has found that 

the black carbon level is significantly higher in samples collected in Metro Manila; however, the 

rest of the aerosol fraction has not been thoroughly studied. As past studies have only focused on 

examining the composition of particulate matter by evaluating either PM2.5 or PM10, size-

resolved composition information is missing.  

The objective of this study is to characterize size-resolved aerosol in Metro Manila in order to fill 

this knowledge gap through a year-long sampling campaign: the Cloud, Aerosol, and Monsoon 

Processes Philippines Experiment (CAMP2Ex) weatHEr and CompoSition Monitoring 

(CHECSM) study. The size-resolved characterization results are important for understanding the 

effect of ambient aerosol on the atmospheric conditions in Metro Manila. In addition, such size-

resolved data can be used as a reference for future studies examining pollution in Southeast Asia. 

1.3.2. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is an instrument that has been widely used in aerosol 

community to characterize morphology of particulate matters (Li et al., 2011; Morata et al., 

2008; Srivastava et al., 2009). Compared with optical microscope that uses light to form image, 

SEM uses electron to produce image, which allows higher level of magnification. Below is a 

schematic of SEM (Figure 1.3-1).  
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Figure 1.3-1 Schematics of Scanning Electron Microscopy (SEM)  

(https://www.purdue.edu/ehps/rem/laboratory/equipment%20safety/Research%20Equipment/sem.html) 

During SEM analysis, sample is placed in a vacuum chamber and electron beam is produced by 

an electron gun on top of the microscope. Electron beam travels through lenses and 

electromagnetic field and finally arrives at sample. X-rays, backscattered electrons and 

secondary electrons are ejected from sample after sample interacts with incident electron beam. 

Depending on the position of detector, different types of electron or electromagnetic wave can be 

collected and converted to signals that are used to produce high resolution images. Energy 

Dispersive X-ray Spectroscopy (EDX), a non-destructive tool is often equipped with SEM to 

examine chemical composition of aerosol sample. X-rays are emitted when inner shell electrons 

are removed from sample and the vacancy is filled by higher energy electron. To improve image 

quality, non-conductive aerosol samples are sometimes coated with thin layer of conductive 

material such as Au and Pt before SEM analysis (Csavina et al., 2011; Zeb et al., 2018). 
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1.3.3. Aerosol microscopy characterization  

Bulk chemical analytical method is unable distinguish sources of particles that have similar 

chemical composition. However, microscopy analysis provides morphology information of 

single particle and this information has been helpful in understanding of sources, formation 

mechanisms and impact on climate and public health. Aluminosilicate and silica contribute to 

both anthropogenic and mineral dust emissions. The ones come from anthropogenic sources are 

spherical, but those from natural sources are non-spherical. Therefore, it is impossible to identify 

sources of aluminosilicate and silica if morphology information is unavailable. Tar ball and soot 

are both carbonaceous particles with O and C being dominated elements. Soot are primary 

associated with high temperature combustion processes. Tar balls are originated from biomass 

burning. It is impossible to distinguish them according to their chemical composition; however, 

they can be distinguished according to morphologies. Soot likes to form chain-like and cluster-

like structures ranging from 20 to 100 nm in diameter (Hu et al., 2012), whereas tar balls are 

mostly spherical with diameters typically between 300 - 500 nm and are seldom agglomerate 

with other types of particles (Posfai et al., 2004).  

In classification process, particles are often divided into groups according to morphology (Chen 

et al., 2017) or chemical composition (Li et al, 2013) or combination of the two (Hu et al., 2012). 

Shape factor such as aspect ratio and sphericity are calculated to assist with particle classification 

by morphology (Satsangi and Yadav, 2014), but strong conclusion can only be made if sufficient 

number of particles are analyzed. Naturally emitted particles are dominated by irregular 

morphology, whereas most particles with anthropogenic origins are spherical. Single particle 

analysis has been utilized to study aerosols in urban and roadside (Talbi et al., 2018) or indoor 

and outdoor (Conner et al., 2001) or under different weather conditions (Chen et al., 2017). 
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Transmission Electron Microscopy (TEM) has been used in combination with SEM in aerosol 

morphology characterization, especially when aerosol internal and external mixing states are 

examined (Chen et al., 2015; Li et al., 2013) to provide information on optical hygroscopic 

properties of aerosols (Fassi-Fihri et al., 1997).  

1.4. Interrelationship between aerosol and precipitation 

The interaction between aerosol and precipitation is difficult to study due to the interference of 

meteorology with clouds and precipitation, which often obfuscates the impact of particles. 

However, it is important to understand the impact of aerosol on precipitation as it can be used to 

improve accuracy of many atmospheric models. First, models that describe cloud and 

precipitation or models developed to study the influence of precipitation on aquatic and 

terrestrial ecosystems require aerosol and precipitation knowledge to be validated. Second, gases 

and particles in the air can be removed through precipitation (MacDonald et al., 2018), which 

may be used to improve chemical tracer transport models (Bobbink et al., 1998; Driscoll et al., 

2003; Pardo et al., 2011). This research study overcomes the difficulties that in situ 

measurements and remote sensing have related to cost, statistics, temporal resolution and 

coverage; this work examined the interrelationship between aerosol and precipitation 

composition using long term ground measurement data collected at Pinnacles National 

Monument.  

The objective of this work is to use long-term surface data collected in a unique location in 

California, where aerosol and precipitation chemistry monitoring instruments are both available, 

to understand the impact of aerosol on precipitation. Results presented in this study provide 

implications on pollution sources, gas particle interaction by uptake processes or wet scavenging 

and types of aerosol that affect precipitation.  
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1.5. UV/H2O2 Advanced oxidation processes (AOPs) 

1.5.1. Background 

In past decades, the increasing concerns about human activity on water resources has promoted 

numerous studies on water reclamation especially in arid and semi-arid regions such as Arizona. 

In Arizona, reclaimed wastewater has been underutilized. As the demand of water in Southwest 

cities is going to exceed the supply of water soon, research needs to be undertaken to maximize 

the use of reclaimed wastewater. Technologies must be developed to improve the quality of 

reclaimed water.  

Modern analytical instruments and techniques can detect organic contaminants at trace levels. 

However, there are still uncertainties regarding the accuracy of the measurements, which is 

constantly challenging researcher and engineers. As a result, an increasing number of studies has 

focused on the presence and fate of trace organics in surface water and wastewater effluent.  

The presence of trace organic contaminants in wastewater has become the motivation for the 

development of tertiary wastewater treatment technology such as advanced oxidation processes 

(AOPs). Besides, AOPs, activated carbon, ozone, ultraviolent light, filtration and membrane 

bioreactors have all exhibited high efficiency for removal of trace organics (Carballa et al., 2008; 

Khanal et al., 2006). 

The hydroxyl radical is one of the most effective oxidants in nature. In general, an oxidation 

reaction is characterized by transfer of electrons from electron donor known as the reductant to 

the electron acceptor known as the oxidant. During the transfer of electrons between reductants 

and oxidants, chemical species with an odd number of valence electrons may be produced. This 

type of chemical species is highly reactive due to unpaired electrons. In addition, radical species 
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produced in oxidation reaction likely induce additional reactions until thermodynamically stable 

compounds are formed.  

In UV/H2O2 AOPs, organic contaminants are destructed through reactions with hydroxyl radical 

(•OH) that is generated by hydrogen peroxide under ultraviolent (UV) (Dorfman and Adams, 

1973). AOPs have been extensively studied in past decades, and research have been developed to 

commercialize some of the processes nowadays due to their strong ability to degrade biologically 

toxic or non-biodegradable materials (i.e. aromatics, pharmaceutical, endocrine disrupters, 

pesticides) in wastewater.  

This study particularly focuses on studying the fate of alkylphenols such as p-nonylphenol 

produced in bioreactors that are used in wastewater treatment processes. Due to the health 

concerns caused by the presence of these compounds in surface waters, ground water, industrial 

water and marine shellfish as result of wastewater effluent discharge, it is essential to know their 

fate and transformation mechanism in wastewater treatment processes. p-Cresol has been 

selected as a surrogate in this work because of its unique structure that allows similar reactivity 

with hydroxyl radical compared with p-nonylphenol.  

Various models have been developed to understand the kinetics of phenolic compounds in 

UV/H2O2 AOPs. These models consider radical production from a variety of sources (i.e., UV 

photolysis of hydrogen peroxide, radical scavenging by hydrogen peroxide and other radicals), 

reaction of target compounds with the hydroxyl radical and radical scavenging by intermediate 

compounds. Model results indicate that the reaction mechanism began with addition of OH on 

unique position of the ring, followed by abstraction of a hydrogen atom and finally aliphatic 

acids are produced as a result of ring cleavage.  
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Most recently, more complicated models have been developed to study the dynamics of hydroxyl 

radicals; however, the reaction between the hydroxyl radical and intermediates are rarely studied. 

The objective of this work is to propose a more comprehensive model that not only considers 

reactions between hydroxyl radical and by-products, but also counts for ionic strength and pH 

change. The model was validated using empirical data. The validated model was expected to be 

used as a tool to predict the concentration of p-cresol and its byproducts produced in UV/H2O2 

AOPs. 

1.5.2. Analytical techniques 

A Thermo Scientific Genesys 10s UV–Vis spectrophotometer was used to obtain absorption 

spectra of samples for mathematical correction of inner filter effect (IIFE) (MacDonald et al., 

1997) (Figure 1.5-1). The absorption scan was set from 200 nm to 600 nm.   

 

Figure 1.5-1 UV Spectrum of P-Cresol measured in deionized water 

Excitation-emission matrices (EEM) Florescence Spectroscopy has been widely used to 

characterize dissolved organic matter (DOM) (Chen et al., 2003). EEM can be used to quantify 
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concentrations of DOM. In this research, Perkin Elmer Model LS-55B Luminescence 

Spectrometer was used to obtain fluorescein concentration of target compound. The excitation 

range was set from 200 to 450 nm and the emission range was from 250 to 600 nm. Both 

excitation and emission slits were set at 5 nm. The scan speed used to generate fluorescence 

contour maps was 600 nm/min. Below is an EEM spectrum of 1000 μM p-Cresol constructed in 

deionized water (Figure 1.5-2). Region under excitation wavelength from 250 nm to 285 nm and 

emission wavelength from 275 nm to 340 nm was integrated by trapezoid rule for p-Cresol.  

 

Figure 1.5-2 IFE corrected EEM Spectrum of 1000μM p-Cresol in deionized water 

H2O2 concentration in this work was effectively determined by a colorimetric method (Boltz et al., 

1978) using titanium (IV) sulfate. H2O2 concentration measured by this method is reliable when 
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H2O2 concentration is in the range of 10-6 to 10-1 M. Peroxotitanium is a complex formed by the 

reaction between the H2O2 in the test sample and titanium sulfate solution. It is yellowish color 

and has molar extinction coefficient of ε407 = 760 M-1cm-1. H2O2 concentration can be determined 

by measuring peroxotitanium concentration by the Thermo Scientific Genesys 10s UV-Vis 

spectrophotometer at the wavelength of 407 nm.  

Total Organic Carbon (TOC) samples were spiked with 60 μL 37% hydrochloric acid before 

measurements. All TOC samples were accurately measured by a Shimadzu, TOC-v CSH TOC 

analyzer, which was calibrated by TOC standards before sample measurements.  

 

Figure 1.5-3 HPLC chromatograph of p-Cresol (20.049 minute) and its by-product 4-

methalcatehol (25.212 minute) 

The primary reaction by-product of p-Cresol in H2O2/AOP experiment is 4-methalcatehol. Due to 

overlapping on EEM spectrum, 4-methalcatehol concentration cannot be accurately quantified by 

EEM technique at present of p-Cresol. Therefore, High Performance Liquid Chromatograph 

(HPLC) was utilized to measure p-cresol and 4-methalcatehole concentrations in H2O2/AOP 

experiment (Figure 1.5-3). P-cresol and 4-methalcatehole were measured using high performance 

liquid chromatography (HPLC) with a Phenomenex Synergi Polar Reverse Phase column (15 cm 

x 4.6 mm x 4 μm). Eluent solvents were 10% methanol in HPLC water (A) and 100% acetonitrile 
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(B) at constant flow rate 0.4 ml/min. A gradient method was developed as following: initially 

solvent composition was set at 95% (volume) A and 5% (volume) B. The volume percent of A 

was gradually decrease to 0% with volume percent of B gradually increased to 100% from 0 to 40 

minutes. After 40 minutes, column was equilibrated with initial solvent composition for 30 minutes. 

Concentrations of p-Cresol and 4-methalcatehol were obtained by comparing integrated areas with 

those corresponding to standards.   

1.5.3. Singlet oxygen 

Dissolved organic matter (DOM) is a complex mixture of aromatic and aliphatic organic compounds 

that have attached functional groups, such as carboxyl, phenol, enol, alcohol, carbonyl, amine, and 

thiol (Chen et al., 2003). Dissolved organic matter in natural waters has been reported to increase 

photochemical transformation rates of a variety of organic contaminants. Studies have shown that 

DOM can generate reactive oxygen species (ROS) upon light absorption. ROS mainly consist of 

singlet oxygen (1O2), superoxide radical (•O2
-), and hydroxyl radical (•OH). In addition, light 

absorption may produce excited triplet states of DOM (3DOM*). These highly reactive species are 

candidates for initiating light-induced transformation of organic contaminants (Wenk et al., 2011). 

Compounds that produce ROS have a general name “photosensitizer” (PS). Photosensitizers in 

DOM absorb energy of photons to become excited singlet state photosensitizer (1PS*). Due to 

transient nature of 1PS*, it is rapidly converted to excited triplet state photosensitizer (3PS*) in 

aqueous solution. The lifetime of 1PS* is typically nanoseconds, while the lifetime of 3PS* is 

typically microseconds (Kochevar et al., 2000). Since the lifetime of 3PS* is three order of 

magnitude longer than that of 1PS*, with presence of sufficient dissolved oxygen in aqueous 

solution, 3PS* react with dissolved oxygen molecule to form singlet oxygen (1O2). At the end of the 

cycle, 3PS* molecules lose excitation energy. They may be converted back to ground state PS, which 
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makes PS available again to start another cycle. Common synthetic photosensitizers used for 

generating singlet oxygen suggested by Irene et al. (Kochevar et al., 2000) are rose bengal, 

methylene blue, phenalenone, and meso-tetraphenyl porphyrin. Typically, 103-105 singlet oxygen 

molecules can be generated by a single PS molecule before it becomes extinct in the process. 

However, the production rate and steady state concentration of ROS are quantum yield and 

absorption coefficient dependent. The correlations among wavelength dependent energy absorption 

behavior of photosensitizer, the efficiency of ROS production in aqueous medium, and the removal 

rate of total organic compounds (TOrCs) mediated by ROS are not well understood. Mathematical 

models need to be developed to explore the nature of ROS-mediated indirect photolysis of TOrCs.  

Light-induced degradation of TOrCs follows two main pathways: direct photolysis and indirect 

photolysis. In direct photolysis, TOrCs are excited by absorbing photons, which results in 

decomposition of the molecule. In indirect photolysis, degradation of TOrCs is achieved by forming 

reactive intermediates in solution, such as hydroxyl radical (•OH), singlet oxygen (1O2), triplet-state 

dissolved organic matter (3DOM*), peroxyl radicals, and hydrogen peroxide (H2O2). These reactive 

species can react with TOrCs and initiate the degradation process. It has been reported that hydroxyl 

radical (•OH) is considered one of the most important reactive intermediate in indirect photolysis 

due to its ability to react with large number of compounds (Lee et al., 2013). Indirect photolysis has 

found to be more efficient than direct photolysis in degradation of certain antibacterial compounds 

such as sulfamethoxazole due to hydroxyl radicals (•OH) reaction. Additionally, some compounds 

have shown higher degradation rates in solutions that contain relatively high concentration of 

nitrates or humic acids. Nitrates and humic acids are candidate photosensitizers to form hydroxyl 

radicals in indirect photolysis of TOrCs such as sulfamethoxazole (Ryan et al., 2011). In conclusion, 
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indirect photolysis is important for photodecomposition of selected groups of TOrCs through 

reacting with reactive intermediates.  

Natural organic matter (NOM) refers to DOM presents in natural aquatic systems. Effluent organic 

matter (EfOM) refers to DOM present in wastewater effluent. As expected, DOM concentrations are 

substantially higher in EfOM than in NOM (Quaranta et al., 2012). Effluent from wastewater 

treatment plants may contribute to even more that 12% total river discharge (Imai et al., 2002). 

Studies have shown that DOM found in wastewater effluent is similar to DOM found in natural 

aquatic systems. Degradations of compounds in effluent are comparable to the attenuation of 

contaminants in natural process, such as photodegradation, biodegradation and infiltration. The 

observation of natural degradation of organic contaminates in rivers is a motivation behind this 

research (Dong et al., 2015).  

1.6. Struvite prevention using carbon dioxide 

1.6.1. Background 

Struvite (MgNH4PO4∙6H2O) is a white insoluble mineral comprised of magnesium, ammonia and 

phosphate. The formation of struvite in wastewater treatment process clogs pipes and coats pump 

impellers, which reduces system capacity and efficiency. In some extreme situations, struvite 

precipitation can cause plant shutdown and thus expensive cleaning is needed to return to normal 

operation (Doyle & Parsons, 2002).  Traditional struvite prevention methods used in wastewater 

treatment processes involve addition of corrosive and expensive chemicals. Therefore, injecting 

carbon dioxide from digester gas to streams that are affected by struvite formation is an 

alternative of struvite control by reducing pH of wastewater. The use of carbon dioxide has two 

major benefits. First, the use of carbon dioxide can be cost free as carbon dioxide is a by-product 



29 
 

from anaerobic digestion in wastewater treatment. Second, carbon dioxide reduces the safety and 

environmental concerns.  

Traditionally, struvite is removed by reducing phosphate concentration in wastewater through 

formation of phosphate complexes or reducing pH through addition of strong acids (Doyle & 

Parsons, 2002). Twenty anti-scaling products have been studied and evaluated based on their 

ability to delay the formation time and reduce the mass of precipitates formed. Then, seven 

products that inhibited struvite formation were tested in synthesized wastewater and ranked 

based on cost and risk to human health and environment. Ferric chloride has been identified as 

one of the anti-scaling products that is at high cost and risk, ranking 6th out of 7 in the list 

(Buchanan, 1994). Nevertheless, ferric chloride or ferric containing salt has been widely used in 

wastewater treatment plants for struvite prevention nowadays (Sharp, et al., 2013). Research that 

searches for alternatives of struvite prevention products has been undertaken. Among several 

anti-scaling and chelating products tested in the digester centrate, only 

ethylenediaminetetraacetic acid (EDTA) can prevent struvite formation. However, EDTA may 

persist in environment and thus needs to be removed before discharge to nature (Doyle et al, 

2003).  

The addition of ferric chloride to wastewater has several disadvantages include high cost, health 

concerns, equipment corrosion and increased sludge production (Sharp et al., 2013). In addition, 

metals such as iron have been found in minerals recovered from anaerobic digester (Uysal et al., 

2010), which is an indication that the addition of ferric chloride may cause problems 

downstream, where struvite is precipitated at engineered locations for nutrient recovery due to 

the low bioavailable of ferric containing minerals (Mayer et al., 2016).  
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In conventional wastewater treatment processes, organic and inorganic matters are treated 

through anaerobic digestion process. Anaerobic digestion is a biological process where different 

types of bacteria are supplied in anaerobic digester for the purpose of reducing the amount of 

organic and inorganic matters without presence of oxygen. After anaerobic digestor, solid and 

liquid wastes are separated by centrifugation and the liquid that is separated from this process is 

referred to as centrate. During anaerobic digestion process, biogas is produced as a mixture of 

methane, carbon dioxide and trace gases. Some wastewater treatment plants recover high purity 

methane before venting carbon dioxide and trace gases to atmosphere (Sun et al., 2015). Carbon 

dioxide has been used in wastewater treatment, but rarely studied.  

In this study, we are conducting bench and pilot testing to investigate the feasibility of injecting 

commercialized carbon dioxide as a substitute of carbon dioxide from digester into centrate to 

reduce pH and prevent struvite formation. First, an equilibrium model was developed to study 

the equilibrium behavior of centrate by addition of carbon dioxide under atmospheric pressure 

and elevated pressure. Simulated results were validated by experimental data collected in 

centrates from Tucson, Phoenix, Portland and Chicago. Second, a pilot plant that is mainly 

composed of a carbon dioxide tank, a pressurized hydro tank and a plug flow reactor was 

constructed at Tres Rios wastewater treatment plant to test the hypotheses at a larger scale. 

Finally, a design protocol was developed based on measurable water quality parameters as a 

guide for wastewater treatment operators to prevent struvite formation using carbon dioxide. 

This work demonstrates the feasibility of using carbon dioxide to reduce the pH of centrate, 

which strongly indicates that struvite formation can be reduced in such a low pH solution. This 

work also provides design parameters for wastewater treatment plants that are experiencing 
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struvite formation issues and considering recycling carbon dioxide from biogas for struvite 

prevention.  

1.6.2. Struvite microscopy characterization  

Centrate used in this experiment was collected from Tres Rios Water Reclamation Facility in 

Tucson, Arizona. Centrate samples were filtered through a 0.45μm filter (Pall Corporation, 

sterilized membrane) after collection and stored at 4°C prior to experiments. All chemicals were 

purchased from commercial sources and used without further purification, including ammonium 

chloride (NH4Cl) (Fisher Scientific, crystalline ACS certified), sodium phosphate monobasic 

(NaH2PO4∙H2O) (Spectrum, crystal ACS reagent), magnesium chloride (MgCl2∙6H2O) (source 

unknown), and sodium hydroxide (NaOH) (VWR, 40% w/w).  The characterization of 

precipitated crystals was performed through Hitachi S-4800 scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDX) in core imaging facility at the 

University of Arizona. 

Struvite was precipitated in deionized water and in centrate (Figure 1.6-1).  In the first 

experiment, Mg2+, NH4
+ and PO4

3- ions were added at equimolar concentrations of 5mM as 

NH4Cl, NaH2PO4∙H2O and MgCl2∙6H2O in a 500mL beaker. In the second experiment, filtered 

centrate was used with concentrations of magnesium, orthophosphate and ammonia at 22.5 

mg/L, 110 mg/L and 1260 mg/L, respectively. In both experiments, the pH was initially adjusted 

to 9 by incremental addition of 1M NaOH. The development of struvite can be observed by 

measuring the pH; a pH decrease indicates struvite formation, as protons are liberated in the 

formation reaction (Eq. 1) (Kristell S. Le Corre, 2005). 

Mg2+ +NH4
+ +HnPO4

n-3+6H2O→MgNH4PO4∙6H2O+nH+  (1) 
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At the end of the precipitation experiments, solutions were filtered through 0.45μm sterilized 

membrane filter with the assistance of a dry vacuum pump. The filter and precipitates were air 

dried and precipitates were analyzed using scanning electron microscopy (SEM) analysis to 

confirm struvite formation. 

SEM Characterization of Precipitated Minerals: 

  

Figure 1.6-1 Images of precipitate grown in deionized water (A) and centrate (B) from Tres Rios 

water reclamation facility Tucson, Arizona 

  

 

(A) (B) 

(A) 
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Figure 1.6-2 SEM Images and EDX spectra of naturally occurred precipitates from Tres Rios 

water reclamation facility Tucson, Arizona before (A) and after (B) ferric chloride addition and 

precipitate grown in laboratory (C) 

Figure 1.6-2(A) is SEM image of naturally occurred mineral in centrate discharge pipe before 

ferric chloride was added to prevent struvite formation. Molar ratio of magnesium to phosphate 

in specimen Figure 1.6-2(A) is 1:1.2 as calculated from EDX data. Sharp edges in the image are 

indications of crystal formation. It was found that calcium is less abundant in the region where 

magnesium is abundant as shown in Figure 1.6-3, which indicates calcium and magnesium may 

be competitors in the crystallization process. Figure1.6-2(B) is SEM image of mineral occurred 

(B) 

(C) 
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in centrate discharge pipe after ferric chloride is used in the plant. The molar ratio of magnesium 

to phosphate is 1:6.0 in specimen Figure 1.6-2(B). The examined surface is relatively flat and 

uniform in composition. However, in a small region where mineral has foamy texture, calcium is 

rarely found where iron is abundant in Figure 1.6-4. In the natural process, calcium and iron may 

be competing to form complex with magnesium so that calcium and iron do not co-exist in the 

region of interest. Image Figure 1.6-2(C) shows the precipitate formed in laboratory using 

centrate collected from Tres Rios Water Reclamation Facility with concentrations of magnesium, 

orthophosphate and ammonia at 0.926 mM, 3.55 mM, and 89.9 mM respectively. Precipitate was 

recovered by adjusting initial pH of centrate to 9 and no external ions were added. The molar 

ratio of magnesium to phosphate is 1:1.5 for precipitate formed in laboratory. The iron 

concentration is low in this specimen and ion composition is relatively uniform in the examined 

region. Struvite usually precipitates in a 1:1 molar ratio of magnesium to phosphate. The EDX 

data shows that none of the samples examined is pure struvite.  In addition, the formation of 

mineral is affected by the level of iron in centrate. The results from Figure 1.6-2(B) indicate iron 

has a potential to form complexes with phosphate, resulting in higher percentage of phosphate in 

the mineral. More synthesized struvite images using centrate from Tres Rios Water Reclamation 

Facility are present in Figure 1.6-5.   
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Figure 1.6-3 Spatial distribution of calcium (top) and magnesium (bottom) in naturally occurred 

mineral from Tres Rios Water Reclamation Facility before ferric chloride addition 
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Figure 1.6-4 Spatial distribution of calcium (top) and iron (bottom) in naturally occurred mineral 

from Tres Rios Water Reclamation Facility after ferric chloride addition 
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(1) 

(2) 
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Figure 1.6-5 (1)-(8) are additional SEM images of struvite synthesized in laboratory using 

centrate from Tres Rios Water Reclamation Facility 

 

(7) 

(8) 
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1.6.3. Struvite precipitation model 

A model was developed to calculate supersaturation index (SI) of struvite as a function of pH in 

deionized water. Supersaturation index is defined as ratio of soK to spK , so

sp

K
SI

K
= ,where soK is 

ion product, and spK  is solubility constant. Struvite formation is possible if ratio of soK  and spK  

is greater than 1 (log SI > 0). Assume the following species are present in aqueous solution: 

H +
, OH −

, Cl− , Na+
 

4NH +
, 3( )NH aq ,  

3 4 ( )H PO aq , 2 4H PO −
, 

2

4HPO −
, 

3

4PO −
,  

2 4MgH PO +
, 4 ( )MgHPO aq , 4MgPO −

, 
2Mg +

, MgOH +
 

Dissociation Equations: 

1

3 4 2 4( )
Ka

H PO aq H H PO+ −→ +          (1) 

2
2

2 4 4

Ka

H PO H HPO− + −→ +          (2) 

3
2 3

4 4

Ka

HPO H PO− + −→ +          (3) 

4

2

Ka

H O H OH+ −→ +           (4) 

5
2

Ka

MgOH Mg OH+ + −→ +          (5) 

6
2 3

4 4

Ka

MgPO Mg PO− + −→ +          (6) 

7
2 2

4 4( )
Ka

MgHPO aq Mg HPO+ −→ +         (7) 

8
2

2 4 2 4

Ka

MgH PO Mg H PO+ + −→ +         (8) 
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9

4 3

Ka

NH H NH+ +→ +           (9) 

Rearrange equation (1) - (9) 

3
2 4

4

[ ][ ]
[ ]

3

H PO
HPO

Ka

+ −
− =          (10) 

2 2 3

4 4
2 4

[ ][ ] [ ] [ ]
[ ]

2 2 3

H HPO H PO
H PO

Ka Ka Ka

+ − + −
− = =        (11) 

3 3

2 4 4
3 4 ( )

[ ][ ] [ ] [ ]
[ ]

1 1 2 3
aq

H H PO H PO
H PO

Ka Ka Ka Ka

+ − + −

= =       (12) 

[ ][ ]
[ ]

5

Mg OH
MgOH

Ka

+ −
+ =          (13) 

3 2

4
4

[ ][ ]
[ ]

6

PO Mg
MgPO

Ka

− +
− =          (14) 

3 2

4
4 ( )

[ ][ ][ ]
[ ]

7
aq

H PO Mg
MgHPO

Ka

+ − +

=         (15) 

2 2 2 2 3

4 4
2 4

[ ][ ][ ] [ ][ ] [ ]
[ ]

8 2 8 2 3

Mg H HPO Mg H PO
MgH PO

Ka Ka Ka Ka Ka

+ + − + + −
+ = =     (16) 

4
3 ( )

9[ ]
[ ]

[ ]
aq

Ka NH
NH

H

+

+
=          (17) 

4
[ ]

Ka
OH

H

−

+
=            (18) 

Mass balance of phosphate, magnesium and ammonia 

3 2

_ 4 4 2 4 3 4 ( )[ ] [ ] [ ] [ ]total Phosphate aqC PO HPO H PO H PO− − −= + + +      (19) 

   

2

_ 4 4 ( ) 2 4[ ] [ ] [ ] [ ] [ ]total Magnesium aqC Mg MgOH MgPO MgHPO MgH PO+ + − += + + + +   (20) 
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_ 4 3 ( )[ ] [ ]total Ammonia aqC NH NH+= +         (21) 

        

Rearrange equation (10) to (18) and substitute in equation (19) to (21) 
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Charge Balance:  
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Figure 1.6-6 Model predicted struvite supersaturaion index (SI = Kso/Ksp) under atmospheric 

pressure at 25 ℃.  Total magnesium, ammonia, and phosphate concentrations were set equal to 

typical values found in Trest Rios centrate (22.5 mg/L, 1260 mg/L, and 110 mg/L, respectively) 

Struvite solubility depends on pH and is more soluble in highly basic or slightly acidic solutions. 

Figure 1.6-6 shows the solubility (in terms of supersaturation Index, SI = Kso/Ksp, where Kso is 

the ion product and Ksp is the solubility product) as a function of pH in aqueous solution. 

Concentration of total magnesium 22.5 mg/L, ammonia 1260 mg/L and orthophosphate 110 

mg/L are entered to the model for calculations. This curve was generated by equations (1) – (35) 

described in this section.  Values of SI > 1 (log SI > 0) indicate the possibility of struvite 

precipitation.  Figure 1.6-6 suggests that struvite formation can be controlled by the addition of a 
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strong acid.  In the solids handling systems of wastewater treatment plants, pH can then be raised 

for struvite precipitation and recovery. However, disadvantages of strong acid for pH control 

such as cost, worker safety, equipment corrosion, and environmental issues associated with the 

production of industrial chemicals motivate investigation of alternative pH control methods.  

1.7. Explanation of dissertation format 

Five projects have been included in this dissertation that have either been published or prepared 

for publication in peer-reviewed journals. The five manuscripts are presented in appendices A-E.  

The first and second projects focus on characterization of PM in ambient air to fill knowledge 

gaps on size-resolved chemical composition, size distribution and source apportionment of 

pollution in the targeted regions of analysis (Marina, California and Manila, Philippines).  

The third project was devoted to analyzing long-term precipitation and aerosol data collected at 

Pinnacles National Monument (~65 km east of the Pacific Ocean coastline) to examine 

interrelationships between aerosol and precipitation chemistry. In the three aforementioned 

projects, a Positive Matrix Factorization (PMF) model was employed to identify pollution 

sources.   

The fourth and fifth projects are focused on providing knowledge to improve wastewater 

treatment processes. In the fourth project, MATLAB algorithm ODE15s was utilized to model 

the degradation mechanism of p-cresol in the presence of hydroxy radical and ultraviolet 

irradiation in deionized water. The model considers scavenging effects between hydroxyl radical 

and reaction intermediates and predicts concentration of target compounds and reaction by-

products as a function of time. Experiments were carried out in a batch reactor and the 
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concentrations of target compounds were analyzed by high performance liquid chromatography 

(HPLC) coupled with UV/Vis detector and used to validate the model.  

In the fifth project, bench and pilot experiments were conducted to investigate the feasibility of 

using carbon dioxide to acidify centrate as an indication of increasing struvite solubility in 

wastewater. A pilot plant was built at Tres Rios Water Reclamation Facility to verify the 

hypotheses at a pilot plant scale. Mathematical models were developed to calculate parameters 

that are required to achieve desired pH for struvite prevention. Centrate acquired from Tucson, 

Phoenix, Portland, and Chicago were tested and the results were used to validate an equilibrium 

model.  

Conclusions and key findings associated with each study are presented in Chapter 2. A detailed 

description of each study is provided in Appendices A-E.  
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CHAPTER 2. PRESENT STUDY 

The following is summary of key findings. The complete discussion of methods, results and 

conclusions are provided in papers in appendices A-E.  

 

2.1. Sized-resolved characteristics of water-soluble particulate elements in a coastal area: 

source identification, influence of wildfires, and diurnal variability  

The composition of water-soluble fraction of 29 elements was examined in this study to 

understand chemical and physical properties of aerosol in atmosphere. Elements were collected 

by Micro Orifice Uniform Deposition Impactors (MOUDIs) during two separate summer 

campaigns in 2013 (NiCE) and 2016 (FASE) at a central California coastal site. Characteristic 

peaks were found in four diameter ranges: 0.1-0.18 μm, 0.32-0.56 μm, 1.0-1.8 μm, and 3.2-5.6 

μm. Species that exhibited peaks in the supermicrometer size range (1.8-5.6 μm) include sea salt 

constitutes (Na, K), crustal matter (Fe, Al, Ti). Size distributions ranged widely among the full 

suite of elements, indicating the study region was impacted by diverse sources of pollutions. In 

addition to variations in size distributions, the number of modes varied in different 

environmental conditions such as with influence of wildfire and without influence of wildfire 

during NiCE and FASE periods.  

Positive Matrix Factorization (PMF) is a receptor model developed many including the 

Environmental Protection Agency (EPA) to identify pollution sources. By employing PMF, six 

characteristic sources were identified in the study region: Marine Emissions (45.4%), Secondary 

Aerosol (24.4%), Biomass Burning (13.1%), Waste Facilities (8.7%), Vehicular Emissions 

(4.4%) and Crustal Emissions (3.9% of total mass). PMF model also allows investigation of 

temporally-resolved particulate matters (PM) levels during daytime and nighttime periods. Day 
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to night ratios for Vehicular Emissions (day/night mass concentration ratio = 31.3), Crustal 

Emissions (day/night = 20.0), and Secondary Aerosol (day/night = 27.2) were found larger than 

1.0, which suggests increased anthropogenic activities, higher diffusion and more frequent 

photochemical reactions during daytime period. Elements that enhanced in crustal source factor 

were selected for enrichment factor (EF) analysis. Several species that are commonly associated 

with crustal matter exhibited values greater than the threshold values, indicating the mixing of 

non-crustal pollutants such as sea salt (e.g., Na, K), marine biota emissions (I), and 

anthropogenic emissions (Ni, Zn, As, Cd).  

Two separate wildfires occurred during NiCE and FASE campaigns exhibited contrasting 

behaviors in some degrees. NO3
-, NH4

+, I, Zn, V, and Ti were reduced, however Pt was enhanced 

during FASE wildfire period. The differences of two wildfires indicate they may be 

characterized by different transport time of fire plumes to sampling sites, fuel type, and flame 

condition. Despite the differences, the enhancement of MSA, nss SO4
2-, oxalate, K, Cu, As, Rb 

were observed in both wildfires.  

 

This study suggests that regulations should be implemented for wildfire prevention owing to 

harmful particles that are emitted during wildfire period are detrimental to human health. The 

present study has board implications for regions that are impacted by similar pollution sources. 

My contributions to this project include analyzing acquired data, reviewing literature, conducting 

data interpretation, and drafting results into a manuscript for publication. 
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2.2. Size-resolved composition and morphology of particulate matter during the Southwest 

monsoon in Metro Manila, Philippines 

This study characterized chemical composition and morphology of aerosols collected by Micro-

Orifice Uniform Deposition Impactors (MOUDIs) during CAMP2Ex campaign in the Southwest 

monsoon season of 2019 in the Philippines. Several techniques were used in this study include 

mass spectroscopy for water-soluble chemical composition analysis, gravimetry for quantifying 

total particulate mass, black carbon spectroscopy for measuring black carbon concentration and 

electron microscopy analysis for examining the morphology of particles, source apportionment 

model (PMF) for pollution source identification. Five pollution sources identified by PMF model 

suggest pollutions in Metro Manila were contributed by the following sources: Aged/Transported 

(48.0%; NH4
+, SO4

2-, MSA, oxalate), Sea Salt (22.5%; Cl-, NO3
-, Ca2+, Na+, Mg2+, Ba, Sr), 

Combustion (18.7%; Ni, As, Co, P, Mo, Cr), Vehicular/Resuspended Dust (5.6%; Al, Ti, Fe), 

and Waste Processing (5.1%; Zn, Cd, Pb, Mn, Cu). Total mass concentrations were measured 

twice in two separate sampling events with mass at 18.6 µg m-3 and 53.0 µg m-3. Water-soluble 

mass concentrations were measured 12 times separately and the mass was ranging 2.7–16.6 µg 

m-3 with average at 8.53 ± 4.48 µm m-3. Black carbon mass concentration was 14.3 µg m-3 and 

only measured once. Size distribution analysis revealed that bulk mass of particulate was 

between 0.18–1.0 µm with a dominant mode between 0.32–0.56 µm.  Most of the black carbon 

(BC) mass was accumulated between 0.10–1.0 µm. Due to peaking between 0.18–0.32 µm, 

black carbon is less impacted by wet scavenging. Wet scavenging is a complex process as it is 

governed by several parameters such as atmospheric pressure, rain intensity, and collision 

efficiency. Microscopy analysis provided evidence non-spherical particles in submicrometer 

range (< 1μm) where particles are usually considered to be sphere, which is significant in 
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calculations of parameters such as single scattering albedo, asymmetry parameter, and extinction 

efficiency. 

 

Results of this work have broad implications for aerosol impacts on public health, visibility, and 

regional climate, atmospheric circulation. Results obtained from this study provide contextual data 

for the airborne component of the Cloud, Aerosol, and Monsoon Processes Philippines Experiment 

(CAMP2Ex) planned for the SWM season in 2019. In this project, I conducted microscopy 

analysis, assisted in data interpretation and assisting with PMF analysis, prepared tables and 

figures, and assisted with the drafting of the manuscript. 
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2.3. Sources of pollution and interrelationships between aerosol and precipitation 

chemistry at a central California site 

This study analyzed aerosol and precipitation data collected between 2010 and 2016 at Pinnacles 

National Monument. Seven distinct pollution sources were identified by Positive Matrix 

Factorization (PMF): aged sea salt (25.7% of PM2.5), biomass burning (24.2% of PM2.5), fresh 

sea salt (8.2% of PM2.5), secondary sulfate (11.7% of PM2.5), dust (10.0% of PM2.5), vehicular 

emissions (8.2% of PM2.5) and secondary nitrate (5.2% of PM2.5). Among these source factors, 

secondary sulfate exhibited a significant reduction over time. In contrast, PMCoarse increased over 

time, which may be result of long range transported of dust. SO4
2-, NO3

-, Cl- were found to be the 

most abundant species in monthly profiles of precipitation data. Intercomparison between aerosol 

and precipitation data revealed that PMCoarse and Dust and Sea Salt source factors exhibited 

positive correlation with calcium ion in precipitation, which indicates larger particles affect 

precipitation. In addition, sulfate was significantly correlated with Dust and Sea Salt source 

factors, suggesting partition of sulfate to dust and sea salt particles. The uptake of HNO3 was 

believed responsible for reducing precipitation pH value.  

 

The results of this work provide insights on improving air quality in regions that are impacted by 

similar pollution sources and demonstrate use of aerosol and precipitation chemistry data to 

investigate aerosol and precipitation interactions. My contribution to this project was data 

analysis, assistance with interpretation of data, and editing the manuscript.   
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2.4. Modeling the oxidation of phenolic compounds by hydrogen peroxide 

Tertiary wastewater treatment technology such as advanced oxidation processes (AOPs) has 

been widely used for the removal of trace organic contaminants from water and wastewater. 

Numerous models have been developed to predict degradation efficiency of target compounds in 

H2O2 assisted photo-degradation reactions. These models focused on the production and 

consumption of hydroxyl radicals and the reaction between hydroxyl radical and target 

compounds. However, the degradation rate of target compound is not only determined by the 

concentration of hydroxyl radical, but also affected by radical scavenging by reaction 

intermediates. In this study, p-cresol has been chosen as surrogate for the development of a full 

kinetic photo-degradation model that considers reaction between radical and reaction 

intermediate compounds. The model predicted reaction mechanism confirmed previous proposed 

mechanism that OH addition is the first step of the photo-chemical reaction and followed by 

abstraction of H to form benzoquinone and finally aliphatic acids are formed via ring cleavage. 

4-methylcatechol was determined to be the first reaction intermediate of p-cresol and OH-

induced oxidation of p-cresol was determined to be the dominant reaction pathway for the 

formation of 4-methylcatechol. In the kinetic model, both direct photolysis and reaction with OH 

radical were considered. Molecular oxygen was found involved in several steps of the reaction 

especially in the oxidation of 4-methylcatechol to 4-methylbenzoquinone. Even significant pH 

drop has observed in experiment, total organic carbon (TOC) results suggest no carbon dioxide 

has evolved from solution. It was found that formic acid, acetic acid and oxalic acid were formed 

during the experiments. Model also revealed that 4-methylcatechol react with hydroxyl radical 

and the degradation rate of 4-methylcatechol is a function of initial concentration of hydrogen 

peroxide.  
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The degradation mechanism of p-cresol was predicted by a comprehensive kinetic model that 

considers reaction between hydroxyl radical and reaction intermediates. The development of a 

full model offers more accurate predictions on evaluation of process such as AOPs. In this 

project, I collected experiment data, reviewed literature, and provided useful discussions.  
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2.5. Sustainable struvite control using carbon dioxide 

This research uses carbon dioxide to lower pH of centrate for preventing formation of struvite 

that can coat pipes, clog pumps and create process issues. Both bench and pilot experiments were 

carried out to evaluate the feasibility of the method. Mathematical models were developed to 

produce design protocols for wastewater treatment plants that experienced struvite issues and 

considered implement proposed technology to prevent struvite formation. Design parameters are 

easy measurable water quality parameters such as alkalinity and concentration of struvite 

components. First, a struvite solubility model was developed to investigate pH at which struvite 

formation is infeasible. Several minerals were considered in the model, including 

MgNH4PO4 · 6H2O(s), MgOH2(s), MgHPO4(s), and Mg3(PO4)2(s) and supersaturation index (SI) 

was calculated as an indicator for precipitation. SI was plotted as a function of pH and SI >1 

indicates formation of precipitation. In Tucson centrate, pH > 6.6 is where struvite formation 

becomes possible. Second, a CO2 injection model was developed to predict equilibrium pH at 

various CO2 partial pressures. Aqueous CO2 concentration was calculated by Henry’s Law. 

Model results were validated by bench experiments conducted in centrate from Phoenix, 

Chicago, Portland and Tucson. Due to the amount of acid that required to reduce pH to desired 

level is a function of mineral alkalinity and concentration of struvite components. Tucson sample 

has higher concentration of struvite components, even alkalinity of Tucson sample is lower than 

Chicago sample, it requires more acid to reach target pH. Finally, a pilot plant was built 

originally to test the feasibility of proposed method in pilot scale, however an alternative CO2 

injection method was investigated during pilot experiments. The pilot system is mainly 

comprised of a 1,000-gallon hydro tank, a ceramic diffuser placed at the bottom of the tank, and 

a CO2 tank that is constantly providing gaseous CO2 to the system. In-line pH probes and flow 
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meters were installed to monitor pH and flow rate changes. The function of the tank is to produce 

CO2 pre-saturated centrate. Sampling ports were installed 0.9, 1.8, 3.7, 6.7 and 7.3m behind the 

injection point. Both gaseous CO2 and CO2 pre-saturated liquid were injected at the injection 

point as two separate experiments. It was found that mixing CO2 pre-saturated centrate with 

fresh centrate is more effective in reducing pH compared with injecting gaseous CO2 in centrate 

flow.  

 

This study highly relies on computer simulation. Model results suggest that carbon dioxide is 

feasible to reduce pH of centrate to a level that the formation of struvite is inhibited. My 

contributions to this project included (i) developing a struvite precipitation model, (ii) order high 

pressure pH probe for bench experiments, (iii) procure pipes, parts, fittings, valves, flow meters, 

pumps, and order 1,000-gallon hydro-tank and tank modification for pilot experiments, (iv)  

fabricate pilot plant, (v) conduct bench and pilot experiments, and (vi) prepare meeting agendas 

and presentations. Mineral characterization results are presented in Appendix E.  
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APPENDIX A 

SIZE-RESOLVED CHARACTERISTICS OF WATER-SOLUBLE PARTICULATE 

ELEMENTS IN A COASTAL AREA: SOURCE IDENTIFICATION, INFLUENCE OF 

WILDFIRES, AND DIURNAL VARIABILITY 
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Abstract 

Size-resolved elemental measurements were conducted for the water-soluble fraction of 

particulate matter at a central California coastal city, Marina, during two separate summertime 

field campaigns: the Nucleation in California Experiment (NiCE) in 2013 and the Fog and 

Stratocumulus Evolution (FASE) campaign in 2016. Two Micro-Orifice Uniform Deposit 

Impactors (MOUDIs) were used to quantify mass size distributions of 29 elements and a Positive 

Matrix Factorization (PMF) model revealed six characteristic sources during the measurement 

periods: (i) Crustal Emissions (3.9% of total mass), (ii) Secondary Aerosol (24.4%), (iii) 

Biomass Burning (13.1%), (iv) Waste Facilities (8.7%), (v) Vehicular Emissions (4.4%), and (vi) 

Marine Emissions (45.4%). Characteristic elements from each of these sources included the 

following: (i) Crustal Emissions (Fe, Al, Ti, Pt), (ii) Secondary Aerosol (Zn, As, Rb, K, Cu, V), 

(iii) Biomass Burning (Rb, K, Cu, Pt), (iv) Waste Facilities (Ag, Cd, Ni, Al), (v) Vehicular 

Emissions (Zn, Zr, V, Mn), and (vi) Marine Emissions (Na, Sr, V, Mn). Temporally-resolved 

results revealed higher PM levels associated with Vehicular Emissions (day/night mass 

concentration ratio = 31.3), Crustal Emissions (day/night = 20.0), and Secondary Aerosol 

(day/night = 27.2) during the day compared to night due to some combination of more daytime 

anthropogenic activity, wind speed/directional factors, and photochemistry. The Marine 

Emissions factor exhibited a day/night concentration ratio of exactly 1.0. Mass size distributions 

revealed characteristic peaks in four diameter ranges: 0.1-0.18 μm, 0.32-0.56 μm, 1.0-1.8 μm, 

and 3.2-5.6 μm. The number of modes varied depending on the species and degree of wildfire 

influence, with additional differences observed between the NiCE and FASE wildfire periods.  
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1. Introduction 

Elements associated with airborne particulate matter (PM) are important for a number of 

reasons. They serve as tracer species to identify the source of air masses (Blanco et al., 2003; 

Font et al., 2015), have negative impacts on public health (Baghurst et al., 1992; Mateos et al., 

2018), are important agents in the biogeochemical cycling of nutrients and contaminants in 

ecosystems (Avila et al., 1998; Kersten et al., 1991; Wang et al., 2014; Weiss-Penzias et al., 

2018), and affect aqueous-phase chemistry by serving as catalysts that can either promote the 

formation of species such as sulfate (Alexander et al., 2009) or promote the degradation of other 

species such as carboxylic acids (Furukawa and Takahashi, 2011; Pehkonen et al., 1993). 

Elements originate from a variety of natural and anthropogenic emission sources. Natural 

sources include sea spray, soil and crustal rock, vegetation, and volcanoes (Nriagu, 1979, 

1989b). Among the most abundant elements contained in ambient PM globally are constituents 

of sea salt (e.g., Cl, Na, Mg, Ca, K) and crustal matter (e.g., Si, Al, Fe) (Seinfeld and Pandis, 

2016). A host of different elements originate from various anthropogenic sources such as fuel 

combustion, vehicular and ship emissions, mining, smelting, and power plants (Becagli et al., 

2012; Prabhakar et al., 2014; Singh et al., 2002). Identifying the size distribution and sources of 

elements can help improve understanding of their physical and chemical properties and effects in 

the atmosphere.  

Particulate elements have detrimental health impacts due to their oxidative properties 

(Pietrogrande et al., 2018) and ability to enter into the bloodstream (Valiulis et al., 2008). Their 

inhalation by humans can cause oxidative injury to the respiratory tract owing to reactive oxygen 

species (ROS) that are produced by elements inside the body that elevate the oxidative stress of 

affected areas (Li et al., 2008). Water-soluble transition elements have been linked to severe 
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diseases such as DNA damage and mutagenicity (Valavanidis et al., 2008). Size-resolved 

knowledge of element concentrations is important as fine particles are transported deeper into the 

respiratory system, as compared to larger ones, where they are transferred directly to the 

bloodstream (Cena et al., 2014; Youn et al., 2016). Aside from effects on human well-being, 

elements can also impact environmental health as they are transferred from one ecosystem or 

medium to another. For example, continental dust emissions can be transported from land to the 

atmosphere and subsequently become associated with cloud droplets that can deposit into 

aqueous ecosystems (e.g., ocean, lake) via precipitation. The ocean’s geochemistry is sensitive to 

nutrient inputs (Duce et al., 1991); for example, Fe associated with dust and wildfire emissions 

can fertilize the ocean and affect the growth of ocean microorganisms  (Bruland et al., 2001; 

Capone and Hutchins, 2013; Ito, 2011; Ito, 2015; Ito and Shi, 2016). Contaminants emitted from 

sources such as mines can deposit to soils and subsequently impact living beings that consume 

vegetation grown with the soil (Soltani et al., 2017). 

During their lifetime in the aerosol phase, elements can alter aerosol chemical 

composition and, consequently, hygroscopic and optical properties. When element-containing 

particles are captured inside cloud droplets, soluble elements can complex with organic species 

to then undergo in-cloud photochemical oxidation reactions that can change the profile of 

organics through mechanisms such as depletion reactions (Zuo and Hoigne, 1992). Iron-

catalyzed photooxidation reactions are one of the most studied mechanisms among various 

elements (e.g., Sorooshian et al., 2013); however, other transition elements exhibit photo-

catalytic activities (Strlic et al., 2003).  

The central coast of California represents a region with a myriad of emissions from both 

natural and anthropogenic sources resulting in a highly complex soup of PM (Maudlin et al., 
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2015). Documented sources based on analysis of long-term United States Environmental 

Protection Agency (EPA) PM data collected at the Pinnacles National Monument site (~65 km 

east of the Pacific coast) include marine emissions, shipping, biomass burning, dust, and various 

anthropogenic sources such as vehicles and agriculture (Dadashazar et al., 2019). A detailed 

investigation of PM data closer to the central California coastline has yet to be conducted that 

quantifies the relative importance and diurnal nature of different sources, and that characterizes 

the size-resolved concentration profile of elements. The water-soluble fraction of elements is 

specifically of interest for a variety of reasons: nucleation efficiency, atmospheric residence time, 

particle growth/shrinkage mechanisms, bioavailability, and health effects in epidemiological and 

toxicological studies (Fang et al., 2015; Heal et al., 2005; Jiang et al., 2014; Knaapen et al., 

2002; Lindberg and Harriss, 1983; Sarti et al., 2015). 

The goal of this study is to examine the size-resolved nature of water-soluble PM 

elements in a California coastal environment. A unique aspect of this study is that the influence 

of two major wildfires is examined relative to background conditions, in addition to contrasting 

night versus day periods with and without wildfire influence. Total water-soluble mass 

concentrations are reported for 29 elements, followed by examination of the relative abundance 

of mass concentration in the submicrometer size range for each species, since this range has the 

greatest impacts for human health and the cloud condensation nuclei (CCN) number 

concentration budget. Results from a source apportionment model are discussed in order to 

identify the relative influence of different sources of elements in the study region. Lastly, mass 

size distributions are reported with the goal of identifying characteristic mode sizes and 

variations between fire and non-fire conditions. The results of this work have broad implications 

for applications requiring size-resolved chemical information and for the general understanding 
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of water-soluble elemental composition for regions experiencing wildfires, marine emissions, 

and a variety of point sources of anthropogenic pollution.  

2. Experimental Methods 

2.1 Sample Measurements 

Size-resolved aerosol measurements were conducted during two separate summertime 

field campaigns in the coastal city of Marina, California (36.7°N, 121.8°W), which is ~5 km to 

the east of the Pacific Ocean coastline (Figure 1). Ground-based measurements were conducted 

between 3 July 2013 and 9 August 2013 during the Nucleation in California Experiment (NiCE) 

and between 15 July 2016 and 12 August 2016 during the Fog and Stratocumulus Evolution 

(FASE) experiment (Table 1). Diurnal measurements were conducted during NiCE (local times: 

day= 0600-2100, night = 2100-0600), but not FASE. Measurements were conducted using two 

Micro-Orifice Uniform Deposit Impactors (MOUDIs, MSP Corporation; Marple et al., 1991) 

with the following aerodynamic cutpoint diameters: 0.056, 0.1, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 

10.0, and 18.0 μm. Sample sets were collected over a period of multiple days to obtain sufficient 

signal for the various species of interest across the full size spectrum analyzed.  

Teflon substrates (PTFE membrane, 2 μm pore, 46.2 mm, Whatman) were used for 

particle collection. Collected samples were cut in half, with one half archived in a freezer and the 

other half placed in glass vials with 10 mL of milli-Q water. While strong acids (e.g., HNO3, 

CH3COOH, HCl, HF) can extract a greater fraction of metals (e.g., Sahuquillo et al., 1999; 

Jamali et al., 2009; Betha et al., 2013), water is more appropriate for this study that is focused on 

reporting concentrations, inter-relationships, and sources for the water-soluble fraction of 

elements (e.g., Mukhtar and Limbeck, 2013). Sonication of individual glass vials was conducted 

for 20 min at 30 °C prior to analysis with either inductively coupled plasma mass spectrometry 
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(ICP-MS; Agilent 7700 Series) for NiCE samples or triple quadrupole inductively coupled 

plasma mass spectrometry (ICP-QQQ; Agilent 8800 Series) for FASE samples. Limits of 

detection (LOD) of the 29 examined elements (Na, K, I, Zn, Fe, Al, Cu, Sr, V, Ni, Mn, Ti, As, 

Rb, Zr, Pt, Ag, Cd, Hg, Ba, Mo, Cr, Cs, Y, Sn, Co, Pb, Ag, Rh) were calculated automatically by 

the ICP instruments and were in the ppt range (Table S1). The sample concentrations represent 

an average of three separate measurements with a standard deviation of 3% or less. Data are also 

reported for six selected water-soluble anions and cations (methanesulfonate (MSA), Cl-, NO3
-, 

non-sea salt (nss) SO4
2-, NH4

+, oxalate) speciated and quantified using ion chromatography (IC; 

Thermo Scientific Dionex ICS 2100 system). IC species LODs (Table S1) were calculated using 

their respective calibration curve, where LOD is three times the standard deviation of the 

residuals (predicted signal minus measured signal) divided by the slope of the calibration curve 

(Miller and Miller, 2018). All species concentrations for samples have been corrected by 

subtracting concentrations from background substrate samples. Details associated with the 

quality assurance and quality control of these measurements are also reported in other work 

(Braun et al., 2017; Maudlin et al., 2015; Youn et al., 2015). 

Average meteorological data values are reported in Table 1 corresponding to each 

MOUDI set. The meteorological measurements were conducted at the Monterey Peninsula 

station (KMRY; 36.6°N, 121.8°W), which is part of the Mesowest database (Horel et al., 2002). 

Details regarding the identification of wildfire influences can be found in Maudlin et al. (2015) 

and Braun et al. (2017).  

2.2 Positive Matrix Factorization (PMF) 

To identify emissions sources for the water-soluble fraction of PM, a PMF receptor 

model (US EPA’s PMF version 5) was initialized with data from the NiCE and FASE MOUDI 
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measurements. This technique has been used extensively for source apportionment of aerosol 

species (Alleman et al., 2010; Begum et al., 2007; Lestari and Mauliadi, 2009; Paatero and 

Tapper, 1994). PMF analysis was performed using data for the water-soluble fraction of 19 

elements (Na, K, I, Zn, Fe, Al, Cu, Sr, V, Ni, Mn, Ti, As, Rb, Zr, Pt, Ag, Cd, Hg) and six 

selected ions (MSA, Cl-, NO3
-, nss SO4

2-, NH4
+, oxalate). Note that 10 elements (Ba, Mo, Cr, Cs, 

Y, Sn, Co, Pb, Ag, Rh) that were found to be unnecessary for improving the PMF results were 

excluded. Species were classified into “strong”, “weak”, and “bad” categories based on signal-

to-noise (S/N) ratios. In our case, only “strong” species (S/N > 1) (Norris et al., 2014) were used 

in the modeling. Data points below the detection limit (DL) were replaced by half of the DL and 

uncertainty was replaced by 5/6 of the DL (Reff et al., 2007). For species without a reportable 

concentration for a specific size range in a MOUDI set, concentrations were replaced by the 

median value of existing concentrations for that size range and the uncertainty was replaced by 

four times the median value (Brown et al., 2015). For species with concentrations that were 

available in the MOUDI sets, their uncertainties were calculated as follows (Reff et al., 2007): 

 

𝜎𝑖𝑗 = 0.05 ∙ 𝑋𝑖𝑗 + 𝐷𝐿𝑖𝑗       (Equation 1) 

 

where 𝜎𝑖𝑗, Xij, and DLij are the uncertainty, concentration, and detection limit, respectively, of the 

jth species in the ith sample.  

3. Study Area Description 

The city of Marina had a population of 21,700 as of 2016 (US Census Bureau), with the 

nearest major city being Salinas just over 10 km to the east of the sampling site, which had a 

2016 population of 157,200 (US Census Bureau). The measurement site was influenced by urban 
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emissions in the form of vehicular traffic and extensive agriculture that occurs around the Marina 

area, especially in Salinas. Additionally, there are several potential point sources of pollution 

nearby, including the Dynegy Power Plant to the northeast (~14.5 km), the Las Animas Concrete 

Plant ~ 3.2 km to the southwest, the Cemex Lapis Sand Plant ~ 5.4 km to the northwest, the 

Monterey Regional Waste Management District facility ~ 4.5 km to the north, and the Assured 

Aggregate Recycling facility ~ 0.6 km to the south (Figure 1). Due to proximity to the coast, one 

obvious PM source is marine emissions, which includes biogenic emissions, sea salt, and 

shipping emissions owing to shipping lanes just off the coast leading up north to Oakland and 

San Francisco (Sorooshian et al., 2015b; Wang et al., 2014). 

A unique aspect of this work is the ability to examine the superimposition of two separate 

wildfire events on top of background emissions normally impacting the study site. The fire-

impacted air masses sampled during NiCE originated from a cluster of fires (Douglas Complex, 

Whiskey Complex, and Big Windy fires) located by the border of California and Oregon (Figure 

1). As documented by Maudlin et al. (2015), the transport time of the biomass burning plumes 

from the source of that fire cluster to the measurement site ranged from 34-70 h, with the 

predominant fuel source categorized as "timber, grass and shrub models” (Braun et al., 2017). In 

contrast, the source of the fire-impacted air masses during FASE (Soberanes Fire) was much 

closer to the measurement site (30 km to the southwest) in Garrapta State Park, with biomass 

burning plumes estimated to reach the sample site in approximately 2.5-4.5 h (Braun et al., 

2017). The fuel type during the Soberanes Fire was classified as “chaparral, tall grass, and 

timber” (Braun et al., 2017). 

4. Results and Discussion 

4.1 Total Water-Soluble Mass Concentrations 
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Water-soluble mass concentration data are compared between the following seven 

categories: (i) NiCE wildfire; (ii) FASE wildfire; (iii) non-wildfire conditions in FASE and 

NiCE; and (iv-vii) day versus night conditions during NiCE with and without wildfire influence. 

For the ensuing discussion, non-fire data from NiCE and FASE were combined as similar 

conditions existed during the different sampling periods, although the results from both 

campaigns are still shown separately in Figure 2 and Table S2. Mass concentrations of the 29 

elements for the seven categories are summarized in tabular format in Tables S2-S4 and visually 

in Figures 2-3, with averages (± standard deviations) of the total sum of species as follows: 1064 

± 663 ng m-3 (NiCE wildfire), 560 ± 154 ng m-3 (FASE wildfire), 1037 ± 502 ng m-3 (non-

wildfire), 1533 ng m-3 (day NiCE wildfire), 594 ng m-3 (night NiCE wildfire), 1028 ± 271 ng m-3 

(day NiCE non-wildfire), and 1169 ± 787 ng m-3 (night NiCE non-wildfire). The concentrations 

of species ranged widely over seven orders of magnitude (102 to 10-5 ng m-3), with the total 

concentration results being heavily biased by a few species stemming from marine emissions 

(i.e., mainly Na).  

 The highest concentrations among all elements was for Na and K for the seven 

categories, with the range of concentrations among all MOUDI sets being 456 – 1403 ng m-3 and  

64 – 98 ng m-3, respectively. These elements are major components of sea salt with the following 

contributions to pure sea salt on a mass basis (Seinfeld and Pandis, 2016): Na = 30.61%, K = 

1.1%. Potassium is also an important component of biofuels (Artaxo et al., 1994; Savoie and 

Prospero, 1980). Next in terms of mass concentration was the sub-group of elements (average 

concentrations ~ 0.1 – 10 ng m-3) comprised of the following: Zn, I, Sr, Cu, V, Al, Fe, Ba, Mn, 

Ni, Ti, Rb, Cr, As. Notably enhanced in fire periods was Fe, which is a component of dust that 

can be lofted up in biomass burning plumes as has been demonstrated in the western United 
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States (Kavouras et al., 2012; Schlosser et al., 2017; Sturtz et al., 2014), various parts of Africa 

(Gaudichet et al., 1995; Maenhaut et al., 1996), and Moscow (Popovicheva et al., 2014). The 

least abundant elements (average concentrations < 0.1 ng m-3) included Pd, Mo, Zr, Cs, Y, Sn, 

Co, Pb, Ag, Pt, Cd, Rh, and Hg.  

 When comparing the ratio of day versus night concentrations during NiCE for species 

with values above the LOD in all MOUDI sets (Figure 3), the most significant increase in non-

fire conditions during the daytime was for the following (day/night mass concentration ratios): 

Pb (3.66), Zn (2.75), Sr (2.55). The largest reductions, quantified as day/night mass 

concentration ratios, were for Cr (0.28), Al/Ba (0.54), and As (0.75). During wildfire conditions, 

the highest day/night ratios were for Zr (36.48), Cd (21.32), Fe (7.25), Mo (5.53), and Mn (5.31); 

in contrast, the largest reductions were for Hg (0.36), Pd (0.50), and Ti (0.58). Subsequent 

discussion based on PMF analysis reveals that many of these species enhanced in daytime are 

associated with anthropogenic activities, especially vehicular traffic (Adachi and Tainosho, 

2004; Budai and Clement, 2018; Lin et al., 2015).  

4.2 Sub- and Supermicrometer Mass Fractions 

The average weight percentage of the combined 29 species in the submicrometer portion 

(as compared to all particle sizes) for all MOUDI sets was as follows: 41.2% ± 6.0% (NiCE 

wildfire), 37.8% ± 21.1% (FASE wildfire), 16.8% ± 7.7% (non-wildfire), 37.0% (day NiCE 

wildfire), 45.5% (night NiCE wildfire), 13.4% ± 7.1% (day NiCE non-wildfire), and 24.0% ± 

1.2% (night NiCE non-wildfire). During non-fire conditions in both NiCE and FASE, the species 

with the highest weight percentage in the submicrometer range (> 80%) were V, As, and Mo. 

Species exhibiting the majority of their concentration in the supermicrometer range (> 80%) 

included Na, Co, Hg, Sr, and Mn. Influence from the two wildfires led to disparate size 



69 
 

distribution behavior. For instance, during the NiCE fire period, more species exhibited weight 

percentages greater than 80% in submicrometer stages (V, Ni, I, As, Y, Sn, Pb, Pt, Cd, Rh). In 

contrast, only one species exhibited more than 80% of its weight percentage in the 

supermicrometer stages (Hg).  During the FASE fire period, only I exhibited submicrometer 

weight percentages above 80%, while several species exhibited more than 80% in the 

supermicrometer stages (Fe, Ba, Mn, Ni, Cr, Co, Pb, Cd).  

4.3 Source Apportionment of Water-Soluble Fraction of Elements 

Positive matrix factorization (PMF) modeling was conducted to help identify the major 

sources of the elements examined. Several PMF solutions were evaluated, ranging from two to 

ten source factors. The six-factor solution (Figure 4) was chosen for further analysis as the 

calculated ratio of Qrobust/Qexpected (1.12) was close to the ideal value (1.00). In addition, the 

scaled residuals were normally distributed and between -3 and 3, suggesting that the model fit 

the data well. Based on both the characteristic species present in the results and knowledge of the 

sampling environment, source names were assigned to the six factors as follows with their total 

weight percentage contribution to total PM from the MOUDI sets (Dp > 0.056 µm) also shown: 

Crustal Emissions (3.9%), Secondary Aerosol (24.4%), Biomass Burning (13.1%), Waste 

Facilities (8.7%), Vehicular Emissions (4.4%), and Marine Emissions (45.4%). We note that 

Vehicular Emissions is a category that includes all aspects of emissions from vehicles including 

exhaust, tire and brake wear, and resuspended crustal material. Also, Secondary Aerosol is a 

category with a signature of secondarily produced species, but that does not preclude the 

contribution of secondary species in the other factors.  

Table 2 summarizes how much each PMF factor contributes to the day and night periods 

during NiCE, for both wildfire periods, and for all non-fire periods. The relative concentrations 
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associated with each source indicate that Marine Emissions were the most important on a mass 

basis except for the FASE period with Biomass Burning being most influential. Each of the six 

PMF source factors is discussed in greater detail in the following section, with interrelationships 

between all 29 elements summarized in Table S5 in the form of a correlation matrix based on 

total mass concentrations from each of the 17 MOUDI sets.  

4.3.1 Crustal Emissions  

The first PMF factor accounted for 3.9% of the total PM mass concentration, and is 

characteristic of crustal emissions as the species it contributed the most to in terms of mass 

percentage are typically associated with dust and sand (Behera et al., 2015; Darzi and 

Winchester, 1982; McKendry et al., 2001; Moyers et al., 1977; Prabhakar et al., 2014): Fe 

(73.3%), Al (41.9%), Ti (32.9%), Pt (28.9%), and Mn (14.8%). In addition to long-range 

transport of dust, there are local emissions of dust due to wind-driven emissions and road dust 

associated with vehicular traffic. In particular, there is blowing sand within a few km of the 

sample site due to sand dunes by the coastline, in addition to the emissions from the nearby Las 

Animas Concrete Plant and the Cemex Lapis Sand Plant (Figure 1). The dominant components 

of sand from the latter facility that were among the 29 elements examined included Al, with trace 

amounts of Fe, Ti, Na, and K (https://www.cemexusa.com).  

The mass concentrations associated with the Crustal Emissions source factor were 20 

times larger during daytime as compared to nighttime (Table 2). This may be partly due to 

favorable daytime meteorological conditions, specifically higher wind speeds and also onshore 

wind coming from the coastline where there is abundant sand and numerous point sources such 

as the Cemex Lapis Sand Plant (Table 1). There is also the likely possibility of greater 

anthropogenic influence during the daytime. Crustal enrichment factor (EF) analysis was 
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conducted for the elements included in the PMF analysis to determine the degree of influence 

from non-crustal sources to the concentrations of various elements: 

 

𝐸𝐹 = [𝐶𝑛(𝑃𝑀𝐹,𝑐𝑟𝑢𝑠𝑡𝑎𝑙)/𝐶𝑟𝑒𝑓(𝑃𝑀𝐹,𝑐𝑟𝑢𝑠𝑡𝑎𝑙)]/[𝐶𝑛(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)/𝐶𝑟𝑒𝑓(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)] (Equation 2) 

 

where Cn and Cref represent, respectively, the concentrations of element n and a reference species 

(Al) assumed to have minimal anthropogenic sources (Chester et al., 2000; Liu et al., 2002; 

Zhang et al., 2015). The top ratio in Equation 2 employs concentrations for individual elements 

predicted by the PMF model for the crustal emissions source factor, while the bottom ratio 

applies values from Earth’s crust (Goldschmidt, 1937). Values of EF >10 generally indicate that 

there is a non-crustal source such as from various anthropogenic activities (Acciai et al., 2017; 

Liu et al., 2002; Zhang et al., 2015).  

Crustal EF results are summarized for all the PMF elements in Table S6. Nine species 

exhibited EFs < 10, ranging from 8.5 to 0 (Cu > Mn > Fe > Rb > Sr > Ti > Zr > V/Ag), 

suggestive of a close association with Earth’s crust. This list of elements includes most of those 

pronounced in important for the Crustal Emissions source factor (Figure 4). In contrast, eight 

species exhibited EFs > 10 (Pt > I > Cd > Na > As > Zn > K > Ni) with the highest values for Cd 

(264.7), I (9729.3), and Pt (23896.4). The Crustal Emissions factor contributed significantly to 

Pt, which has previously been linked to dust (Wolbach et al., 2018); however, it is also 

associated with vehicular engines and catalytic converters (Diong et al., 2016; Moldovan et al., 

2002; Palacios et al., 2000; Zhang et al., 2019). Pt did not exhibit many significant correlations 

with other elements (Table S5), and only had positive associations with MSA (r = 0.62) and Rh 

(r = 0.79). Therefore, its exact non-crustal sources are not fully clear based on this dataset; 
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however, it was a prominent species in biomass burning periods as will be discussed 

subsequently. 

4.3.2 Secondary Aerosol  

The second PMF factor (24.4% of total mass), referred to as Secondary Aerosol, has the 

chemical signature of secondary aerosol production owing to its significant contributions to the 

following species known to be linked with gas-to-particle conversion processes: NO3
- (37.6%), 

nss SO4
2- (40.4%), NH4

+ (52.3%), oxalate (43.7%), and MSA (25.5%). More specifically, SO2 

and NH3 can produce nss SO4
2- and NH4

+, respectively (Popovicheva et al., 2014; Reid et al., 

1998). Nitrogen oxides (NOx) can be photochemically oxidized to produce HNO3, which can 

undergo acid-base chemistry to produce nitrate salts or partition to coarse particles such as dust 

and sea salt in the form of NO3
- (Lee et al., 2008; Pakkanen et al., 1996; Ruellan et al., 1999). 

MSA is mainly produced by the oxidation of ocean-emitted dimethylsulfide (DMS) 

(Mihalopoulos et al., 1992), while oxalate can be produced secondarily via aqueous-phase 

processing, especially in clouds (Sorooshian et al., 2006; Wonaschuetz et al., 2012) As 

photochemistry is important for secondary aerosol production, the ratio of daytime to nighttime 

concentrations of this source factor (27.2) was the second highest of the six source factors.  

While the water-soluble ions were convenient for the PMF analysis to identify the 

Secondary Aerosol factor, the elements most enhanced in this factor were not secondarily 

produced but most likely co-emitted with the precursor gases for the water-soluble IC species. 

This source factor contributed most to the mass concentrations of the following elements: Zn 

(59.9%), Rb (54.8%), As (43.4%), V (27.3%), and Cu (27.0%). Many of these species exhibited 

statistically significant correlations between each other and the secondarily produced IC ions 

identified above when considering their total mass concentrations between the 17 MOUDI sets 
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(Table S5). Notably, V and As were significantly correlated with not just each other (r = 0.67), 

but with NO3
-, nss SO4

2-, and NH4
+ (r ≥ 0.49). These elements stem from a variety of types of 

sources including shipping, smelting, vehicular emissions, and combustion (Moyers et al., 1977; 

Nriagu, 1989a; Prabhakar et al., 2014). These results are important in pointing to how a blend of 

elements, many with anthropogenic origins, can become associated with secondarily produced 

species in the region. 

4.3.3 Biomass Burning   

 The third PMF factor, Biomass Burning (13.1% of total mass), exhibits enhanced 

contributions to the following species known to be linked with biofuel combustion emissions 

(Allen and Miguel, 1995; Artaxo et al., 1993; Currie et al., 1994; Echalar et al., 1995; Fine et al., 

2001; Gao et al., 2003; Hays et al., 2002; Li et al., 2003; Meng et al., 2013; Pósfai et al., 2003; 

Reid et al., 2005; Ryu et al., 2004; Schlosser et al., 2017; Sorooshian et al., 2015a; Wasson et al., 

2005; Zhang et al., 2017): nss SO4
2- (18.1%), oxalate (29.9%), MSA (28.1%), K (23.8%), Cu 

(26.5%), As (15.4%), and Rb (25.8%). Interestingly, the most significant contribution of this 

factor to any species was for Pt (55.8%). Although Pt was associated with the Crustal Emissions 

factor and crustal material is known to become entrained in fire plumes in the study region 

(Maudlin et al., 2015), its high crustal EF (Table S6) and lack of correlation with other major 

crustal species points to its source being somehow linked to biofuel combustion. 

 This source factor contributed most strongly to the MOUDI sets collected during the 

Soberanes Fire overlapping with the FASE campaign (5.78 µg m-3; 53.9% contribution), in 

contrast to a much lower contribution to the NiCE fire period (0.29 µg m-3; 4.6%). Expectedly, 

this factor contributed relatively less during non-fire periods (2.41 µg m-3; 5.1%). An explanation 

for why this source profile was much more prominent for one of the two wildfire periods was 
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that the FASE fire was much closer to the sample site. It is unclear how influential, if at all, the 

differences in the burnt level of the soils and length of time since the beginning of the fires 

(Campos et al., 2016) during FASE and NiCE were in explaining the differences in Table 2.  

4.3.4 Waste Facilities  

The unique feature of the fourth PMF factor (8.7% of total mass) was the overwhelming 

influence on the concentrations of Ag (94.7%) and Cd (90.2%). Although not as dramatic as for 

the latter two species, there were also significant contributions to Al (47.5%) and Ni (55.5%). 

Silver was highly correlated (r) with these species (Cd = 0.98, Ni = 0.84, Al = 0.58) and others 

not included in the PMF analysis (Pb = 0.80). These species have been linked to electronics and 

waste (Fujimori et al., 2012). For example, Ni, Cd, and silver oxide are materials used for 

manufacturing batteries (Eckelman and Graedel, 2007; Vaisanen et al., 2002), Pb is used for 

circuit board production (Leung et al., 2008), and Al is a key constituent of beverage containers 

such as soda cans that end up in waste facilities. The sampling site is surrounded by at least two 

major waste and recycling facilities (Figure 1), which presumably contributed to the emissions of 

these elements. For example, a variety of waste products are accepted for recycling at the 

Monterey Regional Waste Management District including appliances, cardboard, bottles, 

electronic waste (e-waste; e.g., cellular phones, televisions), household batteries, vehicular 

batteries, and mercury-containing items (www.mrwmd.org).  

Mass concentrations from this source factor during the day amounted to 70% of those at 

nighttime (Table 2), reflective of fairly similar contributions between the two periods as 

compared to most of the other PMF source factors. Although Marine Emissions and Secondary 

Aerosol factors dominated total PM mass concentrations during non-fire periods (combined 

85.2%), the Waste Facilities factor accounted for (3.28 µg m-3; 6.9%), suggestive of a fairly 
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important role as compared to other sources in the study region during background conditions 

without fires.  

4.3.5 Vehicular Emissions 

The fifth PMF source factor (4.4% of total mass) was a significant contributor to Zr 

(73.5%) and Zn (26.1%), both of which have previously been linked to Vehicular Emissions 

(Adachi and Tainosho, 2004; Behera et al., 2015; Birmili et al., 2006). Other components 

influenced by this source profile included Fe, Sr, V, and Mn. Zirconium was best correlated with 

Zn (r = 0.71), V (r = 0.69), Mn (r = 0.79), and Y (r = 0.83); Zn was also best related to Y (r = 

0.78), V (r = 0.72), and Mn (r = 0.63). The strong connection of Zr and Zn to these other 

elements provides additional support for attributing this source factor to Vehicular Emissions; V 

is associated with fossil fuel combustion (e.g., Nriagu, 1989), Y is a component in street dust 

(Adachi and Tainosho, 2004; de Miguel et al., 1997), and Mn is associated with tires, brakes, 

vehicle catalysts, and fuel combustion (Rocha and Corrêa, 2018; Sanderson et al., 2014). Iron 

and Sr were also influenced by this PMF factor, consistent with their presence in gasoline, 

lubricant oil, vehicular catalysts, brakes, and street dust (Sanderson et al., 2014). Of note is the 

use of a portion of the Marina Municipal Airport runway as a site for vehicle training (such as 

with the police force), with the marks of the tires visually obvious from aerial imagery as shown 

in Figure S1.  

This source factor was responsible for the highest ratio of daytime versus nighttime 

concentrations (31.3) owing to more vehicular activity during the daytime. However, it was a 

relatively minor contributor to total PM mass concentrations during the entire study period and 

during non-fire periods (0.81 µg m-3; 1.7%) 
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4.3.6 Marine Emissions 

The final and most influential source profile on a mass basis, accounting for 45.4% of 

total mass, was linked to Marine Emissions. This factor contributed the most to the following 

major components of sea salt: Na (56.5%) and Cl- (73.6%). Although a more minor contributor 

to sea salt, I was strongly influenced by this source factor (79.7%) most likely owing to its 

documented source from marine biogenic emissions (O'Dowd et al., 2002). A number of water-

soluble IC species used in the PMF analysis have known contributions from marine sources and 

help support this source assignment: NO3
- (45.0%), is linked to HNO3 partitioning to the coarse 

salt particles (Pakkanen et al., 1996); MSA (12.7%) stems largely from ocean-emitted DMS; nss 

SO4
2- (26.0%) is linked to secondary production from DMS and also SO2 emitted from shipping 

along the coastline (e.g., Coggon et al., 2012); and NH4
+ is linked to some combination of 

marine biota emissions and shipping (Johnson et al., 2007; Matthias et al., 2010).  

As Cl- and Na were the more dominant components of this PMF source profile based on 

their mass concentration contributions to sea salt, it was expected that they were best correlated 

with each other among the 29 elements studied (r = 0.80) (Table S5). Other species they were 

correlated with, including those not in the PMF analysis, had the following correlation 

coefficients with Na: I (r = 0.73), Co (r = 0.78), Cs (r = 0.66), Sr (r = 0.66), Cu (r = 0.56), Hg (r 

= 0.52), and Mn (r = 0.51). All of these species have diverse sources in the marine environment, 

including marine sediments (McLaren et al., 1981), marine organisms, and sea water (Burton and 

Price, 1990; Fitzgerald et al., 2007; Weiss-Penzias et al., 2018). Aside from direct marine 

sources, these species have continental and anthropogenic sources (Malm and Sisler, 2000; 

Nriagu, 1989b) and could presumably have mixed with sea salt during transport to the sampling 

site. The concentration ratio of Marine Emissions between daytime versus nighttime periods was 
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exactly 1.0. This source contributed 52.4% to the total mass concentration during non-fire 

periods, 41.7% during the NiCE fire, and 16.0% during the FASE fire.   

4.4 Mass Size Distributions 

 The mass size distributions of the 29 elements provide insight into the mixing state of 

aerosol particles and emissions sources to validate PMF source assignments. Furthermore, the 

size distributions highlight how influential each element can be to various effects (e.g., 

respiratory deposition, CCN activity, interaction with solar radiation) that are sensitive to particle 

size. The size distribution profiles for 12 selected elements are shown in Figure 5, while the 

results for the other 17 elements are summarized in Figure S2. Distributions are reported 

separately for non-fire conditions (NiCE and FASE combined), the NiCE fire period, and the 

FASE fire period. Major differences were not observed when comparing day and night 

conditions during NiCE. In general, elements exhibited concentration peaks in the following four 

diameter ranges: 0.1-0.18 μm, 0.32-0.56 μm, 1.0-1.8 μm, and 3.2-5.6 μm.  

 The characteristic size for the dominant Marine Emissions constituents (Na, K) was 

between 1.8-5.6 μm, with peaks either in the range of 1.8-3.2 μm or 3.2-5.6 μm depending on 

which of the three conditions existed (i.e., non-fire, NiCE fire, FASE fire). Two other 

constituents in the Marine Emissions PMF source profile with lower concentrations, Sr and Mn, 

also exhibited concentration peaks between 1.8-5.6 μm. Of these four species, K exhibited a 

second concentration peak between 0.32-0.56 μm that was either comparable or even larger than 

the supermicrometer mode, with the dominant source contributing to the smaller peak being 

biomass burning regardless of the fire period examined. Depending on the fire, other species 

exhibited an enhanced concentration peak in the submicrometer mode, such as Na (0.32-0.56 

μm) during NiCE and Rb (0.18-0.32 μm) during FASE. This is presumably due to the 
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differences in either the fire conditions (e.g., fuel type) or inclusion of other aerosol types, such 

as soil, with the fire plumes.  

 The dominant constituents of the Crustal Emissions PMF source profile (Fe, Al, Ti) 

exhibited concentration peaks between 1.8-5.6 μm, which is similar to the Marine Emissions 

constituents. Differences existed depending on the air type category examined, with peaks 

shifted to slightly smaller sizes during the FASE fire (1.8-3.2 μm) as compared to the NiCE fire 

(3.2-5.6 μm) for Al and Ti. Iron exhibited two significant concentration peaks between 1-1.8 μm 

and 5.6-10 μm during the FASE fire, while during the NiCE fire its concentration peaked 

between 0.32-0.56 μm and 3.2-5.6 μm. All three of these crustal species exhibited concentration 

peaks in the submicrometer mode, although usually the more dominant mode by mass was in the 

supermicrometer range. Interestingly, Pt exhibited a prominent concentration peak between 1.8-

3.2 μm during the FASE fire, which matches the peaks of Al and Ti; however, its high crustal EF 

value points to influence from a non-crustal source, which was already suggested to be biofuel 

combustion. In support of this, Pt exhibited a submicrometer peak between 0.18-0.32 μm, which 

overlaps with the common biomass burning tracer species K. 

 Most of the elements prominent in the Secondary Aerosol factor (Rb, As, V, Cu) 

exhibited concentration peaks between 0.32-0.56 μm, which is consistent with the typical size 

range of secondarily produced species in the study region (Maudlin et al., 2015).  

During the FASE fire, several species similarly exhibited a pronounced concentration 

between 1.8-3.2 μm including Al, Mn, Ti, and Pt. These species are associated with crustal 

matter, confirming that there was influence from soil during the FASE fire. Lead was also 

enhanced in this size range during the FASE fire, which is consistent with past work attributing 

Pb to biomass combustion for some specific fuel types, such as softwood (Sommersacher et al., 
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2016) in the study region. Some elements exhibited clear differences in their mass size 

distributions between the two fires, including either different concentration peak size ranges (Zn, 

Zr, Pt), or similar concentration peak size ranges but significant differences in mass 

concentrations at the peak (V: 0.32-0.56 μm). Vanadium’s profile indicates how influential the 

source of the wildfire was as its concentration in the NiCE fire period was significantly higher 

than that during the FASE fire (0.65 ± 0.24 ng m-3 versus 0.04 ± 0.02 ng m-3). This difference is 

possibly linked to the enrichment of V in the NiCE biofuels compared to those in the Soberanes 

Fire during FASE; any variations in the soils around the two fire sources is an unlikely 

explanation, as this would have influenced concentrations in the supermicrometer range.  

 The key tracer elements linked to the Waste Facilities PMF source factor (Ag, Cd, Ni, Al) 

similarly had pronounced concentration peaks between 3.2-5.6 μm, which were only obvious 

during non-fire periods. A number of other anthropogenic pollutants that were included in the 

PMF analysis (Pt, Ti, Rb, Na, K, Cu, Mn, Ni) and some that were not included in the PMF 

analysis (Co, Pb, Y, Sn, Cs) exhibited similar concentration modes in non-fire conditions. 

 The Vehicular Emissions source factor contributed the most to Zr (69.2%) among all 

elements examined. During the NiCE fire, Zr had an enhanced concentration peak between 3.2-

5.6 μm, whereas during the FASE fire and non-fire conditions it exhibited a bimodal 

concentration profile with peaks between 1.8-3.2 μm and 0.18-0.56 μm. The mass size 

distributions of other species correlated with Zr (Y, Mn, Zn, V) varied to some extent, but mostly 

exhibited bimodal concentration profiles with peaks between 0.18-1 μm and 1-10 μm.  

5. Conclusions 

The present study investigated sized-resolved composition measurements for the water-

soluble fraction of 29 particulate elements collected during two summertime campaigns in 2013 
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(NiCE) and 2016 (FASE) at a central California coastal site. Element concentrations were 

examined in different environmental conditions including during daytime and nighttime, and 

with and without the influence of wildfires. The most dominant element measured was Na, 

owing to the importance of sea salt in the study region. The mass size distributions of Na and 

other constituents of sea salt (K) and crustal matter (Fe, Al, Ti) revealed major concentration 

peaks in the supermicrometer size range (1.8-5.6 μm). The full suite of elements exhibited 

widely ranging mass size distributions, highlighting the complexity of sources and sinks in a 

fixed region with diverse sources. 

To aid in the complexity of the mass size distributions of a large set of elements, PMF 

modeling was used to isolate six characteristic PM sources: (i) Crustal Emissions (3.9% of total 

mass), (ii) Secondary Aerosol (24.4%), (iii) Biomass Burning (13.1%), (iv) Waste Facilities 

(8.7%), (v) Vehicular Emissions (4.4%), and (vi) Marine Emissions (45.4%). Diurnal 

measurements during the NiCE campaign revealed that three of these sources were especially 

more dominant during the daytime as compared to nighttime: Crustal Emissions, Secondary 

Aerosol, and Vehicular Emissions. The Marine Emissions factor exhibited nearly identical 

concentrations between daytime and nighttime.  

When comparing two separate wildfires, several similarities existed in terms of species 

that were enhanced (MSA, nss SO4
2-, oxalate, K, Cu, As, Rb), but there were key differences. 

During FASE, Pt exhibited significantly higher levels in contrast to reduced influence from 

NO3
-, NH4

+, I, Zn, V, and Ti. These differences point to the importance of the transport time of 

fire plumes to sampling sites, fuel type, and flame condition.  

Crustal enrichment factor (EF) analysis was used to identify what species were better 

traced to Earth’s crust versus having non-crustal sources. Species commonly associated with 



81 
 

crustal matter (Ti, Fe, Mn) expectedly had low EFs (≤ 2.5) in contrast to several that had values 

exceeding 10, indicating non-crustal sources such as sea salt (e.g., Na, K), marine biota 

emissions (I), and anthropogenic emissions (Ni, Zn, As, Cd). 

As crustal and marine emissions stem from the natural environment of the study region, 

the main area of focus for improving air quality and public health should center on mitigation of 

the impacts of wildfires. Several point sources of pollution exist in addition to vehicles that 

influence the ambient PM budget of the region, but the PMF results suggest that they contributed 

less than wildfires for the periods of time that were investigated. Results of this study have broad 

implications for other regions impacted by similar sources and by wildfires as particle size 

impacts the effects of particles on public health. For example, As was highly concentrated in the 

submicrometer size range, particles within which can penetrate deeper into the respiratory 

system and produce harmful health effects. Differences in fuel type impacted the amount of 

harmful species such as Pb in the submicrometer stages. More specifically, Pb exhibited a weight 

percentage of 97% in the submicrometer range during the NiCE fire period versus 13% during 

the FASE fire period. While species associated with marine emissions dominated the mass 

concentration profile of the study region, the less abundant elements still have important effects 

and uses as tracers of sources, some of which were highlighted in this study.  
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Table 1. Summary of MOUDI sample set measurement details and associated average 

meteorological conditions during the NiCE (2013) and FASE (2016) campaigns. Sample sets are 

denoted by the campaign name (N for NiCE, F for FASE) and MOUDI set number; in addition, 

for NiCE sets, an extension is provided for whether the sample set was collected during daytime 

(D: 0600-2100 local time) or night time (N: 2100-0600 local time). RH = relative humidity; WS 

= wind speed; WD = wind direction; T = temperature. 

 

Sample Set Start Date End Date Fire/Non-Fire Total Hours Flow Rate (LPM) RH (%) WS (m s
-1

) WD (°) T (°C)

N1-D 03-Jul-13 09-Jul-13 NF 93.8 27.6 75 3 244 16

N2-N 03-Jul-13 10-Jul-13 NF 63.0 26.4 87 1 176 14

N3-D 10-Jul-13 16-Jul-13 NF 104.5 27.6 78 3 253 15

N4-N 10-Jul-13 17-Jul-13 NF 63.0 26.4 88 1 210 13

N5-D 17-Jul-13 24-Jul-13 NF 102.5 27.6 82 3 259 15

N6-N 17-Jul-13 24-Jul-13 NF 63.0 26.4 93 1 226 13

N7-D 24-Jul-13 31-Jul-13 F 94.3 27.6 77 3 258 16

N8-N 24-Jul-13 31-Jul-13 F 63.0 26.4 89 1 211 14

N9-D 31-Jul-13 09-Aug-13 NF 131.0 27.6 79 3 253 15

N10-N 31-Jul-13 09-Aug-13 NF 81.0 26.4 89 2 219 14

F1 15-Jul-16 19-Jul-16 NF 94.0 28.6 82 3 213 14

F2 19-Jul-16 25-Jul-16 NF 138.9 28.6 76 3 225 15

F3 25-Jul-16 28-Jul-16 F 69.0 29.0 93 2 152 12

F4 28-Jul-16 01-Aug-16 F 96.7 28.9 81 3 312 15

F5 01-Aug-16 05-Aug-16 F 94.6 29.3 83 3 234 16

F6 05-Aug-16 09-Aug-16 F 95.5 29.1 83 3 235 14

F7 09-Aug-16 12-Aug-16 F 77.8 28.6 84 3 185 15  

  



94 
 

Table 2. Mass concentrations (µg m-3) associated with each of the six PMF source factors for 

different subsets of time periods examined in this study: daytime, nighttime, NiCE and FASE 

wildfires, and all non-fire periods including day and night. The “Day/Night” column corresponds 

to the mass concentration ratio of day versus night periods. Values in parentheses signify the 

percentage contribution of each source factor to the time period referenced by the column 

header. These results are based on the water-soluble fraction of PM.  

PMF Source Factor Day Night Day/Night NiCE Fire FASE Fire Non-Fire

Crustal Emissions 1.99 (9.6%) 0.10 (0.6%) 20.0 1.71 (27.3%) 0.38 (3.6%) 0.52 (1.1%)

Secondary Aerosol 2.53 (12.1%) 0.09 (0.5%) 27.2 0.00 (0.0%) 0.17 (1.6%) 15.57 (32.8%)

Biomass Burning 0.16 (0.8%) 1.53 (8.5%) 0.1 0.29 (4.6%) 5.78 (53.9%) 2.41 (5.1%)

Waste Facilities 2.07 (9.9%) 2.80 (15.7%) 0.7 1.66 (26.4%) 0.60 (5.6%) 3.28 (6.9%)

Vehicular Emissions 0.54 (2.6%) 0.02 (0.1%) 31.3 0.00 (0.0%) 2.08 (19.4%) 0.81 (1.7%)

Marine Emissions 13.52 (65.0%) 13.34 (74.6%) 1.0 2.62 (41.7%) 1.71 (16.0%) 24.91 (52.4%)
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Figure 1. Map showing the Marina sampling station relative to other nearby emission sources 

and location of wildfires in 2013 during the NiCE campaign (Douglas Complex, Big Windy, and 

Whiskey Complex Fires) and 2016 during the FASE campaign (Soberanes Fire).   
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Figure 2. Submicrometer and supermicrometer water-soluble concentrations of elements 

collected in non-wildfire and wildfire conditions during the (a) NiCE and (b) FASE campaigns.  
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 Figure 3. Diurnal variations of water-soluble element concentrations in submicrometer and 

supermicrometer size ranges during the NiCE campaign for (a) non-wildfire and (b) wildfire 

conditions.  
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Figure 4. Summary of the six PMF source factor profiles based on water-soluble data of selected 

ions and elements collected during the NiCE and FASE campaigns. Blue bars represent mass 

concentrations and red squares represent the percentage of mass concentration contributed to 

constituents by each source factor. For example, the Crustal Emissions factor accounted for 

73.3% of the total measured Fe concentration. 
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Figure 5. Mass size distributions of selected species from NiCE and FASE campaigns with and 

without wildfire influence. Black squares represent average non-fire conditions. Blue circles (red 

triangles) show measurements influenced by wildfire emissions during NiCE (FASE). The 

remaining 17 elements measured are shown in Figure S2.  
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Table S1. Limits of detection (LOD) for the 29 elements speciated by ICP and six water-soluble 

ions speciated by IC. 

ICP ppt IC ppm

Na 7.74 MSA 0.012

 K 10.48 Chloride 0.002

Zn 5.88 Nitrate 0.009

I 3.00 Sulfate 0.012

Sr 1.10 Ammonium 0.042

Cu 1.13 Oxalate 0.012

 V 1.35

Al 29.47

Fe 1.19

Ba 3.70

Mn 1.62

Ni 2.84

Ti 39.05

Rb 1.57

Cr 1.15

As 7.95

Pd 1.68

Mo 2.26

Zr 1.01

Cs 0.73

 Y 0.52

Sn 1.77

Co 0.72

Pb 0.50

Ag 0.74

Pt 1.07

Cd 4.19

Rh 0.30

Hg 2.74  
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Table S2. Average water-soluble mass concentrations (ng m-3) of selected elements during NiCE 

and FASE non-fire periods. The percent contribution of the submicrometer mass concentration to 

the total mass concentration is shown in the “Weight Percentage” columns.  

 

 

 

 

 

 

Elements < 1 μm > 1 μm
Weight 

Percentage
< 1 μm > 1 μm

Weight 

Percentage 

Na 1.69E+02 8.47E+02 15.99 5.08E+01 6.50E+02 6.94

K 3.40E+01 3.78E+01 47.14 2.11E+01 5.62E+01 27.02

Zn 2.22E+00 6.64E+00 30.53 9.12E-01 2.46E+00 33.78

I 5.89E-01 2.43E-01 70.77 8.58E-02 1.17E-02 88.01

Sr 4.18E-02 3.25E-01 14.50 3.79E-02 5.22E-01 6.96

Cu 1.67E-01 1.19E-01 47.44 0.00E+00 3.00E-01 0.00

V 2.41E-01 1.63E-02 93.36 2.10E-02 5.22E-03 81.18

Al 1.19E-01 1.05E-01 44.98 0.00E+00 6.56E+00 0.00

Fe 9.49E-02 7.25E-02 55.32 0.00E+00 1.17E+00 0.00

Ba 8.49E-02 5.51E-02 35.68 6.59E-04 8.72E-02 1.30

Mn 1.62E-02 9.39E-02 13.85 1.10E-03 1.07E-01 1.10

Ni 4.50E-02 4.63E-02 50.95 0.00E+00 9.25E-01 0.00

Ti 3.73E-02 3.35E-02 52.70 2.41E-02 1.63E-01 12.59

Rb 2.72E-02 1.95E-02 61.55 2.31E-02 3.18E-02 41.83

Cr 2.92E-02 1.28E-02 73.88 0.00E+00 0.00E+00 N/A

As 3.71E-02 2.52E-03 93.84 1.73E-02 0.00E+00 100.00

Pd 7.81E-04 1.31E-02 59.38 0.00E+00 2.92E-05 0.00

Mo 1.16E-02 2.27E-03 82.68 1.30E-02 1.31E-03 90.84

Zr 4.19E-03 5.21E-03 44.72 3.35E-03 8.48E-03 21.48

Cs 3.74E-03 5.12E-03 49.09 1.70E-03 3.66E-03 29.93

Y 4.15E-03 2.12E-03 61.15 1.01E-04 2.13E-03 13.90

Sn 3.30E-03 1.64E-03 75.24 8.35E-03 9.56E-03 46.75

Co 1.17E-03 3.54E-03 24.42 0.00E+00 3.32E-03 0.00

Pb 1.91E-03 2.46E-03 63.02 0.00E+00 9.57E-02 0.00

Ag 6.38E-04 1.48E-03 44.05 0.00E+00 1.10E+00 0.00

Pt 1.20E-03 2.63E-04 91.70 0.00E+00 2.88E-03 0.00

Cd 3.83E-04 1.02E-03 39.32 0.00E+00 2.72E-01 0.00

Rh 1.63E-04 9.09E-05 51.15 3.21E-04 7.42E-04 38.15

Hg 0.00E+00 1.77E-04 0.00 0.00E+00 0.00E+00 N/A

NiCE Non-Fire FASE Non-Fire
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Table S3. Same as Table S2 but for NiCE and FASE fire periods. 

 

 

 

 

 

 

Elements < 1 μm > 1 μm
Weight 

Percentage
< 1 μm > 1 μm

Weight 

Percentage 

Na 3.32E+02 6.09E+02 37.12 1.33E+02 3.23E+02 31.50

K 7.02E+01 2.38E+01 75.03 6.89E+01 2.40E+01 64.20

Zn 1.07E+01 9.68E+00 51.31 2.70E+00 1.28E+00 75.64

I 2.21E+00 4.80E-01 81.13 3.29E-01 7.56E-03 98.86

Sr 9.60E-02 1.89E-01 38.51 2.58E-02 5.60E-02 32.13

Cu 2.14E-01 2.07E-01 54.34 5.13E-02 2.21E-01 23.42

V 5.88E-01 6.32E-02 90.14 2.76E-02 1.30E-02 75.15

Al 3.40E-01 2.73E-01 53.69 7.98E-01 2.28E+00 24.48

Fe 1.05E+00 5.47E-01 73.80 1.11E-01 2.63E+00 12.83

Ba 5.01E-02 3.66E-02 51.28 3.82E-02 1.59E-01 17.88

Mn 4.80E-02 1.43E-01 32.36 2.45E-03 5.90E-02 5.71

Ni 1.88E-01 4.35E-02 82.39 0.00E+00 9.40E-03 0.00

Ti 4.10E-02 2.36E-02 57.75 5.53E-02 3.12E-02 51.90

Rb 6.26E-02 2.07E-02 74.61 5.67E-02 1.20E-02 76.42

Cr 7.09E-02 3.02E-02 66.62 1.59E-04 7.27E-02 1.32

As 5.43E-02 5.98E-03 90.63 1.95E-02 7.55E-03 76.04

Pd 4.69E-04 3.77E-04 50.67 5.08E-05 1.15E-03 50.00

Mo 1.55E-02 4.97E-03 78.07 1.60E-02 3.87E-02 40.87

Zr 6.64E-03 5.94E-02 38.53 6.46E-03 4.15E-03 36.21

Cs 5.39E-03 1.61E-03 75.63 2.96E-03 1.16E-03 72.88

Y 1.61E-02 4.83E-03 81.76 1.92E-03 1.43E-03 56.54

Sn 1.69E-02 4.66E-04 98.05 6.62E-03 7.12E-03 62.60

Co 2.46E-03 2.38E-03 52.00 3.81E-04 1.05E-03 15.60

Pb 4.68E-03 7.83E-05 97.29 1.25E-03 8.83E-03 13.23

Ag 1.01E-03 2.40E-03 32.59 0.00E+00 0.00E+00 N/A

Pt 6.96E-04 0.00E+00 100.00 2.18E-03 4.42E-03 34.01

Cd 1.59E-03 1.77E-04 94.75 1.04E-03 5.67E-03 9.49

Rh 5.11E-04 7.15E-05 86.22 1.99E-03 7.30E-04 72.82

Hg 2.54E-05 1.65E-03 1.03 0.00E+00 0.00E+00 N/A

NiCE Fire FASE Fire
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Table S4. Same as Table S2 but for day and night periods for NiCE sample sets, divided into fire 

and non-fire periods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Day/Night  Day/Night  Day/Night  Day/Night  

< 1 μm > 1 μm < 1 μm > 1 μm < 1 μm > 1 μm < 1 μm > 1 μm < 1 μm > 1 μm < 1 μm > 1 μm

Na 4.68E+02 9.34E+02 1.97E+02 2.85E+02 2.38 3.28 1.00E+02 8.49E+02 2.37E+02 8.45E+02 0.68 1.22

K 7.54E+01 1.50E+01 6.50E+01 3.26E+01 1.16 0.46 2.77E+01 3.67E+01 4.04E+01 3.89E+01 0.69 0.96

Zn 1.59E+01 1.35E+01 5.53E+00 5.86E+00 2.87 2.30 2.82E+00 9.70E+00 1.62E+00 3.59E+00 3.47 2.55

I 2.96E+00 5.43E-01 1.46E+00 4.17E-01 2.03 1.30 5.36E-01 2.21E-01 6.41E-01 2.66E-01 0.84 0.83

Sr 1.14E-01 2.98E-01 7.83E-02 8.01E-02 1.45 3.73 4.36E-02 4.00E-01 4.00E-02 2.49E-01 1.92 2.81

Cu 1.64E-01 3.28E-01 2.63E-01 8.63E-02 0.62 3.80 8.70E-02 1.40E-01 2.46E-01 9.77E-02 0.99 1.86

V 7.43E-01 7.59E-02 4.33E-01 5.05E-02 1.72 1.50 2.45E-01 2.37E-02 2.37E-01 8.81E-03 1.05 1.94

Al 4.94E-01 3.51E-01 1.86E-01 1.95E-01 2.65 1.80 2.93E-02 7.26E-02 2.08E-01 1.37E-01 0.36 0.87

Fe 1.77E+00 1.03E+00 3.27E-01 5.98E-02 5.41 17.32 9.66E-02 8.94E-02 9.32E-02 5.56E-02 1.57 12.72

Ba 8.20E-02 3.31E-02 1.83E-02 4.01E-02 4.49 0.82 1.19E-02 4.19E-02 1.58E-01 6.83E-02 0.27 0.82

Mn 7.00E-02 2.51E-01 2.60E-02 3.45E-02 2.70 7.27 1.59E-02 1.19E-01 1.65E-02 6.86E-02 3.34 2.06

Ni 2.62E-01 6.72E-02 1.14E-01 1.98E-02 2.29 3.39 3.80E-02 3.19E-02 5.19E-02 6.07E-02 0.74 0.75

Ti 1.73E-02 2.99E-02 6.46E-02 1.74E-02 0.27 1.72 1.55E-02 1.73E-02 5.91E-02 4.97E-02 0.12 0.38

Rb 7.31E-02 1.80E-02 5.20E-02 2.34E-02 1.41 0.77 2.74E-02 2.19E-02 2.70E-02 1.71E-02 1.25 1.21

Cr 3.59E-02 5.10E-02 1.06E-01 9.30E-03 0.34 5.49 1.38E-02 4.26E-03 4.46E-02 2.13E-02 0.34 12.30

As 5.67E-02 0.00E+00 5.19E-02 1.20E-02 1.09 0.00 3.20E-02 3.74E-04 4.21E-02 4.66E-03 0.84 0.08

Pd 2.05E-04 3.56E-04 7.33E-04 3.98E-04 0.28 0.89 2.53E-04 2.92E-04 1.31E-03 2.60E-02 0.33 0.00

Mo 2.60E-02 8.77E-03 5.11E-03 1.17E-03 5.08 7.51 1.04E-02 3.82E-03 1.27E-02 7.13E-04 0.89 1.84

Zr 1.09E-02 1.18E-01 2.42E-03 1.11E-03 4.50 106.35 5.06E-03 6.77E-03 3.32E-03 3.64E-03 1.19 1.77

Cs 7.10E-03 1.67E-03 3.68E-03 1.56E-03 1.93 1.07 4.70E-03 5.45E-03 2.79E-03 4.79E-03 1.84 1.13

Y 1.85E-02 9.20E-03 1.36E-02 4.59E-04 1.36 20.07 4.14E-03 3.01E-03 4.16E-03 1.22E-03 1.76 2.86

Sn 2.30E-02 9.32E-04 1.08E-02 0.00E+00 2.13 N/A 4.27E-03 2.80E-03 2.32E-03 4.83E-04 0.73 1.37

Co 3.11E-03 3.31E-03 1.81E-03 1.45E-03 1.72 2.29 3.65E-04 3.78E-03 1.97E-03 3.30E-03 0.14 2.26

Pb 6.88E-03 2.47E-05 2.47E-03 1.32E-04 2.78 0.19 1.50E-03 3.06E-03 2.32E-03 1.86E-03 1.91 14.02

Ag 1.19E-03 1.43E-03 8.30E-04 3.37E-03 1.43 0.42 6.25E-04 1.58E-03 6.51E-04 1.39E-03 1.00 0.43

Pt 8.91E-04 0.00E+00 5.02E-04 0.00E+00 1.78 N/A 1.93E-03 5.12E-04 4.68E-04 1.43E-05 0.75 0.00

Cd 3.03E-03 3.55E-04 1.59E-04 0.00E+00 19.08 N/A 3.41E-04 9.80E-04 4.25E-04 1.06E-03 1.08 10.62

Rh 6.64E-04 5.05E-05 3.59E-04 9.25E-05 1.85 0.55 1.53E-04 1.28E-04 1.72E-04 5.38E-05 1.04 4.69

Hg 0.00E+00 8.87E-04 5.08E-05 2.42E-03 0.00 0.37 0.00E+00 3.54E-04 0.00E+00 0.00E+00 N/A N/A

Elements
Day Night Day

NiCE Fire NiCE Non-Fire

Night
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Table S6. Crustal enrichment factors (EFs) based on element concentrations predicted by the 

PMF model for the Crustal Emissions PMF source factor relative to concentrations from Earth’s 

crust. Aluminum was used as the reference element in the EF calculation (Equation 2).  

Elements Enrichment Factor

Pt 23896.4

I 9729.3

Cd 264.7

Na 136.3

As 90.0

Zn 51.1

K 49.8

Ni 10.9

Cu 8.5

Mn 2.5

Fe 2.5

Rb 2.0

Sr 1.1

Ti 0.6

Zr 0.2

V 0.0

Ag 0.0  
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Figure S1: Map of an area within the Marina municipal airport property showing tire marks 

from extensive vehicular use, including police car training. The measurement site was in the 

building with the white roof immediately to the left of the areas with the number labels. 
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Figure S2: Mass size distributions of elemental species that are not included in Figure 5. Black 

squares represent average non-fire data. Blue circles and red triangles represent data collected 

during NiCE and FASE wildfire periods, respectively.  
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Abstract 

This paper presents novel results from size-resolved particulate matter (PM) mass, composition, 

and morphology measurements conducted during the 2018 Southwest Monsoon (SWM) season in 

Metro Manila, Philippines. Micro-Orifice Uniform Deposit Impactors (MOUDIs) were used to 

collect PM sample sets that were analyzed for mass, morphology, black carbon (BC), and 

composition of the water-soluble fraction. The bulk of the PM mass was between 0.18–1.0 µm 

with a dominant mode between 0.32–0.56 µm.  Similarly, most of the black carbon (BC) mass was 

found between 0.10–1.0 µm (the so-called Greenfield gap), peaking between 0.18–0.32 µm, where 

wet scavenging by rain is inefficient. In the range of 0.10 – 0.18 µm, BC constituted 78.1% of the 

measured mass.  Comparable contributions of BC (26.9%) and the water-soluble fraction (31.3%) 

to total PM were observed and most of the unresolved mass, which in total amounted to 41.8%, 

was for diameters exceeding 0.32 µm.  The water-soluble ions and elements exhibited an average 

combined concentration of 8.53 µg m-3, with SO4
2-, NH4

+, NO3
-, Na+, and Cl- as the major 

contributors. Positive Matrix Factorization (PMF) was applied to identify the possible aerosol 

sources and estimate their contribution to the water-soluble fraction of collected PM.  The factor 

with the highest contribution was attributed to “Aged/Transported” aerosol (48.0%) while “Sea 

Salt” (22.5%) and “Combustion” emissions (18.7%) had comparable contributions.  

“Vehicular/Resuspended Dust” (5.6%) as well as “Waste Processing” emissions (5.1%) were also 

identified. Microscopy analysis highlighted the ubiquity of non-spherical particles regardless of 

size, which is significant when considering calculations of parameters such as single scattering 

albedo, asymmetry parameter, and extinction efficiency.  

Results of this work have implications for aerosol impacts on public health, visibility, and regional 

climate as each of these depend on physicochemical properties of particles as a function of size. 

The significant influence from Aged/Transported aerosol to Metro Manila during the SWM season 

indicates that local sources in this megacity do not fully govern this coastal area’s aerosol 

properties and that PM in Southeast Asia can travel long distances regardless of the significant 

precipitation and potential wet scavenging that could occur. That the majority of the regional 

aerosol mass burden is accounted for by BC and other insoluble components has important 

downstream effects on the aerosol hygroscopic properties, which depend on composition. The 

results are relevant for understanding the impacts of monsoonal features on size-resolved aerosol 
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properties, notably aqueous processing and wet scavenging. Finally, the results of this work 

provide contextual data for future sampling campaigns in Southeast Asia such as the airborne 

component of the Cloud, Aerosol, and Monsoon Processes Philippines Experiment (CAMP2Ex) 

planned for the SWM season in 2019. Aerosol characterization via remote-sensing is notoriously 

difficult in Southeast Asia, which elevates the importance of datasets such as the one presented 

here. 
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Introduction  

 

Ambient atmospheric aerosol particles impact human health, visibility, climate, and the 

hydrological cycle.  Major factors governing these behaviors, such as deposition fraction in the 

respiratory system and activation into cloud condensation nuclei (CCN), include size and chemical 

composition. Therefore, size-resolved measurements of ambient aerosol particles can lend 

additional insights to the behaviors and implications of particulate matter (PM) in the atmosphere. 

One region of interest for characterization of aerosols is Southeast Asia due to increasing 

urbanization and the exposure of the population to a variety of aerosol sources, both natural and 

anthropogenic (Hopke et al., 2008). However, use of space-borne remote-sensing instrumentation 

presents a challenge for characterization of aerosol in this region, due to issues such as varying 

terrain and cloud cover (Reid et al., 2013).  

The Philippines represents a country in Southeast Asia with a developing economy, rapid 

urbanization, old vehicular technology, and less stringent air quality regulations (e.g., Alas et al., 

2017).  It is also highly sensitive to the effects of climate change including prolonged dry periods 

and reductions in southwest monsoon (SWM) rainfall in recent decades (e.g., Cruz et al., 2013). 

Metro Manila is the country’s capital and center of political and economic activities. Also referred 

to as the National Capital Region, Metro Manila is composed of 16 cities and a municipality that 

collectively occupy a land area of ~619 km2.  As of 2015, Metro Manila had a population of 

approximately 12.88 million (Philippine Statistics Authority, 2015).  Of the cities comprising the 

Metro Manila area, the one that is the focus of this study, Quezon City, is the most populated (2.94 

million people) with a population density of ~17,000 km-2 as of 2015 (Philippine Statistics 

Authority, 2015).    

The rainfall pattern in Southeast Asia is governed by topographic effects and the prevailing 

surface winds brought by the monsoons.  Mountain ranges in the Philippines are generally oriented 

north to south in the eastern and western coasts. As such, northeasterly winds during the East Asian 

winter monsoon that starts in November brings wetness (dryness) on the eastern (western) coasts 

of the country.  In contrast, the rainy season starts in May when the Western North Pacific 

subtropical high moves northeast and the Asian summer monsoon enables the propagation of 

southwesterly wind through the Philippines (Villafuerte et al., 2014).  Metro Manila, located on 

the western side of the Philippines, therefore experiences wet (May-October) and dry (November-
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April) seasons.  The large seasonal shift in prevailing wind directions can cause changes in the 

source locations of aerosol transported to the Philippines and the subsequent direction in which 

emissions from the Philippines are transported, such as to the northwest (e.g., Chuang et al., 2013) 

or southwest (e.g., Farren et al., 2019). However, one interesting feature of Metro Manila is the 

consistency of PM2.5/PM10 mass concentrations during both the dry (44/54 μg m-3) and wet seasons 

(43/55 μg m-3) (Kim Oanh et al., 2006), which stands in contrast to typical assumptions that 

increased wet scavenging during rainy seasons would lead to decreases in measured PM (e.g., Liao 

et al., 2006).  While similar results are observed in Chennai, India, this behavior is different than 

other cities in Asia, including Bandung City (Indonesia), Bangkok (Thailand), Beijing (China), 

and Hanoi City (Vietnam), that exhibit reduced PM2.5 levels during the wet season as compared to 

the dry season (Kim Oanh et al., 2006). While the total PM levels may stay constant across the wet 

and dry seasons, seasonally-resolved analyses will provide additional insights into how the 

composition, morphology, and sources (transported vs. local emissions) change on a seasonal 

basis. 

Metro Manila has been drawing growing interest for PM research owing to the significant 

levels of black carbon (BC). A large fraction of PM in Metro Manila can be attributed to BC (e.g., 

~50% of PM2.5; Kim Oanh et al., 2006), with previously measured average values of BC at MO 

reaching ~10 μg m-3
 for PM2.5 (Simpas et al., 2014). The impacts of the high levels of BC present 

on human health have also received attention (Kecorius et al., 2019). Identified major sources of 

BC include vehicular, industrial, and cooking emissions (Bautista et al., 2014; Kecorius et al., 

2017). Vehicular emissions, especially along roadways where personal cars and motorcycles, 

commercial trucks, and motorized public transportation, including powered tricycles and jeepneys, 

are plentiful. For instance, measurements of PM2.5 at the National Printing Office (NPO) located 

alongside the major thoroughfare Epifanio de los Santos Avenue (EDSA) were on average 72 μg 

m-3; this value is twice the average concentration at the Manila Observatory (MO), an urban mixed 

site located approximately 5 km from NPO (Simpas et al., 2014).  In addition to local emissions, 

long-range transport of pollution, such as biomass burning, can also impact the study region (e.g., 

Xian et al., 2013; Reid et al., 2016a/b). However, most past work referenced above has focused on 

either total PM2.5 or PM10 composition, and therefore, detailed size-resolved composition 

information has been lacking in this region. Like other monsoonal regions (Crosbie et al., 2015; 

Qu et al., 2015), it is of interest for instance to know if products of aqueous processing (e.g., sulfate, 
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organic acids) during the monsoonal period, promoted by the high humidity, become more 

prominent in certain size ranges to ultimately enhance hygroscopicity, which is otherwise 

suppressed with higher BC influence. 

A year-long sampling campaign (Cloud, Aerosol, and Monsoon Processes Philippines 

Experiment (CAMP2Ex) weatHEr and CompoSition Monitoring (CHECSM) study) was 

established in July 2018 to collect size-resolved aerosol measurements in Metro Manila. The aim 

of this study is to report size-resolved PM measurements taken over the course of the SWM (July-

October) of 2018 in Quezon City, Metro Manila, Philippines as part of CHECSM. The results of 

this study are important for the following reasons: (i) they provide size-resolved analysis of BC in 

an area previously characterized as having one of the highest BC mass percentages in the whole 

world; (ii) they provide a basis for better understanding the unusual phenomenon of having similar 

PM levels during a wet and dry season; (iii) they provide contextual data for contrasting with both 

other coastal megacities and also other monsoonal regions; and (iv) they can lend insights into the 

characteristics of aerosol transported both into and out of Metro Manila and how important local 

sources are in Metro Manila relative to transported pollution. Outcomes of this study include (i) 

the first size-resolved characterization of both aerosol composition and morphology in Metro 

Manila for the SWM, with implications in terms of PM effects on climate, visibility, the 

hydrological cycle, and public health owing to the dependence of these impacts on particle size; 

(ii)  archival data that contributes to the timeline of aerosol research in Metro Manila, and more 

broadly Southeast Asia, where there is considerable concern over air pollution; and (iii) baseline 

data for aerosol composition to be used to inform and assist research to be conducted during future 

field campaigns in Southeast Asia including the same seasonal period (i.e., SWM) in 2019 as part 

of CAMP2Ex, which will involve both surface and airborne measurements. 

2. Experimental Methods 

2.1 Sample Site 

 Sampling was performed at MO in Quezon City, Philippines (14.64° N, 121.08° E). The 

sampling instrumentation was located on the 3rd floor of the MO office building (~85 m above 

sea level). Figure 1 visually shows the sampling location and potential surrounding sources. Past 

work focused on PM2.5 suggested that the study location is impacted locally mostly by traffic, 

various forms of industrial activity, meat cooking from local eateries, and, based on the season, 
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biomass burning (Cohen et al., 2009). Fourteen sample sets were collected during the SWM season 

(July-October 2018), with details about the operational and meteorological conditions during each 

sample set shown in Table 1. Meteorological data were collected using a Davis Vantage Pro 2 Plus 

weather station co-located with the aerosol measurements at MO. Except for precipitation, which 

is reported here as accumulated rainfall, reported values for each meteorological parameter 

represent averages for the sampling duration of each aerosol measurement.  

 The mean temperature during the periods of MOUDI sample collection ranged from 24.9 

to 28.1° C, with accumulated rainfall ranging widely from no rain to up to 78.4 mm. To identify 

sources impacting PM via long-range transport to the Metro Manila region, Figure 1a summarizes 

the five-day back-trajectories for air masses arriving at MO on the days when samples were being 

collected, calculated using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model (Stein et al., 2015; Rolph, 2016).  Trajectory calculations were started at 00, 

06, 12, and 18 hours in MO at the height of the MOUDI inlet using meteorological files from the 

NCEP/NCAR Reanalysis dataset. Trajectory cluster analysis was conducted using TrajStat (Wang 

et al., 2009). The back-trajectories in Figure 1a show that indeed 66% of the wind came from the 

southwest during the sampling periods. 

2.2 MOUDI Sample Sets 

Particulate matter was collected on Teflon substrates (PTFE membrane, 2 µm pore, 46.2 

mm, Whatman) in Micro-Orifice Uniform Deposit Impactors (MOUDI, MSP Corporation, Marple 

et al., 2014). Size-resolved measurements were taken at the following aerodynamic cutpoint 

diameters (Dp): 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, 0.056 µm. For a subset of the 

sampling periods, two pairs of MOUDI sets were collected simultaneously such that both sets in 

each pair could undergo different types of analyses. One set in each pair underwent gravimetric 

analysis using a Sartorius ME5-F microbalance. MOUDI set 13 was additionally examined with a 

Multi-wavelength Absorption Black Carbon Instrument (MABI; Australian Nuclear Science and 

Technology Organisation). This optically-based instrument quantifies absorption and mass 

concentrations at seven wavelengths between 405 and 1050 nm; however, results are reported only 

for 870 nm to be consistent with other studies as BC is the predominant absorber at that wavelength 

(e.g., Ramachandran and Rajesh, 2007; Ran et al., 2016). One additional sample set for microscopy 

analysis was collected for one hour on August 1 using aluminum substrates.  
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2.3 Chemical Composition Analysis 

 In order to preserve samples for additional analysis, each Teflon substrate was cut in half. 

A half of each substrate was extracted in 8 mL of Milli-Q water (18.2 MΩ-cm) through sonication 

for 30 min in a sealed polypropylene vial. A blank substrate was processed in the same method to 

serve as a background control sample. Subsequent chemical analysis of the water-soluble 

components in the aqueous extracts were performed using ion chromatography (IC; Thermo 

Scientific Dionex ICS - 2100 system) for the following species: cations = Na+, NH4
+, Mg2+, Ca2+, 

dimethylamine (DMA), trimethylamine (TMA), diethylamine (DEA); anions =, methanesulfonate 

(MSA), pyruvate, adipate, succinate, maleate, oxalate, phthalate, Cl-, NO3
-, SO4

2-. Owing to co-

elution of TMA and DEA in the IC system, a cumulative sum of the two is reported here, which 

represents an underestimate of their total mass concentration owing to overlap in parts of their 

peaks. Limits of detection (LOD) were calculated for each species based on their respective 

calibration curve (Table S1), with LOD being three times the standard deviation of the residuals 

(predicted signal minus measured signal) divided by the slope of the calibration curve (Miller and 

Miller, 2018).  

The aqueous extracts were simultaneously characterized for elemental composition using 

triple quadrupole inductively coupled plasma mass spectrometry (ICP-QQQ; Agilent 8800 Series) 

for the following species: K, Al, Fe, Mn, Ti, Ba, Zn, Cu, V, Ni, P, Cr, Co, As, Se, Rb, Sr, Y, Zr, 

Nb, Mo, Ag, Cd, Sn, Cs, Hf, Tl, Pb. Limits of detection of the examined elements were calculated 

automatically by the ICP-QQQ instrument and were in the ppt range (Table S1). The sample 

concentrations represent an average of three separate measurements with a standard deviation of 

3% or less.  

Note that some species were detected by both IC and ICP-QQQ (i.e., Na+, K+, Mg2+, Ca2+), 

and that the IC concentrations are used here for all repeated species with the exception of K+ owing 

to better data quality from ICP-QQQ. All IC and ICP-QQQ species concentrations for samples 

have been corrected by subtracting concentrations from background control samples. 

2.4 Microscopy Analysis 

As already noted, one MOUDI set on August 1 was devoted to microscopy analysis. 

Morphology and additional elemental composition analysis was carried out on this set of aluminum 
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substrates using scanning electron microscopy equipped with energy dispersive X-ray 

spectroscopy (SEM-EDX) in the Kuiper Imaging cores at the University of Arizona. Secondary 

electron (SE) imaging and EDX elemental analysis were performed using a Hitachi S-4800 high 

resolution SEM coupled to a Noran system Six X-ray Microanalysis System by Thermo Fisher 

Scientific. EDX analysis on individual particles was performed with 30 kV accelerating voltage to 

obtain weight percentages of individual elements. SEM-EDX results showed that the background 

control aluminum substrate was dominated by Al (88.27%), with minor contributions from Ag 

(5.34%), C (4.87%), O (0.79%), Fe (0.67%), and Co (0.05%). Such contributions were manually 

subtracted from spectra of individual particles on sample substrates, with the remaining elements 

scaled up to hundred percent.  Image processing was conducted with Image J software to measure 

particle dimensions and adjust the contrast and brightness of images to provide better visualization.  

2.5 Computational Analysis 

 This study reports basic descriptive statistics for chemical concentrations and correlations 

between different variables. Statistical significance hereafter corresponds to 95% significance 

based on a two-tailed Student’s t-test. To complement correlative analysis for identifying sources 

of species, positive matrix factorization (PMF) modeling was carried out using the United States 

Environmental Protection Agency’s (US EPA) PMF version 5. Species considered as “strong” 

based on high signal-to-noise ratios (S/N > 1) and those with at least 50% of the concentrations 

above the detection limit were used in the PMF modeling (Norris et al., 2014). Data points with 

concentrations exceeding the LOD had uncertainty quantified as follows:  

 

𝜎𝑖𝑗 = 0.05 ∙ 𝑋𝑖𝑗 + 𝐿𝑂𝐷𝑖𝑗       (Equation 1) 

 

where 𝜎𝑖𝑗 , Xij, and LODij are the uncertainty, concentration, and LOD, respectively, of the jth 

species in the ith sample (Reff et al., 2007). When concentration data were not available for a 

particular stage of a MOUDI set for a species, the geometric mean of the concentrations for that 

MOUDI stage and species was applied with uncertainty counted as four times the geometric mean 

value (Polissar et al., 1998; Huang et al., 1999).  A 25% extra modeling uncertainty was applied 

to account for other sources of errors such as changes in the source profiles and chemical 
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transformations (Dumanoglu et al., 2014; Norris et al., 2014).  The model was run 20 times with a 

randomly chosen starting point for each run. 

3. Results  

3.1 Total Mass Concentrations and Charge Balance 

The average total mass concentration (± standard deviation) of water-soluble species across 

all MOUDI stages (Table 1) during the study period was 8.53 ± 4.48 µg m-3 (range = 2.7–16.6 µg 

m-3). The species contributing the most to the total water-soluble mass concentration during the 

SWM included SO4
2- (44% ± 6%), NH4

+ (18% ± 5%), NO3
- (10 ± 3%), Na+ (8 ± 3%), and Cl- (6% 

± 3%). The meteorological parameters from Table 1 best correlated to total water-soluble mass 

concentrations were temperature (r = 0.64) and rainfall (r = -0.49). The highest total mass 

concentration (set MO13/14 = 16.6 µg m-3) occurred during the period with one of the highest 

average temperatures (27.8 °C) and second least total rainfall (0.8 mm).  Other sampling periods 

with high mass concentrations (sets MO7, MO8, and MO12) coincided with the highest 

temperature and lowest rainfall observations. High temperatures, and thus more incident solar 

radiation, presumably enhanced production of secondary aerosol species via photochemical 

reactions as has also been observed in other regions for their respective monsoon season (Youn et 

al., 2013). Low rainfall is thought to have been coincident with reduced wet scavenging of aerosol 

at the study site as has been demonstrated for other regions such as North America (Tai et al., 2010) 

and megacities such as Tehran (Crosbie et al., 2014).  However, set MO11 exhibited a very low 

concentration even with high temperature and lack of rainfall, which may be due to changes in the 

source and transport of aerosol since this sample set coincided with a significant change in average 

wind direction (290.2° for MO11 vs. 90.1° – 127.5° for all other MOUDI sets). While the reported 

rainfall measurements were taken at MO, inhomogeneous rainfall patterns in the regions 

surrounding the Philippines could also contribute to the wet scavenging of PM, thereby lowering 

the quantity of transported particles reaching the sample site. Future work will address the 

influence of spatiotemporal patterns of precipitation on PM loadings in the Philippines as a point 

measurement at an aerosol observing site may be misleading. 

On two occasions, two simultaneous MOUDI sets (Sets MO3/MO4 and MO13/MO14) 

were collected for the potential to compare different properties that require separate substrates. 

The total mass concentrations based on gravimetric analysis of sets MO3 and MO13 were 18.6 µg 
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m-3 and 53.0 µg m-3, respectively (Figure 2). Both sets exhibited a dominant concentration mode 

between 0.32–0.56 µm and the MO3 set was different in that it exhibited bimodal behavior with a 

second peak between 1.8–3.2 µm. The sum of speciated water-soluble species accounted for only 

27.8% and 31.3% of the total gravimetric mass of sets MO3 and MO13, respectively, indicative 

of significant amounts of water-insoluble species undetected by IC and ICP-QQQ. When adding 

the total mass of BC (14.3 µg m-3) to the other resolved species from set MO13 (the one time BC 

was measured), there was still 22.1 µg m-3 of unresolved mass (41.8% of total PM). Most of the 

unaccounted mass was for Dp > 0.32 µm. The observation of BC accounting for 26.9% of total PM 

(14.3 µg m-3) is consistent with past work highlighting the significant fraction of BC in the ambient 

aerosol of Manila (Kim Oanh et al., 2006; Bautista et al., 2014; Simpas et al., 2014; Kecorius et 

al., 2017). However, this fraction of BC is very high compared to measurements during the 

monsoon season in other parts of the world. The mass fraction of BC in total suspended PM (TSPM) 

was 1.6%/2.2% for the monsoon season in 2013/2014 in Kadapa in southern India, even though 

the TSPM measured was comparable to that in Manila (64.9 and 49.9 µg m-3, for 2013 and 2014 

in Kadapa, respectively) (Begam et al., 2017). Multiple studies during the monsoon season in a 

coastal region in southwest India showed BC mass contributions of 1.9 – 5% (Aswini et al., 2019 

and references therein). Airborne measurements around North America and in Asian outflow 

revealed that BC accounted for only ~1-2% of PM1.0 (Shingler et al., 2016) and ~5-15% of 

accumulation mode aerosol mass (Clarke et al., 2004), respectively.  

To investigate further about the missing species, a charge balance was carried out for all 

MOUDI sets (Table 2) to compare the sum of charges for cations versus anions based on IC 

analysis including K from ICP-QQQ analysis (species listed in Section 2.3). The slope of the 

charge balances (cations on y-axis) for the cumulative dataset was 1.33 and ranged from 0.89 to 

1.41 for the 12 individual MOUDI sets that had IC and ICP-QQQ analysis conducted on them. 

Eleven of the 12 sets exhibited slopes above unity indicating that there was a deficit in the amount 

of anions detected, which presumably included species such as carbonate and various organics. To 

further determine if there were especially large anion or cation deficits in specific size ranges, 

slopes are also reported for 0.056–1 µm and > 1 µm. There were no obvious differences other than 

two MOUDI sets exhibited slopes below 1.0 for the smaller diameter range (0.056–1 µm) while 

all slopes exceeded unity for > 1 µm. 
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3.2 Mass Size Distributions and Morphology 

3.2.1 Black Carbon 

The size-resolved nature of BC has not been characterized in Manila and MOUDI set 

MO13 offered a view into its mass size distribution (Figure 3a). There was a pronounced peak 

between 0.18–0.32 µm (5.0 µg m-3), which is evident visually in the substrate’s color when 

compared to all other stages of that MOUDI set (Figure 3b). This observed peak in the mass size 

distribution of BC is similar to previous studies of the outflow of East Asian countries (Shiraiwa 

et al., 2008), biomass burning and urban emissions in Texas (Schwarz et al., 2008), measurements 

in the Finnish Arctic (Raatikainen et al., 2015), and airborne measurements over Europe 

(Reddington et al., 2013). In contrast, measurements in Uji, Japan showed a bimodal size 

distribution for the mass concentration of BC in the submicrometer range (Hitzenberger and Tohno, 

2001). In the present study, there were significant amounts of BC extending to as low as the 0.056-

0.1 µm MOUDI stage (0.28 µg m-3) and extending up in the supermicrometer range with up to 

0.25 µg m-3 measured between 1.8–3.2 µm.  Remarkably, BC accounted for approximately 78.1% 

(51.8%) by mass of the total PM in the range of 0.10 – 0.18 µm (0.18 – 0.32 µm). For comparison, 

the mass percent contribution of BC measured in the megacity of Nanjing, China was 3.3% (1.6%) 

at 0.12 (0.08) µm (Ma et al., 2017).  Based on visual inspection of color on all MOUDI sets, MO13 

appears to be representative of the other sets based on the relative intensity of the color black on 

substrates with different cutpoint diameters (Figure 3b); the 0.18–0.32 µm substrate always was 

the most black, with varying degrees of blackness extending consistently into the supermicrometer 

stages.  

Microscopy analysis revealed evidence of non-spherical particles in each MOUDI stage 

below 1 µm (Figure 4), which is significant as the common assumption theoretically is that 

submicrometer particles are typically spherical (e.g., Mielonen et al., 2011). Errors in this 

assumption impact numerical modeling results and interpretation of remote sensing data for 

aerosols (e.g., Kahnert et al., 2005) owing to incorrect calculations of parameters such as single 

scattering albedo, asymmetry parameter, and extinction efficiency (e.g., Mishra et al., 2015). Some 

studies have noted that submicrometer particles could be composed of an agglomeration of small 

spherical particles originally formed through gas-to-particle conversion processes (Almeida et al., 

2019), which could potentially explain the appearance for some of the observed particles in Figure 
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4. Since only single particles were examined that may not be fully representative of all particles 

on a particular MOUDI substrate, it is noteworthy that all five particles shown between 0.056 – 1 

µm were irregularly shaped with signs of both multi-layering and constituents adhered to one 

another. The images show that a potentially important source of BC in the area could be soot 

aggregates, which are formed by a vaporization-condensation process during combustion often 

associated with vehicular exhaust (e.g., Chen et al., 2006; Chithra and Nagendra, 2013; Wu et al., 

2017). Kecorius et al. (2017) projected that 94% of total roadside refractory PM in the same study 

region was linked to jeepneys, with number concentration modes at 20 and 80 nm. They associated 

the larger mode with soot agglomerates, which is consistent with the smallest MOUDI size range 

examined here (0.056-0.1 µm; Figure 4b) exhibiting signs of agglomeration.  

The total BC mass concentration integrated across all stages of MOUDI set MO13 (14.3 

µg m-3) was remarkably high in contrast to BC levels measured via either filters, aethalometers, or 

single particle soot photometers in most other urban regions of the world (Metcalf et al., 2012 and 

references therein): Los Angeles Basin (airborne: 0.002–0.53 µg m-3), Atlanta, Georgia (ground: 

0.5–3.0 µg m-3), Mexico City (airborne: 0.276–1.1 µg m-3), Sapporo, Japan (ground: 2.3–8.0 µg 

m-3), Beijing, China (ground: 6.3–11.1 µg m-3), Bangalor, India (ground: 0.4–10.2 µg m-3), Paris, 

France (ground: 7.9 µg m-3), Dushanbe, Russia (ground: 4–20 µg m-3), Po Valley, Italy (ground: 

0.5–1.5 µg m-3), Thessaloniki, Greece (ground: 3.3–8.9 µg m-3). This is intriguing in light of 

extensive precipitation, and thus wet scavenging of PM, during the study period, which is offset 

by enormous anthropogenic emissions in the region such as by powered vehicles like the jeepneys 

that are notorious for BC exhaust (Kecorius et al., 2017).  

A possible explanation for the large contribution of BC to PM, and the persistence of PM 

after rain events (Kim Oanh et al., 2006), is that the BC is not efficiently scavenged by precipitating 

rain drops. Small particles enter rain drops via diffusion whereas large particles enter via impaction. 

However, particles with a diameter in the range of 0.1–1 µm (known as the Greenfield gap) are 

too large to diffuse efficiently and too small to impact, and are therefore not efficiently scavenged 

(Seinfeld and Pandis, 2016). Absorption spectroscopy of set MO13 (Figure 2b) reveals that 95% 

of the BC mass is concentrated in the Greenfield gap, and thus the removal of BC due to 

precipitation is inefficient. The Greenfield gap contains 62 ± 11% of the total mass (calculated for 

MO3/MO13) and 65 ± 10% of the water-soluble mass (calculated for the other 12 MO sets). 
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3.2.2 Water-Soluble Ions 

 There were two characteristic mass size distribution profiles for the water-soluble ions 

speciated by IC depending on whether the species were secondarily produced via gas-to-particle 

conversion or associated with primarily emitted supermicrometer particles. The average IC species 

mass concentration profile across all MOUDI sets is shown in Figure 5. Secondarily produced 

species exhibited a mass concentration mode between 0.32–0.56 µm, including common inorganic 

species (SO4
2-, NH4

+), MSA, amines (DMA, TMA+DEA), and a suite of organic acids, such as 

oxalate, phthalate, succinate, and adipate, produced via precursor volatile organic compounds 

(VOCs). Two organic acids with peaks in other size ranges included maleate (0.56–1 μm) and 

pyruvate (0.1–0.18 μm). Sources of the inorganics are well documented with SO4
2- and NH4

+ 

produced by precursor vapors SO2 and NH3, respectively, with ocean-emitted dimethylsulfide 

(DMS) as an additional precursor to SO4
2- and the primary precursor to MSA.  

Precursors leading to secondarily produced alkyl amines such as DMA, TMA, and DEA 

likely originated from a combination of industrial activity, marine emissions, biomass burning, 

vehicular activity, sewage treatment, waste incineration, and the food industry (e.g., Facchini et 

al., 2008; Sorooshian et al., 2009; Ge et al., 2011; VandenBoer et al., 2011); another key source of 

these species, animal husbandry (Mosier et al., 1973; Schade and Crutzen, 1995; Sorooshian et al., 

2008), was ruled out owing to a scarcity of such activity in the study region. Secondarily produced 

amine salts likely were formed with SO4
2- as the chief anion owing to its much higher 

concentrations relative to NO3
- or organic acids. Dimethylamine was the most abundant amine 

similar to other marine (Muller et al., 2009) and urban regions (Youn et al., 2015); the average 

concentration of DMA integrated over all MOUDI stages for all sample sets was 62.2 ng m-3 in 

contrast to 29.8 ng m-3 for TMA+DEA. For reference, the other key cation (NH4
+) participating in 

salt formation with acids such as H2SO4 and HNO3 was expectedly much more abundant (1.64 µg 

m-3). With regard to the competitive uptake of DMA versus NH3 in particles, the molar ratio of 

DMA:NH4
+ exhibited a unimodal profile between 0.1–1.8 µm with a peak of 0.022 between 0.32–

0.56 µm and the lowest values at the tails (0.004 between  0.1–0.18 and 1–1.8 µm); DMA was not 

above detection limits for either Dp < 0.1 µm or Dp > 1.8 µm. The molar ratios observed were 

consistent with values measured in urban air of Tucson, Arizona and coastal air in Marina, 
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California (0–0.04; Youn et al., 2015) and near the lower end of the range measured in rural and 

urban air masses sampled near Toronto (0.005–0.2: VandenBoer et al., 2011).  

 The most abundant organic acid was oxalate (195 ± 144 ng m-3), followed by succinate (21 

± 41 ng m-3), phthalate (19 ± 25 ng m-3), maleate (17 ± 15 ng m-3), and adipate (5 ± 8 ng m-3). The 

observation of mass concentrations increasing with decreasing carbon number for dicarboxylic 

acids (i.e., oxalate > succinate > adipate) is consistent with many past studies for other regions as 

larger chain acids undergo oxidative decay to eventually form oxalate (e.g., Kawamura and 

Ikushima, 1993; Kawamura and Sakaguchi, 1999; Sorooshian et al., 2007). Maleate is an 

unsaturated dicarboxylic acid emitted from gas and diesel engines (Rogge et al., 1993) and a 

product from the photo-oxidation of benzene (Kawamura and Ikushima, 1993). The aromatic 

dicarboxylic acid phthalate is a known photo-oxidation product of naphthalene and stems largely 

from plastic processing and fuel combustion (Fraser et al., 2003; Kautzman et al., 2010; Fu et al., 

2012; Kleindienst et al., 2012). The oxidation product (MSA) of ocean-derived DMS exhibited an 

overall average concentration of 11 ± 7 ng m-3, which is near the lower end of the range of levels 

reported in other coastal and marine environments (from undetected up to ~200 ng m-3) (e.g., 

Saltzman et al., 1983, 1986; Berresheim 1987; Watts et al., 1987; Burgermeister and Georgii, 1991; 

Sorooshian et al., 2015; Xu and Gao, 2015).  

 Water-soluble species exhibiting a peak in the supermicrometer range, usually between 

1.8–5.6 µm, include those with known affiliations with sea salt (Na+, Cl-, K+, Mg2+) and crustal 

materials such as dust (Ca2+). Nitrate peaked between 1.8-3.2 µm, and was best correlated with 

Na+ and Mg2+, suggestive of HNO3 partitioning to sea salt as has been observed in other coastal 

regions (e.g., Prabhakar et al., 2014a). There was very little NO3
- in the submicrometer range (0.05 

± 0.04 µg m-3) in contrast to supermicrometer sizes (0.78 ± 0.47 µg m-3). More submicrometer 

NO3
- in the form of NH4NO3 would be expected if there was an excess of NH3 after neutralizing 

SO4
2-. The mean ammonium-to-sulfate molar ratio for submicrometer sizes was 2.32 ± 0.52 (range: 

1.11 – 2.78), with full neutralization of SO4
2- in 10 of 12 MOUDI sets. Thus, there was a non-

negligible excess in NH3 that presumably participated in salt formation with HNO3 and organic 

species. The significant levels of NO3
- in the same mode as Na+ and Cl- contributed to the 

significant Cl- depletion observed, as the mean Cl-:Na+ mass ratio between 1-10 µm (i.e., range of 

peak sea salt influence) was 0.81 ± 0.28, which is much lower than the ratio for pure sea salt (1.81) 
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(Martens et al., 1973). The subject of Cl- depletion in this region will be investigated more 

thoroughly in subsequent work. 

Figure 6 shows SEM images of representative single particles in each supermicrometer 

stage. As would be expected for sea salt and crustal material, most of the particles shown are not 

spherical. Interestingly, only the particle shown between 1–1.8 µm was close to being spherical. 

Its composition based on EDX analysis was accounted for mostly by carbon (93.7%) with lower 

amounts of oxygen (5.8%) and Fe (0.5%). Sea salt particles were found in the next two stages 

owing to the highest combined weight percentages of Na+ and Cl- based on EDX analysis: 1.8–3.2 

μm = 36.9%; 3.2–5.6 μm = 46.9%. The salt particles are not necessarily cubical but more rounded 

with signs of agglomeration. These two particles were the only ones among the 11 MOUDI stages 

exhibiting an EDX signal for S, with contributions amounting to ~2% in each particle. This may 

be linked to natural SO4
2- existing in sea salt particles. Also, the particle between 3.2–5.6 μm 

contained a trace amount of Sc (1%). The largest three particles (≥ 5.6 μm) were expectedly 

irregularly shaped with both sharp and rounded edges, comprised mostly of oxygen, Al, Fe, and 

Ca based on EDX analysis.   

3.2.3 Water-Soluble Elements 

 Averaged data across all MOUDI sets reveal that ICP-QQQ elements exhibited a variety 

of mass concentration profiles ranging from a distinct mode in either the sub- or supermicrometer 

range to having multiple modes below and above 1 µm (averages across all MOUDI sets shown 

in Figure 7). There were several elements with only one distinct peak, being in one of the two 

stages between 0.18-0.56 µm, including As, Cd, Co, Cr, Cs, Cu, Hf, Mn, Mo, Ni, Rb, Se, Sn, Tl, 

V, and Zn. In contrast, the following elements exhibited only one distinct peak in the 

supermicrometer range: Al, Ba, P, Pd, Sr, Ti, Y, and Zr. The rest of the elements exhibited more 

complex behavior with two distinct peaks in the sub- and supermicrometer range (Ag, Fe, Nb). 

The following section discusses relationships between all of the ions and elements with a view 

towards identifying characteristic sources.  

3.3 Characteristic Sources and Species Relationships 

 A combination of PMF and correlation analysis helped identify clusters of closely related 

species stemming from distinct sources. The final PMF solution, based on five groups of species 
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(Figure 8), passed criteria associated with being physically valid and the close proximity of the 

calculated ratio of Qtrue:Qexpected (1.2) to 1.0. There was a high coefficient of variation between 

measured and predicted mass concentration when summing up all species for each MOUDI stage 

(r2 = 0.79; sample size, n = 132), which added confidence in relying on the PMF model for source 

apportionment of PM. The five distinct clusters were named for their most plausible sources based 

on the species included in the groupings, with their overall contributions to the total mass based 

on PMF analysis shown in parenthesis (Table 3): Aged/Transported (48.0%), Sea Salt (22.5%), 

Combustion (18.7%), Vehicular/Resuspended Dust (5.6%), and Waste Processing (5.1%). For 

reference, a previous study near the northwestern edge of the Philippines identified six source 

factors for PM2.5 that are fairly similar to those here (Bagtasa et al., 2018): sea salt, resuspended 

fine dust, local solid waste burning, and long range transport of (i) industrial emissions, (ii) solid 

waste burning, and (iii) secondary sulfate. Each of our five groupings will be discussed in detail 

below in decreasing order of contribution to total measured mass concentrations. 

3.3.1 Aged/Transported Aerosol 

 Although not due to one individual source, there was a distinct PMF factor that included 

species commonly produced via gas-to-particle conversion processes (NH4
+, SO4

2-, MSA, oxalate). 

Correlation analysis (Table 4) also pointed to a large cluster of species significantly related to each 

other, including the aforementioned ions and a suite of other organic acids (phthalate, succinate, 

adipate), MSA, and DMA. The latter three inorganic and organic acid ions exhibited significant 

correlations with each other (r ≥ 0.68), but also with several elements (r ≥ 0.36: K, V, Rb, Cs, 

Sn), which were likely co-emitted with the precursor vapors of the secondarily produced ions. 

Although BC concentrations were quantified from set MO13, their interrelationships with water-

soluble ions from simultaneously collected set MO14 are representative for other sets. The results 

showed that BC was significantly correlated (r: 0.61-0.92) with 15 species, including those 

mentioned above (owing to co-emission) and also a few elements that were found via PMF to be 

stronger contributors to the Combustion source discussed in Section 3.3.3 (Ni, Cu, As, Se, Cd, Tl, 

Pb).  

This PMF source factor is referred to as Aged/Transported owing to it characteristic species 

being linked to sources distant from the sample site. Examples include MSA and DMA being 

secondarily produced from ocean-derived gaseous emissions (e.g., Sorooshian et al., 2009), and K 
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stemming from biomass burning emissions from upwind regions such as Sumatra and Borneo 

(Xian et al., 2013). Previous studies (Reid et al., 2012; Wang et al., 2013) have shown that 

phenomena such as SWM and El-Nino events not only influence biomass burning activities in the 

Malay Peninsula but also impact the transport and distribution of emissions in the study region. 

For instance, Reid et al. (2016b) showed that enhancement in monsoonal flow facilitates the 

advection of biomass burning and anthropogenic emissions to the Philippines from Sumatra and 

Borneo. Subsequent work will investigate more deeply the impact of biomass burning from those 

upwind regions on the sample site during the SWM.  

While NH4
+ and SO4

2- require time for production owing to being secondarily produced 

from precursor vapors (i.e., SO2, NH3), oxalate is the smallest dicarboxylic acid and requires 

lengthier chemistry pathways for its production and thus is more likely produced in instances of 

aerosol transport and aging (e.g., Wonaschuetz et al., 2012; Ervens et al., 2018). The various 

elements associated with this cluster are co-emitted with the precursors to the aforementioned ions 

and are linked to a variety of sources: metallurgical processes (Anderson et al., 1988; Csavina et 

al., 2011; Youn et al., 2016), fuel combustion (Nriagu, 1989; Allen et al., 2001; Shafer et al., 2012; 

Rocha and Correa, 2018), residual oil combustion (Watson et al., 2004), biomass burning (Maudlin 

et al., 2015), marine and terrestrial biogenic emissions (Sorooshian et al., 2015), and plastics 

processing (Fraser et al., 2003). In addition, there is extensive ship traffic in the general study 

region, which is a major source of species in this cluster of species, particularly V and SO4
2- (e.g., 

Murphy et al., 2009; Coggon et al., 2012).  

PMF analysis suggested that the Aged/Transported factor contributed 48.0% to the total 

water-soluble mass budget during the study period. Most of the contribution resided in the 

submicrometer range (68.9%) unlike the supermicrometer range (18.6%), which is consistent with 

the overall mass size distribution of total PM peaking in the submicrometer range (Figure 2). The 

reconstructed mass size distribution for this PMF source factor shows the dominance of the mass 

in the submicrometer range with a peak between 0.32–0.56 μm (Figure 9). The correlation matrices 

for the sub- and supermicrometer size ranges also show that the correlations between the species 

most prominent in the Aged/Transported category are stronger for the former size range (Tables 

S2-S3). The contribution of this PMF factor to the supermicrometer range is likely associated with 

species secondarily produced on coarse aerosol such as dust and sea salt. This is evident in the 
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individual species mass size distributions where there is a dominant submicrometer mode but also 

non-negligible mass above 1 µm. 

Even though the PM in a heavily populated urban region, such as Metro Manila, is typically 

thought to be dominated by local sources of aerosols, the current PMF results show that the largest 

contributions to water-soluble aerosol mass are from Aged/Transported pollution. This finding is 

contrary to the expectation that (a) the signal of transported aerosols would be lost in the noise of 

locally-produced aerosols, and (b) the removal of aerosols over the ocean surrounding the 

Philippines by processes such as wet scavenging would significantly reduce the contribution of 

transported aerosols. Even though other cities may have different pollution signatures, varying in 

pollutant type and amount, this phenomenon of Aged/Transported pollution forming a significant 

portion of the water-soluble mass may be applicable to other cities, especially those in Southeast 

Asia. 

3.3.2 Sea Salt 

As the MO sampling site is approximately 13 km from the nearest shoreline (Figure 1a) 

and downwind of Manila Bay in the SWM season, there was a great potential for marine emissions 

to impact the samples. There were several species with similar mass size distributions (mode: 1.8–

5.6 μm) and highly correlated total mass concentrations (r ≥ 0.51) that are linked to sea salt: Cl-, 

Na+, Ca2+, Mg2+, Ba, and Sr. The correlations between these species were stronger when examining 

just the supermicrometer range as compared to the submicrometer range (Tables S2-S3). The 

majority of these species was used in PMF analysis and formed a distinct cluster amounting to 

22.0% of the total study period’s mass budget. This source contributed only 0.6% to the 

submicrometer mass concentration but 53.5% for the supermicrometer size range. The 

reconstructed mass size distribution for this source factor is shifted farthest to the larger diameters 

as compared to the other four sources with a peak between 1.8-3.2 µm (Figure 9).  

It is noteworthy that this factor has the highest share of NO3
- among all identified sources. 

This result is consistent with mass size distributions shown in Figure 5 in which NO3
- peaks in the 

supermicrometer range similar to sea salt constituents (e.g., Na+ and Cl-). Although sea salt 

particles naturally contain NO3
- (Seinfeld and Pandis, 2016) (mass ratio of NO3

-:Na+ = 9.8 × 10-8 

– 6.5 × 10-5), the extremely high ratio of NO3
-:Na+ (mass ratio ~1.8) suggests that only a negligible 

portion of NO3
- in this factor originated from primary sea salt particles. Thus, the majority of NO3

- 
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is most likely due to HNO3 partitioning to existing sea salt particles (e.g., Fitzgerald, 1991; Allen 

et al., 1996; Dasgupta et al., 2007; Maudlin et al., 2015). In addition, the Cl-:Na+ mass ratio in this 

profile (0.65) is smaller than that in sea salt particles (1.81), indicating high Cl- depletion mainly 

due to reactions of HNO3 with NaCl (Ro et al., 2001; Yao et al., 2003; Braun et al., 2017). 

Moreover, elevated loadings of trace elements (e.g., Ba, Cu, Zn, and Co) could be linked to mixing 

of marine emissions with urban sources (e.g., vehicle and industrial emissions) during their 

transport inland to the sampling site (Roth and Okada, 1998). This process of aging is consistent 

with the observed morphology of the sea salt particles in this study, revealing non-cubical shapes 

that are rounded owing to the likely addition of acidic species such as HNO3 (Figure 6). 

3.3.3 Combustion 

There are numerous sources of combustion in the study region including a variety of mobile 

sources (e.g., cars, utility vehicles, trucks, buses, motorcycles) and stationary sources (e.g., power 

stations, cement works, oil refineries, boiler stations, utility boilers). Consequently, the next 

highest contributor to total mass during the study period according to PMF (18.7%) was the cluster 

of species including Ni, As, Co, P, Mo, and Cr, which is defined as the Combustion factor. These 

species have been reported to be rich in particles emitted from combustion of fossil fuel and 

residual oil (Linak and Miller, 2000; Allen et al., 2001; Wasson et al., 2005; Mahowald et al., 2008; 

Mooibroek et al., 2011; Prabhakar et al., 2014b). Although not included in PMF analysis, other 

species significantly correlated with the previous ones include maleate and Ag, which also stem 

from fuel combustion (Kawamura and Kaplan, 1987; Lin et al., 2005; Sorooshian et al., 2007). Ag 

specifically is an element in waste incinerator fly ash (Buchholz and Landsberger, 1993; Tsakalou 

et al., 2018) and its strong correlation with Co (r = 0.85) and Mo (r = 0.64) provides support for 

this source factor being linked to combustion processes. Maleate is commonly found in engine 

exhaust (Kawamura and Kaplan, 1987), while Cr is a tracer for power plant emissions (Singh et 

al., 2002; Behera et al., 2015). Of all species examined in this study, BC was best correlated with 

As (r = 0.92), while its correlation with Ni (r = 0.85) was among the highest.  

As the elements in this cluster peaked in concentration in the submicrometer mode, the 

weight percentage of this factor is more than double below 1 μm (23.9%) as compared to above 1 

μm (11.3%). The reconstructed mass size distribution for this source factor peaks between 0.18–

0.32 μm, which is smaller than the modal diameter range for the Aged/Transported source factor 
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(0.32–0.56 μm) likely owing to closer sources and thus less time for growth to occur via 

condensation and coagulation.  

3.3.4 Vehicular/Resuspended Dust 

The next PMF source factor contains chemical signatures of dust because of high 

contributions to Al, Ti, Ca, and Fe. These crustal elements are strongly related to resuspension of 

dust by traffic and construction activities (Singh et al., 2002; Harrison et al., 2011). Other elements 

that were prominent in this factor included Zr, Y, Mn, Cr, and Ba, which are associated with tire 

and brake wear (Adachi and Tainosho, 2004; Gietl et al., 2010; Song and Gao, 2011; Harrison et 

al., 2012; Vossler et al., 2016), although some of them can be linked to the exhaust as well (e.g., 

Lin et al., 2005; Song and Gao, 2011). This source is named Vehicular/Resuspended Dust and 

contributed 5.6% to the total study period’s mass concentrations.  

The weight percentage contribution of this factor was much higher for the supermicrometer 

range (11.3%) as compared to the submicrometer range (1.5%), which is consistent with the Sea 

Salt source factor owing to similar mass size distributions of the individual species associated with 

the two source categories (Figures 5 and 7). Additional species correlated significantly with the 

crustal species included Hf and Nb, which also exhibited mass peaks between 1.8–3.2 μm. The 

reconstructed mass size distribution for this source factor is similar to that of Sea Salt in that there 

is a peak between 1.8–3.2 μm, but there is less of a unimodal profile owing to what appears to be 

a secondary mode between 0.56–1.0 μm (Figure 9), which could be linked to some of the non-dust 

components of vehicular emissions.  

3.3.5 Waste Processing 

The final PMF source factor, contributing the least overall to total mass (5.1%), featured 

Zn, Cd, Pb, Mn, and Cu as its main components. These species are linked to waste processing, 

including especially electronic waste (e-waste) and battery burning and recycling (Gullett et al., 

2007; Iijima et al., 2007), which was previously reported for Manila (Pabroa et al., 2011). The 

latter study reported that although there are a few licensed operations for battery recycling, there 

are numerous unregulated cottage melters across Manila that regularly melt metal from batteries 

and discard the waste freely. Fujimori et al. (2012) additionally showed that e-waste recycling led 
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to emissions of the following elements (in agreement with this PMF cluster) around Metro Manila: 

Ni, Cu, Pb, Zn, Cd, Ag, in, As, Co, Fe, and Mn.  

This was the only PMF factor exhibiting comparable weight percentages both below (5.1%) 

and above 1 μm (5.3%). This is reflected in the mass size distributions of the species included in 

this cluster being fairly uniformly distributed below and above 1 μm. This is also demonstrated in 

the reconstructed mass size distribution of this source factor as it clearly exhibits a mode between 

the other four sources (0.56–1.0 μm) and is the broadest mode (Figure 9). The explanation for this 

is likely rooted in the diversity of sources contained within this source profile that lead to different 

sizes of particles. Examples of such sources include processing of different types of waste at 

varying temperatures and through various processes (e.g., burning, melting, grinding) (Keshtkar 

and Ashbaugh, 2007), 

4. Conclusions 

This study used various analytical techniques (gravimetry, IC, ICP-QQQ, black carbon 

spectroscopy, and microscopy), meteorological data, and a source apportionment model (PMF) to 

characterize the sources, chemical composition, and morphology of size-resolved ambient PM in 

Metro Manila, Philippines during the SWM season of 2018. The main results of this study include 

the following: 

 

• The total mass concentrations were measured on two occasions and were 18.6 µg m-3 and 53.0 

µg m-3. Water-soluble mass concentrations were measured on 12 occasions and were on 

average 8.53 ± 4.48 µg m-3 (range = 2.7–16.6 µg m-3). Simultaneous measurements of total, 

water-soluble, and BC mass revealed a composition of 26.9% BC, 31.3% water-soluble 

components, and 41.8% unaccounted mass.  

• Size-resolved BC mass concentration was measured on one occasion, with the mass sum of all 

MOUDI stages reaching 14.3 µg m-3
. Most of the BC mass (95%) was contained in the 0.1–1 

µm range (i.e., the Greenfield gap) where wet scavenging by rain is inefficient. The measured 

BC peaked in the size range of 0.18 – 0.32 µm and accounted for 51.8% of the measured PM 

for that stage. In the range of 0.10 – 0.18 µm, the mass percent contribution of BC to the 

measured PM was 78.1%.   
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• Most of the total mass resided in the submicrometer mode (0.32–0.56 µm); however, one 

MOUDI set revealed an additional supermicrometer mode (1.8–3.2 µm). Water-soluble 

species that peaked in the submicrometer mode were associated with secondarily produced 

species, including inorganic acids, amines, MSA, and organic acids. Water-soluble species that 

peaked in the supermicrometer mode were associated with sea salt and crustal material. Most 

of the unaccounted mass was for Dp > 0.32 µm. 

• The most abundant water-soluble species was SO4
2- (44% ± 6%), followed by NH4

+ (18% ± 

5%), NO3
- (10 ± 3%), Na+ (8 ± 3%), and Cl- (6% ± 3%). Correlation analysis revealed that 

total water-soluble mass was most correlated with temperature (r = 0.64) and rainfall 

accumulation (r = -0.49) among meteorological factors considered, although other factors were 

likely influential such as wind direction and speed.  

• Regardless of particle size, the majority of single particles examined with SEM-EDX were 

non-spherical with evidence of agglomeration.  

• PMF analysis suggested that there were five factors influencing the water-soluble fraction of 

PM collected at the sampling site. These factors, their contribution to total water-soluble mass, 

and the main species that permit them to be linked to a physical source are as follows: 

Aged/Transported (48.0%; NH4
+, SO4

2-, MSA, oxalate), Sea Salt (22.5%; Cl-, NO3
-, Ca2+, Na+, 

Mg2+, Ba, Sr), Combustion (18.7%; Ni, As, Co, P, Mo, Cr), Vehicular/Resuspended Dust 

(5.6%; Al, Ti, Fe), and Waste Processing (5.1%; Zn, Cd, Pb, Mn, Cu). The dominant 

contribution of Aged/Transported aerosols to water-soluble mass contradicts two expectations: 

(i) locally-produced sources in polluted cities should drown out the signal of transported 

aerosols, and (ii) the signal of transported aerosols should be significantly reduced due to 

scavenging processes upwind of the measurement site.  

 

Although the current study focuses exclusively on the SWM season in Metro Manila, 

results of this study are applicable to the study of aerosol impacts on Southeast Asia and other 

regions. First, the significant presence of Aged/Transported aerosols in Metro Manila indicates 

that PM in the region has the ability to travel long distances during the SWM season, despite the 

typical assumption that wet scavenging effectively removes most of the particles. Characterization 

of aerosols in Metro Manila is therefore important for better understanding the impacts that local 

emissions will have on locations downwind of Metro Manila, including other populated cities in 
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Southeast and East Asia. Transport of pollution and decreased wet scavenging during the SWM 

season may become increasingly important as studies have shown a decrease in SWM rainfall and 

increase in the number of no-rain days during the SWM season in the western Philippines in recent 

decades (e.g., Cruz et al., 2013).  

Second, Southeast Asia has been named “one of the most hostile environments on the 

planet for aerosol remote sensing” (Reid et al., 2013). Therefore, space-based remote sensing of 

aerosol characteristics, such as retrievals of aerosol optical depth (AOD), in this region are difficult. 

In situ measurements are critical for characterization of PM in this region, especially during 

seasons such as the SWM when clouds are especially prevalent and remote-sensing retrievals 

dependent on clear-sky conditions are lacking.  

Third, this study provides a valuable dataset to compare to other regions impacted by 

monsoons where the impacts of enhanced moisture and rainfall on size-resolved composition are 

not well understood. As aqueous processing results in enhanced production of water-soluble 

species (e.g., sulfate, organic acids), it is noteworthy for this monsoonal region that the water-

soluble fraction remains low relative to BC and other insoluble components. This has major 

implications for the hygroscopicity of the regional PM.  

Finally, the results of this study will be used to inform future sampling campaigns in this 

region, including CAMP2Ex planned for the SWM season of 2019 based in the Philippines. As the 

current MOUDI sampling campaign at MO is expected to extend for a full year, future work will 

focus on changes in aerosol characteristics and sources on a seasonal basis. 
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Table 1. Summary of average operating parameters, meteorological conditions, and total resolved 

water-soluble mass concentration for each MOUDI sample set collected at Manila Observatory 

(MO) during the 2018 Southwest Monsoon period. On two occasions, simultaneous MOUDI sets 

were collected for one set to undergo gravimetric analysis (MO3 and MO13) to compare with mass 

resolved from chemical speciation of the water-soluble fraction (MO4 and MO14). One additional 

MOUDI set devoted to microscopy analysis was collected using aluminum substrates for one hour 

on August 1 at 30 LPM.  

 

Sample 

set name 

Dates Durati

on 

(hrs) 

Flow 

rate 

(LPM) 

Wind 

speed 

(m/s) 

Wind 

direction 

(°) 

T (°C) Rain 

(mm) 

Water-

soluble mass 

(µg m-3) 

MO1 Jul 19-20 24 30 3.3 90.1 24.9 47 4.6 

MO2 Jul 23-25 54 30 1.3 95.8 26.7 7.8 6.5 

MO3/4 Jul 25-30 119 28/30 1.2 111.8 26.7 49.6 5.2 

MO5 Jul 30-Aug 1 42 29 2.6 98.1 27.5 52.8 9.2 

MO6 Aug 6-8 48 27 0.9 127.5 26.1 30.4 5.1 

MO7 Aug 14-16 48 28 3.0 107.8 27.8 2.8 13.7 

MO8 Aug 22-24 48 29 3.5 108.7 28.1 1 12.8 

MO9 Sep 1-3 48 27 0.7 98.6 26.6 51.6 6.2 

MO10 Sep 10–12 48 29 1.0 94.7 26.2 78.4 6.4 

MO11 Sep 18–20 48 27 0.5 290.2 27.8 0 2.7 

MO12 Sep 26-28 48 27 1.2 96.3 27.8 6.8 13.5 

MO13/14 Oct 6-8 48 28/26 0.6 108.2 27.8 0.8 16.6 
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Table 2. Charge balance slopes (cations on y-axis; anions on x-axis) for the MOUDI sets shown 

including the averages of all sets (All) for three size ranges: submicrometer stages spanning 0.056 

– 1.0 µm; supermicrometer stages (> 1.0 µm); and all stages (> 0.056 µm).  The species used in 

the charge balance analysis include those speciated with the IC (listed in Section 2.3) plus K from 

ICP-QQQ analysis. 

 

Sample set 0.056 – 1.0 µm > 1 µm > 0.056 µm 

MO1 0.87 1.37 0.89 

MO2 1.46 1.26 1.41 

MO4 1.25 1.17 1.21 

MO5 1.35 1.43 1.41 

MO6 1.29 1.45 1.31 

MO7 1.40 1.23 1.36 

MO8 1.35 1.33 1.36 

MO9 1.28 1.55 1.26 

MO10 1.37 1.36 1.35 

MO11 0.97 1.60 1.27 

MO12 1.37 1.19 1.33 

MO14 1.31 1.28 1.29 

All 1.35 1.24 1.33 
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Table 3. Contributions (in weight percentage) of each PMF source factor to the total mass in 

different diameter ranges.  

 

Diameter 

Range (µm) 

Aged/ 

Transported 

Sea Salt Combustion  Vehicular/ 

Resuspended 

Dust 

Waste Processing 

> 0.056 48.0% 22.5% 18.7% 5.6% 5.1% 

0.056 - 1.0 68.9% 0.6% 23.9% 1.5% 5.1% 

> 1.0 18.6% 53.5% 11.3% 11.3% 5.3% 
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Table 4. Correlation matrix (r values) between water-soluble species based on total MOUDI-

integrated mass concentrations (> 0.056 µm). Blank cells represent statistically insignificant 

values. Results for the sub- and supermicrometer ranges are in Tables S2-S3. Panels A-E 

represent important species from each of the source profiles identified in Section 3.3: A = 

Aged/Transported, B = Sea Salt, C = Combustion, D = Vehicular/Resuspended Dust, E = Waste 

Processing. DMA – Dimethylamine, MSA – Methanesulfonate, PH – Phthalate, OX – Oxalate, 

MA – Maleate, SU – Succinate, AD – Adipate.   

 

 

 

 

  

A)
OX 1.00

SO4 0.74 1.00

NH4 0.68 0.99 1.00

Sn 0.71 0.87 0.85 1.00

Rb 0.73 0.74 0.73 0.69 1.00

K 0.76 0.71 0.69 0.69 0.97 1.00

Cs 0.72 0.82 0.81 0.74 0.96 0.91 1.00

V 0.36 0.64 0.63 0.48 0.53 0.51 0.57 1.00

DMA 0.35 0.38 0.45 0.37 0.45 1.00

MSA 0.71 0.89 0.89 0.79 0.90 0.85 0.92 0.51 0.47 1.00

PH 0.68 0.67 0.68 0.73 0.82 0.76 0.80 0.38 0.88 1.00

SU 0.63 0.56 0.59 0.44 0.87 0.81 0.82 0.68 0.78 0.84 1.00

AD 0.40 0.66 0.70 0.62 0.70 0.70 0.77 0.84 0.74 0.75 0.90 1.00

Se 0.75 0.75 0.73 0.66 0.80 0.78 0.79 0.32 0.34 0.78 0.80 0.88 0.88 1.00

Tl 0.75 0.87 0.86 0.80 0.89 0.85 0.94 0.74 0.65 0.80 0.52 0.70 0.43 1.00

OX SO4 NH4 Sn Rb K Cs V DMA MSA PH SU AD Se Tl

B) C)
Cl 1.00 As 1.00

NO3 0.76 1.00 Ni 0.58 1.00

Ba 0.66 0.80 1.00 Co 1.00

Sr 0.78 0.87 0.91 1.00 P 0.33 0.34 1.00

Ca 0.58 0.79 0.75 0.78 1.00 Mo 1.00

Na 0.93 0.87 0.75 0.85 0.63 1.00 Cr 0.62 0.49 0.20 1.00

Mg 0.91 0.87 0.77 0.87 0.66 0.99 1.00 MA 0.67 -0.42 1.00

Hf 0.57 1.00 Ag 0.85 0.64 1.00

Cl NO3 Ba Sr Ca Na Mg Hf As Ni Co P Mo Cr Mal Ag

D) E)
Zr 1.00 Cd 1.00

Y 0.75 1.00 Zn 0.60 1.00

Al 0.88 0.76 1.00 Cu 0.21 0.27 1.00

Fe 0.33 0.61 0.25 1.00 Mn 0.28 0.61 0.22 1.00

Ti 0.84 0.66 0.82 0.41 1.00 Pb 0.78 0.58 0.38 0.27 1.00

Nb 0.70 0.50 0.59 0.59 0.70 1.00 Cd Zn Cu Mn Pb

Zr Y Al Fe Ti Nb
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Figure 1. (a) Location of Metro Manila, Philippines relative to Southeast Asia.  Also shown are 

5-day backward trajectory frequencies during the sampling duration based on HYSPLIT cluster 

analysis; note that 15% correspond to trajectories within the black square. (b) Close-up view of 

Metro Manila showing the location of the Manila Observatory sampling site with a black rectangle.  

The base map shows roads, commercial centers, and major transit lines in the city. (c) Land use 

classification in the vicinity of the sampling site. (Sources: GADM, Snazzy Maps, OpenStreetMap, 

NOAA HYSPLIT, & TrajSat)  
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Figure 2. Mass size distributions of total PM (blue markers) and resolved chemical species 

(colored bars) for MOUDI sets (a) MO3/4 and (b) MO13/14. Note that set MO13 was the single 

MOUDI set where BC was quantified. ICP-QQQ = sum of water-soluble elements except K; 

amines = sum of DMA, TMA, DEA; organic acids = sum of oxalate, succinate, adipate, 

pyruvate, phthalate, maleate. 
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Figure 3. (a) Mass size distribution of BC retrieved from the MABI optical measurement at 870 

nm for set MO13. Missing values were below detection limits. (b) Photographs of each stage of 

set MO13 with numbers below each image representing the aerodynamic diameter ranges in units 

of µm.  
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Figure 4. SEM image of a (a) blank filter and (b-f) individual particles in different sub-

micrometer aerodynamic diameter ranges sampled by the MOUDI: (b) 0.056–0.1 μm, (c) 0.1–

0.18 μm, (d) 0.18–0.32 μm, (e) 0.32–0.56 μm, (f) 0.56–1.0 μm. 
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Figure 5. Average mass size distribution of water-soluble ions speciated via IC in addition to 

potassium from ICP-QQQ analysis.  
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Figure 6. Same as Figure 4, but for different supermicrometer aerodynamic diameter ranges 

sampled by the MOUDI: (a) 1.0–1.8 μm, (b) 1.8–3.2 μm; (c) 3.2–5.6 μm, (d) 5.6–10 μm, (e) 10-

18 μm, (f) > 18 μm.  
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Figure 7. Average mass size distribution of water-soluble elements speciated via ICP-QQQ. 
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Figure 8. Overview of the PMF five factor solution with blue bars representing mass 

concentrations and red squares signifying the percentage of mass concentration contributed to 

constituents by each source factor.  
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Figure 9. Reconstructed mass size distributions using PMF for the five major source profiles. 
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Table S1. Aqueous limits of detection (LOD) for the elements speciated by ICP-QQQ and 

water-soluble ions speciated by IC. 

 

ICP ppt IC ppm

Ag 0.74 Adipate 0.023

Al 29.47 Ammonium 0.042

As 7.95 Calcium 0.045

Ba 3.70 Chloride 0.002

Cd 4.19 DMA 0.053

Co 0.72 Magnesium 0.037

Cr 1.15 Maleate 0.007

Cs 0.73 MSA 0.012

Cu 1.13 Nitrate 0.009

Fe 1.19 Oxalate 0.012

Hf 0.96 Phthalate 0.021

K 10.48 Pyruvate 0.064

Mn 1.62 Sodium 0.043

Mo 2.26 Succinate 0.011

Nb 0.52 Sulfate 0.012

Ni 2.84 TMA & DEA 0.315

P 770.73

Pd 1.68

Rb 1.57

Se 82.39

Sn 1.77

Sr 1.10

Ti 39.05

Tl 0.38

 V 1.35

 Y 0.52

Zn 5.88

Zr 1.01
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Table S2. Submicrometer (0.056 – 1 µm) correlation matrix of all water-soluble species 

measured by IC and ICP-MS based on total MOUDI-integrated mass concentrations. DMA – 

Dimethylamine, MSA – Methanesulfonate, PH – Phthalate, OX – Oxalate, MA – Maleate, SU – 

Succinate, AD – Adipate. 

 
 

 

 

  

DMA 1.00

MSA 0.42 1.00

PH 0.37 0.92 1.00

OX 0.92 0.85 1.00

MA 1.00

SU 0.67 0.78 0.82 0.68 1.00

AD 0.81 0.69 0.75 0.66 0.80 1.00

NH4 0.86 0.67 0.87 0.46 0.64 1.00

NO3 -0.63 1.00

SO4 0.86 0.66 0.88 0.63 0.99 1.00

Cl 0.52 1.00

Na 0.42 0.56 0.57 0.62 1.00

Mg 0.30 0.32 0.36 0.39 0.73 1.00

K 0.84 0.76 0.86 0.81 0.71 0.61 0.63 0.41 1.00

Ca 0.47 0.38 0.50 0.52 1.00

Al 0.39 0.35 0.46 0.48 0.42 0.47 0.62 0.76 0.37 0.32 1.00

Fe 0.42 0.57 0.48 0.46 1.00

Mn 0.40 0.29 0.59 0.43 0.61 0.81 1.00

Ti 0.41 0.38 0.56 0.46 0.34 0.38 0.56 0.47 0.63 0.48 0.61 0.59 0.73 1.00

Ba 0.30 0.37 0.29 0.42 0.69 0.77 0.60 0.65 0.38 0.39 1.00

Zn 0.41 0.40 0.32 0.46 0.72 0.49 0.31 0.75 0.41 0.43 0.69 0.49 0.80 1.00

Cu 0.80 0.34 0.56 0.34 0.33 0.31 0.34 0.36 0.33 0.32 0.42 0.44 1.00

V 0.36 0.37 0.47 0.49 0.35 0.29 1.00

Ni 0.36 0.46 0.44 0.50 0.32 0.44 0.37 0.51 0.83 1.00

P 0.39 0.32 0.65 0.37 0.40 1.00

Cr 0.38 0.58 0.62 0.45 0.50 0.67 0.36 0.59 0.43 0.36 0.87 0.74 0.59 0.47 0.66 0.48 0.32 0.41 1.00

Co 0.68 0.38 0.58 1.00

As 0.29 0.31 0.52 0.43 0.42 0.56 1.00

Se 0.82 0.81 0.80 0.90 0.92 0.74 0.73 0.33 0.39 0.75 0.40 0.49 0.31 1.00

Rb 0.40 0.88 0.84 0.87 0.88 0.72 0.64 0.65 0.33 0.97 0.37 0.30 0.28 0.52 0.34 0.35 0.45 0.47 0.80 1.00

Sr 0.75 0.65 0.58 0.65 0.53 0.58 0.30 0.39 0.75 0.56 0.34 1.00

Y 0.81 0.46 0.49 1.00

Zr 0.35 0.54 0.41 0.44 0.64 0.67 0.47 0.80 0.34 0.44 0.84 0.63 0.50 0.46 0.51 0.40 0.51 1.00

Nb 0.40 0.61 0.40 0.43 0.53 0.41 0.61 0.85 0.91 0.40 0.59 0.61 0.73 1.00

Mo 0.41 0.63 -0.45 0.72 0.75 0.61 0.34 0.39 0.35 0.41 0.53 0.77 0.81 0.81 0.80 0.56 0.55 0.49 1.00

Ag 0.40 0.44 0.49 1.00

Cd 0.46 -0.51 0.31 0.35 0.41 0.35 0.35 0.28 0.73 0.65 0.30 0.38 0.31 0.33 0.48 1.00

Sn 0.34 0.77 0.71 0.87 0.84 0.86 0.50 0.63 0.37 0.35 0.28 0.37 0.30 0.39 0.31 0.38 0.51 0.37 0.59 0.61 0.35 0.74 1.00

Cs 0.40 0.91 0.83 0.91 0.84 0.73 0.74 0.76 0.38 0.90 0.35 0.42 0.31 0.41 0.50 0.42 0.82 0.95 0.34 0.46 0.70 1.00

Hf 1.00

Tl 0.65 0.73 0.52 0.87 -0.67 0.82 0.57 0.84 0.74 0.87 0.61 0.79 0.62 0.53 0.52 0.54 0.86 0.65 0.65 0.89 0.84 0.83 0.86 0.73 0.86 0.55 0.57 0.64 0.89 0.53 0.77 0.94 1.00

Pb 0.32 0.42 0.59 0.65 0.57 0.43 0.40 0.65 0.63 0.56 0.44 0.52 0.58 0.40 0.28 0.78 0.76 0.53 0.35 0.78 1.00

DMA MSA PH OX MA SU AD NH4 NO3 SO4 Cl Na Mg K Ca Al Fe Mn Ti Ba Zn Cu V Ni P Cr Co As Se Rb Sr Y Zr Nb Mo Ag Cd Sn Cs Hf Tl Pb
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Table S3. Supermicrometer (> 1 µm) correlation matrix of all water-soluble species measured by 

IC and ICP-MS based on total MOUDI-integrated mass concentrations. DMA – Dimethylamine, 

MSA – Methanesulfonate, PH – Phthalate, OX – Oxalate, MA – Maleate, SU – Succinate, AD – 

Adipate. 

 
 

 

  

DMA 1.00

MSA 1.00

PH -1.00 1.00

OX 0.60 1.00

MA 1.00

SU 0.62 0.85 1.00

AD 1.00 1.00

NH4 0.59 0.56 0.48 1.00

NO3 0.58 1.00

SO4 0.63 0.86 0.70 0.65 0.72 1.00

Cl 0.55 0.53 0.71 0.57 1.00

Na 0.74 0.62 0.27 0.85 0.79 0.93 1.00

Mg 0.79 0.68 0.28 0.85 0.83 0.91 0.99 1.00

K 0.69 0.96 0.57 0.32 0.71 0.77 0.71 0.79 0.82 1.00

Ca 0.37 0.92 0.73 0.52 0.50 0.54 0.57 0.66 1.00

Al 0.76 0.91 0.72 0.65 0.65 0.77 0.80 0.82 0.73 0.63 1.00

Fe 0.77 0.66 0.65 0.62 0.74 0.76 0.80 0.71 0.58 0.92 1.00

Mn 0.59 0.40 0.76 0.82 0.59 0.71 0.74 0.83 0.79 0.69 0.63 1.00

Ti 0.82 0.80 0.26 0.57 0.66 0.68 0.73 0.77 0.71 0.52 0.85 0.79 0.59 1.00

Ba 0.47 0.77 0.69 0.63 0.71 0.72 0.80 0.69 0.57 0.50 0.83 0.47 1.00

Zn 0.41 0.29 0.52 0.33 0.38 0.67 0.48 1.00

Cu 0.96 0.56 0.45 1.00

V 0.50 0.59 0.39 0.41 0.51 0.39 0.70 0.75 0.67 1.00

Ni 0.28 0.30 0.44 0.43 0.31 0.36 0.45 1.00

P 0.51 0.45 0.30 0.36 0.52 0.62 0.36 1.00

Cr 0.62 0.31 0.61 0.72 0.56 0.65 0.69 0.76 0.67 0.72 0.72 0.84 0.62 0.68 0.51 0.52 0.32 1.00

Co 0.75 0.61 1.00

As 0.38 0.30 0.48 0.62 0.30 0.48 0.49 0.31 0.38 0.56 0.54 0.59 0.72 0.63 1.00

Se 0.41 0.70 0.51 0.39 0.48 0.79 0.47 0.64 0.70 0.66 0.46 0.54 0.58 0.48 0.54 0.34 0.54 0.50 0.72 0.57 1.00

Rb 0.71 0.80 0.91 0.63 0.52 0.71 0.92 0.58 0.75 0.80 0.91 0.68 0.73 0.68 0.89 0.71 0.76 0.51 0.57 0.32 0.34 0.78 0.44 0.73 1.00

Sr 0.62 0.84 0.76 0.77 0.85 0.86 0.94 0.72 0.75 0.72 0.87 0.68 0.90 0.32 0.57 0.46 0.75 0.38 0.62 0.85 1.00

Y 0.47 0.69 0.51 0.66 0.69 0.69 0.67 0.64 0.76 0.69 0.73 0.63 0.67 0.29 0.45 0.59 0.36 0.62 0.76 1.00

Zr 0.82 0.84 0.28 0.68 0.73 0.77 0.84 0.87 0.75 0.54 0.90 0.87 0.65 0.83 0.59 0.63 0.52 0.78 0.75 0.76 1.00

Nb 0.75 0.71 0.47 0.53 0.74 0.75 0.77 0.67 0.36 0.86 0.86 0.49 0.76 0.35 0.63 0.51 0.58 0.60 0.60 0.83 1.00

Mo -1.00 0.55 0.44 1.00

Ag 1.00 1.00 0.51 0.91 0.73 1.00

Cd 0.32 0.36 0.46 0.37 0.31 0.70 0.61 0.36 0.39 0.57 0.53 0.40 1.00

Sn 0.30 0.45 0.51 0.32 0.42 0.43 0.43 0.37 0.51 0.58 0.42 0.82 0.41 0.77 0.57 0.59 0.49 0.47 0.48 1.00

Cs 0.75 0.92 0.64 0.57 0.63 0.81 0.37 0.59 0.62 0.55 0.56 0.59 0.58 0.64 0.53 0.36 0.52 0.51 0.40 0.76 0.50 0.46 0.63 0.44 0.40 1.00

Hf -1.00 0.47 0.59 0.41 0.58 0.37 1.00

Tl 0.42 0.57 0.43 1.00

Pb 0.48 0.43 0.43 0.64 0.37 0.42 0.31 0.31 0.25 0.32 0.47 0.47 0.59 0.37 0.56 0.30 0.47 0.78 0.63 0.50 0.34 0.34 0.65 0.51 0.57 1.00

DMA MSA PH OX MA SU AD NH4 NO3 SO4 Cl Na Mg K Ca Al Fe Mn Ti Ba Zn Cu V Ni P Cr Co As Se Rb Sr Y Zr Nb Mo Ag Cd Sn Cs Hf Tl Pb
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APPENDIX C 

SOURCES OF POLLUTION AND INTERRELATIONSHIPS BETWEEN AEROSOL AND 

PRECIPITATION CHEMISTRY AT A CENTRAL CALIFORNIA SITE 

 

This article has been published in the Science of The Total Environment (2019). 
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Abstract 

This study examines co-located aerosol and precipitation chemistry data between 2010-2016 at 

Pinnacles National Monument ~65 km east of the coastline in central California. Positive matrix 

factorization analysis of the aerosol composition data revealed seven distinct pollutant sources: 

aged sea salt (25.7% of PM2.5), biomass burning (24.2% of PM2.5), fresh sea salt (15.0% of PM2.5), 

secondary sulfate (11.7% of PM2.5), dust (10.0% of PM2.5), vehicle emissions (8.2% of PM2.5), and 

secondary nitrate (5.2% of PM2.5). The influence of meteorology and transport on monthly patterns 

of PM2.5 composition is discussed. Only secondary sulfate exhibited a statistically significant 

change (a reduction) over time among the PM2.5 source factors. In contrast, PMcoarse exhibited a 

significant increase most likely due to dust influence. Monthly profiles of precipitation chemistry 

are summarized showing that the most abundant species in each month was either SO4
2-, NO3

-, or 

Cl-. Intercomparisons between the precipitation and aerosol data revealed several features: (i) 

precipitation pH was inversely related to factors associated with more acidic aerosol constituents 

such as secondary sulfate and aged sea salt, in addition to being reduced by uptake of HNO3 in the 

liquid phase; (ii) two aerosol source factors (dust and aged sea salt) and PMcoarse exhibited a 

positive association with Ca2+ in precipitation, suggestive of directly emitted aerosol types with 

larger sizes promoting precipitation; and (iii) sulfate levels in both the aerosol and precipitation 

samples analyzed were significantly correlated with dust and aged sea salt PMF factors, pointing 

to the partitioning of secondary sulfate to dust and sea salt particles. The results of this work have 

implications for the region’s air quality and hydrological cycle, in addition to demonstrating that 

the use of co-located aerosol and precipitation chemistry data can provide insights relevant to 

aerosol-precipitation interactions. 

Keywords: Pinnacles National Monument, Sea Salt, Biomass Burning, PMF, IMPROVE, NADP 
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1. Introduction 

The largest uncertainty in quantifying global anthropogenic radiative forcing is linked to 

interactions of aerosol particles with clouds (IPCC, 2013), which is partly driven by the difficulty 

of conducting the required measurements and separating the influence of meteorology and 

aerosol pollution on clouds. The impact of aerosol particles on precipitation is challenging to 

address but is important for reasons extending from improving model representation of clouds 

and precipitation to identifying the impacts of wet deposition on aquatic and terrestrial 

ecosystems due to inputs of nutrients and contaminants that may have originated from particles 

serving as cloud condensation nuclei (CCN) or ice nuclei (IN). Precipitation has important 

effects on aerosol particles owing to scavenging and removing them from the air, in addition to 

also removing gases (e.g., MacDonald et al., 2018). In this regard, monitoring the composition of 

wet deposition is important not just for impacts on ecosystems (e.g., Bobbink et al., 1998; 

Driscoll et al., 2003; Pardo et al., 2011), but for evaluating chemical tracer transport models 

(e.g., Rodhe et al., 1995; Liu et al., 2001).  As observational studies of aerosol-cloud-

precipitation interactions relying on airborne in situ measurements and remote sensing have 

limitations (e.g., cost, statistics, temporal resolution and coverage), alternative methods of 

examining this complex system can provide much needed insight. One such method is to rely on 

long-term records of surface-based aerosol and precipitation chemistry data, as has been 

demonstrated in just a few studies focused on regions such as the southwestern United States 

(Sorooshian et al., 2013) and Mexico City (Mora et al., 2017). Examining simultaneously 

collected aerosol and precipitation chemistry data can provide knowledge about topics with 

important implications including (i) sources of pollutants, (ii) potential interactions between 

gases and particles with precipitation drops including uptake processes and wet scavenging, and 

(iii) aerosol types impacting clouds that produce the precipitation.   
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Aerosol-cloud-precipitation interactions have been the subject of extensive field projects across 

California, including for stratiform cloud decks off the coast (e.g., Russell et al., 2013; 

Sorooshian et al., 2018) and for the more convective clouds inland that provide important rainfall 

for the state (e.g., Fan et al., 2014; Ralph et al., 2016), including intense precipitation events 

associated with wintertime atmospheric rivers (e.g., Ralph et al., 2004, 2013). Many of these 

studies have tried to provide details about sources of pollution impacting the clouds and what the 

sign of the precipitation response was due to an increase in aerosol concentration. This study 

aims to fill a gap by examining for the first time long term datasets for aerosol and precipitation 

chemistry at a central California site, with results that can be contrasted with findings from other 

works that have relied on aircraft and remote sensing.  

 

This study reports on long-term data collected at Pinnacles National Monument, which is 

distinguished from most other surface monitoring areas in California because of the co-location 

of monitoring instruments for both aerosol and precipitation chemistry for a long-term period. 

Another motivation for studying this site is that it represents an area impacted by a diverse set of 

sources (e.g., urban, agriculture, marine, shipping, wildfires, dust) due to its geographical 

position. Focus is first placed on a comprehensive analysis of the aerosol composition data to 

characterize temporal trends, sources of the pollutants, and the impact of meteorology and 

transport. Subsequently, the precipitation chemistry data are summarized and then compared 

with the aerosol composition data.  

 

2. Methods 



172 
 

2.1 Site Description  

California is of interest in this study owing to its large population (~36.5 million as of 1 July 

2017; US Census Bureau; https://www.census.gov/) that is impacted in various ways by aerosol 

pollution and precipitation. The Pinnacles National Monument (PNM) site was chosen for this 

analysis owing to its geographic location as an inland California site impacted by a diversity of 

sources (Figure 1), and because there are co-located aerosol and precipitation monitoring stations 

operated by the Environmental Protection Agency (EPA) Interagency Monitoring of Protected 

Visual Environments (IMPROVE) network and the National Atmospheric Deposition Program 

(NADP) National Trends Network (NTN), respectively. The PNM site is ~65 km east of the 

ocean and ~115 km south of San Jose (Figure 1). The California coastal range separates the 

marine atmosphere from the urban atmosphere over major cities such as San Jose (3rd largest in 

California), which when combined with Sunnyvale and Santa Clara forms a metropolitan area 

with an estimated population of ~1.9 million (as of 1 July 2017 according to the US Census 

Bureau; www.census.gov). To the north is the more populated metropolitan area including San 

Francisco, Oakland, and Hayward, with a combined population of 4.7 million (as of 1 July 2017; 

www.census.gov). Aside from anthropogenic and marine sources, the general region containing 

the PNM site is impacted by wildfires (Westerling et al., 2006) and long-range transport of 

pollution from distant regions such as Asia (VanCuren and Cahill, 2002), Mexico (Xu et al., 

2006), and neighboring states (Xu et al., 2006). 

 

2.2 Long-Term Surface Monitoring Stations 

Data were retrieved from the NADP/NTN (36.4819°N, -121.155°W, 300 m above MSL; 

http://nadp.slh.wisc.edu/data/ntn/) and IMPROVE (36.4833°N, -121.1568°W, 302 m above 

MSL; http://views.cira.colostate.edu/fed/DataWizard/) sites between 5 January 2010 - 27 

https://www.census.gov/
http://nadp.slh.wisc.edu/data/ntn/
http://views.cira.colostate.edu/fed/DataWizard/
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December 2016 and 2 January 2010 - 29 December 2016, respectively. At the IMPROVE site, 

24 hour filter samples were collected every third day during the study period. The collection 

system consisted of multiple separate sampling modules to characterize different aspects of 

either PM2.5 or PM10.  Of relevance to this study are the measurements of species mass 

concentrations in the PM2.5 fraction, including water soluble ions in the PM2.5 fraction measured 

by ion chromatography (SO4
−2, NO3

−, Cl−), elemental mass concentrations in the PM2.5 fraction 

measured by either X-ray fluorescence (Fe and heavier elements) or particle-induced X-ray 

emission (Na to Mn), elemental carbon (EC) and organic carbon (OC) quantified by thermal 

optical analysis according to IMPROVE-A protocol (Chow et al., 2007), and total PM2.5 and 

PM10 mass concentrations via gravimetric analysis. PMcoarse is calculated as the difference 

between PM10 and PM2.5 mass concentrations. Additional details of sampling protocols and 

measurement techniques used in IMPROVE can be found elsewhere (Solomon et al., 2014; 

Chow et al., 2015). 

 

NADP/NTN was initiated in 1978 to monitor the phenomena of wet deposition and its effects on 

terrestrial features (e.g., agriculture, forests, and water) (Lamb and Bowersox, 2000). Every 

NADP/NTN site utilizes two instruments for collection of precipitation. The Belfort B5-780 

rain-gauge mechanically measures and records the amount of precipitation each day to the 

nearest 0.01 inch. The Aerochem Metrics 301 precipitation collector (ACM) automatically 

collects precipitation samples on a weekly basis (Tuesday to Tuesday) for chemical analysis. 

Weekly samples obtained via the ACM are sent to the Central Analytical Laboratory (CAL) at 

the Illinois State Water Survey in Champaign, Illinois to quantify the weekly values of the 

following parameters: pH, conductance, and water-soluble ion concentrations (NH4
+, Ca2+, Cl−, 
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Mg2+, NO3
−, K+, Na+, SO4

2-) measured by ion chromatography. The NTN has a vigorous quality 

assurance program described in more detail elsewhere (See et al., 1989; NADP, 2014). Weekly 

values of the chemical measurements and the precipitation amounts were used for calculation of 

monthly/annual precipitation-weighted averages of pH, ion concentrations, and ion mass 

fractions. Moreover, wet deposition amounts were calculated by multiplying the weekly ion 

concentrations by the weekly amounts of precipitation. For all calculations, values below 

detection limits were substituted with half of the detection limits (DL). A summary of DL values 

for species in the NADP/NTN and IMPROVE datasets is provided in the supporting information 

(Tables S1-S2).  

 

2.3 Meteorological Data 

Meteorological data including wind speed and direction, temperature, relative humidity, and 

solar radiation were obtained from the EPA Air Quality System (AQS) database 

(https://www.epa.gov/outdoor-air-quality-data) for the PNM IMPROVE site. Precipitation 

accumulation data were obtained from the NADP/NTN site. Planetary boundary layer height 

(PBLH) data were obtained from the Modern Era-Retrospective Analysis for Research and 

Applications (MERRA-2) model with 0.5° × 0.625° spatial resolution. Values of near surface 

specific humidity and surface soil moisture (0-10 cm) were obtained from the Global Land Data 

Assimilation System (GLDAS) with 0.25° × 0.25° spatial resolution. Parameters obtained from 

both MERRA-2 and GLDAS were calculated over 0.5° × 0.625° and 0.5° × 0.5° areas, 

respectively, extending around the PNM site.  

 

https://www.epa.gov/outdoor-air-quality-data
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2.4  Calculations 

2.4.1 Positive Matrix Factorization (PMF) 

A PMF model (US EPA’s PMF version 5) was applied to the field data to identify sources and 

evaluate corresponding contributions impacting a sampling site (Paatero and Tapper, 1994; 

Paatero, 1997; Hopke, 2016). PMF has been widely implemented as a way to conduct source 

apportionment of PM2.5 (Polissar et al., 2001; Lee et al., 2006; Masiol et al., 2014). Seventeen 

species (SO4
2-, NO3

-, OC, EC, Na, Al, Si, Cl-, K, Ca, V, Mn, Fe, Ni, Cu, Zn, Br) were included in 

the analysis and categorized as “strong” based on exhibiting a signal to noise ratio (S/N) above 

one. Summary statistics for PM2.5 and speciated concentrations included in PMF analysis are 

given in Table S2. PM2.5 was added to the model as a total variable, categorized as a “weak” 

species to minimize its effect in driving the model results (Kim et al., 2003). Based on Polissar et 

al. (1998), concentration values below the DL were substituted with a value equal to half of the 

DL, with an uncertainty of 5/6 of the associated DL. For missing values, median species 

concentrations were used, with an uncertainty of four times the median. An additional 10% 

uncertainty was added to account for unconsidered errors for all species. 

 

The uncertainty associated with the model output was assessed via bootstrapping (BS), 

displacement (DISP), and bootstrapping with displacement (BS-DISP). For BS, 300 resamples 

were used with a threshold value of 0.6 for the correlation coefficient (r) to qualify as successful 

mapping in each run. For DISP and BS-DISP analyses, factor swaps and uncertainty in the 

model output were assessed for dQmax equal to four.   
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2.4.2 Concentration Weighted Trajectory (CWT) Analysis 

As a way of tracking the trajectory of specific aerosol chemical signatures to the sample site, 

Concentration Weighted Trajectory (CWT) analysis was employed (e.g., Hsu et al., 2003). This 

method considers grid cells that are assigned a weighted concentration calculated by taking the 

mean of sample concentrations that have associated trajectories crossing a particular grid cell. 

The GIS-based software TrajStat (Wang et al., 2009) was used to obtain the CWT profiles. In 

order to obtain CWT profiles, 96 h back-trajectories were used from the Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015; Rolph, 2016) ending 500 

m above ground level at PNM. Trajectories were obtained every six hours using the National 

Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 

reanalysis data with the “Model vertical velocity” method. Using a domain of -180° to -100° 

longitude and 20° to 70° latitude with grid cell size 0.5°×0.5° resulted in an average of ~20 

trajectory end points for each cell. A point filter was applied to reduce weight in the effect of the 

cells with only a small number of end points (Wang et al., 2009). Trajectory frequency maps 

from 2010 to 2016 are provided in Figure S1, showing that the majority of air masses originated 

over the Pacific Ocean, especially in the summer, which exhibited a more distant trajectory of air 

down the coastline of the western United States towards the PNM site. 

 

3. Results and Discussion 

3.1  Meteorological Profile 

The monthly meteorological profile is summarized in Figure 2 for the study region. Precipitation 

occurred between October and June without any accumulation in the summer months between July 
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and September. The peak of precipitation accumulation was between December and March. Soil 

moisture expectedly followed the same general monthly profile as precipitation, suggestive of a 

greater likelihood of local soil emissions in summer months, especially when coupled to higher 

wind speeds in those months. Specific humidity was most enhanced in the summer months (July-

August) unlike relative humidity, which is sensitive to temperature and exhibited higher levels in 

the winter months. The PBLH expectedly followed the same general trend as ambient temperature 

and solar radiation with higher levels in the summer months. 

 

3.2 Source Apportionment of PM2.5 

PMF analysis was conducted to identify key sources, and multiple PMF solutions ranging from 

having three to 10 characteristic pollutant sources were analyzed. The final solution with seven 

sources was chosen based on the physical validity of the results (described in Supporting 

Information, Figures S2-S6), which also showed the proximity of the calculated ratio of 

Qtrue/Qexpected (1.1) to 1.0. The optimal solution also exhibited the following characteristics: i) all 

factors were mapped in BS runs; ii) during DISP, no factor swap was observed (Table S3) and 

the decrease in Q values was less than 1%; and iii) there were no factor swaps in BS-DISP 

(Table S3) where OC, EC, SO4
2-, NO3

-, Cl-, K, and Na were actively displaced. In addition, there 

was a high coefficient of variation between measured and predicted PM2.5 (r
2 = 0.91), which 

added confidence in relying on the PMF model for source apportionment of PM2.5.  

 

The seven resolved source profiles of PM2.5 are shown in Figure 3, with their associated monthly 

profiles summarized in Figure 4, which were derived from BS resampling (n = 10000). Time 
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series plots of PM2.5 mass concentrations from each source are shown in the supporting 

information (Figure S7). The smoothed results of CWT analysis associated with each factor for 

the full study period are shown in Figure 5, with seasonal maps shown in Figure S8.  

 

3.2.1 Biomass Burning  

The mass concentration associated with the biomass burning source factor accounted for 24.2% 

of total PM2.5. As compared to other sources, biomass burning contributed the most to the overall 

mass concentrations of EC (55.7%), OC (52.0%), and K (41.1%) (Figure 3), the cluster of which 

is known to be associated with biomass burning in the western United States (Cahill et al., 2008; 

Schlosser et al., 2017) owing mainly to wildfires and wood burning for domestic heating (Wang 

et al., 2012; Masiol et al., 2017). The temporal profile of biomass burning differs from the other 

six source factors in that it exhibits its highest concentrations (> 1 µg m-3) for an extended period 

of the year (November – April), and with a minor concentration peak in the summer months of 

July-August (Figure 4). The more pronounced and longer concentration peak stems most likely 

from domestic heating, while the smaller peak in the summertime, coupled with the highest 

variability in mass concentration, is linked to wildfire activity (Westerling et al., 2006; Dennison 

et al., 2014) (Figure 4). The CWT plot presented in Figure 5 shows that the strongest sources of 

this pollutant type are expectedly over the western United States, with strong influence from the 

neighboring states of Oregon and Nevada. 

 

3.2.2 Dust 
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The dust source factor accounted for 10.0% of total PM2.5. This factor is linked to dust, 

supported by it contributing the most to the mass concentrations of the following crustal 

elements (e.g., Malm et al., 1994; Chow et al., 2003; Prabhakar et al., 2014a): Al (81.8%), Si 

(76.3%), Mn (63.3%), Fe (61.1%), and Ca (50.2%). Dust exhibited a bimodal temporal profile 

with minimum concentrations between November and February owing to low wind speeds and 

high soil moisture. Maximum mass concentrations of dust occurred between the spring months 

of March and May, likely related to dust transport from distant sources including Asia (Tratt et 

al., 2001; VanCuren and Cahill, 2002; Wells et al., 2007; Kavouras et al., 2009; Creamean et al., 

2014; Lopez et al., 2016) and neighboring states such as Nevada (Figure 5). Locally generated 

dust likely did not contribute significantly in those months as PMcoarse did not exhibit its highest 

levels (Figure 4). Ideal conditions for local dust emissions (low soil moisture, high wind speed) 

occurred later in the summer months. In contrast to March-May, the second concentration peak 

for dust between September-October was most likely driven by local sources, supported by 

PMcoarse exhibiting maximum mass concentrations (Figure 4) and its highest correlation with dust 

during these months (Table 1); furthermore, soil moisture is near its lowest values in these 

months too.  

 

The CWT map of dust is somewhat similar to that of biomass burning in that major sources are 

California, Nevada, and Oregon. Dust can be co-emitted with biomass burning emissions due to 

the buoyancy and turbulence associated with fires near the surface (e.g., Kavouras et al., 2012; 

Popovicheva et al., 2014; Maudlin et al., 2015). The impact of Asian dust is recognizable from 

seasonal CWT maps (Figure S8) where spring months showed the greatest dust concentrations 

for trajectories transported over the Pacific Ocean. As Asian dust has previously been linked to 
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California orographic precipitation (Ault et al., 2011), the PMF and CWT results emphasize the 

importance of considering also locally generated dust and plumes from neighboring states with 

regard to impacts on clouds and precipitation in the study region. At high altitudes, dust has been 

shown to be an important source of IN (e.g., Heintzenberg et al., 1996; Twohy and Gandrud, 

1998; DeMott et al., 2003). 

 

3.2.3 Secondary Sulfate 

The secondary sulfate source factor (11.7% of total PM2.5) contributed the most of any factor to 

the mass concentrations of sulfate (51.5%), V (77.0%) and Ni (53.5%), the group of which is 

linked to fuel oil combustion such as with shipping (Moldanova et al., 2009; Coggon et al., 

2012). Aside from secondary production of sulfate stemming from SO2 emitted by ships and 

potentially other regional combustion sources, another significant source of sulfate in the region 

is secondary production from dimethlysulfide (DMS) emissions over the ocean. Sulfur emissions 

from ships were previously found to be of the same order of magnitude as that of DMS fluxes in 

a marine environment (Corbett and Fischbeck, 1997). The peak in mass concentration for 

secondary sulfate in July is consistent with many past studies showing a summertime peak owing 

to enhanced photochemical activity and reactions facilitated in conditions of high moisture (e.g., 

Hidy et al., 1978; Baumgardner et al., 1999; Tai et al., 2010; Hand et al., 2012). 

 

The CWT map shows that strong contributions come from marine areas, especially along the 

southern coast where both the Port of Los Angeles and the Port of Long Beach are situated. 

These two ports are among the busiest ones in the United States by container volume (US 
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Department of Transportation, 2017). The high sulfate levels stretch from between those ports to 

farther north by Oakland and San Francisco where there is major port activity as well. 

 

Analysis using the non-parametric Mann-Kendall test at the 95% significance level revealed that 

secondary sulfate is the only PM2.5 factor showing a significant trend versus time in its mean 

annual concentration. In agreement with previous studies showing sulfate reductions (e.g., Malm 

et al., 2002; Sorooshian et al., 2011; Chan et al., 2018), this factor exhibited a decreasing trend (-

0.06 μg m-3 yr-1) over the study period most likely due to the reduction in SO2 emissions (Hand 

et al., 2012). This is an important result with regard to impacts on regional aerosol properties as 

sulfate is a hygroscopic component of ambient particles and its reduced levels can alter overall 

water-uptake properties; also, less sulfate in ambient particles can allow for more ammonium 

nitrate production as formation of this latter salt is thermodynamically less favorable than 

ammonium sulfate (e.g., Seinfeld and Pandis, 2016). Less particulate sulfate also has the 

important effect of limiting the ability of this species to reduce precipitation acidity, where 

H2SO4 has been shown to be the more significant acidifying agent in wet deposition in contrast 

to the other major inorganic acid, HNO3, for some regions (e.g., Tuncer et al., 2001; Naimabadi 

et al., 2018).  

 

3.2.4 Secondary Nitrate 

The secondary nitrate source factor accounted for 5.2% of total PM2.5, the lowest of any factor. 

As expected, this source was the dominant contributor to nitrate (63.2%), which is a result of 

secondary formation from NOx, sources of which are diverse in the region including ship 

exhaust, biomass burning, agricultural activity, and urban emissions (Prabhakar et al., 2014b).  
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The monthly profile of secondary nitrate mimics what would be expected for a species favoring 

conditions associated with colder conditions in winter months (December – February), 

coincident with more wood burning and a shallower PBLH. Thermodynamically, nitrate favors 

the aerosol phase at lower temperatures (e.g., Johnson et al., 1994). In contrast to the other 

source factors, the CWT map for secondary nitrate exhibits strong sources both over the ocean 

and over the western United States spanning the states of California, Nevada, Oregon, and 

Washington, consistent with precursor sources being over land and the ocean.  

 

3.2.5 Fresh and Aged Sea Salt 

The fresh sea salt source factor accounted for 15.0% of total PM2.5. This factor contributes the 

most to the overall mass concentrations of Na (60.6%) and Cl- (93.9%). The monthly profile 

reveals that the highest PM2.5 concentration of fresh sea salt was in May and June. The CWT map 

expectedly shows greater mass concentrations associated with trajectories coming from the 

northwest over the Pacific Ocean.  

 

The aged sea salt factor contributed 25.7% to total PM2.5. In contrast to fresh sea salt, this factor 

contributed more to a wider range of species Na (37.1%), Br (36.3%), nitrate (34.9%), Cu (28.6%), 

OC (24.7%), sulfate (25.1%), and Ni (24.4%), in addition to having a negligible contribution to 

Cl-. The high concentration of sulfate, nitrate, and OC can be attributed to sea salt aging processes. 

Sea salt aging includes the reaction of sea salt aerosol with acidic gases that replace Cl- (chloride 

depletion) by other anions and release hydrochloric acid (Meinert and Winchester, 1977; Eldering 

et al., 1991). Sulfuric acid and nitric acids are among most abundant inorganic acids causing 

chloride depletion (Sievering et al., 1991; ten Brink, 1998; Yao et al., 2003). Moreover, organic 
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acids emitted from various sources (e.g., wildfires) will alter sea salt composition. For instance, in 

a study at a nearby coastal site, Braun et al. (2017) showed that Cl- exhibited substantially 

diminished concentrations during the Soberanes Fire.  

 

The temporal profile of aged sea salt differs from that of fresh sea salt in that the peak 

concentrations were between June and September rather than May-June. This may be explained 

by more efficient production of secondary aerosol species in the summertime owing to higher 

incident solar radiation and photochemical reactivity (Lack et al., 2004; Tai et al., 2010). More 

specifically, there are enhanced biogenic volatile organic compound emissions during the summer 

in the study region (Sorooshian et al., 2015), which, when coupled to high concentrations of 

oxidants (e.g., hydroxyl radicals), can produce high levels of secondary organic aerosol (SOA) 

species such as organic acids that have been shown to partition to coarse sea salt particles (Laskin 

et al., 2012; Braun et al., 2017). Also notable during the summertime in the region is efficient 

aqueous chemistry to produce SOA, especially organic acids, and secondary sulfate (Sorooshian 

et al., 2007) that can subsequently interact with sea salt particles. Similar to fresh sea salt, the CWT 

map for aged sea salt shows that the major sources reside over the Pacific Ocean, with the 

difference being that there is more influence from sources, including ship exhaust, closer to the 

coastline extending from central California to British Columbia. The spatial pattern of highest 

concentrations is expectedly close to that of secondary sulfate. The findings associated with sea 

salt emphasize the importance of distinguishing between aged and fresh sea salt owing to different 

chemical profiles, and thus varying hygroscopic and radiative properties.  

 

3.2.6 Vehicle Emissions 
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The vehicle emission source factor contributed 8.2% to total PM2.5. This factor contributed the 

most to EC (27.0%) and OC (13.6%), in addition to metals including Cu (71.4%), Zn (46.0%), 

Fe (20.6%), and Mn (17.3%). OC and EC are established markers of both diesel and gasoline 

vehicular exhaust (El Haddad et al., 2009; Zhu et al., 2010; Pant and Harrison, 2013). The 

presence of metal tracers in this factor is due not only to vehicular exhaust, but also non-exhaust 

emissions such as brake wear, tire wear, and re-suspension of dust (Wahlin et al., 2006; Fabretti 

et al., 2009; Pant and Harrison, 2013). There is also a notable contribution from this factor to Br 

(30%), which has been observed in vehicle exhaust in previous studies (Lim et al., 2010; Peltier 

et al., 2011). In fact, Br is common additive element used in gasoline and lubricating oil (Huang 

et al., 1994). 

 

The monthly profile of the vehicle emissions factor differs from all other sources in that it 

exhibited a dominant peak in October, which is coincidentally the month where dust exhibited a 

secondary peak and linked earlier to locally generated sources rather than long-range transport. 

Dust can be emitted via vehicular activity (i.e., road dust), which is the connection between 

vehicular emissions tracers and dust. The lowest concentrations of this source factor in the 

summer months may be due to more dilution owing to the highest year-round PBLHs (Figure 2). 

The CWT map shows that the main source regions coincide with areas containing busy roadways 

including the Central Valley, southern California, and western Nevada.  

 

3.3 PMcoarse  

Although not a PMF source factor, PMcoarse is relevant to the discussion as it provides insight into 

the nature of larger aerosol particles, specifically dust and sea salt. Its monthly profile most closely 
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resembles that of aged sea salt rather than dust or fresh sea salt owing to the proximity to the ocean 

and because the aerosol has been aged by the time it reaches the PNM site, respectively. Consistent 

with that result, PMcoarse concentrations are best correlated with those of aged sea salt (r = 0.65) 

followed by dust (r = 0.55) on annual time scales (Table 1). PMcoarse is best correlated with aged 

sea salt for half of the year (MAM, JJA), while it was best correlated with dust for the other half 

of the year (DJF, SON). The CWT profiles of PMcoarse expectedly represent a hybrid of the two 

sea salt factors and dust.  

PMcoarse exhibited a statistically significant upward trend in its mean annual concentration during 

the study period (0.17 µg m-3 yr-1), which, as will be shown subsequently, may have been driven 

to at least some extent by increasing levels of coarse dust particles. This speculation is based on a 

significant relationship between PMcoarse and a dust tracer in wet deposition (Ca2+), whereas 

PMcoarse exhibited insignificant relationships with both major sea salt constituents (Na+ and Cl-) 

(Table 2).  

 

3.4 Cumulative Precipitation Chemistry Profile 

The monthly profiles and time series of species concentrations and pH are summarized in Figure 

6a and Figure S9, respectively. The non-parametric Kruskal-Wallis test was applied (Table S4) to 

the NADP/NTN data to determine whether the species concentrations and pH values exhibited 

significant (p < 0.05) monthly differences. Except for Na+, Cl-, and Mg2+, all other species and pH 

showed significant differences in averaged monthly values. Monthly averaged values of pH ranged 

from 5.33 to 5.51. Of note are the higher concentrations for all species and lowest pH in May, 

owing largely to very low precipitation in that month and presumably less dilution in solution as 

compared to other months. This would have led to higher concentrations of acidic species. For 
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analagous reasons, the month with the highest precipitation accumulation, December, exhibited 

among the lowest ion concentrations and the highest pH. The non-parametric Mann-Kendall test 

was applied to the precipitation species concentrations and pH to see if any significant trends were 

evident during the study period, and none appeared. 

 

The monthly profile of mass fractions reveals that the most abundant species was either Cl- (0.18 

– 0.39), SO4
2- (0.14 – 0.25), or NO3

- (0.11 - 0.33). The least abundant species was usually K+ with 

the exception of June when it mass fraction reached 0.11 in contrast to being < 0.02 in other months. 

It is unclear though as to what the source was as the biomass burning factor (a major source of K+) 

exhibited its lowest concentration in that month.  

 

Another way to examine the precipitation data is by examining deposition fluxes (Figure 6c), 

which has similarity to the monthly profile of precipitation accumulation. Among months with 

precipitation, deposition fluxes of the species examined peaked in February, March, and December, 

with the lowest fluxes being in June. In most months with precipitation, the major sea salt 

components (Na+ and Cl-) accounted for most of the deposition by mass among the species 

examined. Sulfate and NO3
- were the next highest in terms of overall deposition flux among the 

nine months with recorded data, with especially high levels in June and October, as evident by 

their high combined mass fractions in those months. 

 

There were strong interrelationships between the various ions measured (Table S5), with the 

strongest being between sea salt constituents: Na+ and Cl- (r = 1.00), Mg2+ and Cl- (r = 0.99), Mg2+ 

and Na+ (r = 0.99). The significant relationships between species typically associated with 
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secondary production mechanisms (SO4
2-, NO3

-, NH4
+) and the rest which are commonly 

associated with sea salt and/or crustal particles, is consistent with other regions (Hutchings et al., 

2009; Satyanarayana et al., 2010; Sorooshian et al., 2013; Mora et al., 2017). This can be explained 

by the partitioning of secondarily produced species to the coarser aerosol particle types (sea salt, 

dust) or by scavenging of the former by hydrometeors (Granat et al., 2002; van der Swaluw et al., 

2011). The pH of wet deposition exhibited a significant relationship with only NO3
- (r = -0.35) 

indicative of how that species, at the minimum, is associated with more acidic precipitation. Liquid 

water in the form of drops readily takes up HNO3, which is a likely explanation for the reduction 

in pH.  

 

3.5 Aerosol-Precipitation Chemical Interrelationships  

Mass fractions of the precipitation species were compared to concentrations of the PMF factors, 

PM2.5, and PMcoarse (Table 2), with the results essentially resembling those when comparing 

concentrations of the precipitation species with those of PMF factors. The pH of precipitation was 

inversely related to factors associated with more acidic elements such as secondary sulfate and 

aged sea salt. The fact that pH was only correlated with NO3
- among the precipitation species and 

not secondary nitrate in the aerosol phase is further supportive of the speculation that there was 

uptake of HNO3 in the liquid phase, which would not manifest itself in the surface aerosol 

measurements.  

 

The mass fraction of Ca2+ in precipitation exhibited its highest r value (0.34) with the dust source 

factor, suggestive of dust seeding precipitation leading to the higher Ca2+ levels in precipitation 

samples. As described in previous studies, dust aerosol can play a role as IN and increase 
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preciptation in mixed-phase clouds (e.g., Muhlbauer and Lohmann, 2009; Rosenfeld et al., 2011). 

A similar link between dust and precipitation has been observed in nearby regions such as Arizona 

and New Mexico (Hutchings et al., 2009; Sorooshian et al., 2013), Texas (Ponette-González et al., 

2018), and the Sierra Nevada in California (Ault et al., 2011; Creamean et al., 2013). In contrast 

to fresh sea salt, the aged sea salt source factor was also correlated with Ca2+ in precipitation (r = 

0.25), suggesting that marine emissions are another contributor to Ca2+ in the region’s wet 

deposition.  

For the three most abundant components in precipitation based on mass fractions, Cl- was only 

correlated with dust, SO4
2- was correlated with dust, secondary sulfate, and aged sea salt, while 

NO3
- was correlated with fresh sea salt and vehicle emissions (Table 2). It is noteworthy that there 

was a significant relationship between SO4
2- in precipitation with both the dust and aged sea salt 

factors of PM2.5, in addition to PMcoarse, owing most likely to the partitioning of secondary sulfate 

to coarse aerosol surfaces (Usher et al., 2002; Manktelow et al., 2010; Wang et al., 2016). In the 

aerosol phase, the secondary sulfate factor was positively correlated with the dust factor (r = 0.32, 

p < 0.05), aged sea salt factor (r = 0.30, p < 0.05), and PMcoarse (r = 0.38, p < 0.05). Size-resolved 

aerosol measurements closer to the coast in central California show that SO4
2-, NO3

-, and organic 

acids reside in the same size range as where sea salt and dust aerosol exhibit their highest mass 

concentrations (Maudlin et al., 2015). Lastly, it was of note that the biomass burning source factor 

did not exhibit a significant relationship with the mass fraction of any precipitation species.  

 

4. Conclusions 

This study leveraged  a long-term dataset of co-located aerosol and precipitation composition 

measurements at a central California site (Pinnacles National Monument) that is impacted by 
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diverse pollutant types including marine emissions, dust, wildfires, and urban emissions.  The 

goal was to critically examine the data to understand pollutant sources and to additionally use 

interrelationships between aerosol and precipitation species to gain insight into both aerosol 

types impacting clouds that produce the precipitation and interactions between gases and 

particles with precipitation drops (e.g., uptake processes and wet scavenging).  

 

A thorough characterization of pollution sources was presented including their relative 

contributions to total PM2.5 and the influence of transport, meteorology, and time of year. Aged 

sea salt was the most influential source on a mass basis to PM2.5, which was shown to exhibit a 

distinct chemical profile relative to fresh salt in that there was a likely contribution from 

inorganic and organic acids stemming from precursors emissions from both natural and 

anthropogenic sources. Interstate transport of pollution was shown to be important with regard to 

aerosol types linked to dust, wildfire emissions, secondary nitrate, and vehicular emissions, while 

Asian dust was shown to be impactful in the study region in spring months. Of note was that 

secondary sulfate represented the only PM2.5 pollutant source exhibiting a significant trend 

during the study period as its levels have decreased, with implications of this phenomenon 

discussed. In contrast, PMcoarse exhibited a significant increase owing most likely to the influence 

of dust. 

 

Intercomparison of aerosol and precipitation data revealed that the two aerosol source factors 

(dust and aged sea salt) and PMcoarse exhibited a positive association with Ca2+ in precipitation, 

suggestive of directly emitted aerosol types with larger sizes impacting precipitation.  

Furthermore, sulfate levels in both the aerosol and precipitation samples analyzed were 
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significantly correlated with dust and aged sea salt PMF factors, pointing to the partitioning of 

secondary sulfate to dust and sea salt particles. Presumably other acids may partition to these 

coarse aerosol types as well and impact precipitation, such as organic acids; however, speciated 

organics were unavailable in the precipitation dataset. Intercomparisons of the aerosol and 

precipitation datasets reveal that there likely was efficient uptake of HNO3 to drops, which 

served to reduce precipitation pH values.  

 

The results of this analysis revealed that simultaneously collected aerosol and precipitation 

chemistry data at a single site can indeed provide useful insight into processes associated with 

aerosol effects on clouds (via CCN and IN sources) and also precipitation effects on aerosol (via 

scavenging and uptake of gases). Further research is warrranted to validate some of the 

explanations provided in this intercomparison as the current datasets cannot provide 

unambiguous proof of cause-and-effect relationships. However, a major motivation of the 

intercomparison is to infer about processes to subsequently validate with more focused 

measurements and modeling studies.  
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Table 1. Correlation coefficients (r) between PMcoarse and seven PMF factors corresponding to 

the PM2.5 fraction of sampled aerosol. Values are only shown when statistically significant based 

on p < 0.05. 

 

  

Annual DJF MAM JJA SON

Biomass burning - - - 0.22 -

Dust 0.55 0.79 0.46 0.58 0.83

Secondary sulfate 0.38 - 0.34 0.36 0.21

Secondary nitrate - - 0.47 0.41 -

Fresh sea salt 0.24 - 0.39 0.26 -

Vehicle emissions 0.18 0.23 0.33 0.33 0.29

Aged sea salt 0.65 0.36 0.55 0.68 0.49

PMcoarse
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Table 2. Correlation coefficients (r) of both weekly mass cocentrations (values before “/”)  and 

mass fractions (values after “/”)  of precipitation species versus the weekly averaged aerosol 

mass concetrations for seven PMF factors and also total PM2.5 and PMcoarse. Values are only 

shown when statistically significant based on p < 0.05.  

 

 

 

  

Ca
2+

:Rain Mg
2+

:Rain K
+
:Rain Na

+
:Rain NH4

+
:Rain NO3

-
:Rain Cl

-
:Rain SO4

2-
:Rain pH:Rain

Biomass burning - / - - / - - / - - / - - / - - / - - / - - / - -

Dust 0.36 / 0.34 - / - - / - - / -0.25 0.31 / - 0.31 / - - / -0.24 0.30 / 0.37 -

Secondary sulfate - / 0.27 - / - - / - - / - - / - - / - - / - - / 0.45 -0.23

Secondary nitrate - / - - / - - / - - / - - / - - / - - / - - / - -

Fresh sea salt - / - - / - - / - - / - - / - - / -0.20 - / - - / - -

Vehicle emissions - / - - / - - / -0.19 - / - - / - - / 0.25 - / - - / - -0.31

Aged sea salt 0.26 / 0.25 - / - - / - - / - - / - 0.23 / - - / - - / 0.24 -0.24

PM2.5 0.24 / - - / - - / - - / - - / - 0.19 / - - / - 0.20 / 0.21 -0.23

PMcoarse 0.28 / 0.22 - / - - / - - / - 0.19 / - 0.24 / - - / - 0.23 / 0.34 -
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Figure 1. Map showing the study region, including where the collocated IMPROVE and 

NADP/NTN stations are at Pinnacles National Monument relative to major urban centers 

and the coastline.   
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Figure 2. Monthly profiles of (a) precipitation accumulation, (b) specific humidity and 

relative humidity, (c) planetary boundary layer height (PBLH), (d) temperature and solar 

radiation, (e) soil moisture, and (f) wind speed based on data between 2010 and 2016. These 

profiles are obtained from different data sources including EPA AQS monitoring network, 

MERRA-2, and GLDAS.    



212 
 

   
Figure 3. Seven source factor profiles from PMF analysis using chemically-speciated PM2.5 

data from PNM IMPROVE station. Blue bars represent the mass concentration of the 

species while red filled markers signify the percent contribution of a particular source 

factor to the mass sum of a species’ overall concentration. Black circles and error bars 

represent mean and range, respectively, of DISP values of the species mass concentration.  
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Figure 4. Monthly mean statistics of source factor mass concentrations. Solid lines and 

shadings represent the mean and 95th confidence intervals, respectively, calculated using 

bootstrapping (n = 10000). 
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Figure 5. Concentration Weighted Trajectory (CWT) maps of PMF source factors in 

addition to PMcoarse. 
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Figure 6. Monthly (a) precipitation-weighted average of weekly species concentrations, (b) 

precipitation-weighted average of weekly species mass fractions, and (c) wet deposition flux 

of species from the PNM site between 2010 and 2016. The number of samples in each 

month ranged from 6-23, except for June (n = 3) and July-September (n = 0).  
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PMF runs  

PMF solutions ranging from three to 10 sources were analyzed for PM2.5 data obtained from 

PNM IMPROVE station. When considering the three and four factor solutions (Figures S2-S3), 

the model was not sufficiently successful to separate secondary aerosol into unique sources such 

as secondary sulfate and secondary nitrate. Secondary sulfate, secondary nitrate, biomass 

burning, sea salt, and dust were identified in the five factor solution (Figure S4). However, the 

secondary sulfate factor exhibited characteristics of a mixed source based on the presence of 

significant concentrations of Na, nitrate, and OC. For the six factor solution (Figure S5), 

secondary sulfate was described successfully without interference from species stemming from 

other known sources in the study region. In addition, a new factor including OC, EC, Cu, Br, and 

Na was identified, exhibiting fingerprints of both aged sea salt and vehicle emissions.  

When examining the six and seven factor solutions, aged sea salt and vehicle emissions were 

successfully separated from one another. Overall, moving from five to seven factors improved 

the model performance for prediction of the following species: OC (r2 = 0.79 for 7 factors vs r2 = 

0.65 for 5 factors), nitrate (r2 = 0.99 for 7 factors vs r2 = 0.90 for 5 factors), V (r2 = 0.66 for 7 

factors vs r2 = 0.57 for 5 factors), Br (r2 = 0.79 for 7 factors vs r2 = 0.65 for 5 factors), and Zn (r2 

= 0.22 for 7 factors vs r2 = 0.14 for 5 factors). For the eight factor solution (Figure S6), a new 

factor was identified, which exhibited a significant contribution to Zn with negligible 

contribution to other species. Zinc, Cu, Fe, and Mn are the tracers of brake and tire wear (Wahlin 

et al., 2006). However, the negligible contributions to Cu, Fe, and Mn help to reject the 

connection of this Zn factor to brake and tire wear. This further can indicate that there may be 

too many factors being fit in the eight factor solution. To further test the validity of the eight 

factor solution, error estimation (EE) analysis was performed on solutions ranging from having 
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five to nine factors (Table S3).  There were no swaps in DISP and BS-DISP for five, six, and 

seven factors. In contrast, 9% and 28% of BS-DISP runs for eight and nine factors, respectively, 

were rejected due to factor swaps. Therefore, the seven factor solution was recognized as the 

most physically plausible based on source profiles and EE analysis.   
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Table S1. Summary ranges of detection limit (DL) for rain species measured by 

NADP/NTN. 

 

  

DL (mg/L)

Ca
2+ 0.009-0.027

Mg
2+ 0.001-0.009

K
+ 0.001-0.004

Na
+ <0.006

NH4
+ 0.008-0.19

NO3
- ≤0.007

Cl
- <0.014

SO4
2- <0.03



220 
 

Table S2. Summary statistics for PM2.5 and speciated mass concentrations included in the 

PMF analysis from the Pinnacles National Monument IMPROVE station between 2010 

and 2016. S/N = signal to noise ratio; DL = detection limits; Min/Max = 

minimum/maximum concentrations; 25th/75th = 25th percentile/75th percentile values. 

  

Species S/N DL Min 25th Median 75th Max

PM10 (μg m
-3

) 10.0 0.39-0.53 2.16E+00 5.76E+00 8.99E+00 1.26E+01 6.32E+01

PM2.5 (μg m-3) 9.8 0.28-0.39 3.85E-01 2.55E+00 3.57E+00 4.90E+00 2.20E+01

SO4
2-  

(ng m
-3

) 9.8 3.98-156.92 2.08E+01 3.35E+02 5.40E+02 8.39E+02 5.90E+03

NO3
-  (ng m-3) 9.7 5.8-96.5 1.99E+01 2.06E+02 3.82E+02 6.03E+02 3.90E+03

OC (ng m
-3

) 8.5 28.3-152.36 9.31E+01 4.81E+02 7.04E+02 1.02E+03 9.28E+03

EC (ng m-3) 2.7 8.3-71.1 5.28E+00 5.75E+01 1.08E+02 1.80E+02 1.60E+03

Na (ng m
-3

) 5.9 3.8-31.12 1.95E+00 6.36E+01 1.55E+02 3.04E+02 1.87E+03

Al (ng m-3) 7.1 1.13-13.41 6.35E-01 1.15E+01 2.29E+01 3.92E+01 2.91E+02

Si (ng m
-3

) 7.4 0.73-28.69 4.70E-01 2.59E+01 5.37E+01 9.34E+01 6.50E+02

Cl- (ng m-3) 7.4 2.81-79.3 5.35E+00 2.73E+01 8.10E+01 2.64E+02 2.82E+03

K (ng m
-3

) 9.9 0.16-4.74 3.73E+00 2.01E+01 2.90E+01 4.12E+01 3.80E+02

Ca (ng m-3) 8.1 0.06-7.64 1.12E+00 1.19E+01 2.17E+01 3.36E+01 2.21E+02

V (ng m
-3

) 2.0 0.02-0.16 1.00E-02 5.50E-02 1.55E-01 3.10E-01 4.68E+00

Mn (ng m-3) 2.7 0.02-0.47 4.00E-02 1.65E-01 5.00E-01 8.30E-01 5.93E+00

Fe (ng m
-3

) 8.7 0.04-9.41 6.30E-01 1.24E+01 2.11E+01 3.39E+01 2.00E+02

Ni (ng m-3) 1.0 0.04-0.14 2.00E-02 5.50E-02 5.50E-02 1.60E-01 1.39E+00

Cu (ng m
-3

) 3.2 0.03-2.55 1.50E-02 2.33E-01 4.50E-01 7.60E-01 1.63E+01

Zn (ng m-3) 6.0 0.03-1.39 1.05E-01 7.00E-01 1.27E+00 2.17E+00 8.03E+01

Br (ng m
-3

) 7.5 0.03-0.28 6.00E-02 9.83E-01 1.47E+00 2.16E+00 8.78E+00
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Table S3. Summary of PMF results for varying number of factors. 

   

Diagnostic 5 6 7 8 9

Qexpected 9798 8956 8114 7272 6430

Qtrue 13571 10955 8878 6969 5520

Qrobust 13337 10768 8693 6858 5414

Qtrue/Qexpected 1.39 1.22 1.09 0.96 0.86

Qrobust/Qexpected 1.36 1.20 1.07 0.94 0.84

BS mapping 100% 100% 100% 100% 100%

DISP swaps 0 0 0 0 0

BS-DISP % cases with swaps 0% 0% 0% 9% 24%

Number of Factors
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Table S4. Kruskal-Wallis test results for species monthly concentrations and pH for 

precipitation samples. Species with statistically significant differences (p < 0.05) in 

averaged monthly values are shown in the bold and italic font. 

 

  

Test p - value

Ca
2+ 

monthly concentration 8.00E-06

Mg
2+ 

monthly concentration 1.02E-01

K
+ 

monthly concentration 1.34E-02

Na
+ 

monthly concentration 1.54E-01

NH 4
+ 

monthly concentration 3.39E-02

NO 3
- 

monthly concentration 4.20E-02

Cl
- 
monthly concentration 1.53E-01

SO 4
2- 

monthly concentration 3.17E-05

pH monthly value 3.08E-03
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Table S5. Correlation matrix (r values) between weekly values of species concentrations, 

pH, and precipitation accumulation (“accumulation”). Values are only shown when 

statistically significant based on p < 0.05. 

 

  

 

Ca
2+

Mg
2+

K
+

Na
+ NH4

+
NO3

-
Cl

- SO4
2- pH Accumulation

Ca
2+ 1.00

Mg
2+ 0.80 1.00

K
+ 0.70 0.79 1.00

Na
+ 0.75 0.99 0.78 1.00

NH4
+ 0.64 0.54 0.51 0.48 1.00

NO3
- 0.69 0.40 0.42 0.34 0.72 1.00

Cl
- 0.75 0.99 0.81 1.00 0.48 0.33 1.00

SO4
2- 0.86 0.90 0.77 0.85 0.74 0.62 0.86 1.00

pH -0.35 1.00

Accumulation -0.30 -0.19 -0.24 -0.28 -0.21 1.00
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Figure S1. Trajectory frequency maps from 2010 to 2016 for (a) December to February 

(DJF), (b) March to May (MAM), (c) June to August (JJA), (d) September to November 

(SON) using 96 h back-trajectories at an ending point of 500 m above ground level at PNM. 
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Figure S2. Factor profiles for the three factor PMF solution. 
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Figure S3. Factor profiles for the four factor PMF solution. 
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Figure S4. Factor profiles for the five factor PMF solution.. 
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Figure S5. Factor profiles for the six factor PMF solution. 
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Figure S6. Factor profiles for the eight factor PMF solution. 
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Figure S7. Time series of mass concentration for PMcoarse and the seven source factors used 

to construct PM2.5 based on a PMF model.   
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Figure S8. Seasonal Concentration Weighted Trajectory (CWT) maps of PMcoarse and PMF 

source factors for PM2.5. 
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Figure S9. Time series of rain species mass concentrations at PNM measured by 

NADP/NTN. 



233 
 

References 

Wahlin P, Berkowicz R, Palmgren F. Characterisation of traffic-generated particulate matter in 

Copenhagen. Atmospheric Environment 2006; 40: 2151-2159 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



234 
 

APPENDIX D 

MODELING THE OXIDATION OF PHENOLIC COMPOUNDS BY HYDROGEN 

PEROXIDE PHOTOLYSIS 

 

This article has been published in the Chemosphere (2016). 

 

Tianqi Zhang, Long Cheng, Lin Ma, Fanchao Meng, Robert G. Arnold, A. Eduardo Saez 

Department of Chemical and Environmental Engineering, University of Arizona, Tucson, AZ, 

85721. United States 

 



235 
 



236 
 

 



237 
 

 



238 
 

 



239 
 

 



240 
 

 



241 
 

 



242 
 

 



243 
 

 



244 
 

Supporting Information 

 

A. Model of UV/H2O2 oxidation of p-cresol 

 

In this section, we present the full system of equations that were solved for the kinetic model described in 

the manuscript. Acronyms are defined in Figure 1. 
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where activity coefficients γ are calculated from the Davies Equation 
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and I is ionic strength of the solution, which is calculated from the concentration of all ionic species in 

terms of the charge number for each species, iz , by 

 

2
][

2

1
ii zCI =

 

(S28) 

Model calculations yield concentration of all species as a function of time. For radicals, the concentration 

found is a volume-averaged concentration.  

 

 

 

 

 

B.  

 

Figure S1. Degradation of p-cresol in aqueous solution by UV/H2O2 advanced oxidation in the 

presence/absence of oxygen. [PC]0 = 0.5 mM, (b) [H2O2]0 = 1 Mm 
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APPENDIX E 
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