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ABSTRACT

The sources and processes affecting ambient speciated mercury concentrations
including gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM) and
particulate bound mercury (PBM) at Kejimukujik National Park were identified using
positive matrix factorization (PMF) model and principal component analysis (PCA). Four
factors, Combustion Emission, Industrial Source, Photochemistry and Re-emission of Hg,
and Sea Salt, were identified in both 2009 and 2010 by PMF model. The factors
Photochemistry and Sea Salt were found to have the largest and smallest impact on
ambient speciated mercury concentrations using PMF model, respectively. The
components derived from PCA using the same dataset were largely consistent with the
factors identified by PMF. A shift of factor impact on mercury concentrations between
2009 and 2010 was observed using both methods. An additional PCA component Gas-
particle Partitioning of Hg was identified in 2009 according to the negative relation
between GOM and PBM. After including meteorological parameters in the input of PCA,
mercury wet deposition, a new factor, was identified in both years.

The reproduction of observed GEM concentrations by PMF model was the best
among all three mercury forms followed by PBM and GOM. The sensitivity of PMF
model to the different treatment to improve the data quality were tested. Imputations and
combining or excluding GOM and PBM were found to have no obvious improvement on
the model performances. However, increasing the low GOM and PBM concentrations by
a scaling factor were effective in improving the model performances. Different treatments
of input data had little impacts on factor profiles but factor contributions to Hg were

affected to some extent.



DEDICATION

To my parents and girlfriend.



ACKNOWLEDGEMENTS
I would like to thank many people who helped me with the thesis. I would like to
express my gratitude to my supervisor, Dr. Iris Xiaohong Xu, for her encouragement and
support during my study in University of Windsor. I would like to thank Dr. Rajesh Seth,
Dr. Douglas Haffner, and Ms. Irene Cheng, my committee members, for their valuable
comments and suggestions on my thesis. I also sincerely appreciate the help from Dr.

Leiming Zhang at Environment Canada.

I sincerely thank Xiaobin Wang and Tianchu Zhang for helping me learning about
the methods used in this study. I am thankful to Environment Canada and Natural
Sciences and Engineering Research Council of Canada for providing the funding of this
project. I am also thankful to Environment Canada for the data used in this study. I

acknowledge US EPA for the PMF model used in this study.

vi



TABLE OF CONTENTS

DECLARATION OF ORIGINALITY .ooieiiiitiitisieiese e iii
ABSTRACT ...ttt bbbt bt bt e bt Rt e b e e b e bt e R e e R e e ke Rt SR e e Re e bR e Rt e bbb e e renns v
DEDICATION. ...ttt ettt sttt sttt b bbbt bt i e b e sb e e b £ e s b e e b e eb e e b e et e ebesb e e he e b e sbesbeeneenbesbesneebenrens v
ACKNOWLEDGEMENTS ..ottt nn e nn e nne s vi
LIST OF TABLES ...t n e nn e r e am e n e nn e nns ix
LIST OF FIGURES. ...ttt bbb bbbt b bbb b e bt e bbb e e e b e xi
CHAPTER 1 INTRODUCTION .....ooiiiieiiiiisiesieie e nne e nne s 1
CHAPTER 2 LITERATURE REVIEW ..ot 6
2.1 Methylation Of EFCUTY .........cccoviveieiiiiiie ettt e 6

2.2 ReCOPIOF MOAEILS.........cccuviiiiiiiiiiiiiiii ittt ettt bbb bbb bbb nanas 7
2.2.1 PME OGEL..........cooiiiieeiiiiieee et 8

2.2.2 POA oottt bbb bbbt b e b e e re e 15

2.2.3 Treatment Of MISSING VAIUES ..........cc.coviriiiiiciiiiiiieiet et 19

2.3 Review of studies about source apportionment of speciated MErCury ...........cccoccuuvverieasiesieenns 21
2.3.1 MEINOAS USEU.........c.eeeeeieiiieeee et e 21

2.3.2 Identified sources and processes affecting speciated mercury ............cc.ccccvvvvvvncnninnn, 24

2.3.3 Uncertainty of PCA and PMF YeSUILS............ccccoeiiiiiiiiiiiiiie it 28

2.4 Inter-comparison of the PCA and PME FESUILS ............ccccovueiiiiiiiiiiiiiieiiie e 31
CHAPTER 3 METHOD..... oottt bbb bbbt bbbttt nnas 33
B2 Y 7P PRORTTN 33

3.2 DaALA COIIECHION ...ttt e ar e r et nn e sn et srenre e nnenne 35

3.3 Selection of receptor MOAEIS .............c.ccoiiiiiiiiiiiiiiiic 39

3.4 Treatments Of MISSTNG AAUA ...........ccccouiviiiiiiiiii ittt 40

3.5 PME MOGEL ...t 41
3.5 STUAY AESIGN........ooiiiiiiiiiiiii 41

3.5. 2 MOAEl SEHUP ... 42

3.5.3 PMF performance eVAlUQUiONn .............c.ccuvcuiviiieiiiiiisiinis s sis s s 46

3.5.4 Factor iNIerpretation .............ccovvuviiiiiiiiiiiiiis s 48

3U0 PCOA .ot bbb bbb bbb bbb b re bt 48
3.6, 1 STUAY AOSIGN.......ooieiieieeeiiei et e 48

3.6.2 MOGEL SCLUP ...t e 50

3.6.3 Factor INIErPretation .............oovvuiiiiiiiiiiiii i s 51

3.7 COMPATISON Of THE FESULLS .....uvueeeiiiiiiieeie et nne 51
3.7.1 Comparison of the results between 2009 and 2010............c..cocoevviiiiiieniniiieneeienenes 51

3.7.2 Comparison between PCA and PMF VeSUILS .........c.c.cccoooiviiiniiiiiiiiiiiii e 51
CHAPTER 4 RESULT AND DISCUSSION ....coiiiiiiiiieieniesie et sne e 53
.1 PME FESUILS ...ttt b et an e b e nn e sn e bt nn e nresneennenne s 53
1T YEAT 2009.....coiiiiiiiieeie ettt bbb bbb nrenns 53

1.2 YOAT 2010ttt bbb b bbb nre e 72

4.1.3 Comparison between 2009 and 2010 .............ccoooeiiiiiinieeniiiiiineie e 88

4.1.4 Sensitivity of the PMF results to data treQtments ..............cccocoveeevcoiniiincieniesie s 90

.2 POA FESUILS ..ooeeeee ettt ettt et ettt s bt e st st ettt e e sa e e snbe e s nbe e e nbe e e nnne s 93
2.1 YOAT 2009........ooiiiiiiiieie ittt e e re s 93

G.2.2 YOAT 201 0.t bbb nre e 98

4.2.4 Comparison between 2009 and 2010 ............ccoouevveiiiiiniieniiiiiiiiie e 102

4.2.3 Comparison of the PCA results to Cheng et al. (2013)°s StUAY .......coooueveiiviiiinceiinnnns 103

4.3 Comparison between the PCA results and PMF 1eSults............ccccouveiiiinienicniiieneee e 105
CHAPTER 5 CONCLUSION AND RECOMMENDATION.........cccotiiiiiniinienienie e 107
5. CORCIUSTON ...t bbb b et b b r b e e 107

5.2 RECOMMEIAALION ...ttt bbbt e e b e sr e b sae e e 109
REFERENCES ... .ottt bbbt sh et bt se et st e st e ene et s besbe e st b e 112

vii



APPENDICES ... 126

Appendix A: Point Sources of Hg and Other POHULANTS ...........cocoiiiiiniieiee e 126
Appendix B: Input Data ProCeSSING STEP ....cviiiiriiieiiierie et 131
Appendix C: Comparison of the 3-factor, 4-factor, 5-factor PMF ReSUltS ........ccccovvvvvviverininnns 134
C.1 Comparison iN 2009 .......cccooiviieieierie e se ettt sresresneene e 134
C.2.CompariSon iN 2000 .....cc.oiueiiiieieeee ettt st sb e e sb e e 135
APPENTIX D: PMF OUIPULS ....c.veiveiiieie ittt sttt sttt snesneennennens 138
D.1 PMF OUEPULS IN 2009 .......cciiiiiieieie ettt st sneenee e s 138

D.2 PMF OULPULS 1N 2010 ... .ottt bbbt 145

D.3 PMF Obs/Pred Scatter Plot and Obs/Pred Time series in 2009 .........c.ccoceoeeevenenienns 153

D.4 PMF Obs/Pred Scatter Plot and Obs/Pred Time Series in 2010.........c.ccoceovivninerienns 158
APPENTIX E: PCA OULPULS ...ttt bbb et see e e 163
E.L PCA OULPULS 1N 2009 ......c.eiiiiiiiiieiieie sttt bbb b et sb e b 163

O 07 o TU T o101 3T 2 K P 165
VITA AUCTORIS ... bbbt b bbb bbb b bttt b 167

viii



LIST OF TABLES

Table 1.1: Physical and chemical properties of mercury (Environment Canada, 2013a; Gaffney &
MATIEY, 2014). c.ooiiieiieieiee s 1
Table 2.1: An example of the speciated mercury source apportionment result by PCA (blank
indicates factor loading lower than 0.1; bold indicates important variables with factor

loadings larger than 0.5) (Huang et al., 2010) ......ccccovviiiiiiiiiiiienie e 19
Table 2.2: Variables used in 10 reviewed Hg StUAIES. ......c.eoveiiiiiiiiiiincc s 23
Table 2.3: Category and frequency of factors identified in 10 reviewed Hg studies..................... 24
Table 2.4: The mean concentrations of speciated mercury with the standard deviation or relative

standard deviation (%) in bracket and their ratios to MDL.........ccccooeiiiiiinienise e 29
Table 3.1: General statistics of air pollutant concentrations (ug/m?, for non-mercury species) in

the input files iN 2000, ......coiiiiiiiieeee e 38
Table 3.2: General statistics of air pollutant concentrations (ug/m* for non-mercury species) in

the input files in 2010, MDL same as in Table 3.1........ccccocniiiiiiininiicsne e 38
Table 3.3: Input files and output files for the three receptor models. .........ccovvvviiviiiiiiiiiieiienn 39
Table 3.4: PMF case designs with different treatments of speciated mercury..........cccoovvvrveiiinnns 42
Table 3.5: Input and Set-up used in PCA in this StUdY. ......ccoocvriiiiiiiiii e 49
Table 3.6: Input and Set-up used in PCA in Cheng et al. (2013)......ccccvvviviiiiiniiniiieee e 50
Table 3.7: KMO index with the Bartlett’s Test significant at 0.001...........cccoevriiviiniiniienieenieenn 50
Table 4.1. Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 1 in

2009, .ttt bbb h R bR bR b e Rt R R Rt b e R b e Rt bbb 54
Table 4.2: Factor contributions to speciated mercury in Case 1 in 2009..........ccccovvvvivnieniesinennn, 56
Table 4.3: Factor profiles (% of species >25%, between 15% and 25% in bracket) in Case 2 in

2009, .ttt bbb £ E b E bR R b e Rt R b e Rt bR b e bbb nr e 57
Table 4.4: Factor contributions to speciated mercury in Case 2 in 2009..........ccccovevviviieninsineenns 58

Table 4.5: Pearson correlation coefficients between speciated mercury and other chemical
species in Case 1, Case 2 and Case 3 in 2009. (asterisk indicates insignificant at p=0.05) ..59
Table 4.6: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 3 in

2009, ettt b b E b bR e R e b e R e R e e b e b e Re R e e b Eenhe et e bR naeenee e e 60
Table 4.7: Factor contributions to speciated mercury in Case 3 in 2009............ccceviiiiiiieinnnnns 60
Table 4.8: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 4 in

2009, ettt bbb E e bR R R b e Rt R bR Rt bbbt be bbb 61
Table 4.9: Factor contributions to GEM in Case 4 in 2009. .........ccccoviiriiniiinieneniese e 62
Table 4.10: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 5 in

2009, et b bbb R bR R R b e e Rt R h e Rt bbbt b bbb 62
Table 4.11: Factor contributions to speciated mercury in Case 5 in 2009..........c.ccceiiiiiiiciinnnne 63
Table 4.12: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 6 in

2009, .ttt b b bR b e e R R b e Rt R b e Rt bbbt ne bbb 64
Table 4.13: Factor contributions to speciated mercury in Case 6 in 2009.............cccceviiiiieiinnne 65
Table 4.14: Factors identified in each case and their ranks of mercury contribution (“s” indicates

the factor contributions to mercury less than 15%). ......c.ccovrveiiiininieniee e 65
Table 4.15: PMF model performances for speciated mercury in scaled residual plot in 20009......66
Table 4.16: PMF model performances for speciated mercury in Obs/Pred scatter plot in 2009 (all

significant at P<O.001)....ccueiiiiiiiiieiere e e e 68
Table 4.17: General statistics of speciated Hg with different data treatment options in 20009....... 68
Table 4.18: Ratios of PMF predicted to observed Hg concentrations of 2009.............ccocveeeeevinnne 71
Table 4.19: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 7 in

B LSOO SRRSO 72
Table 4.20: Factor contributions to speciated mercury in of Case 7 in 2010. .......cccccevviiiveinnnns 74
Table 4.21: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 8 in

B OSSR USPRPR PRI 75
Table 4.22: Factor contributions to speciated mercury in Case 8 in 2010..........ccoceevviiiiieciinnens 76



Table 4.23: Pearson correlation coefficients between speciated mercury species and other
chemical species in Case 7, Case 8 and Case 9 in 2010 (asterisk indicates insignificant at p

S0.05). ctttete ettt et e bbb R £ E e b e b b e R e R e Ee bt R e Ee e bt e e Rt ebe e b b et enenbenbeneenean 76
Table 4.24. Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 9 in

2070 1ttt bR R bR R b e R b et Rt R bt nb e r e n e 77
Table 4.25: Factor contributions to speciated mercury in Case 9 in 2010.........c.ccocvvevvvcvnininenne 77
Table 4.26: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 10 in

2070 1ttt bR R bR R b e R b et Rt R bt nb e r e n e 79
Table 4.27: Factor contributions to GEM in Case 10 in 2010. .......ccoiiiiiriiineneneeie s 79
Table 4.28: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 11 in

2070, 1ttt h R R bR R b e R R E e Rt bR bt n bbb 80
Table 4.29: Factor contributions to speciated mercury in Case 11 in 2010.........ccocovevvcvniininnenne 80
Table 4.30: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 12 in

2070, 1ttt h R R bR R b e R b et Rt R bt ne b nr b 81
Table 4.31: Factor contributions to speciated mercury in Case 12 in 2010.........ccocovevvvcvniininnenne 82
Table 4.32: PMF model performances for speciated mercury in scaled residual plot in 2010......83
Table 4.33: PMF model performances for speciated mercury in Obs/Pred scatter plot in 2010 (all

significant at P <O.00T).....coviiiiiiriiiiie i bbb 84
Table 4.34: General statistics of speciated Hg with different data treatment options in 2010....... 84
Table 4.35: Ratios of PMF predicted to observed Hg concentrations in 2010 ...........cceevvvvrnenne 87
Table 4.36: Comparison of the major mercury factors (>15% contribution) between the reference

case and the cases combining or excluding GOM and PBM. ..........ccccciiiiiiiiinnicninn, 91
Table 4.37: Component loadings (>0.25) of Case 13 in 2009. .......cccccvrviriiniinieniise e 94
Table 4.38: Component loadings (>0.25) of Case 14 in 2009. .......cccccvrvviriiniiniiniise e 96
Table 4.39: Component loadings (>0.25) of Case 15 in 2010........ccocvrvinieniiniiseee e 99
Table 4.40: Component loadings (>0.25) of Case 16 in 2010........ccccceeieeieiiiiiieiienee e 100
Table 4.41: Component loadings (>0.3) of 2009 in Cheng et al. (2013).....cccccevvvriierieniieniieninnns 104
Table 4.42: Component loadings (>0.3) of 2010 in Cheng et al. (2013)......cccevvverieieriiniiieneens 104



LIST OF FIGURES

Figure 3.1: Map showing the locations of sampling site (W), the top 19 SO or NOy point sources
(average of 2009 and 2010) (%), and all mercury point sources in 2009 and 2010 (O), in

NOVA SCOTIA. 1.vvevvireireeieere sttt r e r s r e r e r e e e r e r e sr e nrennenneennenne 33
Figure 3.2: IM and IS plot vs number of factors in 2009. ..........cc.covvreiiiinincien s 45
Figure 3.3: Q(Robust) and Q(true) plot vs number of factors in 2009.........c.ccevvviiiiiiienienieenn 45
Figure 3.4: IM and IS plot vs number of factors in 2010. ........cccevviviiiniiniinie e 46
Figure 3.5: Q(Robust) and Q(true) plot vs number of factors in 2010. ........cccccevvreeiiiirienienene. 46
Figure 4.1: Obs/Pred time series for speciated Hg in 2009. .........ccccoviiiiiniiniininiese e 70
Figure 4.2: Obs/Pred time series for speciated HZ in 2010. .......ccoocvviiiviiniiniiniine e 86

Figure 4.3. Box plot of the predicted to observed concentrations ratios (upper whisker- the upper
25% of the distribution excluding outliers; interquartile range box - middle 50% of the data;
the horizontal line in the box: the median of the data; lower whisker- the lower 25% of the
distribution excluding outliers; @ - the average of the data) a) 2009, b) 2010...................... 92

Xi



CHAPTER 1
INTRODUCTION
Mercury is an odorless heavy metal with silver white color. Mercury is the only metal
remaining liquid under standard state. Due to high vapor pressure, mercury is more

volatile than other metals. The physical and chemical properties of mercury are listed in

Table 1.1.

Table 1.1: Physical and chemical properties of mercury (Environment Canada, 2013a; Gaffney &
Marley, 2014).

Parameters Values
Atomic number 80
Atomic mass 200.59g/mole
Specific gravity 13.5
Melting point -38.9°C
Boiling point 357.3°C
Valence states 0, +1,+2
Vapor pressure 0.261Pa (25°C)
Solubility (in water) 59ug/L (25°C)

Mercury air emission sources include natural sources, anthropogenic sources, and re-
emission of mercury (United Nations Environmental Programme (UNEP), 2013). Natural
sources include mercury volatilization from ocean, volcanic eruption, geothermal
activities, and weathering of Hg-containing minerals. The atmospheric mercury released
by the volatilization from ocean contributes most (70%) to the total emission of the
natural sources (Gaffney & Marley, 2014). Artisanal and small-scale gold mining
operations, mining, and smelting activities, and coal combustion processes are the three
major anthropogenic mercury sources (UNEP, 2013). The re-emission of previously

deposited mercury is also an important source. The Hg re-emission from ocean, soil,



biomass burning, and lakes contribute 47%, 37%, 14%, and 2% to the total global re-

emission, respectively (Pirrone et al., 2010).

In the atmosphere, mercury consists of three mercury forms which are operationally
defined as gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and
particulate bound mercury (PBM). More than 83 and 92% of the gaseous atmospheric
mercury exist as GEM in continental and marine air, respectively (Slemr et al., 1985).
GEM can be oxidized to Hg,*" and Hg** by oxidizing agents such as Oz and Br, (Clever
et al., 1985). According to the standard potentials, only the oxidizing agents with an
oxidizing potential between -0.80V and -0.85V can oxidize the elemental mercury to
Hg>** (Vanderzee & Swanson, 1974). However, these kind of agents do not exist
naturally in our environment. When the oxidized mercury is in the gaseous state, they are
named as GOM (e.g. HgO, HgBr> and HgCl,). Approximately 3% of the total gaseous
mercury are GOM (Lindberg & Stratton, 1998). When the oxidized mercury is associated
with particulate matter, they are called PBM. Approximately 0.2-0.9% of atmospheric

mercury are PBM (Slemr et al., 1985).

GEM could travel a long time in the atmosphere before deposition due to its low
reactivity and low water solubility (Table 1.1) (Gaffney & Marley, 2014). The life time of
GEM in atmosphere is approximately 1-2 years (Lindqvist and Rodhe, 1985). In contrast,
GOM and PBM are removed faster in the atmosphere than GEM because GOM has

higher water solubility and PBM has higher deposition velocity compared to GEM
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(Gaffney & Marley, 2014). The lifetime of GOM and PBM is from several days to a few
weeks (Lindqvist and Rodhe, 1985). After mercury’s dry and wet deposition to soil,
water, and vegetation surfaces, some of GOM and PBM are reduced to elemental
mercury and then re-emitted to the atmosphere (UNEP, 2008). Some of the deposited

mercury were transformed to organic mercury.

All forms of mercury are harmful, especially for the organic mercury. Exposures
to mercury will cause central nervous system problems and kidney problems in human
(Environment Canada (EC), 2013a). People could die by contacting several drops of
dimethylmercury (Me>Hg) (Nierenberg et al., 1998). The main pathway of mercury
intake in humans is the consumption of methylmercury (MeHg) contaminated food,
especially fish, due to the bioaccumulation of MeHg (EC, 2013b). The bioaccumulation
factor for piscivorous fish is 107 (EC, 2013b). In other words, the MeHg concentration in

a piscivorous fish is 10 million times of the concentration in water.

The bioaccumulation and the health concern of Hg raised the public attention to Hg
pollution. A better understanding of the sources/processes affecting mercury
concentrations will help to control the risks of mercury pollution. Receptor models are
usually used to identify the processes or sources affecting the ambient mercury
concentrations at sampling sites. Positive matrix factorization (PMF) model (US EPA,
2014a) and principal component analysis (PCA) (Thurston and Spengler, 1985a) are two

common methods used in Hg source apportionment studies.

3



To date, only three studies about speciated mercury source apportionment using PMF
model were conducted (Liu et al., 2003; Cheng et al., 2009; Wang et al., 2013). Only one
study (Cheng et al., 2009) used both PCA and PMF model in mercury source
apportionment. However, a thorough comparison between PMF and PCA results was not
conducted in that study (Cheng et al., 2009). It is necessary to compare PMF and PCA
results because it helps to verify the major factors affecting ambient mercury

concentrations at the receptor site.

The overall objective of this study is to identify the factors affecting ambient
mercury concentrations at receptor site using both PMF and PCA. The specific objectives
are to:
¢ Identify and compare the factors affecting ambient mercury concentrations using
PCA and PMF model;

*  Summarize the similarities and differences of the factors and components
between 2009 and 2010;

*  Summarize the similarities and the differences between the results derived from
PCA and PMF model;

* Evaluate the PMF model performances and determine which mercury forms are

better reproduced and in which year the speciated mercury are better reproduced;

* Analyze the impacts of different treatments of missing values and the low

concentrations of speciated mercury on PMF results;



*  Analyze the impacts of including the meteorological parameters on PCA results.



CHAPTER 2

LITERATURE REVIEW

2.1 Methylation of mercury

Methylmercury (MeHg) and dimethylmercury (Me>Hg) are two main organic Hg
existing naturally (Ullrich et al., 2001). MeHg is mainly found in freshwater while
Me>Hg is more likely to exist in deep ocean water (Ullrich et al., 2001). They are formed
by the activities of microorganisms in the aquatic environment after the wet or dry
deposition of inorganic Hg (Compeau & Bartha, 1985). Because MeHg is not readily
eliminated from the organisms, MeHg accumulates in the food chain from bacteria to
plankton, through herbivorous fish to piscivorous fish (Wiener et al., 2002). Me>Hg is not
likely to accumulate in the food chain because it is readily removed from water by
evaporation due to its high volatility and poor solubility (Talmi & Mesmer, 1975; Morel

et al., 1998).

Mercury methylation rates are influenced by a lot of factors such as biological
activity, nutrient availability, pH, temperature, redox potential, and the presence of
inorganic and organic complexing agents (Ullrich et al., 2001). It was found that the rise
of the temperature could accelerate the evaporation of elemental mercury as well as the
methylation rates of the mercury (Pack et al., 2014). Therefore, global warming could

increase the risk of mercury pollution.



2.2 Receptor Models

Although many factors could affect the methylation of mercury as mentioned in
section 2.1, the amount of mercury available for methylation is the most important factor.
The amount of the mercury available for methylation is affected by the sources emitting
the mercury. In order to control the risk of the mercury pollution due to its health
concern, receptor models could be used to identify the sources and processes affecting the
ambient mercury concentrations. Receptor models apportion the observed ambient
pollutants concentrations at a receptor site to different factors (Henry et al., 1984). The
factors are assigned to specific sources based on the knowledge about the sources and the
receptor site. The fundamental of receptor model is chemical mass balance equation

(Equation 1, Watson et al., 2008):
k
Cit = Z FijSje + Ey €Y
j=1
where:
k = total number of factors;
C;; = concentration of the i species in t™ sample;
F;; = mass fraction of the i species in j™ factor;

S = contribution of the j™ factor to the t™ sample;

E;; = difference of the calculated concentration and observed concentration of i

species in t" sample.



The outputs of different receptor models were different. The outputs of the following
three methods are discussed here: Chemical Mass Balance (CMB) model (Thurston and
Spengler, 1985), PMF model (US EPA 2014), and PCA (US EPA, 2004). Factor
contribution is the only output for CMB model (US EPA 2004) while both factor profiles
and factor contributions are provided by PMF model (US EPA 2014). PCA only provides
qualitative factor components as outputs. Detailed descriptions about the advantages and

disadvantages of CMB, PMF and PCA could be found in Section 3.3.
2.2.1 PMF model

PMF solves the mass balance equation (Eqn 1) by decomposing the matrix of sample
data (Cj; in Eqn 1) into the matrix of factor contributions (Sj in Eqn 1) and the matrix of
factor profiles (Fjj in Eqn 1) with the constraint that both factor contributions and factor
profiles are required to contain no negative values. The goal of PMF in air quality study
is to get the factor contributions, factor profiles, and the number of factors which have the
most reasonable physical meaning (Paatero et al., 2014). After the number of factors is
selected, the reasonable factor contributions and factor profiles could be found when the

objective function Q (Eqn 2) reaches the minimum (US EPA, 2014a).

m n k
Q= ZZ Cie — 2j=1FijSjt @)
Ut

i=1t=1

where:

m= total number of the included species,



n= total number of the included samples,

tth

u;,= uncertainty of the i species in the t" sample

Ambient concentration data and their uncertainties are two input files required by
PMF model. According to user guide from US EPA (2014), observation-based and
equation-based uncertainties are acceptable by PMF model. The observation-based
uncertainties reflect the errors caused by sampling and measuring process. They are
usually provided with the ambient concentrations by the laboratory or the reporting
agency. The equation-based uncertainties are usually calculated using concentrations,
error fractions and sometimes method detection limits (MDL). Equation-based
uncertainties allow the users to have modicum control over the deviation in PMF
solutions (Reff et al., 2007). Equation (3) is recommended by US EPA (2014) to calculate
the equation-based uncertainties. The error fraction in equation (3) is assumed by the user
according to the measurement and knowledge about species calculated.

5
Uncertaity = ‘ X MDL,when concentration < (MDL)
3)

Uncertainty = \/(Error Fraction X concentration)? + (0.5 X MDL)?,

when concentration > MDL
Before running the PMF model, the chemical species need to be categorized as
“strong”, “weak”, or “bad” based on the knowledge about sources, sampling process, and

analytical uncertainties. “Weak” species are downweighted by tripling the provided

uncertainties while “bad” species are removed from the calculation (US EPA, 2014a).



Markers are the species used to indicate specific pollution sources (Hastings & Gross,
2012). For example, SO> is the marker of coal combustion process (Liu et al., 2007).
When SO; is not included in the input files, it is hard to identify the coal combustion
process. Therefore, marker species should not be categorized as “bad”. According to
PMF user guide (US EPA, 2014a), when the information of the dataset is not enough to
decide the category of the species, the signal to noise (S/N) ratio could be used to do the
categorization. The S/N ratio indicates “whether the variability in the measurements is
real or within the noise of the data” (US EPA, 2014a). The species with an S/N ratio less
than 0.5 should be categorized as “bad” and the species with an S/N ratio between 0.5
and 1.0 should be categorized as “weak”. Users could specify a total variable which
would be used in the post-processing of the results such as the percentage of the total
mass in each of the factors. The total variable is an artificial variable which is the total
mass of the same type of species. For example, when input of the PMF model are PM2 s
components, PM> s mass should be calculated and selected as the total variable (US EPA,
2014a). It should be noted that the total variable is usually categorized as “weak” because

the total variable should not have a large influence on the results.

Other tools such as concentration scatter plot and concentration time series provided
by PMF model could help to analyze the input data before running the model. The
concentration scatter plot shows the relationship between two user-specified species. A
correlation between two species indicates they are emitted from a similar type of source
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or a nearby location (US EPA, 2014a). The concentration time series could be used to
examine whether there are unusual events during the sampling period. The samples

affected by the unusual events need to be excluded from the dataset (US EPA, 2014a).

Number of runs, number of factors, and seed number are the three parameters to be
determined before a base model run. The number of runs is recommended to be 20
because this allows an evaluation of the results stability (US EPA, 2014a). The seed
number is the start point for each iteration. Either a random start or a fixed start point is
accepted by PMF model. PMF model is able to reproduce the base run results by using

the same seed number (US EPA, 2014a).

The number of factors needs to be chosen according to the knowledge about the
dataset. When the background information is not enough to determine the number of the
factors, several methods could be used to determine the range of the number of the
factors. The maximum individual column mean (IM) and the maximum individual
column standard deviation (IS) of the scaled residual matrix could be used to determine
the range of the number of factors (Lee et al., 1999). When the number of the factors
increases to a critical value, IM and IS will experience a drastic drop. The optimal
number of factors should be no less than the critical value. The change of the Q values
(dQ) also provides useful information on deciding the number of factors (Hopke, 2000;
Viana et al. 2008a; Brown et al., 2015). When dQ becomes small as the number of factor

increases, there might be too many factors (Hopke, 2000; Brown et al., 2015). Runs with
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different numbers of factors in the range determined by IM, IS, and dQ need to be
conducted. The interpretability of each result should be checked. The final solution

should be a compromise of the indexes and the interpretability (Cesari et al., 2016).

Factor profiles and contributions are the outputs of PMF model. Three kinds of factor
profiles are provided by PMF model: (1) concentrations of each compound in each factor,
(2) percentage of a compound’s total mass for each compound in each factor, and (3)
percentage of total mass within the factor for each compound in each factor. In factor
profiles (3), the sum of a compound’s concentrations in each factor should equal to the
predicted concentration of that compound. On the factor profile screen, there are two
graphs about the factor profiles and factor contributions. One shows the bar plot of factor
profiles and the other one shows the time series of the factor contributions. The mass
fraction of each species contributing to each of the factors is showed as stacked bar plot
in Factor Fingerprint Screen. This plot could be used to show the species distributions
(US EPA, 2014a). The Factor Contribution Screen displays two graphs, a pie chart
showing the contributions of each factor to each species and the time series of factor

contribution of all factors to each sample.

Among three factor profiles, the factor profiles (3) (page 12) is similar to the source
profiles while the other two factor profiles are different from the source profiles. Source
profiles are the mass fractions of each species in a source (US EPA, 2004). For example,

the iron sinter emission consists of 14.8% acetylene, 3% ethane, 5.9% ethylene, 73.3%
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methane, and 3% propylene (US EPA, 2014b). Therefore, the factors could be interpreted
based on the comparison between the factor profiles (3) and the source profiles from the
literature or database (Leuchner et al., 2015). However, it is hard to do a quantitative
comparison between the factor profiles (3) and the source profiles directly because the
composition of the sources changed during the transport from the sources to the receptors
due to mixing and chemistry (Leuchner et al., 2015). In addition, the source profiles in
the literature and database may be outdated because the control technologies and
strategies are upgraded to meet the emission limits (Reff et al., 2009). Therefore, it is
difficult to interpret the factors based on a direct quantitative comparison between source
profiles and factor profiles. A qualitative comparison between the major variables (i.e.
variables with a mass fraction of the total species mass larger than a user-specified value)
of each factor in factor profiles (2) and the markers of the sources from the outcomes of

other studies could be conducted to identify the possible source.

Model performances are another output of the PMF model. Q(robust), Q(true), and
convergence of the results are three basic performance measurements among the
performance indexes. Q(true) is a goodness-of-fit parameter calculated including all point
while Q(robust) is calculated excluding the samples with an uncertainty-scaled residual
greater than 4 (US EPA, 2014a). When the Q(robust) values in several runs vary in a
large range, the stability of the result is poor (US EPA, 2014a). When differences between
Q(true) and Q(robust) values are small in each of the 20 runs, the uncertainties of the
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input data might be too high (US EPA, 2014a). An in-convergence result indicates that
the minimum Q value is not found (US EPA, 2014a). Too-low uncertainties, incorrect
uncertainties or inappropriate input parameters could lead to an in-convergence result
(US EPA, 2014a). These uncertainties need to be checked and input parameters need to
be adjusted before the model is rerun. The converged result with the lowest Q(robust)

value is highlighted and used for further analysis.

Other performances indexes such as uncertainty scaled residuals, Obs/Pred scatter
plot and Obs/Pred time series could be used to evaluate the model ability to reproduce the
observations. The uncertainty scaled residuals are calculated by dividing the residuals by
error estimates of the observed data. When the scaled residual distribution is skewed or
bimodal, the observed concentrations are poorly reproduced by the model (Polissar et al.,
1998). When all the scaled residuals are between +3 and -3 and the stacked bar plot
(histogram) of the scaled residuals is normally distributed, the observed concentrations
are reproduced well (US EPA, 2014a). The Obs/Pred Scatter Plot screen contains a Base
Run Statistics table and an Obs/Pred Scatter Plot for each species. The Obs/Pred Scatter
Plot contains a one-to-one line and a regression line of the observed and predicted
concentrations for each species. When there is no large bias between these two lines and
the determination coefficients (R?) of the regression line is close to one, the model
reproduces the observed concentrations well. When the R? value is low, the model
performance on reproducing the observations is poor no matter how close to 1 the slope
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of regression line is. The Observed/predicted Time Series is a line chart of the observed
and predicted concentrations versus time. When the observed concentrations and the
predicted concentrations do not track each other, the reproduction of the observed
concentrations is poor (US EPA, 2014a). G-space plot is a scatter plot of the factor
contributions for two user-selected factors. When the G-space plot has a clear edge and it

is not aligned with the axis, the two factors are correlated (US EPA, 2014a).

2.2.2 PCA

PCA is a dimension reduction process. It converts a number of interrelated variables
into a smaller set of independent variables. The new independent variables are called
principal components (PCs). Each variable is a linear combination of the PCs (Jackson,

1991).

The input of the PCA could include both ambient concentration data and
meteorological parameters. The units of the input data are not required to be the same but

the interval time of the observations must be the same.

Usually, the first step before running the PCA is to standardize the data because
standardization makes both large and small magnitude variables have the same
opportunity to influence the analysis. When the standardization process is not done before
running PCA, the variables with small magnitudes may be ignored during the analysis

(Thurston & Spengler, 1985a). The raw data are standardized to dimensionless data using
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Equation (4):

where:
C;=the mean value for the i species over all observations;
;= the standard deviation for the i species over all observations;

tth

Z;,=standardized value of the i species in the t™ sample.

The following discussion is based on the statistical software SPSS 22.0 (IBM Corp.,
2013). The component matrix, the score matrix, and the total variance explained matrix
are the outputs of the PCA. The columns of the component matrix represent the principal
components and the rows represent the factor loadings of the variables. The score matrix
represents the input matrix in the new principal component space. The data in score
matrix are the projections of the original data on each of the main component vectors.
The total variance explained matrix returns variance explained by each factor and the
cumulative variance explained by several factors in percentage. The percent variance
explained by the component is calculated by dividing the eigenvalue of the component by
the sum of eigenvalues of all components. The principal components are placed in
descending order according to the variance they explained.

The number of components to retain for further interpretation needs to be
determined. The Kaiser Criterion, the percentage variance explained by components, and
the scree plot are the three most commonly used criteria to retain the principle
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components. The Kaiser Criterion retains the components with eigenvalues larger than 1
because the average value of the eigenvalues derived from the correlation matrix of the
input data is 1 (Cangelosi & Goriely, 2007). The components could also be retained
according to their stacked percentage of explained variance. The components with a
stacked percentage of explained variance larger than a user-determined value should be
retained (Jolliffe, 2002). The user-determined cut-off value was usually between 70% and
90% (Jollifte, 2002). The scree plot is a line plot of the eigenvalues versus the number of
components. The components before the inflection point in the slope should be retained
(Cangelosi & Goriely, 2007).

Because the unrotated components usually could be assigned to several sources
(Thurston & Spengler, 1985a), rotations should be adapted to make the factors more
meaningful in practice after determining the number of factors to keep. The rotation
methods could be sorted into two categories (Thurston & Spengler, 1985a): Orthogonal
rotations and Oblique rotations. Orthogonal rotations assume that the factors are not
correlated while Oblique rotations assume that the factors are correlated (Brown, 2009).
The Varimax rotation, an orthogonal rotation, is usually used in source apportionment
because the sources are assumed to be independent (Thurston & Spengler, 1985a).

The component loadings in PCA output indicate the correlation between the species
and the principal component (Beaumont, 2012). The source profiles are the mass
fractions of each compound contained in a source (US EPA, 2004). The component

loadings in PCA and the source profiles have very different meaning. Therefore, a
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comparison between PCA outputs and the source profiles cannot be conducted. However,
a qualitative comparison between major variables of the principal components and the
outcomes from other studies allows to interpret the PCA results. The variables with the
loading larger than the user-specified cut-off value are considered as major variables. In
addition, the signs of the major variables should also be considered. The loadings with
the same sign indicates the value of the variables increase or decrease together while the
loadings with different signs indicates that one variable increases as the others decrease.
The component is named to the sources and processes containing the same major
variables with the same sign in the outcomes of other studies.

The interpretation of the principal component in a speciated mercury source
apportionment study using PCA (Huang et al., 2010) is used as an example to illustrate
the meaning of the factor loadings and the interpretation of PCA results. The PCA results
in Huang et al. (2010)’s study are listed in Table 2.1. According to Huang et al. (2010),
the variables with a loading larger than 0.50 was thought as the major variable of the
factor. In PC1, the major variables are Hgo, Temperature, and Melting (Table 2.1). The
negative loadings on Melting variable and Temperatures and The positive loading of Hgo
in this factor suggested that the Hgo concentrations increase as the snow melts.
Significant Hgo fluxes during snowmelt was observed in other studies (e.g. Ferrari et al.,
2008; Choi and Holsen, 2009). The presence of Hgo in this factor was consistent with the
ice melting process. Therefore, PC1 was named as snow melting factor. The rest three

factors in this study were interpreted by the authors using the same method (Huang et al.,
18



2010).

Table 2.1: An example of the speciated mercury source apportionment result by PCA (blank indicates
factor loading lower than 0.1; bold indicates important variables with factor loadings larger than 0.5)
(Huang et al., 2010)

PC1 PC2 PC3 PC4
Hgo 0.70 0.14 0.36 -0.25
RGM 0.12 0.57 0.58
Hgp 0.15 0.2 0.89
SO2 0.92 0.12
03 -0.81 -0.2
CcoO -0.38 0.56 0.47
PM: s 0.22 0.24 0.65 0.26
Temperature 0.93
Melting 0.91
Barometric pressure -0.45 0.31
Wind speed 0.26 -0.1 -0.73
Relative humidity -0.1 0.55

2.2.3 Treatment of missing values

Some receptor models are not able to deal with missing values in the input data.
Therefore, missing values must be treated before running the models. Exclusions and
imputations of the missing values are two common methods to deal with the missing

values.

Exclusion of the missing values includes listwise deletion and pairwise deletion. The
listwise deletion excludes all the cases having one or more missing values. The listwise
deletion provides a full data matrix, but it may cause a large reduction of the dataset when
one species has many missing values. The listwise deletion may also bias the results
because the listwise deletion benefits the cases with high concentrations (Huang et al.,
1999). The pairwise deletion only deletes the information when the analysis needs it. The

pairwise deletion maximizes the use of the data and this method is usually used in the
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covariance calculation. However, the covariance matrix may not be positive definite
using pairwise deletion and would result in negative eigenvalues (IBM Corp., 2014). To
adapt pairwise deletion, the missing values in the dataset are required to be missing at

random (IBM Corp., 2014).

Imputation is to replace the missing values with a predicted value based on the
information of the dataset. Median and mean concentrations are the two most commonly
used values in imputation because they represent the central tendency of the variable
concentrations (Acufia & Rodriguez, 2004). However, the mean value could be affected
by the outliers in the dataset while the median value is less affected by the amount of the
outliers (Acufia & Rodriguez, 2004). Median imputation is also recommended when the
dataset is skewed (Acufa & Rodriguez, 2004). Other than the median, the geometric
mean is also less affected by the extreme values and could represent the central tendency
of the data set in environmental studies (Blackwood, 1992; Parkin & Robinson, 1992;
Pekey et al., 2004). Although imputation provides a complete input matrix, imputation
could be useless or even harmful when the imputation values and the non-missing species
have similar information (Acufia & Rodriguez, 2004). Too many imputations in the
dataset could also reduce the variance of the dataset and affect the further analyzes

(Acuna & Rodriguez, 2004).

Only listwise exclusion or imputation could be adapted by PMF model to deal with

missing values because the calculation of PMF model was completed at one time which
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requires a complete dataset. However, the calculations of PCA do not require to include
all variables at one time. Therefore, all methods mentioned in this section including
pairwise exclusion, listwise exclusion and imputation could be accepted by PCA. When
an inter-comparison between the receptor models need to be done, the treatment of the

missing values of the different receptor models should be the same.

2.3 Review of studies about source apportionment of speciated mercury

10 papers (Lynam & Keeler, 2006; Swartzendruber et al., 2006; Gao, 2007; Liu et
al., 2007; Li et al., 2008; Cheng et al., 2009; Huang et al., 2010; Cheng et al., 2012;
Cheng et al., 2013; Ren et al., 2014) about source apportionment of speciated mercury

(GEM, GOM, and PBM) were reviewed.

2.3.1 Methods used

All papers used PCA to find the major sources/processes affecting the ambient
mercury concentrations while only one paper (Cheng et al., 2009) used both PCA and
PMF model to identify the sources affecting the ambient mercury concentrations. The
study (Cheng et al., 2009) used PMF model had 7 compounds available in the input data.
Only the types of sources (e.g. combustion source) were identified in the study (Cheng et
al., 2009) due to a lack of makers in the input data. Therefore, the uncertainties of the
PMF results were high when the variables included were not enough. It could be noted
that 8 out of 10 studies included less than 8 chemical species in the input file (Table 2.2).
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Therefore, it is not unexpected that most (9 out of 10) of the studies did not use PMF.
PCA was able to identify the sources affecting the ambient speciated mercury in all 10
studies with fewer compounds. The inclusion of the meteorological parameters in the

PCA helped to identify the meteorological processes.
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2.3.2 Ildentified sources and processes affecting speciated mercury

The factors and processes identified in the 10 reviewed papers are categorized to
anthropogenic sources, natural sources and re-emission, and atmosphere processes in
Table 2.3. Natural sources and the re-emission of mercury are merged into one
category because the re-emission of mercury is hard to distinguish from the natural

sources (UNEP, 2008).

Table 2.3: Category and frequency of factors identified in 10 reviewed Hg studies.

Category Factors identified Frequency in 10 papers

Combustion 8
Long range transport of industrial
emission
Industrial process
Mobile sources
Sewage treatment

Anthropogenic sources

Road salt
Natural sources and re- Crustal/soil sources
emission Snow melting
Mercury evasion from ocean

Photochemistry & oxidation
Precipitation
Mixing
Climatological seasonality

Atmosphere Processes

—_—— N DN OO = = = == NN DN

Not identified Not identified

Combustion processes and mobile sources were identified eight times and twice,
respectively (Table 2.3). This is not unexpected because the combustion process is
one of the largest anthropogenic sources of mercury (UNEP, 2013). The chemical
species like PBM, GOM, NOyx, SO and CO were used to identify combustion
processes (Lynam & Keeler, 2006; Huang et al., 2010; Ren et al., 2014). Sulfur
dioxide was the indicator of fossil fuel (coal) combustion because almost all SO»
sources are related to fossil fuel combustion (Liu et al., 2007). The mobile sources
including the combustion of oil and gasoline are the main anthropogenic sources of

nitrogen oxides (NOx) (Liu et al., 2007). Carbon monoxide (CO) is used to identify all
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kinds of combustion process because it is formed by incomplete combustion.
Combustion emission could release all three mercury forms but GOM and PBM are
better markers of combustion processes compared to GEM. This is because the
background concentration of GEM is 100-1000 times higher than GOM and PBM.
Therefore, GEM released by combustion sources may not have a significant impact
on ambient concentrations of GEM comparing to GOM and PBM (Huang et al.,

2010).

Four studies (Li et al., 2008; Cheng et al., 2009; Cheng et al., 2012; Cheng et
al., 2013) have identified industrial emissions and two of them are long range
transport of industrial processes (Table 2.3). The identified industrial processes in
these four studies had similar markers (SO2, NOx, SO4*, HNOs and NO3") as
combustion process. The markers used in the studies were not enough to separate the
industrial sources from the combustion emissions (Li et al., 2008; Cheng et al., 2009;
Cheng et al., 2012; Cheng et al., 2013). Further analysis such as back trajectory, ratio
analysis, and pollution roses were used to distinguish the industrial process from the
combustion process in these studies. The back trajectories model shows the place the
air mass passed. If the air mass passed industrial areas before reaching the receptor
site, the factor is likely related to the industrial process. The ratio analysis could also
be used to verify the industrial emission because the ratios of NO2 to Hg, PM: s to Hg,
and SO, to Hg differs among different sources (Cheng et al., 2009). When the ratio is
in the range of industrial process, then the factor was named as industrial process
(Manolopoulos & Snyder, 2007). The pollution rose shows where the mercury and the
combustion indicators come from. When mercury and the combustion indicators
come from the direction of the industrialized area, the factor is very likely to be

related to industrial sources.
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Four factors (road salt, crustal/soil source, snow melting and mercury evasion
from the ocean, Table 2.3) were found related to the natural emissions and the re-
emission of mercury (Huang et al., 2010; Cheng et al., 2012; Cheng et al., 2013). The
factor named as road salt (Cheng et al., 2012) had high positive loadings of Na* and
CI" and a negative loading of temperature. Although these species are indicators of sea
salt, the study site is less likely to be affected by marine aerosols because it is located
in the middle of the continent (Cheng et al., 2012). The negative loading on
temperature indicates that the factor is more likely to be related to road salts used to

melt the snow in winter (Cheng et al., 2012).

The factor with high positive loadings of K*, Mg?" and Ca?" (Cheng et al., 2012)
was named as crustal/soil sources because these chemical species are the indicators of
soil sources (Zhang et al., 2008). This factor also had a minor loading on PBM. This
is probably related with the re-emission of the previously deposited mercury from

crustal/soil sources.

The factor snow melting (Huang et al., 2010) had positive loadings of GEM,
temperature and a variable called “melting”. This finding indicates that the GEM in
this factor was probably emitted directly by the snow or formed by the reduction of

GOM related to snow (by ultraviolet light) (Lalonde et al., 2002).

The factor mercury evasion from the ocean (Cheng et al., 2013) had positive
loadings of GEM, precipitation, wind speed and relative humidity. Back trajectories
analysis showed that GEM concentrations, precipitations, air temperature, wind speed
and relative humidity are higher for oceanic trajectories. Sigler et al. (2009) suggested

that the Atlantic storms might enhance the GEM evasion from the ocean and the
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precipitation scavenged the sea salt aerosols. This is consistent with the high

precipitation loading and the lack of sea salt tracing ions.

Four processes affecting ambient mercury concentrations were identified.
They were one photochemical process and three meteorological processes (Table 2.3).
Eight out of ten papers identified the photochemical process or oxidation process.
These factors usually had high positive loadings of O3 and GOM (Lynam & Keeler,
2005; Gao, 2007; Huang et al., 2010; Cheng et al., 2012). The high loading on O3
indicates ozone-rich environment and GEM could be oxidized to GOM under the
ozone-rich environment (Pal & Ariya, 2004). Therefore, the presence of O3 and GOM

indicates photochemical processes.

Three meteorological processes identified are precipitation, mixing, and
seasonality (Table 2.3). The factors named precipitation (Huang et al., 2010; Cheng et
al., 2013) had negative loadings on PBM and/or GOM and positive loadings on
relative humidity and precipitation. The positive loadings on precipitation and relative
humidity indicate precipitation process. The negative loadings on PBM and/or GOM
1s consistent with precipitation process because precipitation removes PBM and GOM
from the atmosphere (UNEP, 2008) This is consistent with the negative loading of

PBM and GOM.

There are two mixing factors including diurnal mixing (Liu et al., 2007) and
mixing of free-tropospheric (Swartzendruber et al., 2006). Factor diurnal mixing (Liu
et al., 2007) had positive loadings on O3, mixing height and wind speed and a
negative loading on NO3". The presence of mixing height and wind speed indicates
mixing processes and the mixing processes dilute the concentrations of other

pollutants (Liu et al., 2007). The negative loading of NO3™ was caused by strong
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vertical mixing which led to low NOs™ concentrations. The factor mixing of free-
tropospheric air (Swartzendruber et al., 2006) was a unique factor identified at the
mountain site. This factor had a negative loading on GEM and positive loadings on
GOM, O3, and water vapor. Daytime anabatic winds brought the marine air at daytime
and nighttime katabatic winds brought free-tropospheric air at night to the site. The
marine air containing higher water vapor compared to continental air mass brought to
the site by wind is consistent with the positive loading of water vapor. Free
tropospheric air brings O3 resulted in the positive loading of O3 (Swartzendruber et al.,
2006). High O3 concentrations may oxidize the GEM to GOM. This is consistent with

the negative loading of GEM and the positive loading of GOM.

Factor named as seasonality (Liu et al., 2007) has a high positive loading for
water vapor mixing ratio (WVMR), moderate positive loadings for GEM and O; and
moderate negative loading for PBM and wind speed (WS). The values of WVMR, O3
and GEM were highest in warm seasons and lowest in cold seasons while the values
of PBM and WS were highest in the cold season and lowest in the warm season (Liu

et al., 2007). Therefore, this factor was assigned to climatological seasonality.

One factor (Table 2.3, Cheng et al., 2009) was not determined because it only had
high loadings of all three mercury forms and PMzs. Mercury and PM2s have too
many common sources such as combustion processes, industrial sources and

condensation processes. Therefore, this factor was left undetermined.

2.3.3 Uncertainty of PCA and PMF results

There are uncertainties in PCA and PMF results which could be caused by
measurements and interpretation process. The measurement of concentrations near the

detection limit has larger uncertainties compared to the concentrations far beyond the
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detection limit (Croghan & Egeghy, 2003). The detection limits of GEM, GOM and
PBM are 0.1 ng/m?, 2 pg/m® and 2 pg/m® according to Tekran Inc. (Tekran Inc.,
2010), respectively. In the ten reviewed studies, all of the mean concentrations or
median concentrations of GEM were beyond a factor of 10 times MDL (Table 2.4)
which led to low uncertainties of GEM concentrations measurement. The mean or
median concentrations of GOM are within a factor of 5 times MDL in 10 out of 13
datasets (Table 2.4) while the mean or median concentrations of PBM are within 5
times of MDL in 8 out of 13 datasets (Table 2.4). Therefore, GOM and PBM
concentrations in most of the studies were near the MDL which led to high

uncertainties in the input file (Croghan & Egeghy, 2003).

Table 2.4: The mean concentrations of speciated mercury with the standard deviation or relative
standard deviation (%) in bracket and their ratios to MDL

GEM GOM PBM
Paper Concentration Ratio Concentration Ratio Concentration Rafio
(ng/m’) © (pg/m’) ° (pg/m’) o
MDL MDL MDL
Cheng et al.,
2013 (F 2000 1.24(0.27) 12.4 0.96(1.86) 0.5 2.38(3.63) 12
Cheng et al.,
2013 (KEJ, 1.34(0.20) 13.4 0.44(0.96) 0.2 3.41(4.53) 1.7
2010)
Cheng et al,, 1.37(0.37) 13.7 1.66(2.51) 0.8 4.06(2.95) 2
2013 (HF,2010)? = I : DB : Lok
Cheng et al.,
2013 (KEJ, 1.39(0.31) 13.9 1.82(4.17) 0.9 2.87(2.93) 1.4
2009)
Ren et al., 2014 1.42(0.12) 142 5.4(10.2) 2.7 3.1(1.9) 1.6
Hua;‘gl%t al, 1.49 (18%) 149  4.08 (192%) 2 6.57 (93%) 3.3
Liu et al., 2007 1.5(median) 15 2.9(median) 1.5 Not provided -
Swartzendruber
ctal. 2006 1.54(0.176) 15.4 43(82) 21.5 5.2(4.4) 2.6
Che;‘glezt al, 1.57(0.22) 15.7 0.99(1.89) 0.5 4.42(3.67) 22
Gao, 2007 1.60(0.240) 16 5.03(5.44) 25 10.78(22.02) 5.4
Li et al., 2008 1.96(0.38) 19.6 2.53(4.09) 1.3 12.50(5.88) 6.3
Liu et al., 2007 2.2(1.3) 22 17.7(28.9) 8.9 20.8(30.0) 10.4
Cheng et al.
(2009) 4.5(3.1) 45 21.5(16.4) 10.8 14.2(13.2) 7.1

a: KEJ, HF indicated site name.
GOM and PBM concentrations beyond a factor of 5 times MDL are bolded.
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Other than the detection limits, uncertainties of the results could also be caused
by the measuring method. Lynam and Keeler (2005) suggested that GOM could be
collected on the particle filter of the Tekran system. This leads to an overestimate of
PBM concentrations and an underestimate of GOM concentrations. Combining GOM
and PBM concentrations to reactive mercury (RM) was thought to be able to improve
the data quality (Cheng et al., 2016). In Cheng et al. (2016)’s study, GOM and PBM
were combined to RM to improve the input data quality. An additional what-test
factor was identified after the combination of GOM and PBM compared to the results

using original dataset.

Uncertainties could also be caused in the factor interpretation process due to a
lack of markers to identify the specific sources (Cheng et al., 2015). For example, in
Cheng et al. (2009)’s study, one component was not assigned to any sources because
the factor was dominated by the high factor loadings of all three Hg forms and PM> s.
Because mercury and PM; 5 have too many common sources, additional markers were
needed to identify this factor. The rest three factors in the same study (Cheng et al.,
2009) were not specific enough to keep them distinct (Cheng et al., 2009). All these
three factors were related to combustion process because most of the makers used in
this study (e.g. SO2, NO, NO2, NOx, O3z, and PM5) are from combustion processes
(Cheng et al., 2009). More markers need to be included to identify the specific types
of the combustion process. For example, black carbon and levoglucosan could be
included to identify biomass combustion or wildfires (Puxbaum et al., 2007).

Uncertainties could also be caused in the factor interpretation process due to a
lack of knowledge about physical and chemical mechanisms of mercury. For example,

8 out of 10 papers (Table 2.3) had assigned a factor with positive loadings of O3 and
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GOM to photochemistry. However, positive loadings of O3 and GOM only account
for the correlation between those two species and cannot reach a causal relationship
between them. Theoretical studies also found that mercury oxidization by O3 is
inefficient (Calvert & Lindberg, 2005). More studies on the chemical and physical
process of mercury need to be conducted to improve our understanding of the
mechanism of mercury oxidation. These kinds of studies will help us interpreting the

Hg source apportionment results (Cheng et al., 2015).

2.4 Inter-comparison of the PCA and PMF results

Three studies (Viana et al., 2008a; Belis et al., 2015; Cesari et al., 2016) about the
methods to inter-compare the PCA and PMF results were reviewed. As suggested by
Viana et al. (2008a), the number and the characteristic of the factors/components
identified by PMF model and PCA should be compared. When a factor identified by
receptor model “a” could be spilt into several more homogenous and distinct factors
by receptor model “b”, receptor model “b” has a better performance than receptor
model “a” (Belis et al., 2015). For example, a factor secondary inorganic aerosol
identified in PCA was separated into secondary sulfate and secondary nitrate by PMF
in Cesari et al. (2016)’s study. This indicates that PMF model is better at resolving

collinear sources than PCA.

Viana et al. (2008a) also suggested to compare model performances on
reproducing the measured concentrations. In Belis et al. (2015)’s study, root mean
squared difference (RMSD) was used to evaluate the agreement between the modelled
and observed concentrations. When the RMSD is no larger than 1, the receptor model
has a good performance on reproducing the observed concentrations (Belis et al.,

2015). Z-score indicating whether the differences between the predicted and observed
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concentrations are within the target uncertainty was calculated (Belis et al., 2015).
When the absolute z-score value is lower than 2, the reproduction of the observed
concentrations is acceptable. When the absolute z-score value is between 2 and 3, the
reproduction of the observed concentrations is questionable (Thompson et al., 2006).

More details about RMSD and Z-score could be found in Belis et al. (2015).

The sensitivity of source apportionment to the variables included was compared
in another recently published paper (Cesari et al., 2016). The PMF results derived
from complete dataset and incomplete dataset were comparable, indicating that the
PMF results were stable and robust when different chemical species were included.
However, the PCA results were sensitive to the chemical species presented in the

input file (Cesari et al., 2016).

32



CHAPTER 3

METHOD

3.1 Site

Kejimkujik (KEJ) site is a coastal site located in Kejimkujik National Park, Nova
Scotia (44.32°N; 65.2°W). The site is 165 m above the sea level and the sample inlet
was 5 m above the ground (Cheng et al., 2013). The site is approximately 50 km away
from the nearest coast and approximately 140 km northwest of Halifax. The site is
surrounded by forests and the terrain around the site is a flat plain (Figure 3.1). This
site was originally designed to monitor acid rain in the area. The site is now a part of
the Canadian Air and Precipitation Monitoring Network (CAPMoN) (EC, 2015), the
National Atmospheric Deposition Program (NADP) (NADP, 2016), and the National
Air Pollutants Surveillance (NAPS) networks (EC, 2011b). The variables monitored

in these programs were used to conduct the mercury source apportionment at this site.
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ﬁigure 3.1: Map showing the locations of sampling siterv(‘l), the top 19 SO, or NOx point sources
(average of 2009 and 2010) (%), and all mercury point sources in 2009 and 2010 (O), in Nova
Scotia.
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The sampling site was selected due to the concern of the elevated Hg blood
concentrations in the common loons in Kejimkujik National Park. It was found that
the common loons in Kejimukujik National Park had the highest blood Hg
concentrations (5.5+1.4 ug/g) in Southeastern Canada in 2007 (Evers et al., 2007). In
another study conducted in the mid-1990s, yellow perch, the common loon’s
preferred pray, in Kejimukujik National Park and National Historic Site (Nova Scotia)
was found to have the highest blood Hg concentrations across the North America
(Wyn et al., 2010). In 2006 and 2007, the blood Hg concentrations in yellow perch
increased an average of 29% in 10 out of 16 lakes even though the anthropogenic
emission of mercury decreased form mid-1990s to 2006/07 (Wyn et al., 2010).
Knowledge about the deposition rate of Hg at this site could help the interpretation of
decreasing Hg emission and increasing blood Hg concentrations in common loons and
yellow perch in the study area. As pointed out by Evers et al. (2007), the increasing
blood Hg concentrations in common loons and yellow perch at this site posed a great
threat the common loons and the ecosystem health. Therefore, the factors affecting the
mercury deposition rate including Hg sources affecting the ambient mercury
concentrations at this site need further investigationAccording to the National
Pollutant Release Inventory (NPRI) of 2009 and 2010 (EC, 2016), seven sources
emitting mercury in Nova Scotia were reported by Environment Canada (2016) in
2009 and 2010 (Figure 3.1). They were four electric power plants, one refinery, one
cement plant, and one university. The nearest anthropogenic mercury sources
(Dalhousie University, Halifax: 0.17 kg/yr, Imperial oil, Dartmouth Refinery: 2.8
kg/yr, Table A.1) were approximately 140 km northeast of the sampling site. The
largest two mercury sources were Lingan Power Generating Station (450 km

northeast) and Trenton Power Generating Station (250 km northeast), respectively.
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Their annual mercury emissions during 2009 and 2010 were 71 kg/yr and 26 kg/yr on
average, respectively. The provincial total mercury emission was 147.5 kg and 90.3
kg in 2009 and 2010, respectively. The top 19 SO> and NOx point sources (average in
2009 and 2010) in Nova Scotia were also shown in Figure 3.1. Among the top 19 SO-
and NOy sources, 16 sources were common in the top 19 SO and NOy sources while
3 sources had large emissions only for SO2 and NOx, respectively. The top 19 SO or
NOx sources contributed 99% and 98% to the total SO> emission and the total NOx
emission (average of 2009 and 2010), respectively. All seven mercury sources emitted
both SO, and NOyx. The nearby combustion sources/industrial sources such as
biomass-fueled power station and tire production factory were located approximately
50 km away from the KEJ according to the NPRI (Table A.1). The largest two
common sources of SO2 and NOx are a power generation station and a refinery in
Dartmouth approximately 140 km northeast of the sampling site (Table A.1). In
addition to the pollutants emissions within the province, KEJ site was possibly
affected by the mercury emissions from U.S. because there are high-density mercury

sources in eastern U.S.

3.2 Data collection

GEM, GOM, and PBM concentrations were collected in 2009 and 2010 using
Tekran® instruments (Models 1130/1135/2537). The speciated mercury concentrations
were measured at a 3-hour interval. In the first two hours, the equipment measured
GEM concentrations every 5 minutes and collected GOM and PBM. In the third hour,
the GOM and PBM concentrations were quantified by the equipment (Cheng et al.,
2013). The method detection limits of speciated mercury used in this study were 0.1

ng/m>, 2 pg/m?, and 2 pg/m® for GEM, GOM, and PBM, respectively (Tekran Inc.,
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2010).

The collection efficiencies of GOM and PBM were uncertain because there were
no calibration standards for GOM and PBM (Huang et al., 2013). The collection
efficiency for GEM could be quantified because the manual injection of GEM was
performed to adjust the equipment (Gustin et al., 2015). The quality of the speciated
mercury data was checked by Environment Canada using Research Data Management

Quality (RDMQ) software (Steffen et al., 2012).

Other air pollutants beyond mercury species were included to aid the source
apportionment of mercury species. The hourly concentrations of ground-level O3 and
meteorological parameters (relative humidity, wind speed, temperature, and
precipitation amount, wind direction) were monitored at this site (EC, 2011a; EC,
2011b). The concentrations of PMa2s, SOz, HNOs, and SO4*, NOs,, Mg**, CI', K ¥,
Ca*', NH4', Na" on PM> s at KEJ site were available from CAPMoN and NAPS (EC,
2011b; EC, 2015). The dataset with air pollutants only were used in both PCA and
PMF model while the meteorological data were only used in PCA. All variables were
converted to daily average because the time interval of the variables need to be the
same. All of the data are provided by Environment Canada. (EC, 2011a; EC, 2011a;
EC, 2015). It should be noted that the same datasets were also used in another PCA

study conducted at this site (Cheng et al., 2013).

According to previous studies (Lynam & Keeler, 2006; Viana et al., 2008b;
Watson et al., 2008; Zhang et al., 2008; Cheng et al., 2012), the variables included in
this study were used as the indicators of specific sources. Variables including SO»,
HNO3, SO4> NO;™ and PM» s were the indicators of combustion and industrial source

(Watson et al., 2008; Zhang et al., 2008; Cheng et al., 2012). Ozone indicated
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photochemical process or gas phase oxidation of mercury (Lynam & Keeler, 2006).
Potassium ions and calcium ions were the indicators of biomass combustion and
soil/crustal emission, respectively (Andersen et al., 2007; Zhang et al., 2008). Marine
aerosols and road salts (i.e. salt used to melt ice in winter) were indicated by Mg?*, CI
and Na" (Brennan et al., 2004). Ammonia indicated agriculture activities (Zhang et
al., 2008). Meteorological parameters were used to identify the processes affecting
ambient mercury concentrations in PCA. The positive loadings of relative humidity
and precipitation indicated the wet deposition (Huang et al., 2010). Wind speed
indicated air mass transport. Temperature affected the natural mercury sources or re-

emission (Laurier et al., 2003).

The general statistics of the input data are listed in Table 3.1 and Table 3.2 for
2009 and 2010, respectively. Three speciated mercury forms were not missing at the
same time in 2009. PBM had the largest amount of missing values among all
chemical species in 2009. The ratios of the geometric mean value to the median value
for GEM, GOM, and PBM in 2009 were all close to 1 (0.97, 1.36, and 0.83,
respectively). The total ions were calculated by summing up all ions. It contributed
80% of the total PM mass. It should be noted that GOM has a larger geometric mean
value than the median values. Three mercury forms and the non-mercury species were
missing at the same time. The non-mercury species had more missing values in 2010.
The ratios of the geometric mean to the median for all three mercury forms in 2010
were also close to 1 (0.97, 1.29, and 0.95, for GEM, GOM, and PBM, respectively).
The number of missing values observed in 2010 were less than the missing values

observed in 2009.
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Table 3.1: General statistics of air pollutant concentrations (ug/m?, for non-mercury species) in the

input files in 2009.
Number Percent Percent
. of the of of values Geometric di itan_da.r d
Species missing  missing MDL below Mean Median Mean eviatio
values values MDL n

(Sil:g) 112 31% 0.1 0% 1.37 1.41 1.39 0.26
(}()}g?rlr\g) 115 32% 2 79% 0.57 0.42 1.77 3.70
(532143) 151 41% 2 48% 1.78 215 281 272
PM 73 20% 1 9% 2.71 291 3.44 2.49
0O 0 0% 4.3 0% 594 62.1 62.4 19.1
SO, 12 3% 0.002 0% 0.20 0.22 0.40 0.51
HNO3 11 3% 0.05 12% 0.13 0.12 0.19 0.22
Ca** 2 1% 0.002 0% 0.05 0.05 0.06 0.04
K* 2 1% 0.029 17% 0.04 0.03 0.04 0.03
Na* 2 1% 0.05 9% 0.25 0.30 0.43 0.47
Mg?* 2 1% 0.0004 2% 0.04 0.04 0.06 0.06
Cr 2 1% 0.046 23% 0.19 0.23 0.46 0.64
NO;5 2 1% 0.06 9% 0.18 0.17 0.28 0.39
NH4* 2 1% 0.001 0% 0.19 0.17 0.28 0.32
SO4* 2 1% 0.05 0% 0.78 0.76 1.14 1.27
Total 2 1% : . 2.13 205 276 2.3

ions

Table 3.2: General statistics of air pollutant concentrations (ug/m? for non-mercury species) in the
input files in 2010, MDL same as in Table 3.1.

Number Percent  Percent of

Speci of the of values Geometric . Standard
pecies .. . Median Mean .

missing  missing below Mean deviation

values values MDL

(Sgl;%) 16 4% 0 1.34 138 1.35 0.17
(Sg?nl\g) 16 4% 060, 0.27 0.21 044 64
([I:g]?;rl:l{) 16 4% A6 2.08 220 340 43
(0F 3 1% 0% 62.2 63.4 64.5 16.6
SO, 68 19% 1% 0.10 0.13 0.23 0.31
HNO;3 68 19% 25% 0.10 0.10 0.18 0.22
Ca%t 68 19% 0% 0.04 0.04 0.07 0.13
K* 68 19% 46% 0.04 0.03 0.06 0.07
Na* 68 19% 16% 0.20 0.24 0.40 0.53
Mg? 68 19% 0% 0.03 0.04 0.05 0.06
Cr 68 19% 27% 0.14 0.15 0.46 0.83
NOs 68 19% 21% 0.14 0.13 0.25 0.36
NH4* 68 19% 0% 0.16 0.15 0.30 0.57
SO 68 19% 0% 0.69 0.64 1.11 1.65
Total ions 68 19% - 1.89 1.80 2.71 2.95

The large amount of GOM and PBM concentrations below the MDL (78% and

96% for GOM in 2009 and 2010, respectively; 48% and 46% for PBM in 2009 and
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2010, respectively, Table 3.1 and Table 3.2) indicated the high corresponding
uncertainties because the concentrations below the MDL usually have higher
uncertainties compared to the concentrations above the MDL (Croghan & Egeghy,
2003). The high uncertainties observed in the GOM and PBM concentrations
measurement was caused by the collection of GOM on the PBM filter (Lynam &
Keeler, 2005). d in GOM concentrations biased low and PBM concentrations biased
high. Combining GOM and PBM to reactive mercury (RM) (Gustin et al., 2013;
Weiss-Penzias et al., 2015) and excluding GOM and PBM from the dataset were
conducted to improve data quality. The MDL for RM was considered to be 4 pg/m?

and was considered as missing when one of GOM and PBM was missing.

3.3 Selection of receptor models

PMF model, PCA, and CMB model are three commonly used receptor models.
The inputs and outputs of these three receptor models are listed in Table 3.3 (US EPA,
2004; US EPA, 2014; Cheng et al., 2015). As seen in Table 3.3, source profiles are
only required by the CMB model as input. Because the source profiles were not

available in this study, CMB model was not used.

Table 3.3: Input files and output files for the three receptor models.

CMB PMF PCA
Input 1) Source profiles 1) Ambient 1) Ambient
files 2) Ambient concentration concentration data concentration data
data 2) Uncertainty data and/or meteorological
3) Uncertainty data data
Output 1) Source contributions 1) Source profiles 1) Source factors
files 2) Model performances 2) Source contributions
index 3) Model performances
index

PCA could also include meteorological parameters which could identify the
meteorological processes affecting the ambient concentrations of pollutants. However,

the interpretation of the PCA components could be subjective when the makers
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included are insufficient (Viana et al., 2008a). PCA results only provide qualitative
components affecting ambient concentrations. The source profiles provided by PCA

may have no physical meaning (Viana et al., 2008a).

The inclusion of the data uncertainty in PMF model makes the results more
accurate. PMF model are also able to reduce the influence of the species with high
uncertainties (US EPA, 2014a). Quantitative factor profiles and factor contributions
provided by PMF output could aid future studies in factor interpretation. However, the
numbers of the factors should be determined before running PMF model. The
determination of the number of factors is time consuming (US EPA, 2014a). The
interpretation of the PMF results could also be subjective like the interpretation of the

PCA results (Viana et al., 2008a).

The source apportionment using the same dataset was conducted by PCA in
another study (Cheng et al., 2013). Therefore, the source apportionment of the same
dataset using PMF model were conducted in this study in order to compare the PMF
results and PCA results. However, the data treatment and the input settings of PCA in
Cheng et al. (2013)’s study (see details in section 3.6.1) were different from the data
treatment and the input settings in PMF model (see details in section 3.5.2) in this
study. This makes the PCA results in Cheng et al. (2013)’s study not comparable with
the PMF results in this study. Therefore, PCA was also conducted in this study with

the same data treatment and input settings as the PMF model.

3.4 Treatments of missing data

Listwise deletion was used in PMF model because it was the only deletion method
accepted by PMF model. Cases using geometric mean imputations and median

imputations were conducted to assess the model sensitivity to different treatments of
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missing values. The annual geometric mean and annual median were used because
they are less affected by extreme values in the dataset than mean imputation (Pekey et
al., 2004). In order to be compared with the PMF results, the listwise deletion was

also used in PCA.

3.5 PMF model

3.5.1 Study design

The PMF model (version 5.0) developed by US EPA (2014a) was used in this
study. The following description is based on the 2009 dataset. The run excluding
missing values listwise was defined as Case 1. Case 1 was referred as the reference
case in 2009. The runs replacing missing values with the annual geometric mean and
the annual median were defined as Case 2 and Case 3, respectively. Case 2 and Case 3
were used to assess the sensitivity of PMF model to different treatments of missing
values. The run excluding GOM and PBM and the run combining GOM and PBM
into RM were defined as Case 4 and Case 5, respectively. The run using a scaling

factor (Eqn 5) to increase the GOM and PBM concentrations was defined as Case 6.

max(x)

(5)

Scaling factor =
Xi

where

xi: concentration of the species in the i sample;

max(x): the maximum value of the species.

The scaling factor is large when the concentration is low, and vice versa. Case 4,
Case 5 and Case 6 were used to evaluate the impact of the improvement of data
quality on the model performances and factor interpretations.

The same case design was also used in 2010. The detailed information about the
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cases in 2009 and 2010 was listed in Table 3.4. It should be noted that PM> s was not
available in 2010. The details about the data process step for each case could be found

in Appendix B.

Table 3.4: PMF case designs with different treatments of speciated mercury.

Case Treatment of missin Sample size
number Variables used (n) catme aloe SSIng p

2009 2010 vat 2009 2010

1 7 All chemical species (15) Excluding listwise 161 290

28 All chemical species (15) Geometric mean 305 35

1mputation

3 9 All chemical species (15) Median imputation 365 365
All chemical species except GOM and S

4 10 PBM (13) Excluding listwise 201 290
All chemical species, but combining P

5 11 GOM and PBM to RM (14) Excluding listwise 161 290

All chemical species and increasing
6 12 GOM and PBM concentrations using a Excluding listwise 161 290
scaling factor (15)

The factors identified of the cases excluding or combining GOM and PBM were
compared to the factors identified in the reference case. When all the factors identified
in the cases excluding or combining GOM and PBM were the same as the reference
case, excluding or combining GOM and PBM was acceptable. However, it should be
noted that the factor contributions to GOM and PBM could be concealed even though
the same factor were identified. When the factors in the reference case were not
identified in the cases excluding or combining GOM and PBM, the missing factors
were checked. When the missing factors contributed few to mercury concentrations,
excluding or combining GOM and PBM was also acceptable. Otherwise, excluding or

combining GOM and PBM was not acceptable.

3.5.2 Model setup

Equation (3) was used to calculate the equation-based uncertainties (U.S. EPA,
2014). The error fractions needed by equation (3) were assumed to be 15% of

concentrations for mercury and 10% of concentrations for non-mercury compounds
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because most of the measured GOM and PBM concentrations had large uncertainties
as concluded in Section 3.2. 100%, 200% and 1000% of geometric mean/median for
GEM, GOM, and PBM, respectively, were used as the uncertainties for the samples
with imputations (Polissar et al., 1998; Hopke, 2000). The ratios were chosen
according to the distribution of the uncertainties of the below MDL values in Case 1
and Case 7.

After loading the input files, the time series of each variable were checked. In
2009, there were three spikes in GEM and GOM species indicating extreme events
(US EPA 2014). The spikes were caused by real pollution events. In order to identify
all possible Hg sources, no sample was excluded in 2009. No extreme event was
observed in 2010. No step changes were observed in both years. This is expected

because the collection equipment did not change in 2009 and 2010.

In this study, the S/N ratio was not useful in categorizing the variables because the
uncertainties of all variables were set to a fixed fraction of the concentrations (U.S.
EPA, 2014). The categorizations of the variables were set based on the scaled
residuals after the first run (U.S. EPA, 2014). All variables were categorized as
“strong” for the first run. All species except GOM and PBM had a good performance
in scaled residual plot and observed/predicted statistics in the initial run. The second
run with GOM and PBM categorized as “weak” had similar results. Because there
was no significant difference between the results using different GOM and PBM

categories, all species were set as “strong” in this study.

No species was selected as the total variable because dataset used in this study
contained both particulate matter and gaseous pollutants and the study is focused on

the speciated mercury. The default value (20) was used as the number of runs to
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evaluate the stability of results. A fixed seed number (25) were used so that the results
could be reproduced later. The extra modeling uncertainty needs to be used when the
result is not stable. It was not used because the initial run was quite stable (no large

changes of the Q values among different runs).

The IM and IS were calculated to determine the number of factors. The IM and IS
dropped dramatically in 2009 when the number of factor increased to 3 (Figure 3.2).
In the line plot of Q(Robust) and Q(true) vs number of factors (Figure 3.3), no
significant decreases were found when the number of factors is larger than 5 in 2009.
Therefore, the PMF was conducted using the number of factor from 3-5 in 2009. In
2010, the decrease of IS value was gentle while the IM value experienced a drastic
drop when the number of factors increased to 3 (Figure 3.4). The trend of the
Q(Robust) and Q(True) in 2010 what-test is similar to 2009 (Figure 3.5). Therefore,
the PMF runs with the number of factors from 3 to 5 were also conducted in 2010.
The number of the factors is a compromise of the trends of these indexes and the
physical meanings of the factors obtained (Cesari et al., 2016). The detailed
comparison of the physical meanings of different solutions was provided in the

Appendix C.
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Figure 3.3: Q(Robust) and Q(true) plot vs number of factors in 2009.
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Figure 3.5: Q(Robust) and Q(true) plot vs number of factors in 2010.

3.5.3 PMF performance evaluation

The Q (robust), Q (true) and the convergence were checked. The converged run
with the lowest Q (robust) value was highlighted and only the converged run was
further analyzed (US EPA, 2014a). In this study, all runs in each case were
convergent. Both Q (robust) and Q (true) values had small variations among 20 runs
(smaller than 5, Appendix D) indicating that the results were quite stable (US EPA,

2014a). The run with the minimum Q (robust) value, which is also known as the best
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base run, was used for further analysis. Different in Q (true) and Q (robust) values
(>8%, Appendix D) were observed indicating that uncertainties of input files were

proper (US EPA, 2014a).

The model performance on reproducing the observed concentrations were
evaluated by analyzing the scaled residual plot, Obs/Pred scatter plot and Obs/Pred
time series. It should be noted that the predictions in graphic format such as Obs/Pred
time series are provided by PMF directly but the numeric predictions of
concentrations in this study was calculated using the factor contributions and factor
profiles in PMF outputs. In the scaled residuals plot, when the distribution of the
scaled residuals was normal and most of the residuals were below three standard
deviations, the observed concentrations were reproduced well (US EPA, 2014a). The
Obs/Pred scatter plot contained a regression line of observed and predicted
concentrations and a one-to-one line. A small bias between the regression line and the
one-to-one line indicated good agreement between the predicted concentrations and
observed concentrations (US EPA, 2014a). The difference between the slopes of two
lines was used to determine the bias between two lines. When the slope is larger than
1, the model overestimated the observed concentrations and vice versa. The R? was
also provided in the Obs/Pred scatter plot screen. It represents the proportion of
variance explained by the model. The closer to 1 the R* was, the better the agreement
between the predicted and observed concentrations was. In the Obs/Pred time series,
when the observed concentrations and the predicted concentrations tracked with each
other, the observed concentrations were thought to be reproduced by the PMF model

well (US EPA, 2014a).

Factor contributions to total predicted mercury concentrations, ratios of predicted
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mercury concentrations to observed mercury concentrations (Pred/Obs ratio) and
ratios of predicted annual mean to observed annual mean (annual Predmean/Obsmean
ratio) were calculated to verify the findings derived from Obs/Pred time series.
Factors with average mercury contributions larger than 15% were considered as the
major mercury sources which has a large impact on ambient mercury concentrations.
Pred/Obs ratios were used to determine how well the observed concentrations were
reproduced by PMF model. When the average Pred/Obs ratio was close to one, the
reproduction of the observed concentrations was good. A large range of the Pred/Obs
ratios indicated that the model predicted mercury concentrations did not track the
observed mercury concentrations well. The annual Predmean/Obsmean ratio close to
one indicated that the observed concentrations were well reproduced on an annual

basis.

3.5.4 Factor interpretation

The factors were interpreted based on the comparison of the major variables of the
factors and markers of the source profiles in the literature (Leuchner et al., 2015). The
variables with the factor contribution larger than 25% were thought to be the major
variables of the factor. The factors were assigned to the names of the sources with

similar major variables.

3.6 PCA

3.6.1 Study design

In order to be compared with PMF model, the same datasets as in Case 1 and Case
7 for 2009 and 2010 were used in PCA, respectively. These two cases were defined as

Case 13 and Case 15 for 2009 and 2010, respectively. Cases including both the
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chemical species and meteorological parameters were defined as Case 14 and Case 16
for 2009 and 2010, respectively. Case 14 and Case 16 were used to evaluate the
effects of including the meteorological data on components identification. The
dimension of the dataset (number of variables m x number of samples n) used in this
study met the requirement to derive stable results (i.e. n > 50+m, Thurston &

Spengler, 1985b). The detailed information about the cases in PCA is listed in Table

3.5.
Table 3.5: Input and Set-up used in PCA in this study.
Case . Sample  Requirements .
number Year Variables (m) size (n) (50+m) Other settings
13 2009 all chemical species (15) 161 65 1) Missing value:
all chemical species and Listwise deletion
14 2009 meteorological 159 69 2) Rotation: Varimax
parameters (19) 3) Cut-off value for
. . major variables: 0.25
15 2010  all chemical species (15) 290 65 4) Principal
all chemical species and components: Kaiser
16 2010 meteorological 285 69 criterion

parameters (19)

The source apportionment of speciated mercury by PCA using the same dataset
was also conducted in another study (Cheng et al., 2013). The detailed information of
the case design in that study was listed in Table 3.6. Pairwise deletion was used
instead of listwise deletion to make the full use of the dataset (Cheng et al., 2013).
Marine tracing species (Na*, Mg?*, and CI') were excluded after the first run because
the marine tracing species were not related to any mercury sources (Cheng et al.,
2013). A fixed number of components (i.e. 4 and 3 for 2009 and 2010, respectively)

was kept for further analysis (Cheng et al., 2013).
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Table 3.6: Input and Set-up used in PCA in Cheng et al. (2013).

Case number Dataset Variables Other settings
A 2009 All variables 1) Missing value: pairwise
B 2010 All variables deletion

03, PM, GEM, GOM, PBM, SO,, 2) Rotation: Varimax
Ca?', HNOs, K*, NH4", NOs7, SO4>, 3) Cut-off value for major
temperature, relative humidity, variables: 0.30
wind speed, and precipitation. 4) Principal components:

O.CEM.GoM P, T v
D 2010 temperature, relative humidity, ’

wind speed, and precipitation mumber of factors used in
peed, precip ’ case 3 and case 4

C 2009

3.6.2 Model setup

The PCA analysis was conducted using SPSS 22.0 (IBM Corp., 2013). The
suitability of the dataset for factor analysis was checked before running the PCA
(Williams et al., 2012). Kaiser-Meyer-Olkin (KMO) index and Bartlett’s Test of
Sphericity were checked. When the KMO index of the dataset is larger than 0.50 and
the Bartlett’s Test of Sphericity is significant (p<0.05), the dataset is suitable for
factor analysis (Tabachnick & Fidell, 2001; Hair et al., 2006). In this study, the data

set for each case met both criteria (Table 3.7).

Table 3.7: KMO index with the Bartlett’s Test significant at 0.001

KMO index
Case 13 0.75
Case 14 0.70
Case 15 0.54
Case 16 0.58

After the dataset was automatically standardized, the principal components were
extracted by PCA. The number of the components kept was determined according to
the Kaiser Criterion (Kaiser, 1960) which kept the components with eigenvalues
larger than 1 for further analysis. The varimax rotation was used because the sources

were assumed to be independent.
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3.6.3 Factor interpretation

The principal components after rotation were interpreted by comparing the major
variables of the principal components and markers in the outcomes of other studies.
Different cut-off values were tried and 0.25 was chosen as the cut-off value for the
major variables in this study according to the interpretability of the results. The
component was assigned to the sources and processes whose markers are the same as

the major variables of this component.

3.7 Comparison of the results

3.7.1 Comparison of the results between 2009 and 2010

In PMF model, the factor profiles, factor contributions to mercury, and the
model performances on reproducing the observed mercury concentrations in 2009 and
2010 were compared. When any differences between 2009 and 2010 were observed,

the possible causes of the changes were investigated.

In PCA, only the sources identified were compared. The similarities and
differences of the results between two years were summarized. The possible causes of

the differences were investigated.

3.7.2 Comparison between PCA and PMF results

The PCA loadings and the factor profiles and contributions in PMF results have
very different meanings. The variables with high loadings in the principal components
in PCA indicates the strong correlations between the variable and the principal
component (Beaumont, 2012). The PMF factor profiles indicate the percentage of
total mass within the factor for each variable in each factor. Therefore, a comparison
between the PCA and PMF results cannot be done. However, a comparison of the
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numbers and the characteristics of the factors/processes or components identified and
the major variables could be conducted to find the weakness and strength of each
method on source identification (Callén et al., 2009). The number of the factors
identified by PCA and PMF model was compared. When the number of the factors
and characteristic of the factors were similar in both models, the models were thought
to have similar model performances on factor identification. When a model split one
factor/component into more homogenous and distinct factors/components than other
methods, the model was thought to be more powerful on resolving the collinear
sources (Belist et al., 2015). When a factor was identified by one model but not
identified by another model, the reason why it was not identified by another model

was investigated.

Viana et al., (2008a) also recommended to compare the model performance on
reproducing the observed concentrations. However, the reconstruction of the
measured concentrations by PCA was not conducted due to the limited study period.
Therefore, the comparison of the model ability to reproduce the measured

concentrations was not conducted in this study.
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CHAPTER 4

RESULT AND DISCUSSION

4.1 PMF results
4.1.1 Year 2009

Case 1: Reference case

The source profiles of Case 1 are listed in Table 4.1. Factor 1 is named as
Combustion Emission because this factor accounts for high % of SO4* (64%) and
HNOs (54%) and moderate % of GOM (31%). The precursors of SO4> and HNO3
(SO2 and NOy) are from the coal combustion process and they were probably oxidized
during the transport from sources to receptor sites (Liu et al., 2007). The presence of
GOM is consistent with the combustion emission because the combustion process is
one of the GOM sources (Carpi, 1997). The presence of NH4" in this factor (71%,
Table 4.1) is related to the long-range transport of the NH3 from agriculture activities
(Pitchford et al., 2009). NH3 reacted with H2SO4 during the transport to form
(NH4)2SO4. The molar ratio of NH4" to SO4* is 1.7. This means the NH3 was not
enough to neutralize HoSO4 and the rest of the H2SO4 reacted with other compounds
to form sulfate (Pavlovic et al., 2006). The moderate % of PM in the factor is
consistent with the presence of secondary pollutants existing as particles. Because
there were no combustion emissions near the sampling site according to the NPRI
(EC, 2016), this factor is likely related to the transport process. Back trajectory model

could be used to determine the origin of the combustion emission.
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Table 4.1. Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 1 in

2009.
% of total species F1 F2 F3 F4
GEM 76
GOM 31 69
PBM 29 63
PM 42 34 a7
0; 72
SO» 82
HNO3 54 21 (25)
Ca%* (19) 45 31
K* (22) 37 39
Na* 86
Mg?* 83
Cr 100
NO3 25) (23) 40
NH4* 71
SO4* 64 (18)
Factor name Combug‘uon Industrial Source Photoghe'mlstry & Sea Salt
Emission Re-emission of Hg

Factor 2 is assigned to Industrial Source. The major variables PBM (29%) and
SO2 (82%) are the indicators of coal combustion process (Huang et al., 2010).
However, no coal combustion source near the KEJ site in 2009 was reported
according to the NPRI (EC, 2016). Additional variables were needed to confirm the
identification of this factor. NO3™ (23%) and HNO3 (21%) were the third and the
fourth largest variables the factor accounting for. They were included as the major
variables. The presence of NO;™ and HNO; indicate that the factor was related to
industrial sources because NOx, the precursor of NO3™ and HNO3, is mainly released
by industrial sources (Liu et al., 2007). More analyses such as back trajectory or

pollution wind rose are needed to verify this factor.

Factor 3 is named as Photochemistry and Re-emission of Hg because the factor
accounts for high % of ozone (72%), GEM (76%), GOM (69%), and PBM (63%) and
moderate % of Ca* (45%) and K* (37%). The high % of ozone indicates an ozone

rich environment. GEM could be oxidized to GOM under this situation (Pal & Ariya,
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2004). Although the results of recent studies showed that the oxidation of mercury by
ozone had uncertainties, the oxidation rates of mercury by bromine were reported
very fast (Goodsite et al., 2004). The location of the KEJ site is near the Atlantic
which makes the oxidation of mercury by bromine possible. The PBM in this factor
was likely formed by the condensation of mercury on particles. The presence of K*
and Ca®" is related to soil emission or biomass combustion (Andersen et al., 2007;
Zhang et al., 2008). The site is located in Kejimkujik National Park, making the site
possible to be affected by soil emission or biomass combustion. The mercury re-
emission from biomass burning and land surface was estimated to contribute
approximately 13% and 34% to the total global natural re-emission of mercury,
respectively (Pirrone et al., 2010). Therefore, the high % of GEM the factor
accounting for was likely related with the re-emission of GEM from biomass burning
and soil. A factor related to soil and biomass combustion was also identified in

another PCA study at this site (Cheng et al., 2013).

Factor 4 accounts for large % of CI” (100%), Mg>" (82%) and Na* (86%) and
moderate % of Ca*" (31%), K* (49%) and NO;™ (40%). The presence of Na®, Mg,
CI' in the major variables indicates marine aerosols because they are rich in the
composition of sea water (Brennan et al., 2004). The ions Ca** and K* are the fourth
and fifth largest metal ions in the composition of sea water, respectively (Brennan et
al., 2004). The presence of marine aerosols was reasonable because the sampling site
is located in a national park near the Atlantic. The presence of NO3™ was related to the
reaction of HNO; and sea salt (Pakkanen, 1996). Therefore, this factor is named as

marine aerosols.

The factor contributions and the ratios of predicted concentrations to observed
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concentrations are listed in Table 4.2. As seen in Table 4.2, the factor Photochemistry
and Re-emission of Hg had the largest contributions to GEM (average 77%), GOM
(average 74%), and PBM (average 69%) among all four factor indicating that the
factor Photochemistry and Re-emission of Hg dominated the ambient mercury
concentrations at this site. The factor Industrial Source contributes 22% on average to
PBM while the factor Combustion Emission contributes 26% on average to GOM.
The factor sea salt only contributes 14% on average to GEM. This is not unexpected
because GEM is likely to be oxidized to GOM by the in situ photochemical process
under the bromine-rich environment and most of the GOM in the marine boundary
layer is absorbed by sea salt aerosols and deposited into the ocean again (Holmes et

al., 2009). Case 1 was used as the reference case in 2009.

Table 4.2: Factor contributions to speciated mercury in Case 1 in 2009.

Combustion Photochemistry
Factor name . Industrial Source & Re-emission Sea Salt
Emission
of Hg

Min 0 0 0 0
GEM Max 20 56 97 97
(%)  Average 4 6 77 14
Median 2 3 83 9
Min 0 0 0 0
GOM Max 100 0 100 0
(%) Average 26 0 73 0
Median 21 0 79 0
Min 0 0 0 0
PBM Max 0 93 100 92
(%)  Average 0 22 69 9

Median 0 14 74

Case 2: Geometric mean imputation

The factor profiles of Case 2 are listed in Table 4.3. Factor 2 has the same
major variables as the factor Industrial Source in Case 1. Therefore, the factor is
assigned to the same name. Factor 1, factor 3 and factor 4 have similar major

variables as the factor Combustion Emission, factor Photochemistry and Re-emission
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of Hg, and factor Sea Salt in Case 1, respectively. Factor 1 lacks GOM in the major
variables but the presence of HNO; (62%, Table 4.3) and SO4> (79%, Table 4.3) in
the major variable is enough to identify combustion process. Factor 3 has an
additional major variable of NO3  (34%, Table 4.3) compared to the factor
Photochemistry and Re-emission of Hg in Case 1. The presence of NOs™ is consistent
with the soil emissions identified in this factor (Parmar et al., 2001). Factor 4 lacks
Ca" in the major variables compared to the factor Sea Salt in Case 1. However, the
major variables of CI, Mg?*, and Na" were enough to indicate that this factor was
related to sea salt (Brennan et al., 2004). Therefore, factor 1, factor 3 and factor 4

were assigned to the same names as in Case 1.

Table 4.3: Factor profiles (% of species >25%, between 15% and 25% in bracket) in Case 2 in

2009.
% of total species Fl1 F2 F3 F4
GEM 78
GOM (19) 81
PBM 29 62
PM 38 41
(OF 67
SO, 96
HNO;3 62 (18) (19)
Ca?* 61 (21)
K* (24) 41 34
Na* 85
Mg? 81
Cr 100
NOs (19) 34 37
NH4* 84
SO4** 79 (16)
Combustion Industrial Photocher.ms'try
Factor name FEmission Source & Re-fe\trgmsmn Sea Salt
orng

The factor contributions to speciated mercury of Case 2 are listed in Table 4.4.
As seen in Table 4.4, the factor Photochemistry and Re-emission of Hg also had the

largest contributions to speciated mercury (81% of GEM, 96% of GOM, and 73% of
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PBM on average, Table 4.4) as in Case 1. The factor Industrial Source contributed
26% on average to PBM concentrations. The other two factors (Combustion Emission

and Sea Salt) only had small contributions (<20%, Table 4.4) to mercury.

Table 4.4: Factor contributions to speciated mercury in Case 2 in 2009.

. . Photochemistry
Factor name Combug‘uon Industrial & Re-emission Sea Salt
Emission Source
of Hg

Min 0 0 0 0
GEM Max 79 34 98 99
(%) Average 5 4 78 13
Median 3 2 83 7

Min 0 0 0 0

GOM Max 97 0 100 0
(%) Average 17 0 83 0
Median 12 0 88 0

Min 0 0 0 0
PBM Max 0 87 100 94
(%) Average 0 23 67 10
Median 0 19 71 5

The differences in the source profiles and source contributions of Case 1 and
Case 2 may relate to the differences of the correlation between mercury and chemicals
markers in these two cases. The Pearson correlation coefficients between speciated
mercury and other chemical species in Case 1, Case 2 and Case 3 are listed in Table
4.5. The Pearson correlation coefficients between GEM and other chemical species,
especially for the species with large correlation coefficients (GOM, PBM, and O3),
did not change a lot between Case 1 and Case 2 (Table 4.5). The Pearson correlation
coefficients between GOM and NH4" (from 0.29 to 0.09) and SO4* (from 0.27 to
0.06) become insignificant and the correlations between GOM and PM (from 0.31 to
0.19) and HNOs3 (from 0.45 to 0.27) were also reduced to a low level after imputation
in Case 2 compared to Case 1. This may be the reason that the factor Combustion
Emission contained no GOM in major variables and contributed less to GOM

concentrations in Case 2 (Table 4.4) because SO4*, HNOs, and NH4" are the markers
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in the factor Combustion Emission. For PBM, the correlation coefficients between
PBM and SO; (from 0.63 to 0.50), HNO;3 (from 0.42 to 0.25), and NOs™ (from 0.49 to
0.41) decreased. However, the correlation coefficient values were still strong enough
to make these variables (PBM, SO., HNOs3, and NO3") cluster in one factor (Industrial
Source, Table 4.3). The changes of the correlation coefficients between the mercury

and other chemicals were due to a large number (up to 41%) of imputation.

Table 4.5: Pearson correlation coefficients between speciated mercury and other chemical species
in Case 1, Case 2 and Case 3 in 2009. (asterisk indicates insignificant at p=0.05)

GEM GOM PBM
Casel Case2 Case3 Casel Case2 Case3 Casel Case2 Case3

GEM | 1.00 1.00 1.00 0.37 0.37 0.35 0.28 0.35 0.35
GOM | 0.37 0.37 0.35 1.00 1.00 1.00 0.11*  0.20 0.19
PBM 0.28 0.35 0.35 0.11*  0.20 0.19 1.00 1.00 1.00
PM 0.15 0.11 0.11 0.31 0.19 0.18 0.48 0.30 0.31
O3 0.48 0.52 0.50 0.28 0.24 0.25 0.56 0.44 0.45
SO, 0.11*  0.16 0.16 0.21 0.19 0.19 0.63 0.50 0.52
HNO; | 0.18 0.14 0.16 0.45 0.27 0.27 0.42 0.27 0.29
Ca?* 0.13* 0.10* 0.09* 0.39 0.36 0.36 0.28 0.26 0.26
K* 0.01* 0.03* 0.02* 0.17 0.17 0.17 0.11*  0.14 0.13
Na* 0.06*  0.12 0.10* -0.09* -0.02* -0.02* 0.20 0.22 0.21
Mg** 0.07*  0.12 0.10 -0.01* 0.03* 0.04* 0.23 0.24 0.23
Cr -0.01*  0.06* 0.04* -0.18 -0.09* -0.08 * 0.06%  0.11 0.10*
NOs 0.14 0.15 0.13 0.17 0.15 0.15 0.49 0.41 0.41
NH4" | 0.18 0.12 0.14 0.28 0.09*  0.09* 0.53 0.22 0.23
SO 10.24 0.13 0.15 0.27 0.06* 0.05* 0.53 0.17 0.19

Case 3: Median imputation

The factor profiles and factor contributions of Case 3 are listed in Table 4.6
and Table 4.7, respectively. The major variables of all four factors are similar to the
factors in Case 2. Therefore, the factors in Case 3 are assigned to the same names as
the factors in Case 2. The contributions of each factor to speciated mercury are also

similar to those in Case 2.
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Table 4.6: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 3 in
2009.

% of total species F1 F2 F3 F4
GEM 79
GOM (15) 84
PBM 26 65
PM 38 42
(O} 69
SO, 84
HNO;3 63 (15) (21)
Ca** 62 (21)
K* 25 41 35
Na* 85
Mg?* 81
Cl 100
NO3 (16) 36 38
NH4* 85
SO4* 79 (16)
Combustion Industrial Photocher.mgtry
Factor name Emission Source & Re-;r;{nssmn Sea Salt
orng

Table 4.7: Factor contributions to speciated mercury in Case 3 in 2009.

. . Photochemistry
Factor name Combustlon Industrial & Re-emission Sea Salt
Emission Source
of Hg
Min 0 0 0 0
GEM Max 89 28 98 99
(%) Average 6 3 79 13
Median 3 1 83 7
Min 0 0 0 0
GOM Max 95 100 100 0
(%) Average 14 1 85 0
Median 10 0 90 0
Min 0 0 0
PBM Max 0 86 100 96
(%) Average 0 20 70 10
Median 0 15 75 6

As seen in Table 4.5, the differences of the Pearson correlation coefficients
between Case 3 and Case 2 were less than 0.03. Therefore, similar source profiles and
source contributions were expected in Case 3 which is consistent with the actual

results.
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Case 4: Excluding GOM and PBM

The source profiles of Case 4 are listed in Table 4.8. The major variables in
factor 1, factor 2, factor 3 and factor 4 are similar to the factors Combustion Emission,
Industrial Source, Photochemistry and Re-emission of Hg, and Sea Salt in Case 1
(Table 4.1), respectively. Factor 1 and factor 2 lack the presence of GOM and/or PBM
in major variables compared to the factors Combustion Emission and Industrial
Source due to the exclusion of GOM and PBM. However, they are assigned to the

same names because the presence of major species is enough to identify these factors.

Table 4.8: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 4 in

2009.
% of total species F1 F2 F3 F4
GEM 78
PM 41 38 (16)
O3 75
SO, 82
HNO;3 55 (19) 27
Ca** (16) 51 29
K* (25) 35 40
Na* 86
Mg?>* 82
Cr 100
NOs 24) (23) 39
NH4* 72
SO4* 64 (15) 17)
Combustion Industrial Photochemlgtry
Factor name Emission Source & Re-emission Sea Salt
of Hg

The factor contributions to GEM are listed in Table 4.9. The factor
contributions to GEM are similar to that in Case 1 (Table 4.2). The factor
Photochemistry and Re-emission of Hg has the largest contribution to GEM (79% on
average) while each of the other three factors contributes less than 20% to the GEM

concentrations.
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Table 4.9: Factor contributions to GEM in Case 4 in 2009.

. . Photochemistr
Factor name CEE?SI;?EI?H InSdOlLsrtz;al & Re-emissior? Sea Salt
of Hg
Min 0 0 0 0
GEM Max 34 15 98 96
(%) Average 7 1 79 13
Median 4 1 84 9

Excluding GOM and PBM had no impact on the source identification in this
case because the identification of the factors in this study did not rely on these two
species. However, the exclusion of GOM and PBM will have impacts on the
identification of the factors relying on mercury such as mercury condensation process,
theoretically. Excluding GOM and PBM did affect the factor contributions to mercury.
For example, the factor Industrial Source had a contribution (22% on average, Table
4.2) to PBM but the factor was no longer contributing to PBM after it was excluded
from the input file. Therefore, excluding GOM and PBM may affect the source
identification and the source contributions.

Case 5: Combining GOM and PBM

The factor profiles of are listed in Table 4.10. The major variables of factor 1,
factor 2, factor 3 and factor 4 are similar to factors Combustion Emission, Industrial
Source, Photochemistry and Re-emission of Hg, and Sea Salt in Case 1 (Table 4.1),
respectively. However, the loadings of GOM and PBM in related factors were
replaced by RM but this did not affect the identification of the factors. Therefore, they

are assigned to the same names.

Table 4.10: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 5 in

2009.
% of total species F1 F2 F3 F4
GEM 78
RM (20) 68
PM 44 35 a7
0O 73
SO, 84
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Table 4.10 — Continued

% of total species F1 F2 F3 F4
HNO; 56 (18) 26
Ca** (19) 46 31
K* (22) 38 39
Na* 86
Mg?* 82
Cr 100
NOs5 (24) (23) 39
NH4* 76
SO4* 69 (19)
Combustion Industrial Photoche;mgtry
Factor name Emission Source & Re—t?r}rlllss1on Sea Salt
orng

The factor contributions to GEM and RM in Case 5 are listed in Table 4.11.
The factor contributions to GEM and RM are similar to the factor contributions to
GEM and PBM in Case 1 (Table 4.2), respectively. This is because the median
concentration of PBM is approximately 5 times of the median concentration of GOM
(Table 3.1). After these two species are combined to RM, the variance of the RM is

dominated by PBM.

Table 4.11: Factor contributions to speciated mercury in Case 5 in 2009.

. . Photochemistr
Factor name Combugtlon Industrial & Re-emissior}l/ Sea Salt
Emission Source of He
Min 0 0 0 0
GEM Max 16 54 98 97
(%) Average 3 5 78 13
Median 2 2 83 9
Min 0 0 0 0
RM Max 37 83 100 18
(%) Average 10 16 73 1
Median 7 11 78 0

Overall, combining GOM and PBM to RM did not affect the identification of
the factor names, but it had small impact on factor contributions. Sources (i.e.
Combustion Emission, Table 4.2) with large contributions to GOM in Case 1 are no
longer contributing to GOM or RM (Table 4.11) when GOM and PBM were replaced
by RM.
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Case 6: Scaling factor

The factor profiles and factor contributions of Case 6 are listed in Table 4.12
and Table 4.13, respectively. Factor 1, factor 2 and factor 4 have the same major
variables as the factor Combustion Emission, Industrial Source and Sea Salt in Case 1
(Table 4.1), respectively. Therefore, they are assigned to the same name. Factor 3 has
an additional major variable HNO3 (26%) compared to the factor Photochemistry and
Re-emission of Hg in Case 1 (Table 4.1). The presence of HNO3 is consistent with the
presence of Oz because they have the same precursor (NOx). Therefore, this factor is
also assigned to Photochemistry and Re-emission of Hg. The factor contributions to
speciated mercury in this case are similar to those of Case 1 (Table 4.2). Using the
scaling factor to increase the GOM and PBM concentrations did not affect the source

identifications and source contributions much.

Table 4.12: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 6 in

2009.
% of total species F1 F2 F3 F4
GEM 78 (15)
GOM(scale) 27 72
PBM(scale) (20) 71
PM 40 36 (17)
(OF} 73
SO, 85
HNO;3 53 (21) 26
Ca?* 17) 46 32
K* (21) 38 40
Na* 86
Mg?* 82
Cr 100
NOs (24) (23) 40
NH4* 71
SO4* 65 17)
Combustion Industrial Photochem1§try
Factor name Emission Source & Re-emission Sea Salt
of Hg
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Table 4.13: Factor contributions to speciated mercury in Case 6 in 2009.

Factor name Combusﬁon Industrial zl(})ltgfnelrirsﬁgg Sea Salt
Emission Source of He
Min 0 0 0 0
GEM Max 0 65 100 99
(%) Average 0 7 78 15
Median 0 4 83 10
Min 0 0 0 0
GOM Max 97 0 100 67
(%) Average 23 0 75 2
Median 18 0 81 1
Min 0 0 0 0
PBM Max 0 88 100 96
(%) Average 0 16 74 10
Median 0 10 80 6

Factors identified in each case and their ranks of mercury contribution were
summarized in Table 4.14. The factor Photochemistry and Re-emission of Hg always
had the largest contribution to mercury while the factor Sea Salt always had a small
contribution to mercury in all cases in 2009. The factors Combustion Emission and
Industrial Source had the second and third largest contributions to mercury in Case 1
and Case 6 in 2009, respectively. However, the factor Industrial Source had second
largest contributions in Case 2 and Case 3 to mercury. The factor Combustion
Emission did not contribute to mercury in Case 2 and Case 3 because the correlation

coefficients between mercury and the markers changed due to the large amount

imputations (Table 4.5).

Table 4.14: Factors identified in each case and their ranks of mercury contribution (“s” indicates
the factor contributions to mercury less than 15%).
Combustion . Photocherpigtry
Factor Name o Industrial Source & Re-emission Sea Salt
Emission
of Hg
Case 1 2 3 1 4(s)
Case 2 4(s) 2 1 3(s)
Case 3 4(s) 2 1 3(s)
2009 Case 4 3(s) 4(s) 1 2(s)
Case 5 4(s) 2 1 3(s)
Case 6 2 3 1 4(s)
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Table 4.14 — Continued

Combustion Photochemistry
Factor Name . Industrial Source & Re-emission Sea Salt
Emission
of Hg
Case 7 3(s) 3 I S
Case 8 4(s) 2 ) 36
2010 Case 9 4(s) 2 ) 30
Case 10 2(s) 4(s) 1 )
Case 11 2(s) 4(s) ) 36
Case 12 3(s) b ] )
Performances

The distribution of scaled residuals and the number of scaled residuals larger
than 3 for speciated mercury are listed in Table 4.15. GEM had the best performances
(i.e. normal distribution and no scaled residuals larger than 3) among all three
mercury forms followed by PBM and GOM in 2009. Case 1, Case 4, Case 5 and Case
6 had similar performances on scaled residual plot. This indicates that combining or
excluding GOM and PBM or increasing GOM and PBM using a scaling factor did not
affect the performances on scaled residual plot much in 2009. The model
performances of Case 2 and Case 3 were worse than other cases on scaled residual
plot because the scaled residuals in these two cases were concentrating near zero
(Table 4.15). This was resulted from the high uncertainties related to mercury due to a
large number (up to 41%, Table 3.1) of imputations (i.e. the uncertainties of missing
values were set to 100%, 200% and 1000% of the concentrations for GEM, GOM and

PBM, respectively) (Polissar et al., 1998).

Table 4.15: PMF model performances for speciated mercury in scaled residual plot in 2009.

Criteria
Species  Case number Normal distribution Number of scaled
residuals larger than 3
1 Normal 0
2 Concentrated near zero, 5
3 Concentrated near zero 5
GEM 4 Normal 1
5 Normal 0
6 Normal 0
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Table 4.15 — Continued

Criteria
Species  Case number Normal distribution Number of scaled
residuals larger than 3

1 Right skewed 17
2 Concentrated near zero, right skewed 17

GOM i Concentrated near_zero, right skewed 1_7
5 - -
6 Right skewed 26
1 Yes 5
2 Right skewed 6

PEBM i Right ?kewed ?
5 Right skewed (RM) 8
6 Left skewed 2

The coefficient of determination (R?) and the slope of the regression line for
speciated mercury in Obs/Pred scatter plot in 2009 (the Obs/Pred scatter plot could be
found in Appendix D) are listed in Table 4.16. The R? and slope close to 1 indicate
good model performances. GEM and PBM have the best performances on the slope
(0.59 for GEM, Table 4.16) and the R? (0.59 for PBM, Table 4.16), respectively.
GOM was thought to have the worst performances in Obs/Pred scatter plot among
three mercury forms in 2009 because it has the lowest slope of the regression line
(0.09, Table 4.16) and the R? value (0.23, Table 4.16). The model performance of
Case 2 and Case 3 are worse than the other cases in 2009. A large number of
imputations reduced the variance of the dataset and led to the worse performances on
the R? and slope. Case 1, Case 4, and Case 5 had similar performances on GEM
indicating that excluding or combining GOM and PBM did not affect the reproduction
of GEM. The performances of RM in Case 5 were similar to that of PBM because
RM concentrations are dominated by PBM due to its higher concentrations compared
to GOM (i.e. the median concentrations of PBM is 5 times of GOM, Table 3.1). The
case using scaling factor to increase the GOM and PBM concentrations had better

performances on GOM and PBM (Table 4.16) than other cases because increasing the
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low GOM and PBM concentrations reduced the number of the concentrations below

MDL (Table 4.17) and the corresponding uncertainties were also reduced.

Table 4.16: PMF model performances for speciated mercury in Obs/Pred scatter plot in 2009 (all

significant at p<0.001).
Species Case number Criteria

P Coefficient of determination (R?) Slope of regression line
1 0.28 0.59
2 0.17 0.57
3 0.15 0.54

GEM 4 025 0.59
5 0.29 0.59
6 0.28 0.58
1 0.23 0.09
2 0.08 0.05

GOM i 0.?9 0.?5
5 - -
6 0.33 0.18
1 0.57 0.39
2 0.33 0.32

PBM i 0.34 0.34
5 0.48 0.31
6 0.59 0.48

Table 4.17: General statistics of speciated Hg with different data treatment options in 2009.

Percent Percent
Species Case . Of. MDL of Geometric Median Mean Stal'ld?I‘d
missing values Mean deviation
values <MDL
GEM 1 31% 0% 1.37 1.41 1.39 0.26
(ng/m?) 2 0% 0.1 0% 1.37 1.37 1.38 0.22
& 3 0% 0% 1.38 1.41 1.39 0.22
1 32% 79% 0.27 0.42 1.77 3.98
GOM 2 0% 86% 0.57 0.57 1.39 3.11
3 3 0% 2 86% 0.51 0.42 1.34 3.12
(pg/m’) 5 X _ i : i i
6 32% 20% 391 3.35 5.02 4.76
1 41% 2 48% 1.79 2.15 2.81 2.71
2 0% 2 70% 1.79 1.79 2.39 2.14
PBM 3 0% 2 28% 1.93 2.15 2.53 2.11
(pg/m?) s 4 0
5 42% (RM) 61% 2.73 3.02 4.69 5.19
6 41% 2 4% 5.52 6.05 6.19 3.09

In Obs/Pred time series of Case 1 (Figure 4.1, the Obs/Pred time series of the

other cases are provided in Appendix D), the graph of each mercury forms could be
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split into three time periods by the missing values. The three periods are January to
February (period 1), March to July (period 2), and October to December (period 3).
GEM had better performances than GOM and PBM because the peak values of GEM
were reproduced well by the model in all three periods. However, the valley values
for GEM in period 3 were too low compared to observed concentrations. The
performance of PBM was better than GOM because the predicted PBM
concentrations tracked the observed concentrations well in Period 2. However, PBM
concentrations were underestimated in period 1 and overestimated in period 3. The
observed GOM concentrations were poorly reproduced because the time series of
predicted GOM concentrations is rather flat comparing to the observed GOM
concentrations. Similar trends were observed in the other cases in 2009 except Case 6.
In Case 6 (Figure D.3f), the predicted concentrations tracked the observed
concentrations well for GEM and PBM in all three periods while the predicted
concentrations tracked the observed concentrations well only in period 1 and period 3
for GOM. Increasing the low concentrations using a scaling factor improved the

reproduction of the observed scaled concentrations by PMF model.
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Figure 4.1: Obs/Pred time series for speciated Hg in 2009.



The ratio of predicted concentrations to observed concentrations (Pred/Obs
ratio) is used to verify the results derived from Obs/Pred time series. In Case 1, the
predicted GEM concentrations track the observed GEM concentrations well due to the
narrow range of Pred/Obs ratios (Table 4.18, 0.57-1.32). The observed concentrations
were also reproduced well on the annual basis because the ratio of annual mean
concentration predicted to annual mean concentration observed (annual
Predmean/Obsmean, 0.97, Table 4.18) is close to 1. The narrower range of the
Pred/Obs ratio of PBM and the annual Predmean/Obsmean ratio for PBM closer to 1
compared to GOM (0.40-13.4 vs 0.13-53, 1.03 vs 0.86, respectively, Table 4.18)
indicated that the PBM concentrations were better reproduced than GOM by PMF.
Similar ratios were observed in other cases with an exception of Case 6 in 2009. In
Case 6, the range of the Pred/Obs ratios of GOM and PBM were narrower (0-4.79 and
0-2.75, respectively, Table 4.18) compared to other cases indicating that the GOM and
PBM were reproduced well by PMF. The performances derived from the Pred/Obs

ratios are consistent with the performances derived from Obs/Pred time series.

Table 4.18: Ratios of PMF predicted to observed Hg concentrations of 2009

Case 1 2 3 4 5 6
Min 056 044 042 053 0.58 0.56
Max 132 1.62 158 1.31 1.34 1.35
GEM Average 098 094 094 097 0.98 0.98
Median 098 093 092 099 0.98 0.98
Ratio of annual mean 097 093 093 097 0.97 0.97
Min 0.13  0.00 0.00 - - 0.00
Max 53.0 540 55.0 - - 4.79
GOM Average 589 483 5.06 - - 1.07
Median 3.82 3.03 3.64 - - 1.04
Ratio of annual mean 08 1.19 1.20 - - 0.75
Min 0.40  0.00  0.00 - 0.00 (RM)  0.00
Max 134 173 176 - 17.0RM)  2.75
PBM Average 209 193 1.86 - 2.29 (RM) 1.06
Median 1.14 136 122 - 1.36 (RM)  0.90
Ratio of annual mean .03  1.19 1.14 - 1.04 (RM) 0.94
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Overall, too many imputations biased the source profiles and source
contributions and made the model performance worse in 2009. Combining or
excluding GOM and PBM from the input file had no impact on PMF model
performances. The case using scaling factor to increase the GOM and PBM
concentrations has better performances on GOM and PBM. However, increasing the
low GOM and PBM concentrations using a scaling factor may contort the original

variance of the dataset.

4.1.2 Year 2010

Case 7: Reference case

The source profiles of Case 7 are listed in Table 4.19. Case 7 is used as
reference case in 2010. Factor 1 is similar to the factor named Combustion Emission
in Case 1 in 2009 (Table 4.1). Factor 1 account for large % of NH4" (87%), SO4*
(79%), HNOs (64%), and K* (51%). It is assigned to the same name because the SO>
and NOx, the precursors of the variables SO4* and HNOs, are both released by
combustion process (Liu et al., 2007). The major variable K* may relate to the
biomass combustion emission or the agriculture activities (Andersen et al., 2007).
This is consistent with the presence of NH4" in the major variables because NH4"
indicates the long-range transport of NH3 from agriculture activities (Pitchford et al.,
2009). NH4" is formed by the reaction of NH3 and HNOj3; or H>SO4. Therefore, this

factor is assigned to the Combustion Emission.

Table 4.19: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 7 in

2010.
% of total species F1 F2 F3 F4
GEM 79
GOM 37 59
PBM 81
(0] 80
SO» 93
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Table 4.19 — Continued

% of total species F1 F2 F3 F4
HNO; 64 26
Ca** 29 36 (21)
K* 51 27 (23)
Mg?* 83
Na* 75
Cl 100
NOs (18) 41 (23) (18)
NH4* 87
SO4> 79
Combustion Industrial Photocheml§try
Factor name Emission Source & Re-;:rIl{nssmn Sea Salt
orng

The major variables of factor 2 are also similar to the major variables of the
factor Industrial Source in Case 1 in 2009 (Table 4.1). The major variables of SO»
(93%), HNO3 (26%) and NO3™ (41%) are the indicators of industrial sources and
combustion sources (Huang et al., 2010; Liu et al., 2007). The factor accounted for
moderate % of GOM (37%) instead of PBM compared to Case 1. It is not unexpected
to observe the presence of GOM because the combustion process/industrial sources
are sources of GOM (Carpi, 1997). This factor has an additional major variable of
Ca®" (29%) compared to Case 1. The presence of Ca’" is not unexpected because
Ca(NO3), could be formed through the reaction of soil aerosols and HNO3 (Pakkanen,
1996; Zhang et al., 2008). This is consistent with the presence of NOj3™ in this factor.
Because there were no combustion sources reported near the sampling site in 2010

(Table A.1), this factor is likely related to Industrial Source.

Factor 3 has the similar major variables as the factor named as Photochemistry
and Re-emission of Hg in Case 1 (Table 4.2). This factor lacks the major variable of
PM because PM data were not available in 2010. The lack of PM in the major

variables did not affect the name of this factor. Factor 4 only has CI°, Na*™ and Mg** as
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major variables. This factor was named as sea salt as well because the sea water

contains a large amount of these three ions (Brennan et al., 2004).

The factor contributions of Case 7 are listed in Table 4.20. The factor
Photochemistry and Re-emission of Hg has the largest contributions to mercury (79%,
67% and 80% for GEM, GOM and PBM, respectively). The factor Industrial Source
has minor contributions to GOM (average, 29%) instead of PBM compared to Case 1
(Table 4.2). Other two factors Combustion Emission and Sea Salt only have minor

contributions (<20%) to all three mercury forms.

Table 4.20: Factor contributions to speciated mercury in of Case 7 in 2010.

. . Photochemistry
Factor name Combustion Industrial & Re-emission Sea Salt
Emission Source
of Hg

Min 0 0 0 0

GEM Max 100 9 99 100
(%) Average 11 1 79 9
Median 7 1 85 4
Min 0 0 0 0
GOM Max 100 100 100 0
(%) Average 5 29 67 0
Median 2 28 68 0
Min 0 0 0 0

PBM Max 100 28 98 99
(%) Average 11 4 80 5
Median 6 3 86 2

Case 8: Geometric mean imputation

The factor profiles of Case 8 are listed in Table 4.21. The major variables of
the factors in Case 8 are similar to those in Case 7 (Table 4.19). Factor 1 has an
additional major variable of NO3™ (31%) compared to the factor Combustion Emission
in Case 7. The presence of NOs3 is reasonable because it has the same precursor as

HNOs3 (NOx) which could be release by combustion emission (Liu et al., 2007).
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Table 4.21: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 8 in

2010.
% of total species Fl1 F2 F3 F4
GEM 83
GOM 34 63
PBM 95
(O} 84
SO, 95
HNO; 70 23
Ca** 66 17)
K* 51 28 (21)
Mg?* 81
Na* 74
Cr 100
NO5 31 (16) 35 (18)
NH4* 92
SO4* 83
Combustion Industrial Photochemlgtry
Factor name Emission Source & Re—slﬁlnsswn Sea Salt
orng

Factor 2 only has GOM (34%) and SO: (95%) as major variables which may
not be enough to identify the specific factor. Therefore, the largest four variables (i.e.
SO, GOM, HNOs, and NO3") were considered as the major variables of factor 2.
Factor 2 lacks the presence of Ca®" in the major variables compared to the factor
Industrial Source in Case 7. However, this did not affect the name of the factor
because the presence of HNO;3;, SOz, and NOs™ is enough to identify the industrial

source (see Case 1).

Factor 3 has an additional major variable of NO3™ (35%) compared to the
factor Photochemistry and Re-emission of Hg in Case 7 (Table 4.19). The factor is
assigned to the same name because NO3™ could also present in soil emission (K" and
Ca?" in factor 3, Table 4.21) (Parmar et al., 2001). Factor 4 has the same major

variables as the factor Sea Salt in Case 7. Therefore, it is assigned to the same source.

The factor contributions to speciated mercury are listed in Table 4.22. The

contributions of each factor to mercury are similar to those in Case 7 (Table 4.20).
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This is because the missing values of mercury are only 4% and the mercury and other

chemical species were missing at the same time. Therefore, the imputation did not

affect the correlation coefficients between mercury and other chemical species a lot

(changes <0.05 for significant correlations, Table 4.23).

Table 4.22: Factor contributions to speciated mercury in Case 8 in 2010.

Factor name Combustion Industrial ilggf:riﬁfigg Sea Salt
Emission Source of He

Min 0 0 0 0

GEM Max 29 70 99 100
(%)  Average 3 6 83 8
Median 2 3 89 4
Min 0 0 0 0
GOM Max 32 99 100 0
(%) Average 2 27 70 0
Median 2 21 76 0
Min 0 0 0 0

PBM Max 0 84 100 98
(%)  Average 0 93 2

Median 0 2 97

Table 4.23: Pearson correlation coefficients between speciated mercury species and other chemical
species in Case 7, Case 8 and Case 9 in 2010 (asterisk indicates insignificant at p =0.05).

GEM GOM PBM

Case7 Case8 Case9 Case7 Case8 Case9 Case7 Case8 Case9
GEM 1.00 1.00 1.00 0.29 0.29 0.29 0.19 0.19 0.19
GOM | 0.29 0.29 0.29 1.00 1.00 1.00 0.14 0.15 0.15
PBM 0.19 0.19 0.19 0.14 0.15 0.15 1.00 1.00 1.00
Os 0.71 0.68 0.68 0.54 0.51 0.51 0.30 0.29 0.29
SO, 0.01* 0.00%* 0.00%* 0.29 0.29 0.29 0.05%* -0.04*  -0.03*
HNO; | -0.12 -0.11 -0.11 0.23 0.24 0.24 0.04* -0.04*  -0.04*
Ca?* -0.11*  -0.02*  -0.02* 0.07* 0.08%* 0.09* -0.17*  -0.05*  -0.05%*
K* -0.13 -0.12 -0.13 0.07* 0.09* 0.10* 0.07* -0.07*  -0.08*
Na* 0.08* 0.07* 0.06* -0.03*  0.00* -0.01*  -0.07* -0.10 -0.09*
Mg? 0.07* 0.06* 0.06* -0.01*  0.02* 0.02* -0.07*  -0.10*  -0.09*
Cr 0.09* 0.07* 0.07* -0.10*  -0.07* -0.07* -0.07* -0.11 -0.11
NOs3 -0.18*  -0.02*  -0.03* 0.18 0.19 0.20 0.03* -0.03*  -0.04*
NH4* -0.11*  -0.10*  -0.10 0.06* 0.08* 0.08* 0.01* -0.04*  -0.04*
SO4* -0.11*  -0.10*  -0.10 0.06* 0.08* 0.08%* 0.00%* -0.05*  -0.05*
Case 9: Median imputation

The factor profiles and factor contributions to speciated mercury of are listed

in Table 4.24 and Table 4.25, respectively. The major variables of all four factors are
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the same as the major variables of the factors in Case 7 (Table 4.19), respectively.
Therefore, all factors are assigned to the same sources. The factor contributions to
speciated mercury are also similar to those in Case 7 (Table 4.20). The similar results
between this case and Case 7 are because only a small amount of Hg concentrations
are missing and the Hg species and the non-Hg species were missing at the same time
(Table 4.23). Therefore, the correlation coefficients between mercury and the other

chemical species changed little between Case 9 and Case 7 (Table 4.23).

Table 4.24. Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 9 in

2010.
% of total species F1 F2 F3 F4
GEM 88
GOM 44 56
PBM 98
(O} 89
SO, 97
HNO; 61 28
Ca?* 30 47 17)
K* 48 30 (22)
Mg?* 80
Na* 72
Cr 100
NO;5 46 (23) 17)
NH4* 87
SO42' 79
Combustion Industrial Photochemlgtry
Factor name Emission Source & Re—t?r;lnssmn Sea Salt
orng

Table 4.25: Factor contributions to speciated mercury in Case 9 in 2010.

. . Photochemist
Factor name Coml.)u?’tlon Industrial & Re—emissiorri] Sea Salt
Emission Source
of Hg

Min 0 0 0 0

GEM Max 39 1 100 100
(%) Average 3 0 88 8
Median 2 0 93 4
Min 0 0 0 0
GOM Max 5 100 100 0
(%) Average 0 36 64 0
Median 0 36 63 0
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Table 4.25 — Continued

Combustion Photochemistry
Factor name . Industrial Source & Re-emission Sea Salt
Emission
of Hg

Min 0 0 0 5

PBM Max 0 0 100 100
(%) Average 0 0 o7 X
Median 0 0 99 |

The number of missing values in mercury was relatively small (4%, Table 3.2)
and the mercury and non-mercury species were missing at the same time. This led to
the similar correlation coefficients between the reference case and the imputation
cases. Therefore, it is not unexpected that the imputation cases had similar results as

the reference case.

Case 10: Excluding GOM and PBM

The source profiles and source contributions to speciated mercury of Case 10
are listed in Table 4.26 and Table 4.27, respectively. The major variables of all four
factors are similar to those in Case 7 (Table 4.19). Although GOM and PBM are
removed from the input files, all the factors are assigned to the same sources because
the rest of the variables did not change from Case 7 and they were enough to identify
the factors (Table 4.19 and Table 4.26). The factor contributions to GEM are also
similar to those of Case 7 (Table 4.20). Only the factor Photochemistry and Re-
emission of Hg has a large contribution (78%) to GEM. The factor Industrial Source
is no longer contributing to GOM due to the exclusion of GOM. Overall, the
exclusion of GOM and PBM have few impacts on the source profiles but it concealed

the factor contributions to GOM or PBM.
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Table 4.26: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 10 in

2010.
% of total species F1 F2 F3 F4
GEM 79
(OF} 79
SO, 94
HNO;3 64 26
Ca** 30 36 (21)
K* 51 27 (22)
Mg?* 83
Na* 75
Cr 100
NOs5 (18) 41 (23) (18)
NH4* 87
SO4* 79
Combustion Industrial Photochemlstry
Factor name Emission Source & Re-emission Sea salt
of Hg
Table 4.27: Factor contributions to GEM in Case 10 in 2010.
. . Photochemistr
Factor name Coml?ustlon Industrial & Re-emissiog Sea Salt
Emission Source of He
Min 0 0 0 0
GEM Max 100 10 99 100
(%) Average 11 1 78 9
Median 7 1 85 4

Case 11: Combining GOM and PBM

The factor profiles of Case 11 are listed in Table 4.28. In this case, the major

variables of all four factors were similar to the factors in Case 7 (Table 4.19).

However, the major variable GOM was removed while the major variable PBM was

replaced by RM. This is because the variance of RM is dominated by the variance of

PBM due to the higher PBM concentrations than GOM concentrations (i.e. the PBM

median concentration is approximately 10 time of the GOM median concentrations in

2010, Table 3.2). The substitution of GOM and PBM with RM did not affect the

identification of the factors because other major variables in the factors remained the

same. Therefore, all four factors are assigned to the same names as the factors in Case

7.
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Table 4.28: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 11 in

2010.
% of total species F1 F2 F3 F4
GEM 79
RM 81
0O; 80
SO, 94
HNO; 64 26
Ca*" 30 36 21
K* 51 27 (23)
Mg** 83
Na* 75
Cr 100
NOs5 (18) 41 (23) (18)
NH4* 87
SO4* 79
F Combustion Industrial Photochemlstry
actor name Emission Source & Re-emission Sea Salt
of Hg

The factor contributions to speciated mercury of Case 11 are listed in Table
4.29. The factor contributions are similar to the factor contributions to GEM and PBM
in Case 7, respectively, because the variance of RM is dominated by the variance of
PBM. The factor Photochemistry and Re-emission of Hg has the largest contributions
to GEM and RM while the other three factors only have small factor contributions
(<20%) to GEM and RM. Therefore, combining GOM and PBM to RM does not
affect the factor identifications but it concealed the factors’ contribution to GOM

species.

Table 4.29: Factor contributions to speciated mercury in Case 11 in 2010.

. . Photochemistr
Factor name Combugtlon Industrial & Re-emissior}ll Sea Salt
Emission Source of He

Min 0 0 0 0

GEM Max 100 9 99 100
(%) Average 11 1 79 9
Median 7 1 85 4
Min 0 0 0 0

RM (%) Max 100 47 98 96
Average 9 8 80 3

Median 5 6 86
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Case 12: Scaling factor

The factor profiles and factor contributions to speciated mercury of Case 12
are listed in Table 4.30 and Table 4.31, respectively. Factor 1, factor 3 and factor 4
have the same major variables as the factors Combustion Emission, Photochemistry
and Re-emission of Hg, and Sea Salt in Case 7 (Table 4.19), respectively. Therefore,
they are assigned to the same names. Factor 2 lacks GOM in the major variables
compared to the factor Industrial Source in Case 7 (Table 4.19). However, this factor
has the same major variables as the factor Industrial Source in Case 6 in 2009 (Table
4.12). Therefore, this factor is also assigned to Industrial Source. The factor
contributions to speciated mercury in this case are similar to those of Case 7 (Table
4.20). The results of this case indicate that increasing the GOM and PBM
concentrations by a scaling factor did not affect the source identification. However,

the source contributions to mercury had a minor change.

Table 4.30: Factor profiles (% of species >25%, between 15% and 25% in bracket) of Case 12 in

2010.
% of total species F1 F2 F3 F4
GEM 78
GOM (scaled) (16) 75
PBM (scaled) 76
O 80
SO, 91
HNO; 64 (25)
Ca** 30 34 (22)
K* 50 27 (22)
Mg?* 83
Na* 75
Cr 100
NOs" (18) 40 (23) (18)
NH4* 87
SO4* 79
Combustion Industrial Photochgrmstry &
Factor name Emission Source Re-emission of Sea Salt
Hg
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Table 4.31: Factor contributions to speciated mercury in Case 12 in 2010.

. . Photochemistry
Factor name Combug‘uon Industrial & Re-emission Sea Salt
Emission Source
of Hg
Min 0 0 0 0
GEM Max 100 10 99 100
(%) Average 11 1 78 9
Median 7 1 85 4
Min 0 0 0 0
GO:V' Max 100 69 99 75
(Sg,z)e) Average 8 14 77 1
Median 4 11 80
Min 0 0 0 0
PBM Max 100 40 97 98
(scale)
(%) Average 12 6 76
Median 7 4 82

As seen in Table 4.14, factors Photochemistry and Re-emission and of Hg and
Sea Salt have the largest and smallest contributions to speciated mercury in 2010,
respectively. The factor Industrial Source has the second largest contributions to
GOM 1n Case 7, Case 8, Case 9, and Case 12. The combination of GOM and PBM
into RM and exclusion of GOM and PBM makes the factor Industrial Source only has
small contributions to mercury in Case 10 and Case 11 because the variance of RM is

dominated by PBM.

Performances

The distribution of scaled residuals and the number of the scaled residuals
larger than 3 for speciated mercury in 2010 are listed in Table 4.32. As seen in Table
4.32, the model has the best performance on reproducing the observed GEM
concentrations in 2010 because the distributions of scaled residuals are normal in all
cases and nearly no scaled residuals are larger than 3. The GOM concentrations are
better reproduced than the PBM concentrations in 2010 according to the scaled
residual plot because no GOM scaled residuals are larger than 3. The narrow
distribution of GOM was caused by the large uncertainties due to the large amount
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(96%, Table 3.2) of below MDL observations (Polissar et al., 1998). Similar
distributions and number of scaled residuals were observed in Case 7, Case 8, Case 9,
Case 10 and Case 11. This indicates that small amount of imputation, combining or
excluding GOM and PBM do not affect the model performances on reproducing the
GOM and PBM concentrations very much. In Case 12, the PBM performance was
improved (normal distribution). This indicates that using a scaling factor may improve

the model performances on reproducing the GOM and PBM concentrations.

Table 4.32: PMF model performances for speciated mercury in scaled residual plot in 2010.

Criteria
Species  Case number Normal distribution Number of scaled
residuals larger than 3

7 Normal 2
8 Normal 19
9 Normal 2

GEM 10 Normal 2
11 Normal 2
12 Normal 1
7 Narrower 0
8 Narrower 0

GOM 9 Narrower 0
10 - -
11 - -
12 Narrower 0
7 Right skewed 14
8 Right skewed 28

PBM 19O Right ﬁkewed 2-9
11 Right skewed (RM) 5
12 Normal 18

The R? value and the slope of the regression line for speciated mercury in
Obs/Pred scatter plot in 2010 are listed in Table 4.33. GEM has the best performance
in both R? and the slope of the regression line among all three mercury forms. Case 8
and Case 9 have similar performances on R? and the slope of the regression line with
the reference case in 2010. The similar performances on GEM observed in Case 10
and Case 11 indicates that excluding or combining GOM and PBM did not cause

many differences in the model performances on reproducing the GEM concentrations
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in 2010. The performances of RM are similar to that of PBM because the variance of
RM is dominated by the variance of PBM due to its higher concentrations compared
to GOM (i.e. the median concentration of PBM is 10 times of GOM in 2010, Table
3.2). Case 12 has the best performances on reproducing GOM, and PBM observations
among all the cases in 2010 but similar performances on reproducing GEM compared
to Case 1. This indicates that increasing GOM and PBM concentrations by a scaling
factor improved the model performances because the uncertainty of the concentrations

was decreased as the number of below MDL value decreased (Table 4.34).

Table 4.33: PMF model performances for speciated mercury in Obs/Pred scatter plot in 2010 (all

significant at p <0.001).
Species  Case number . L Criteria S
Coefficient of determination (R?) Slope of regression line

7 0.46 1.29
8 0.32 1.26
9 0.41 1.26

GEM 10 0.47 131
11 0.46 1.31
12 0.44 1.19
7 0.31 0.29
8 0.23 0.22

GOM 9 0.28 0.28
10 - -
11 - -
12 0.42 0.33
7 0.13 0.09
8 0.15 0.09

PBM 9 0.16 0.08
10 - -
11 0.19 0.15
12 0.25 0.24

Table 4.34: General statistics of speciated Hg with different data treatment options in 2010.

Percent of  Percent

Species Case missing of values Gelt)/[metrlc Median Mean gtapcltgrd
values “MDL ean eviation
7 4% 0% 1.33 1.37 1.34 0.17
GEM 8 0% 0% 1.34 1.37 1.35 0.16
(ng/m?) 9 0% 0% 1.34 1.38 1.35 0.16
11 4% 0% 1.33 1.37 1.34 0.17
12 4% 0% 1.33 1.38 1.34 0.17
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Table 4.34 — Continued

Percent of  Percent

Species Case missing  of values Gel\(;[metrlc Median Mean Stal.ld:flrd
Values <MDL can cviation
7 4% 96% 0.27 0.21 0.44 0.64
GOM 8 0% 96% 0.27 024 043 0.63
3 9 0% 96% 0.27 0.21 0.43 0.63
(pg/m’) 1 X _ i i k i
12 4% 85% 1.12 0.99 1.12 0.90
7 4% 51% 2.08 2.2 3.4 4.13
PBM 8 0% 44% 2.08 212 335 4.04
o 9 0% 44% 2.08 220  3.35 4.04
(pg/m?) 11 4% 70% 2.45 262  3.85 427
12 4% 1% 7.55 777  8.55 452

In Case 7 (Figure 4.2, the time series of all cases in 2010are provided in
Appendix D), the time series could be split into two periods: January-May (period 1)
and June-December (period 2). In period 1, GEM concentrations were overestimated
while the GEM concentrations are underestimated in period 2. The fluctuation of the
predicted time series is stronger than the observed time series for GEM. The predicted
GOM concentrations track the observed GOM concentrations well in period 1 while
the predicted GOM concentrations are overestimated in period 2. The predicted PBM
concentrations and observed PBM concentrations did not track with each other in both
periods. The peak of the observed PBM time series was not reproduced by the model
either. In 2010, the time series of Case 8, Case 9, and Case 12 (Figure D.8, Figure
D.9, and Figure D.12) have different trrends from Case 7 . In Case 8 and Case 9, the
PBM concentrations were not reproduced well at the beginning of 2010 because the
imputation brought back some peak PBM concentrations (Table 4.33). Similar to
2009, the observed time series and the predicted time series in the case increasing
GOM and PBM with a scaling factor tracked with each other. This indicated a better
reproduction of the observed concentrations for GOM and PBM species due to the
reduced number of concentrations below MDL and the reduction in corresponding

uncertainties.
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Figure 4.2: Obs/Pred time series for speciated Hg in 2010.
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The Pred/Obs ratios of speciated mercury in Case 7 were also analyzed. The
predicted concentrations of GEM track the observed concentrations well because the
range of GEM Pred/Obs ratios (Table 4.35, 0.42-1.43) is short and the annual
Predmean/Obsmean is close to 1 (Table 4.35, 0.98). The reproduction of GOM is
worse than that of PBM due to a larger range of Pred/Obs ratios (GOM: 0.19-193;
PBM: 0.14-18.33, Table 4.35) and the closer to 1 annual Predmean/Obsmean ratio (1
vs 1.34, Table 4.35). Similar ratios for GEM were observed in other cases in 2010. In
Case 8 and Case 9, the ranges of Obs/Pred ratios for PBM were slightly larger than
the reference case while the annual Predmean/Obsmean ratios were further from 1
(Table 4.35) indicating that the model reproduction of PBM was poor after
imputation. This is because the imputation of PBM brought the peak PBM
concentration back. In Case 12, the range of Obs/Pred ratio for GOM and PBM are
smaller compared to the base case indicating increasing the GOM and PBM
concentrations improved the model performance on reproducing the observed
concentrations. Overall, the results derived from the ratios are consistent with the

results from the time series (Appendix D).

Table 4.35: Ratios of PMF predicted to observed Hg concentrations in 2010

Case 7 8 9 10 11 12
Min 042 020 022 042 0.42 0.51
Max 143 149 148 1.39 1.41 1.44
GEM Average 097 095 097 097 0.97 0.97
Median 097 099 098 0.97 0.97 0.97
Ratio of annual mean 098 096 097 0098 0.98 0.98
Min 0.00  0.00 0 - - 0.00
Max 193 141 196 - - 10.6
GOM Average 444 3.62 3.66 - - 1.27
Median 148 147 1.85 - - 1.08
Ratio of annual mean 1.34 135 132 - - 1.23
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Table 4.35 — Continued

Case 7 8 9 10 11 12
Min 0.14 012 0.14 - 0.18 (RM) 0.32
Max 183 228 215 - 16.2 (RM) 3.09

PBM Average 1.98 2.03 2.09 - 2.19 (RM) 1.01
Median 137 134 137 - 1.51 (RM)  0.96
Ratio of annual mean 1.00 087 0.88 - 1.16 (RM) 0.88

4.1.3 Comparison between 2009 and 2010

In terms of factor contributions, factors Photochemistry and Re-emission of
Hg and Sea Salt have the largest and smallest mercury contributions in both years,
respectively. The factors Combustion Emission and Industrial Source are the second
and third largest contributors to mercury in 2009 while only the factor Industrial
Source has a large mercury contribution in 2010. The lack of the contribution to
mercury in factor Combustion Emission in 2010 is probably due to the large reduction
of SO (2,425,000 tons, 32%) and NO2 (894,000 tons, 32%) by reducing the coal
combustion in the United States from 2008 to 2010 (U.S. EPA, 2011) and the large
reduction of SO emission (38265 tonnes, 35%) and Hg emission (57.2 kg, 39%)
between 2009 and 2010 in Nova Scotia Table A.1). One study also shows that the
shutdown of the coal-fired power plant reduces the correlations between GOM and
SO, (Huang et al., 2010). After replacing the missing values with geometric mean or
median, factor contributions to mercury changed in 2009 while the factor
contributions to mercury in 2010 were similar to the reference case. This is likely due
to the larger number of missing values in Hg in 2009 (up to 41%, Table 3.1) than in
2010 (4%, Table 3.2). Excluding or combining the GOM and PBM to RM and scaling

GOM and PBM did not affect the factor profiles or factor contributions in both years.
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The differences of the factor profiles in 2009 and 2010 were consistent with the

differences between factor contributions.

The interpretability of the factor Industrial Source in 2009 was slightly worse
than in 2010. The major variables of the factor Industrial Source in 2009 only contain
SO; and PBM. However, PBM and SO> have many common sources such as coal
combustion, industrial sulfur and wildfires (Wang et al., 2010, Huang et al., 2011).
The factor was confirmed by considering the third and fourth largest species (NO3
and HNOs, respectively) the factor accounting for in 2009. However, the major
variables of the factor Industrial Source in 2010 were SO2, GOM, HNO;, Ca**, and
NOs". The factor Industrial Source in 2010 was identified without including additional
variables. Therefore, the interpretability of the factor Industrial Source was better in
2010 compared to 2009. The interpretability of other three factors was similar

between 2009 and 2010.

The overall model performances in 2010 are better than that in 2009 based on
the reference cases. The cases with imputations had worse performance on
reproducing GOM and PBM concentrations in 2009 but similar performances on
reproducing GOM and PBM concentrations in 2010. This is probably due to the
smaller amount of imputations in 2010 (up to 41% in 2009 vs 4% in 2010, Table 3.1
and Table 3.2 respectively). The cases excluding or combining GOM and PBM to RM
had similar performances on reproducing GEM concentrations to the reference case in
both years. The cases increasing the low GOM and PBM concentrations use scaling
factor improved the model performances on reproducing mercury concentration in

both years.
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4.1.4 Sensitivity of the PMF results to data treatments

Different treatments including geometric mean imputation, median
imputation, excluding GOM and PBM, combining GOM and PBM to RM, and
increasing the low GOM and PBM concentrations by the scaling factor was adopted
to improve the data quality. Overall, a large number of imputations affected the factor
profiles and the factor contributions to mercury in 2009. However, it did not affect the
identification of the factors because major variables of the factors did not change a lot

after the imputations in both years.

Similar to the imputation cases, excluding or combining GOM and PBM did
not affect the source identification in PMF model in both years in this study (Table
4.36). However, the identification of the factors relying on GOM or PBM only (i.e.
mercury condensation process) may be affected after combining or excluding GOM
and PBM, theoretically, but this kind of factors did not exist in this study. Excluding
or combining GOM and PBM did affect the source contributions in both years. For
example, the factors contributing to GOM only (Combustion Emission, 2009;
Industrial Source 2010, Table 4.36) did not contribute to mercury after combining or
excluding GOM and PBM. The factor (Industrial source, 2009, Table 4.36)
contributing to PBM only is contributing to RM after the combination of GOM and
PBM because the variance of RM is dominated by the variance of PBM in 2009.
Using speciated mercury led to more major mercury sources identified. Therefore,
monitoring speciated mercury could help us understanding the mercury cycle better.
The cases increasing the factors using scaling factors have similar factor profiles and

factor contributions as the reference cases.
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Table 4.36: Comparison of the major mercury factors (>15% contribution) between the reference
case and the cases combining or excluding GOM and PBM.

Year Case No. Combu;tlon Industrial Photochemlstry and Sea Salt
Emission Source Re-emission of Hg
GEM, GOM, and
Case 1 GOM PBM PBM
2009 Case 4 GEM
Case 5 RM GEM and RM
GEM, GOM, and
Case 7 GOM PBM
2010 Case 10 GEM
Case 11 GEM and RM

As seen in Figure 4.3, the ratio of predicted concentrations to observed
concentrations indicates the model performance on reproducing the observed
concentrations. The model performance on reproducing GEM did not change a lot
using the different treatments to improve the data quality in both years because GEM
only had fewer missing values (31% in 2009, Table 3.1, and 4% in 2010, Table 3.2)
and no values below MDL (0%, Table 3.1 and Table 3.2), compared to GOM and
PBM. The reproduction of the GOM and PBM were improved in both years using
different treatment of input data with an exception for PBM in Case 8 and Case 9 in
2010. The reproduction of the GOM and PBM concentrations in Case 8 and Case 9
were similar to Case 7 due to the small amount (4%, Table 3.2) of missing values in
mercury. Increasing the low GOM and PBM concentrations improved the model
performance on reproducing the observed GOM and PBM concentrations most in
both years. This is likely due to the large reduction of the values below MDL by
increasing the low concentrations (57% reduction for GOM and 33% reduction for
PBM in 2009, Table 4.17; 29% reduction for GOM and 50% reduction for PBM in

2010, Table 4.34).
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Figure 4.3. Box plot of the predicted to observed concentrations ratios (upper whisker- the upper
25% of the distribution excluding outliers; interquartile range box - middle 50% of the data; the
horizontal line in the box: the median of the data; lower whisker- the lower 25% of the distribution

excluding outliers; @ - the average of the data) a) 2009, b) 2010.
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4.2 PCA results
4.2.1 Year 2009

Case 13: Reference Case

The variables with loadings larger than 0.25 in PCA results were considered as
major variables of the component. PCA results with all loadings could be found in
Appendix E. The component loadings of the major variables in Case 13 are listed in
Table 4.37. PC1 is named as Combustion/industrial Emission due to the high positive
loadings (>0.25) of O3, SOz, Ca**, HNOs, K*, NH4", NOs", and SO4>. The positive
loadings of these species indicate that the concentrations of these species increase or
decrease together. These chemical species were also found in the factor related to
industrial emissions in another study using the same dataset (Cheng et al., 2013). The
presence of HNO3, NOj3", and SO4> in the major variables indicates the transport of
combustion/industrial emission. This is because their precursors (NOx, and SO») are
mainly emitted by combustion/industrial process (Liu et al., 2007). The precursors
may be oxidized during the transport process. The high positive loading of NH4" is
related to the NHj3 released by the local or regional agriculture activity and livestock
and it could react with HNOs or H2SOs4 to form NH4", NOs", and SO4>" (Pakkanen,
1996; Pitchford et al., 2009). The moderate loading of ozone is also related to the
transport of combustion emission because the precursors of O3 (NOx and VOC) are
mainly released by the combustion processes from mobile sources and stationary
sources (New Jersey Department of Environmental Protection (NJDEP), 2011). The
high loading of PBM indicates the coal combustion as well (Huang et al., 2010). The
moderate loading of Ca?" and minor loading of K" are related to the soil emission or
the biomass burning (Zhang et al., 2008; Andersen et al, 2007). More markers such as

levoglucosan are needed to verify the biomass combustion process (Puxbaum et al.,
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2007). It is possible for one factor to representing two sources because these two
sources could affect the site at the same time (Cheng et al., 2013). Therefore, this

factor is mainly related to Combustion/industrial Emission.

Table 4.37: Component loadings (>0.25) of Case 13 in 2009.

Factor Number PCl1 PC2 PC3 PC4
GEM 0.86 0.27
GOM 0.26 0.84
PBM 0.63 0.50 -0.33

PM 0.80
O3 0.50 0.70
SO2 0.88
HNO3 0.86 0.34
Ca** 0.59 0.39 0.45
K* 0.29 0.70 0.33
Na* 0.97
Mg? 0.95
Cr 0.97
NOsy” 0.73 0.48
NH4" 0.92
SO4* 0.86
Factor name Combustion/industrial Sea Salt 'Gas.Phase Ga.sfparticle
Emission Oxidation of Hg Partition of Hg
Variance 37% 25% 1% 9%
explained

The loadings of GEM and GOM were low in PC1 although all three speciated
mercury could be released by coal combustion (UNEP, 2002). This is because the
increase of GOM and PBM concentrations is more easily to be observed due to their
significant lower background concentrations compared to GEM (Huang et al., 2010).
However, GOM was removed rapidly after its formation in the atmosphere and led to
the low loading on GOM (Stamenkovic et al., 2007). Therefore, it is reasonable that

only PBM is present in this factor.

PC2 has high loadings of CI" (0.97), Mg?" (0.95), K* (0.70), and Na* (0.97)
and moderate loadings of Ca** (0.39) and NOs™ (0.48) (Table 4.37). The presence of
CI', Mg, K*, Na?*, and Ca" indicate the marine aerosols because all these ions are

rich in sea water (Brennan et al., 2004). The loading of NOs" in this factor is probably
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due to the reaction of HNOj and sea salt (Pakkanen, 1996). The presence of sea salt
at this site is not unexpected because the site is near the Atlantic. Therefore, this factor

1s named as Sea Salt.

PC3 is named as Gas Phase Oxidation of Hg. This factor has positive loadings
of GEM (0.86), GOM (0.26), PBM (0.50) and O3 (0.70) (Table 4.37). The positive
loadings on O3 and GOM indicate the photochemical production of GOM (Huang et
al., 2010). However, the positive loading of GEM is not expected because the
photochemical production of GOM consumes GEM and will lead to different signs of
GEM and GOM like in Huang et al. (2010)’s study. It should be noted that the two-
hour average concentrations were used in Huang et al. (2010)’ study while the daily
average concentrations were used in this study. The daily GEM and GOM
concentrations in this study are positively correlated (r=0.37 in 2009, Table 4.5,
r=0.29 in 2010, Table 4.23). In another PCA study (Cheng et al., 2013) using the
same dataset, a further analysis on %GOM/TGM ratios (TGM=GEM+GOM) was
conducted. The ratio is indicative of the degree of oxidation. In the analysis, the ratio
increased with O3 when O3 concentration is over 40 ppb which indicates the oxidation

of GEM by ozone existed at this site (Cheng et al., 2013).

PC4 is named as Gas-particle Partition of Hg. The negative loading of PBM (-
0.33, Table 4.37) and the positive loadings of other two mercury forms (0.27 and 0.84
for GEM and GOM, respectively, Table 4.37) indicates the partition process (i.e. the
PBM concentrations increase as the GOM concentrations decrease). The positive
loadings of Ca®" and K" represent soil aerosols (Andersen et al., 2007; Zhang et al.,
2008). The soil aerosols are abundant at the site because it is located in a national

park. The soil aerosols in this factor were the particles for partitioning. Therefore, this
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factor is named as Gas-particle Partitioning of Hg.

Three out of four principal components have an impact on the ambient
mercury concentrations and only the principal component Sea Salt has little impact on
ambient mercury concentrations. The principal component Gas-particle Partition of
Hg was the additional factor identified by PCA compared to PMF results using the
same dataset. This is because the identification of partitioning process depends on the
negative correlation between GOM and PBM. However, this kind of relationship

cannot be identified by PMF model due to its non-negative property.

Case 14: Including meteorological parameters

Five principal components are extracted in Case 14. The component loadings
of Case 14 are listed in Table 4.38. The loadings of chemical species of PC1, PC2,
PC3, and PC4 are similar to the principal components Combustion/industrial
Emission, Sea Salt, Gas-particle Partitioning of Hg, and Gas Phase Oxidation of Hg in
Case 13, respectively. Each of these of factors has an additional loading of
meteorological parameters but the meteorological parameters did not affect the
identification of the component. PC1 had an additional negative loading on relative
humidity (-0.26) while PC2 had an additional positive loading on wind speed (0.32)
compared to Case 13. The loadings on meteorological parameters in these two
principal components are relatively low compared to other major variables. Therefore,

they had little impact on the component identification.

Table 4.38: Component loadings (>0.25) of Case 14 in 2009.

Factor Number PCl1 PC2 PC3 PC4 PC5
GEM 0.80
GOM 0.64 0.41 -0.29
PBM 0.59 -0.47 0.34
PM 0.81
O3 0.47 0.72 -0.27
SO, 0.86
HNO3 0.88
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Table 4.38 — Continued

Factor Number PCl1 PC2 PC3 PC4 PC5
Ca?" 0.60 0.38 0.33
K* 0.36 0.66 0.39
Na* 0.96
Mg?* 0.28 0.95
Cr 0.98
NOs5 0.76 0.45
NH4* 0.94
SO4* 0.88
Temperature 0.94
Relative
humidity -0.26 0.79
Wind speed 0.32 0.52 0.49
Precipitation 0.79
Combustion/ Gas-particle Gas Phase Hg Wet
Factor name industrial Sea Salt Partitioning R ..
Oxidation of Hg  Deposition
Source of Hg
Variance 30% 20% 10% 10% 10%
explained

PC3 lacks the presence of GEM and has an additional loading of temperature
(0.94, Table 4.38). The lack of GEM did not affect the identification of this factor
because the partitioning of GEM from the gas phase to particles is much weaker than
GOM (Liu et al., 2007). The negative relation between temperature and PBM is
consistent with the condensation process because the low temperature is in favor of
the formation of PBM (Rutter & Schauer, 2007). PC4 has an additional loading of
wind speed indicating that the air mass containing mercury and/or Oj is transported
from the urban or industrial area (Cheng et al., 2013). This is reasonable because
mercury emissions and the sources of other pollutants in 2009 were located in the

north of the site (Figure 3.1) where the temperature should be lower.

PCS5 is named as Hg Wet Deposition due to the negative loading of GOM (-
0.29, Table 4.38) and positive loadings of relative humidity (0.79, Table 4.38) and
precipitation (0.79, Table 4.38). The positive loadings of precipitation and relative
humidity indicates the precipitation process (Huang et al., 2010). The negative

loading on GOM s consistent with precipitation because GOM is easily removed by
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precipitation process compared to GEM due to its higher water solubility (Gaffney &

Marley, 2014). Therefore, this factor is named as Mercury Wet Deposition.

Similar to Case 13, all factors except the factor Sea Salt had an impact on the
ambient mercury concentrations according to loadings on mercury. After including the
meteorological parameters, an additional component Mercury Wet Deposition was
identified. Each of the factors contains, at least, one meteorological parameter in
major variables but the meteorological parameter did not play a critical role in factor
identification in all factors except Mercury Wet Deposition. The loadings of chemical
species in each of the components did not change a lot compared to Case 13.

Therefore, similar components were identified in this Case.

4.2.2 Year 2010

Case 15: Reference Case

The component loadings are listed in Table 4.39. PC1 is named as Combustion
Emission due to the positive loadings of HNO3 (0.34), NOs™ (0.79) and SO4> (0.90).
This 1s because their precursors (NO2 and SO2) are good indicators of combustion
emissions (Liu et al., 2007). They might be oxidized during the transport to the
sampling site because there were no combustion/industrial emissions near the site
(Table A.1). The high positive loading of NH4" (0.94) may relate to emission of NH3
resulted from the excess use of fertilizer in agriculture activities and the reaction with
HNOs3 or H,SO4 during the transport (Pakkanen, 1996; Pitchford et al., 2009). The
positive loadings of Ca®" (0.89) and K* (0.77) indicate soil or biomass combustion
(Andersen et al., 2007; Zhang et al., 2008). Therefore, this component is named as

Combustion Emissions.

98



Table 4.39: Component loadings (>0.25) of Case 15 in 2010.

Factor Number PCl1 PC2 PC3 PC4
GEM 0.79
GOM 0.71 0.33
PBM 0.48
0O 0.91
SO, 0.89
HNO; 0.34 0.83
Ca?" 0.89
K* 0.77
Na* 0.99
Mg? 0.34 0.93
Cr 0.98
NOs5 0.79
NH4* 0.94
S04 0.90 0.26
. Gas phase .
Factor name Com'bu.stmn Sea salt oxidation of Industrial
emission source
mercury
Variance explained 28% 21% 16% 13%

PC2 is named as Sea Salt due to high positive loadings of Na* (0.99), Mg**
(0.93), and CI" (0.98). These three chemical species are rich in the sea water (Brennan
et al., 2004). PC3 has the same major variables as the component Gas Phase
Oxidation of Hg in Case 13. Therefore, PC3 is also named as Gas Phase Oxidation of

Hg.

PC4 is assigned to Industrial Source. The positive loadings of GOM (0.33) and
SO> (0.89) indicate coal combustion process (Lynam & Keeler, 2006). The positive
loading of SO4>" (0.26) is consistent with the combustion process because SO», the
precursor of SO4%", is released by combustion process (Liu et al., 2007). However, no
combustion process was reported near the KEJ site in 2010 according to the NPRI
(Table A.1). The positive loading of HNOs indicates industrial sources because NO2,
the precursor of HNO; is mainly released by industrial sources (Liu et al., 2007).
Therefore, this factor is more likely to relate to industrial sources. However, this

factor should be verified by other analyses such as back trajectory analysis.

Only two factors (i.e. Gas Phase Oxidation of Hg and Industrial Source) have
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an impact on ambient mercury. The factor Combustion Emission is no longer
contributing to mercury in 2010 compared to Case 13 (Table 4.37). This was probably
caused by the reduction of coal combustion in the USA (US EPA, 2011) and the
reduction of SO, and Hg emission in Canada (Table A.1). However, a long term study
should be conducted to evaluated the contributions of the reduction of SO, NOx and

Hg emission in the USA and Canada to the ambient Hg concentrations at this site.

Case 16: Including meteorological parameters

The component loadings of Case 16 are listed in Table 4.40. The loadings of
the chemical species in PC1, PC2, PC3 and PCS5 are similar to the factors Combustion
Emission, Sea Salt, Gas Phase Oxidation of Hg and Industrial Source in Case 15,
respectively. Each of the factors has additional loadings on meteorological
parameters. The additional loadings on temperature (0.27) and wind speed (0.26) in
PC1 and PC2 are relatively low. They have little impact on the factor identification.

Therefore, PC1 and PC2 were named as Combustion Emission and Sea Salt,

respectively.
Table 4.40: Component loadings (>0.25) of Case 16 in 2010.
Factor Number PClI PC2 PC3 PC4 PC5
GEM 0.87
GOM 0.51 -0.51 0.38
PBM 0.29 -0.62
O3 0.87
SO, 0.84
HNO3 0.33 0.82
Ca?** 0.89
K* 0.77
Na* 0.99
Mg? 0.34 0.92
Cr 0.97
NOs- 0.80
NH4* 0.94
SO4* 0.89 0.26
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Table 4.40 — Continued

Factor Number PC1 PC2 PC3 PC4 PC5
Temperature 0.27 -0.52 0.27
Relative
humidity 0.74 -0.33
Wind speed 0.26 0.52 0.57
Precipitation 0.76
. Gas Phase Mercury .
Factor name Combustlon Sea Salt Oxidation of Wet Industrial
Emission .. Source
Mercury Deposition
Variance 22% 17% 14% 12% 10%
explained

PC3 is also named as Gas Phase Oxidation of Hg due to the high loadings of
03 (0.87), GEM (0.87), GOM (0.51) and PBM (0.29). The additional negative loading
of temperature (-0.52) and positive loading of wind speed (0.52) in major variables
may indicate the air flows containing more O3 and mercury from the cold area (Cheng
et al., 2013). This is reasonable because the mercury emissions in Nova Scotia were
mainly located in the north of the site according to the NPRI where the temperature is
usually lower than the wind flows from other directions (Figure 3.1). PC5 has an
additional negative loading of relative humidity (-0.33,) and an additional positive
loading of temperature (0.27) in major variables. These two loadings did not affect the
name of this factor because the loadings of these two factors are relatively low and
their presence did not reveal new possible sources. Therefore, this factor is also
named as Industrial Source. PC4 is the additional factor extracted and is named as
Mercury Wet Deposition due to negative association between mercury (GOM and
PBM) and precipitation which is similar to the component Mercury Wet Deposition in

Case 14.

Similar to Case 15, the components Gas Phase Oxidation of Hg and Industrial
Source had the impact on ambient mercury concentrations. After including the
meteorological parameters, an additional component Wet Deposition of Hg was

identified to affect the ambient mercury concentrations. The rest of the factors
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contained at least one meteorological parameter in the major variables. However, they
were assigned to the same names before including the meteorological parameters
because the meteorological parameters did not play an important role in component

interpretations.

4.2.4 Comparison between 2009 and 2010

In both years, four components were extracted using the chemical species
only. Both components Gas Phase Oxidation of Hg and Sea Salt were extracted in
2009 and 2010. The component Gas Phase Oxidation of Hg had a large impact on the
ambient concentrations of speciated mercury while the component Sea Salt had little
impact on the mercury in both years. The factor Gas-particle Partitioning of Hg were
only identified in 2009. This is consistent with the strong correlations between
temperatures and GOM and PBM (r=0.46 and -0.43) in 2009 but weak correlations

(r=0.04 and -0.16) in 2010.

Although the components Combustion Emission and Industrial Sources were
identified in both years, they were existing in one factor (Combustion/industrial
Emission) in 2009 but in two separate factors (Combustion Emission and Industrial
Source) in 2010. The factor Combustion/industrial Emission had impacts on ambient
mercury concentrations in 2009 while only the Industrial Source affected the ambient
GOM concentrations in 2010. Same as the PMF results, the lack of impact on mercury
for the Combustion Emission in 2010 was caused by the reduction of coal combustion
in the USA (US EPA, 2011) and the reduction of SO, and Hg emission in Canada
(Table A.1). The contribution of the component Industrial Source to mercury was
shifted from PBM in 2009 to GOM in 2010. The shift is likely related to the change of

the correlations between mercury and SO,. The correlation between PBM and SO;
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was strong in 2009 (r=0.63, Table 4.5) but low correlation coefficient in 2010 (r=0.1,
Table 4.22) while the correlations between GOM and SO; were moderate in both
years (r=0.21 & 0.29, respectively, Table 4.5 and Table 4.22). The result was
consistent with the change of the contributions of the factor Industrial Source to
mercury from PBM in 2009 to GOM in 2010 in PMF results. After including the
meteorological parameters in the input, Hg Wet Deposition, an additional component
related to meteorological conditions, was identified in both years. The loadings of the
chemical species in other factors and the variances they explained were similar to the

cases using only chemical species in both years.

4.2.3 Comparison of the PCA results to Cheng et al. (2013)°s study

The results of Cheng et al. (2013)’s study are listed in Table 4.41 and Table
4.42 for 2009 and 2010, respectively. Four components were extracted in Cheng et al.
(2013)’s study in 2009. Three out of four components were similar as the components
Combustion/Industrial Source, Gas-particle partitioning of Hg, and Gas-phase
Oxidation of Hg in Case 13. The component loadings of the components
Combustion/industrial Source and Gas-phase Oxidation of Hg in 2009 were similar in
this study and in Cheng et al. (2013)’s study. The component loadings of the
components Condensation on Particles in Winter (Cheng et al., 2013) and Gas-particle
Partitioning of Hg (this study) in 2009 were very different. Only the negative
association between temperature and PBM were the same between Cheng et al.
(2013)’s study and this study. Three components were extracted by Cheng et al.
(2013) in 2010. However, none of the major variables of these three components is

similar to the five components identified in this study in Case 16.
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Table 4.41: Component loadings (>0.3) of 2009 in Cheng et al. (2013)

Factor Number PCl1 PC2 PC3 PC4
GEM 0.66 0.39
GOM 0.77
PBM 0.37 0.77

PM 0.85
0; 0.66 0.56
SO» 0.43 0.69
HNO3 0.82
Ca?" 0.56
K* 0.69
Na*
Mg2+
Cr
NOs 0.54 0.51
NH4* 0.88
SO4* 0.84
Temperature 0.45 -0.83
Relative humidity -0.55 0.58
Wind speed 0.78
Precipitation 0.76
Combustion/indu Conder}satiqn on Photochgmical GEM evasion
Factor name . . particles in production of
strial/wildfires . from ocean
winter GOM
Variance explained 28.6% 17.1% 12.4% 11.7%

Table 4.42: Component loadings (>0.3) of 2010 in Cheng et al. (2013)

Factor Number PC1 PC2 PC3
GEM 0.34 0.55 0.60
GOM 0.89
PBM 0.73

03 0.69 0.41 0.46
SO2
HNO3
Caz+
K+
Na*
Mg2+
Cr
NO5
NH4*
SO4*
Temperature -0.89
Relative humidity -0.82 0.38
Wind speed 0.86
Precipitation 0.77
GEM evasion .
Condensation
Transport of free from . .
Factor name . . on particles in
troposphere air ocean/regional X
background winter
Variance explained 26.9% 25.4% 24.0%

The differences are probably caused by the following three items: exclusion
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method, variables included, and method used to retain the number of principal
components. In Cheng et al. (2013)’s study, pairwise exclusion was used to make the
full use of the dataset. The marine tracing species were excluded in 2009 while SO-,
HNO3, and all ions were excluded in 2010 because they were not related with
mercury. However, listwise exclusion and all species were used in order to be
compared with the PMF results in this study. The method used to retain the number of
components for further analysis was different. Fixed number (4 and 3 for 2009 and
2010, respectively) of components was retained in Cheng et al. (2013)’s study but the
Kaiser criterion (eigenvalue>1) was used to retain the number of components in this
study. All these differences could result in the differences in the results. Therefore, the
comparison of the results suggests that the PCA results are sensitive to the input

parameters.

4.3 Comparison between the PCA results and PMF results

The comparison between PMF model result and PCA result is based on the
cases including only chemical species because the input of PMF model cannot include
meteorological parameters. Both PMF model and PCA identified four factors using
the same dataset. Among them, three and four factors are the same in 2009 and 2010,
respectively. The major variables used to identify these factors or components were
similar in both methods. The process photochemistry was identified to affect the
ambient mercury concentrations most while Sea Salt was found to have little impact
on ambient mercury concentrations using both methods in both years. The factors
Combustion Emission and Industrial Source were identified as separate factors in
PMF model in both 2009 and 2010. However, in PCA results, they were separate

factors in 2010 but in one factor in 2009. PCA is appeared to be more sensitive to the
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correlations between different variables. The lack of the impact of the factors
Combustion Emission on speciated mercury in 2009 and the shift of the factor impact
on the mercury (from PBM in 2009 to GOM in 2010) were observed using different
methods. An additional factor Gas-particle Partition of Hg was identified only by PCA
in 2009. This is because the identification of the factor depended on the negative
association between GOM and PBM. However, this kind of association cannot be

revealed by the PMF model because all the variables in the factor are non-negative.

After including the meteorological parameters in the input of PCA, a new
component related to meteorological process Mercury Wet Deposition was identified
in both years. This is the advantage of PCA over the PMF model. Other analysis such
as back trajectory, pollutant rose and ratio analysis could be adapted to verify the

factors.

Overall, similar factors affecting mercury concentrations were identified using
PCA and PMF model. The good agreement between the PCA results and PMF results
is consistent with other inter-comparison exercises of receptor models in PM source
apportionment (Viana et al., 2008a; Cesari et al., 2016). PCA identified more
processes affecting ambient mercury concentrations because it could identify the
processes according to negative correlations between the variables. However, PMF
model could provide factor contributions and factor profiles. The quantitative
evaluation and the considerations of the uncertainties makes PMF model a better
receptor model in speciated mercury source apportionment. Both methods are

suggested to be conducted to verify the factors.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Source apportionment was conducted with PMF model using the
concentrations of speciated Hg and other air pollutants collected at KEJ site in 2009
and 2010. The same four factors were identified by PMF model in each year. They are
Combustion Emission, Industrial Source, Photochemistry and Re-emission, and Sea
Salt. In both years, the factor Photochemistry and Re-emission had the largest
contributions to atmospheric mercury while the factor Sea Salt was not a significant
source of mercury. The Combustion Emission and the Industrial Source had moderate
contributions to GOM and PBM in 2009, respectively, while only the Industrial
Source contributes to GOM in 2010. The differences of the factor contributions to
mercury between two years were caused by the reduction of the coal combustion in
the USA (US EPA, 2011) and the reduction of the SO; and mercury emission in Nova

Scotia (Table A.1).

The PMF model performance on reproducing speciated mercury
concentrations in each of the 12 cases was evaluated based on the performance
indexes. The performance indexes include scaled residual plot, Obs/Pred scatter plot,
Obs/Pred time series, the Pred/Obs ratios and the annual Predmean/Obsmean ratios.
The observed GEM concentrations were best reproduced by PMF model among
speciated mercury. The model performances on PBM and GOM are poor and their
concentrations were underestimated in both years. The PMF model performance in
2010 1s better than that of 2009, including better interpretability of the factors, and

better reproduction of Hg concentrations.
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The sensitivity of the PMF results to different treatment of input data was
tested. The cases using geometric mean imputation or median imputation identified
the same factors as the reference cases in both years. Similar model performances and
factor contributions to the reference case were observed in 2009 and 2010. Similar to
the imputation cases, excluding or combining GOM and PBM did not affect the
source identification and model performances in PMF model. However, excluding or
combining GOM and PBM did affect the source contributions as expected. Excluding
or combining GOM and PBM concealed the factor contributions to GOM or PBM in
both years. For example, the factors contributing to GOM only (Combustion
emission, 2009; industrial source 2010) did not contribute to mercury after combining
GOM and PBM. The use of scaling factor to increase the GOM and PBM
concentrations improved the model performances in both years without affecting the
factor identification and factor contribution. Therefore, PMF model seems to have

difficulties in reproducing the species with low concentrations.

Source apportionment was also conducted by PCA in this study. The
components identified by PCA were largely consistent with the factors in PMF
results. Three and four components had the same names as the factors identified in
PMF in 2009 and 2010, respectively. The shift of the factor impacts of Industrial
Source on mercury (i.e. from PBM in 2009 to GOM in 2010) was also observed in the
PCA results. The lack of the factor impacts of Combustion Emission on Hg species in
2010 is consistent with the PMF results. An additional component Gas-particle
partitioning was identified by PCA in 2009 according to the negative association
between GOM and PBM. The ability to identify the negative associations between
two species is the advantage of PCA over PMF model because the results of the PMF

model are required to be positive. After including the meteorological parameters in
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the input of PCA, an additional meteorological process Wet deposition of mercury

was identified.

5.2 Recommendation

Based on the results and the limitations of this study, several recommendations were

made for future studies:

*  The comparison of the mercury source apportionment using PCA and PMF model
was not conducted before. Therefore, more studies about the comparison between
PCA and PMF results should be conducted to ensure the result in this study is not

a one-time event.

* The factor combustion emission contributing to Hg species in 2009 only was
attributed to the reduction of power plant. However, there is limitations in this
interpretation because only a two-year study was conducted. A long term study is
needed to verify the impact of the shutdown of power plants and reduction of Hg

and SO, emissions in Nova Scotia on the reduction of ambient concentrations.

* The spikes in Figure 4.1 and Figure 4.2 are not well reproduced. Most air quality
models including receptor models cannot reproduce the spikes. Right now, the
causes of the spikes are unknown. The time series of other variables should be
checked and more makers should be included to help interpreting the spikes in
future studies.

* The comparison of the factor characterization and identification in this study
suggested a good agreement between PCA and PMF result but the model
performance on reproducing the observations were not compared. due to the

limited length of the time. It is recommended to conduct the reconstruction of
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observed concentrations using PCA-APCS model and compare the model ability

on reproducing the observed concentrations to PMF results.

There were uncertainties in the interpretation of some factors such as the factor
Industrial Source because the variables included in this study was limited. More
markers should be monitored to identify more specific sources. For example,

Cu?" could be included to identify Cu smelters.

Although wind direction is an important meteorological parameter in source
apportionment, wind direction cannot be used in PMF and PCA. Other analysis
utilizing wind direction such as back trajectory and wind rose are recommended
in future mercury source apportionment studies to verify the factors identified in

PCA and PMF.

The accuracy of the sources identified from the models are not evaluated in this
studies due to the time limitation. Future studies are recommended to investigate

the accuracy of the results.

The identification of the factor Photochemistry is uncertain because the
mechanism of photochemical oxidation of Hg is uncertain. Therefore, more
studies about the mechanisms of the atmospheric mercury cycle should be

conducted to improve the accuracy of factor interpretation.

Although increasing the low GOM and PBM concentrations with a scaling factor
improved the PMF model performance, the scaling factor changed the original
variability of the data. More studies are recommended to investigate whether the
results derived from the scaled data could more accurately reflect the source

affecting mercury concentrations in the real word.
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All data treatment methods used in this study including the scaling factor are
recommended for Hg source apportionment using PMF with data from a different
site to see whether similar improvements on PMF performances on reproducing

PBM and GOM concentrations could be observed.
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Appendix B:
Input Data Processing Step

Case 1

1. Copy the original data to a new spreadsheet and exclude the meteorological data

from the table.

2. Replace the blanks with -999 as the indicator of the missing value.

3. Insert the MDL of each species to the spreadsheet.

4. Rename the sheet as original data.

5. Create a new sheet named as uncertainty.

6. Copy the species name to the header and the copy the date in the original data

sheet to the uncertainty sheet.

7. When the concentration of the species is not smaller than its MDL, set the

uncertainty to 5/6*original data. When the concentration is less than its MDL, set

the uncertainty to 1/ (a * oringinal data)? + (0.5  its MDL)?2, a= 0.15 for Hg,

a=0.1 for other pollutants.

8. Create a new sheet named as concentration and copy the original data table to this

sheet.
9. Save the file and change the name to Case 1 input.
Case 2

1. Copy the original data to a new spreadsheet and exclude the meteorological data

from the table.
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2. Replace the blanks with the geometric mean of the species. When there was 0
value in the species, the geometric mean was calculated using the data excluding

the missing values and the O values.

3. Insert the MDL of each species to the spreadsheet.

4. Rename the sheet as original data.

5. Create a new sheet named as uncertainty.

6. Copy the species name to the header and the copy the date in the original data

sheet to the uncertainty sheet.

7. When the concentration of the species is not smaller than its MDL, set the

uncertainty to 5/6*original data. When the concentration is less than its MDL, set

the uncertainty to \/(a * oringinal data)? + (0.5  its MDL)?2, a= 0.15 for Hg
species, a=0.1 for other pollutants. For the Hg samples using geometric mean
imputations, the corresponding uncertainties were set to 1*MDL for GEM,

10*MDL for GOM, and 2*MDL for PBM.

8. Create a new sheet named as concentration and copy the original data table to this

sheet.
9. Save the file and change the name to Case 2 input.
Case 3

The treatment process is the same as Case 2 except using the median value of the

species to impute the missing values.

Case 4
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The treatment process is the same as Case 1 except step 1. In step 1, the GOM and

PBM should also be excluded in this case.
Case 5

The treatment process is the same as Case 1 except step 1. In step 1, the GOM and
PBM should be combined to RM after copied in the original data. When one of the
GOM and PBM is missing, the RM concentration is considered as missing. The MDL

for RM is considered to be 4 pg/m?®.
Case 6

The treatment process is the same as Case 1 except Step 1. In step 1, the GOM

and PBM concentrations need to be multiplied by the scaling factor.

The input treatment in 2010 is the same as in 2009.
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Appendix C:
Comparison of the 3-factor, 4-factor, 5-factor PMF Results

C.1 Comparison in 2009

The 3-factor and 5-factor results of 2009 derived from PMF are listed in Table
C.1 and Table C.2, respectively. In 3-factor results (Table C.2), the factor Combustion
Emission in 4-factor results were reapportioned to Factor 1 and Factor 2. This led to
the combination of the three factors Combustion Emission, Industrial Source, and
Photochemistry & Re-emission of Hg. Factor 1 in 3-factor results is the combination
of the factors Photochemistry & Re-emission of Hg and Combustion Emission in 4-
factor results. Factor 2 in 3-factor results is the combination Industrial Source and
Combustion Emission in 4-factor results. Factor 3 is the same as the factor Sea Salt in
Case 1. The interpretability of 3-factor results was poor because Factor 1 and Factor 2
contained the parts of the same sources. In the 5-factor results, an additional factor
accounting for large percent of Ca?* (53%) and GOM (71%) and moderate percent of
HNO3 (30%) and NOs™ (36%). This factor is likely related to the reaction between soil
aerosols or sea salt and the HNO3z (Zhang et al., 2008). However, the lack of the other
markers such as Na* and CI- (sea salt), and Mg?* or K* (soil derived aerosols) made it
hard to interpret this factor (Zhang et al., 2008). The high percent of GOM the factor
accounting for was also hard to interpret because GOM and the other species have no
common sources. Therefore, factor 5 cannot be assigned to one specific
source/category and left undetermined. The interpretability of 5-factor result is worse
than 4-factor result Overall, the interpretability of the four-factor results was the most

reasonable results in 2009.
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Table C.1: Factor profiles (% of species >25%, between 15% and 25% in the bracket) of 3-factor
solution in 2009.

% of total species Fl1 F2 F3
GEM 80 (20)
GOM 96
PBM 65 (20)

PM 57 26 @an
03 74 (18)
SO» 98
HNO:; 49 51
Ca** 53 34
K* 49 41
Mg?* 85
Na* 80
Cr 100
NOs 46 38
NH4* 43 51
SO4* 44 40 (16)

Table C.2: Factor profiles (% of species >25%, between 15% and 25% in the bracket) of 5-factor
solution in 2009

% of total species Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
GEM 68 (18)
GOM 29 71
PBM 57 (24) 17
PM (23) 32 (25)
0s 65
SO2 81
HNO:3 (23) 37 30
Ca?* 26 53
K* 29 (18) 36 17)
Mg? 32
Na* 77
Cr 94
NOs (25) 36 36
NH4* 61 a7
SO 60 a7

C.2 Comparison in 2010

The 3-factor results and 5-factor results of 2010 are listed in Table C.3 and

Table C.4, respectively. Similar to 2009, factor 3 in the 3-factor results was a
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combination of the factor Combustion Emission and Industrial Source in Case 7
indicating a worse interpretability compared to 4-factor results. Similar to the 5-factor
results in 2009, a factor accounting for high percent of Ca** and moderate percent of
NOs™ were identified in the 5-factor results in 2010. The Ca?* and NOs™ could be
derived from several sources such as the reaction of HNO3s with soil aerosols or
marine aerosols. The factor cannot be assigned to a specific source due a lack of
markers in the factor. Therefore, the interpretability of the 5-factor results was worse
than that of the 4-factor results. The 4-facotr results has the best interpretability in

2010.

Table C.3: Factor profiles (% of species >25%, between 15% and 25% in the bracket) of 3-factor
solution in 2010. Suggest adding factor names to aid your discussion

% of total species Factor 1 Factor 2 Factor 3
GEM 49 (19) 32
GOM 63 36
PBM 55 32

03 51 (16) 33
SO» 100
HNO; 89
Ca?* (24) 31 44
K* 29 68
Mg?* 84
Na* 77 (20)
Cr 100
NOs (22) 26 52
NH4* 93
SO4* (16) 83

Table C.4: Factor profiles (% of species >25%, between 15% and 25% in the bracket) of 5-factor
solution in 2010

% of total species Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
GEM 82
GOM 59 41
PBM 83
0; 83
SO, 96
HNO3 66 26
Ca?* 17) 72
K* (25) 38 (18) (19)
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Table C.4 — Continued 1

% of total species Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
Mg?* 82
Na* 68
Cr 99
NOs (20) 30 37
NH4* 77 (23)
S04 71 (18)

The 4-factor results had the best interpretability among the 3-factor, 4-factor
results and 5-factor results in both years. In addition, the number of components
extracted by PCA was happened to be 4. Four components were retained by PCA
according to the eigenvalues. The 4-factor results would be more comparable to the
PCA results than the 3-factor and 5-factor results. Therefore, 4-factor run were used

in both 2009 and 2010.
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Appendix D:
PMF Outputs

D.1 PMF outputs in 2009

Table D.1: Base run summary of Case 1 (bold indicates the run used for further analysis).

Run # Q(Robust) Q(True) Converged # Steps
1 5262.3 5794.36 Yes 540
2 5262.26 5794.39 Yes 438
3 5262.21 5794.39 Yes 292
4 5262.32 5794.36 Yes 555
5 5262.35 5794.38 Yes 472
6 5262.35 5794.41 Yes 556
7 5262.39 5794.42 Yes 410
8 5262.46 5794.35 Yes 444
9 5262.22 5794.39 Yes 392

10 5262.33 5794.37 Yes 491
11 5262.56 5794.41 Yes 345
12 5262.36 5794.35 Yes 353
13 5262.35 5794.36 Yes 567
14 5262.39 5794.42 Yes 557
15 5262.44 5794.36 Yes 485
16 5262.32 5794.42 Yes 453
17 5262.34 5794.39 Yes 470
18 5262.47 5794.34 Yes 354
19 5262.43 5794.36 Yes 647
20 5262.46 5794.28 Yes 243

Table D.2: Factor profiles (concentrations of species, pg/m? for non-mercury species) from base
run #3 (convergent run) of Case 1.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.05 0.08 0.19 1.05
GOM (ng/m?3) 0.62 0.00 0.00 1.39
PBM (ng/md) 0.00 0.97 0.27 2.11

PM 1.24 0.21 0.50 1.01
O3 3.02 6.67 8.11 45.62
SO, 0.01 0.35 0.01 0.05
HNO3 0.08 0.03 0.00 0.04
Ca’ 0.01 0.00 0.02 0.02
K* 0.01 0.00 0.02 0.02
Na* 0.05 0.02 0.43 0.00
Mg?* 0.01 0.00 0.05 0.00
CI 0.00 0.00 0.54 0.00
NOz 0.05 0.05 0.09 0.03
NH4* 0.17 0.02 0.02 0.03
SO4* 0.58 0.06 0.16 0.10
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Table D.3: Regression diagnostics of base run #3 for Case 1.

. KS Test KS Test

Species Intercept Slope SE R? Stat P Value
GEM 0.00 0.59 0.00 0.28 0.05 0.84
GOM 0.00 0.09 0.00 0.23 0.29 0.00
PBM 0.00 0.39 0.00 0.57 0.10 0.06
PM 1.13 0.60 0.90 0.73 0.07 0.39
O3 15.10 0.74 7.08 0.79 0.05 0.79
SO, 0.00 0.98 0.07 0.98 0.22 0.00
HNO3 0.06 0.51 0.06 0.81 0.12 0.02
Ca?* 0.03 0.25 0.01 0.50 0.09 0.16
K* 0.02 0.46 0.02 0.44 0.15 0.00
Na* 0.00 0.99 0.05 0.99 0.04 0.98
Mg? 0.00 1.00 0.01 0.98 0.12 0.03
Cr 0.04 0.87 0.12 0.97 0.04 0.98
NO3 0.11 0.33 0.09 0.74 0.10 0.09
NH4* 0.00 0.97 0.05 0.95 0.05 0.74
SO -0.05 1.02 0.21 0.92 0.06 0.66

Table D.4: Factor profiles (concentrations of species, pg/m3 for non-mercury species) from base
run #20 (convergent run) of Case 2.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.05 0.08 0.19 1.05
GOM (ng/m?3) 0.62 0.00 0.00 1.39
PBM (ng/md) 0.00 0.97 0.27 2.11

PM 1.24 0.21 0.50 1.01

O3 3.02 6.67 8.11 45.62

SO, 0.01 0.35 0.01 0.05

HNOs 0.08 0.03 0.00 0.04

Ca* 0.01 0.00 0.02 0.02

K* 0.01 0.00 0.02 0.02

Na* 0.05 0.02 0.43 0.00

Mg?* 0.01 0.00 0.05 0.00

Cl 0.00 0.00 0.54 0.00

NOz 0.05 0.05 0.09 0.03

NH,* 0.17 0.02 0.02 0.03

SO4* 0.58 0.06 0.16 0.10

Table D.5: Regression diagnostics of base run #20 for Case 2.
. KS Test KS Test
Species Intercept Slope SE R? Stat P Value

GEM 0.00 0.57 0.00 0.17 0.10 0.00
GOM 0.00 0.05 0.00 0.08 0.31 0.00
PBM 0.00 0.32 0.00 0.33 0.19 0.00
PM 1.27 0.56 0.92 0.65 0.02 0.99
O3 17.99 0.65 10.51 0.59 0.06 0.10
SO, 0.01 0.96 0.07 0.98 0.22 0.00
HNO3 0.05 0.60 0.07 0.79 0.08 0.02
Ca* 0.04 0.21 0.01 0.43 0.10 0.00
K* 0.02 0.49 0.01 0.47 0.10 0.00
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Table D.5 — Continued

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
Na* 0.00 1.01 0.06 0.99 0.09 0.00
Mg?* 0.00 1.00 0.01 0.97 0.11 0.00
CI 0.04 0.82 0.12 0.95 0.06 0.20
NOs 0.14 0.20 0.07 0.56 0.12 0.00
NH,* 0.02 0.90 0.06 0.96 0.02 0.98
SO4* 0.16 0.80 0.33 0.90 0.06 0.09
Table D.6: Base run summary of Case 3 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 12569.5 13961.1 Yes 725
2 12570.8 13960.7 Yes 491
3 12569.7 13961.1 Yes 866
4 12571.1 13960.8 Yes 609
5 12570.5 13960.9 Yes 571
6 12569.3 13961.1 Yes 429
7 12570.5 13961.1 Yes 792
8 12570.1 13961.1 Yes 511
9 12570.1 13961 Yes 538
10 12570.6 13960.8 Yes 551
11 12569.4 13961.2 Yes 567
12 12569.2 13961.3 Yes 677
13 12569.7 13961 Yes 643
14 12570.1 13961 Yes 914
15 12571.1 13961 Yes 558
16 12569.3 13961.1 Yes 621
17 12570.9 13961.1 Yes 636
18 12570.9 13960.9 Yes 361
19 12569.8 13961 Yes 765
20 12569.4 13961.2 Yes 789

Table D.7 Factor profiles (concentrations of species, ug/m? for non-mercury species) from base
run #12 (convergent run) of Case 3.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.07 1.02 0.16 0.03
GOM (ng/md) 0.25 1.35 0.00 0.01
PBM (ng/md) 0.00 1.88 0.26 0.74

PM 1.20 1.33 0.45 0.17
O3 5.33 40.15 7.27 5.86
SO» 0.01 0.05 0.00 0.32
HNO3 0.10 0.03 0.00 0.03
Ca?* 0.01 0.03 0.01 0.00
K* 0.01 0.02 0.01 0.00
Na* 0.02 0.01 0.37 0.03
Mg?* 0.00 0.00 0.04 0.00
Cl 0.00 0.00 0.42 0.00
NOs 0.02 0.07 0.07 0.03
NH,* 0.23 0.01 0.03 0.01
S04 0.84 0.00 0.17 0.05
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Table D.8: Regression diagnostics of base run #12 for Case 3.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 0.54 0.00 0.15 0.10 0.00
GOM 0.00 0.05 0.00 0.09 0.32 0.00
PBM 0.00 0.34 0.00 0.34 0.19 0.00
PM 1.28 0.56 0.93 0.65 0.03 0.91

O3 18.08 0.65 10.60 0.58 0.07 0.07
SO2 0.01 0.96 0.07 0.98 0.22 0.00
HNO3 0.05 0.60 0.07 0.79 0.08 0.02
Ca?* 0.04 0.21 0.01 0.43 0.10 0.00
K* 0.02 0.49 0.01 0.47 0.10 0.00
Na* 0.00 1.01 0.06 0.99 0.09 0.01
Mg?* 0.00 1.00 0.01 0.97 0.11 0.00
Cl 0.04 0.82 0.12 0.95 0.06 0.21
NOs 0.14 0.20 0.07 0.56 0.12 0.00
NH4* 0.02 0.89 0.06 0.96 0.02 0.98
S04 0.16 0.79 0.33 0.90 0.06 0.11
Table D.9: Base run summary of Case 4 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 5737.46 633591 Yes 323
2 5737.61 6335.93 Yes 781
3 5737.49 6335.94 Yes 583
4 5737.54 6335.95 Yes 656
5 5737.45 6335.93 Yes 585
6 5737.6 6335.93 Yes 480
7 5737.38 6335.9 Yes 297
8 5737.5 6335.9 Yes 443
9 5737.61 6335.92 Yes 601
10 5737.54 6335.93 Yes 653
11 5737.5 6335.92 Yes 749
12 5737.6 6335.97 Yes 667
13 5737.53 6335.92 Yes 599
14 5737.61 6335.95 Yes 599
15 5737.4 6335.96 Yes 502
16 5737.5 6335.96 Yes 631
17 5737.55 6335.95 Yes 547
18 5737.44 6335.93 Yes 538
19 5737.46 6335.95 Yes 265
20 5737.51 6335.89 Yes 556

Table D.10: Factor profiles (concentrations of species, pg/m? for non-mercury species) from base
run #7 (convergent run) of Case 4.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.19 1.09 0.10 0.02
PM 0.47 1.12 1.21 0.15
Os 8.18 50.36 3.72 4.81
SO; 0.00 0.06 0.01 0.36
HNO3 0.00 0.04 0.08 0.03
Ca?* 0.01 0.03 0.01 0.00
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Table D.10 — Continued

Species Factor 1 Factor 2 Factor 3 Factor 4
K* 0.02 0.01 0.01 0.00
Na* 0.45 0.00 0.05 0.02
Mg?* 0.05 0.00 0.01 0.00
Cl 0.54 0.00 0.00 0.00
NOs 0.09 0.03 0.06 0.05
NH4* 0.02 0.03 0.17 0.02
SO4* 0.16 0.13 0.59 0.04
Table D.11: Regression diagnostics of base run #7 for Case 4.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 0.59 0.00 0.25 0.04 0.87
PM 1.16 0.59 0.87 0.71 0.06 0.43
O3 15.01 0.75 7.40 0.78 0.05 0.74
SO2 -0.01 1.03 0.08 0.98 0.21 0.00
HNO3 0.06 0.51 0.05 0.80 0.11 0.01
Ca?* 0.03 0.24 0.01 0.48 0.09 0.08
K* 0.02 0.47 0.02 0.45 0.13 0.00
Na* 0.00 1.00 0.06 0.99 0.05 0.73
Mg?* 0.00 1.00 0.01 0.98 0.10 0.03
Cl 0.04 0.87 0.12 0.97 0.03 1.00
NOs 0.12 0.32 0.10 0.71 0.10 0.03
NH4* 0.01 0.95 0.04 0.96 0.04 0.83
S04 -0.03 0.99 0.20 0.92 0.05 0.65
Table D.12: Base run summary of Case 5 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 4830.67 5289.54 Yes 623
2 4830.64 5289.5 Yes 622
3 4830.72 5289.56 Yes 554
4 4830.47 5289.55 Yes 487
5 4830.74 5289.58 Yes 635
6 4830.62 5289.56 Yes 641
7 4830.68 5289.54 Yes 682
8 4830.74 5289.52 Yes 633
9 4830.64 5289.56 Yes 521
10 4830.64 5289.58 Yes 530
11 4830.66 5289.56 Yes 547
12 4830.71 5289.57 Yes 734
13 4830.73 5289.54 Yes 534
14 4830.62 5289.5 Yes 391
15 4830.69 5289.52 Yes 618
16 4830.65 5289.52 Yes 449
17 4830.67 5289.54 Yes 588
18 4830.67 5289.58 Yes 472
19 4830.53 5289.48 Yes 233
20 4830.8 5289.54 Yes 538
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Table D.13: Factor profiles (concentrations of species, ug/m? for non-mercury species) from base
run #4 (convergent run) of Case 5.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.05 0.08 0.18 1.07
RM (ng/md) 0.65 1.18 0.02 4.00
PM 1.31 0.11 0.51 1.04
Os 2.34 6.92 7.76 46.51
SO2 0.01 0.36 0.00 0.06
HNO3 0.08 0.03 0.00 0.04
Ca?* 0.01 0.00 0.01 0.02
K* 0.01 0.00 0.02 0.02
Na* 0.05 0.02 0.43 0.00
Mg?* 0.01 0.00 0.05 0.00
Cl 0.00 0.00 0.54 0.00
NOs 0.05 0.05 0.09 0.03
NH4* 0.18 0.01 0.02 0.03
S04 0.62 0.00 0.17 0.11

Table D.14: Regression diagnostics of base run #4 for Case 5.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 0.59 0.00 0.29 0.04 0.97
RM 0.00 0.31 0.00 0.48 0.17 0.00
PM 1.14 0.59 0.90 0.73 0.07 0.42
O3 14.08 0.75 7.26 0.78 0.05 0.88
SO» -0.02 1.05 0.10 0.98 0.23 0.00
HNO3 0.06 0.53 0.05 0.83 0.12 0.03
Ca?* 0.03 0.25 0.01 0.50 0.09 0.12
K* 0.02 0.45 0.02 0.44 0.14 0.00
Na* 0.00 1.00 0.05 0.99 0.03 1.00
Mg?* 0.00 1.01 0.01 0.98 0.11 0.05
Cl 0.04 0.87 0.11 0.97 0.03 0.99
NOs 0.11 0.34 0.09 0.74 0.10 0.07
NH4* 0.00 0.97 0.05 0.95 0.05 0.90
S04 -0.04 1.01 0.20 0.93 0.06 0.71
Table D.15: Base run summary of Case 6 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 5525.95 6034.06 Yes 484
2 5525.98 6034.06 Yes 459
3 5525.99 6034.13 Yes 489
4 5525.94 6034.1 Yes 471
5 5525.97 6034.07 Yes 633
6 5525.99 6033.99 Yes 253
7 5525.93 6034.07 Yes 455
8 5526.01 6034.04 Yes 399
9 5525.94 6034.14 Yes 451
10 5525.9 6034.02 Yes 439
11 5525.96 6034.07 Yes 382
12 5526 6034.06 Yes 288
13 5525.93 6034.08 Yes 466
14 5525.98 6034.04 Yes 565
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Table D.15 — Continued

Run # Q(Robust) Q(True) Converged # Steps
15 5525.94 6034.04 Yes 511
16 5526.01 6034.07 Yes 540
17 5525.94 6034.06 Yes 507
18 5525.98 6034.12 Yes 411
19 5525.99 6034.05 Yes 784
20 5526.01 6034.02 Yes 396

Table D.16: Factor profiles (concentrations of species, ug/m? for non-mercury species) from base

run #10 (convergent run) of Case 6.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.00 0.11 0.20 1.07
GOM (ng/m?d) 1.15 0.00 0.04 3.09
PBM (ng/md) 0.00 1.25 0.62 4.51

PM 1.18 0.21 0.50 1.07

O3 0.15 8.13 8.65 46.48

SO, 0.00 0.36 0.01 0.05

HNO3 0.08 0.03 0.00 0.04

Ca* 0.01 0.00 0.02 0.02

K* 0.01 0.00 0.02 0.02

Na* 0.05 0.02 0.43 0.00

Mg?* 0.01 0.00 0.05 0.00

CI 0.00 0.00 0.54 0.00

NO3s 0.05 0.05 0.09 0.03

NH4* 0.17 0.02 0.02 0.03

S04 0.58 0.05 0.16 0.11

Table D.17: Regression diagnostics of base run #10 for Case 6.
. KS Test KS Test
Species Intercept Slope SE R? Stat P Value

GEM 0.00 0.58 0.00 0.28 0.05 0.82
GOM 0.00 0.18 0.00 0.33 0.18 0.00
PBM 0.00 0.48 0.00 0.59 0.11 0.04
PM 1.15 0.59 0.90 0.72 0.07 0.39
O3 15.47 0.73 7.36 0.77 0.06 0.67
SO» 0.00 0.98 0.06 0.99 0.23 0.00
HNO3 0.06 0.52 0.05 0.82 0.11 0.03
Ca* 0.03 0.25 0.01 0.49 0.08 0.32
K* 0.02 0.46 0.02 0.44 0.15 0.00
Na* 0.00 0.99 0.05 0.99 0.04 0.98
Mg?* 0.00 1.00 0.01 0.98 0.12 0.03
CI 0.04 0.87 0.12 0.97 0.04 0.98
NOs 0.11 0.33 0.09 0.73 0.10 0.07
NH,* 0.00 0.98 0.05 0.95 0.06 0.63
SO4* -0.05 1.02 0.21 0.92 0.06 0.55
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D.2 PMF outputs in 2010

Table D.18: Base run summary of Case 7 (bold indicates the run used for further analysis).

Run # Q(Robust) Q(True) Converged # Steps
1 11165.2 14202.1 Yes 656
2 11165.9 14201.7 Yes 712
3 11165.6 14202.1 Yes 715
4 11165.9 14201.7 Yes 657
5 11166 14201.7 Yes 494
6 11166.1 14202.8 Yes 774
7 11166.1 14201.5 Yes 694
8 11166.3 14201.6 Yes 422
9 11165.7 14202 Yes 832
10 11165.7 14202 Yes 621
11 11166.2 14203.2 Yes 520
12 11166.4 14201.6 Yes 614
13 11166.4 14203.3 Yes 661
14 11167 14203 Yes 538
15 11166.5 14201.5 Yes 1026
16 11166.1 14203.3 Yes 488
17 11166.3 14201.7 Yes 530
18 11166.1 14201.7 Yes 862
19 11166.2 14202.4 Yes 715

20 11165.7 14201.9 Yes 894

Table D.19: Factor profiles (concentrations of species, pg/m? for non-mercury species) from base
run #1 (convergent run) of Case7.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.12 0.01 0.14 1.03
GOM (ng/md) 0.00 0.24 0.03 0.39
PBM (ng/md) 0.11 0.10 0.27 2.08

O3 4.62 1.16 6.96 50.20
SO» 0.00 0.18 0.00 0.01
HNO3 0.00 0.04 0.10 0.02
Ca?* 0.01 0.01 0.00 0.01
K* 0.01 0.00 0.02 0.01
Na* 0.33 0.04 0.03 0.00
Mg?* 0.04 0.01 0.01 0.00
Cl 0.42 0.00 0.00 0.00
NOs 0.03 0.07 0.03 0.04
NH;* 0.01 0.02 0.22 0.00
SO4> 0.13 0.07 0.77 0.00
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Table D.20: Regression diagnostics of base run #1 for Case 7.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 1.29 0.00 0.46 0.05 0.36
GOM 0.00 0.29 0.00 0.31 0.20 0.00
PBM 0.00 0.09 0.00 0.13 0.18 0.00
O3 10.79 0.81 6.96 0.80 0.07 0.12
SO2 0.07 0.54 0.17 0.48 0.23 0.00
HNO3 0.05 0.60 0.09 0.67 0.11 0.00
Ca?* 0.03 0.03 0.02 0.06 0.04 0.62
K* 0.03 0.23 0.03 0.26 0.23 0.00
Na* -0.01 1.01 0.08 0.98 0.12 0.00
Mg?* 0.00 0.95 0.02 0.88 0.20 0.00
Cl 0.03 0.83 0.11 0.98 0.08 0.04
NOs 0.13 0.16 0.10 0.27 0.12 0.00
NH,* 0.14 0.39 0.21 0.52 0.11 0.00
S04 0.41 0.50 0.64 0.63 0.11 0.00
Table D.21: Base run summary of Case 8 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 13153.3 16302.6 Yes 952
2 13153.5 16300.9 Yes 928
3 13151.2 16366.4 Yes 932
4 13152.6 16305.4 Yes 1013
5 13156.9 16292 Yes 815
6 13153.7 16309.2 Yes 911
7 13152.4 16311.1 Yes 878
8 13152.9 16310.8 Yes 779
9 13153 16310.6 Yes 904
10 13153 16311.6 Yes 610
11 13152.9 16311.3 Yes 686
12 13152.7 16310.8 Yes 962
13 13150.9 16365.9 Yes 811
14 13148.4 16370.5 Yes 470
15 13152.8 16311 Yes 796
16 13151.9 16310.6 Yes 1010
17 13153.1 16305.1 Yes 991
18 13153 16308.9 Yes 981
19 13152.6 16311.2 Yes 803
20 13148 16370.8 Yes 572

Table D.22: Factor profiles (concentrations of species, ug/m? for non-mercury species) from base

run #20 (convergent run) of Case 8.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.03 0.08 0.11 1.07
GOM (ng/m?3) 0.01 0.20 0.00 0.37
PBM (ng/md) 0.00 0.11 0.05 2.75

O3 1.61 4.32 4.14 51.23
SO, 0.01 0.19 0.00 0.00
HNO3 0.10 0.03 0.00 0.01
Ca* 0.00 0.00 0.01 0.02
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Table D.22 — Continued

Species Factor 1 Factor 2 Factor 3 Factor 4
K* 0.02 0.00 0.01 0.01
Na* 0.03 0.01 0.29 0.02
Mg?* 0.01 0.00 0.04 0.00
Cl 0.00 0.00 0.35 0.00
NOs 0.05 0.03 0.03 0.06
NH4* 0.21 0.01 0.01 0.00
SO4* 0.75 0.02 0.12 0.01
Table D.23: Regression diagnostics of base run #20 for Case 8.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 1.26 0.00 0.32 0.08 0.03
GOM 0.00 0.22 0.00 0.23 0.22 0.00
PBM 0.00 0.09 0.00 0.15 0.17 0.00
O3 10.72 0.79 11.79 0.55 0.11 0.00
SO2 0.02 0.91 0.05 0.96 0.26 0.00
HNO3 0.05 0.61 0.08 0.72 0.13 0.00
Ca?* 0.03 0.02 0.01 0.05 0.07 0.05
K* 0.03 0.22 0.02 0.25 0.26 0.00
Na* 0.00 1.00 0.07 0.98 0.13 0.00
Mg?* 0.00 0.98 0.02 0.88 0.14 0.00
Cl 0.04 0.78 0.10 0.97 0.11 0.00
NO3s 0.14 0.14 0.08 0.25 0.14 0.00
NH4* 0.14 0.34 0.18 0.49 0.10 0.00
SO4* 0.44 0.45 0.57 0.58 0.19 0.00
Table D.24: Base run summary of Case 9 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 12990.9 16292.9 Yes 879
2 12989.6 16292 Yes 909
3 129914 16290.9 Yes 820
4 12990 16292.5 Yes 1072
5 12991.3 16290 Yes 912
6 12990.1 16292.2 Yes 885
7 12991.2 16289.8 Yes 750
8 12989.7 16291.5 Yes 942
9 12990 16291.9 Yes 1099
10 12992 16290.7 Yes 588
11 12990.9 16290.3 Yes 870
12 12992.1 16290.7 Yes 992
13 12991.6 16290.7 Yes 942
14 12990 16291.4 Yes 670
15 12991.5 16290.7 Yes 911
16 12990 16292.5 Yes 1040
17 12991 16291.3 Yes 884
18 12990.7 16292.8 Yes 1076
19 12989.7 16292.2 Yes 887
20 12990.4 16291.7 Yes 961
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Table D.25: Factor profiles (concentrations of species, ug/m? for non-mercury species) from base
run #2 (convergent run) of Case 9.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.04 0.00 0.11 1.16
GOM (ng/m?3) 0.00 0.25 0.00 0.32
PBM (ng/md) 0.00 0.00 0.06 2.89

O3 2.09 0.65 4.22 55.52
SO, 0.00 0.17 0.00 0.00
HNO3 0.09 0.04 0.00 0.02
Ca? 0.00 0.01 0.01 0.02
K* 0.02 0.00 0.01 0.01
Na* 0.02 0.04 0.29 0.02
Mg?* 0.01 0.01 0.04 0.00
CI 0.00 0.00 0.35 0.00
NOs 0.02 0.08 0.03 0.04
NH4* 0.20 0.02 0.01 0.00
SO 0.72 0.07 0.12 0.01
Table D.26: Regression diagnostics of base run #2 for Case 9.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 1.27 0.00 0.41 0.05 0.40
GOM 0.00 0.27 0.00 0.27 0.22 0.00
PBM 0.00 0.08 0.00 0.15 0.17 0.00

O3 11.89 0.78 8.81 0.69 0.10 0.00
SO, 0.08 0.47 0.15 0.42 0.26 0.00
HNO3 0.05 0.56 0.09 0.62 0.15 0.00
Ca* 0.03 0.03 0.02 0.05 0.05 0.41
K* 0.03 0.24 0.02 0.26 0.26 0.00
Na* -0.01 1.01 0.07 0.98 0.15 0.00
Mg?* 0.00 0.98 0.02 0.88 0.14 0.00
Cl 0.04 0.78 0.10 0.97 0.12 0.00
NOs 0.13 0.18 0.09 0.28 0.18 0.00
NH.* 0.12 0.40 0.19 0.54 0.09 0.00
SO 0.37 0.53 0.59 0.65 0.18 0.00

Table D.27: Base run summary of Case 10 (bold indicates the run used for further analysis).

Run # Q(Robust) Q(True) Converged # Steps
1 10632.2 13629.6 Yes 905
2 10631 13629.3 Yes 537
3 10631 13629.5 Yes 644
4 10632.4 13629.1 Yes 621
5 10631.6 13629.8 Yes 646
6 10631.7 13628.7 Yes 834
7 10631.2 13629 Yes 814
8 10630.9 13629.4 Yes 696
9 10631.6 13630.7 Yes 710
10 10632 13628.7 Yes 698
11 10631.4 13628.8 Yes 673
12 10631 13629.3 Yes 706
13 10631.2 13629.1 Yes 964
14 10631.5 13630.2 Yes 611
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Table D.27 — Continued

Run # Q(Robust) Q(True) Converged # Steps
15 10631.2 13629.3 Yes 820
16 10631.5 13628.8 Yes 719
17 10630.9 13629.2 Yes 767
18 10631.5 13629 Yes 756
19 10631.1 13629.1 Yes 797
20 10631.1 13629.4 Yes 820

Table D.28: Factor profiles (concentrations of species, ug/m? for non-mercury species) from base
run #17 (convergent run) of Case 10.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 1.03 0.15 0.01 0.12
O3 50.00 7.00 1.31 4.60
SO2 0.01 0.00 0.18 0.00
HNO3 0.02 0.10 0.04 0.00
Ca?* 0.01 0.00 0.01 0.01
K* 0.01 0.02 0.00 0.01
Na* 0.00 0.03 0.04 0.33
Mg?* 0.00 0.01 0.01 0.04
Cl 0.00 0.00 0.00 0.42
NOsz 0.04 0.03 0.07 0.03
NH4* 0.00 0.22 0.02 0.01
S04> 0.00 0.77 0.07 0.13

Table D.29: Regression diagnostics of base run #17 for Case 10.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 1.31 0.00 0.47 0.05 0.45
O3 10.43 0.81 7.17 0.79 0.07 0.08
SO, 0.07 0.54 0.17 0.48 0.23 0.00
HNO3 0.05 0.60 0.09 0.67 0.11 0.00
Ca?* 0.03 0.03 0.02 0.06 0.05 0.51
K* 0.03 0.23 0.03 0.26 0.24 0.00
Na* -0.01 1.01 0.08 0.98 0.12 0.00
Mg?* 0.00 0.95 0.02 0.88 0.21 0.00
Cl 0.03 0.83 0.11 0.98 0.08 0.03
NOs 0.13 0.16 0.10 0.27 0.12 0.00
NH4* 0.14 0.39 0.21 0.53 0.11 0.00
SO4* 0.41 0.50 0.64 0.63 0.11 0.00
Table D.30: Base run summary of Case 11 (bold indicates the run used for further analysis).
Run # Q(Robust) Q(True) Converged # Steps
1 10851 13855.3 Yes 885
2 10851 13855.1 Yes 792
3 10850 13855.7 Yes 816
4 10850.9 13855.9 Yes 579
5 10850.6 13855.4 Yes 726
6 10851.2 13855.1 Yes 704
7 10850.9 13854.3 Yes 506
8 10851.5 13854.6 Yes 492
9 10850.5 13855.2 Yes 649
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Table D.30 — Continued

Run # Q(Robust) Q(True) Converged # Steps
10 10850.8 13857.5 Yes 639
11 10850.3 13855.2 Yes 839
12 10851.2 13855 Yes 673
13 10851.2 13855.4 Yes 838
14 10850.2 13855.4 Yes 748
15 10851.3 13856.8 Yes 474
16 10851.2 13856.5 Yes 698
17 10850.3 13855.4 Yes 657
18 10850.4 13855.3 Yes 678
19 13587.9 17924 .4 Yes 593
20 10851.2 13856.1 Yes 720

Table D.31: Factor profiles (concentrations of species, ug/m? for non-mercury species) from base

run #3 (convergent run) of Case 11.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.15 0.12 0.01 1.03
RM (ng/m?3) 0.30 0.09 0.29 2.90
O3 6.99 4.61 1.18 50.20
SO, 0.00 0.00 0.18 0.01
HNOs 0.10 0.00 0.04 0.02
Ca?* 0.00 0.01 0.01 0.01
K* 0.02 0.01 0.00 0.01
Na* 0.03 0.33 0.04 0.00
Mg?* 0.01 0.04 0.01 0.00
CI 0.00 0.42 0.00 0.00
NOz 0.03 0.03 0.07 0.04
NH,* 0.22 0.01 0.02 0.00
SO4* 0.77 0.13 0.07 0.00
Table D.32: Regression diagnostics of base run #3 for Case 11.
. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 1.31 0.00 0.46 0.05 0.50
RM 0.00 0.15 0.00 0.19 0.18 0.00
O3 10.19 0.82 7.10 0.79 0.08 0.06
SO, 0.07 0.54 0.17 0.48 0.23 0.00
HNO3 0.05 0.60 0.09 0.67 0.11 0.00
Ca?* 0.03 0.03 0.02 0.06 0.05 0.53
K* 0.03 0.23 0.03 0.26 0.24 0.00
Na* -0.01 1.01 0.08 0.98 0.12 0.00
Mg?* 0.00 0.95 0.02 0.88 0.21 0.00
CI 0.03 0.83 0.11 0.98 0.08 0.04
NOs 0.13 0.16 0.10 0.27 0.12 0.00
NH4* 0.14 0.39 0.21 0.53 0.11 0.00
SO4* 0.41 0.50 0.64 0.63 0.11 0.00
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Table D.33: Base run summary of Case 12 (bold indicates the run used for further analysis).

Run # Q(Robust) Q(True) Converged # Steps
1 11488.7 14572.9 Yes 811
2 11488.2 14573.2 Yes 569
3 11488.5 14573.1 Yes 654
4 11489 14574.7 Yes 579
5 11488.8 14573 Yes 552
6 11488.8 14572.7 Yes 602
7 11489.3 14572.5 Yes 527
8 11489.3 14572.9 Yes 520
9 11489.2 14572.7 Yes 769
10 11488.6 14573.2 Yes 761
11 11489.2 14573.9 Yes 531
12 11488.3 14573.2 Yes 799
13 11489.2 14573.6 Yes 764
14 11489.3 14573.5 Yes 865
15 11488.4 14573.2 Yes 760
16 11489.3 14572.5 Yes 930
17 11489 14572.7 Yes 548
18 11489.3 14572.5 Yes 796
19 11489.1 14573 Yes 893
20 11489.4 14572.7 Yes 1011

Table D.34: Factor profiles (concentrations of species, pg/m? for non-mercury species) from base
run #2 (convergent run) of Case 12.

Species Factor 1 Factor 2 Factor 3 Factor 4
GEM (pg/m?3) 0.12 0.01 0.15 1.03
GOM (ng/m?d) 0.01 0.23 0.12 1.10
PBM (ng/md) 0.39 0.43 0.80 5.15

O3 4.66 1.16 7.06 50.02
SO, 0.00 0.17 0.00 0.01
HNO3 0.00 0.04 0.10 0.02
Ca* 0.01 0.01 0.00 0.01
K* 0.01 0.00 0.02 0.01
Na* 0.33 0.04 0.03 0.00
Mg?* 0.04 0.01 0.01 0.00
CI 0.42 0.00 0.00 0.00
NOz 0.03 0.07 0.03 0.04
NH,* 0.01 0.02 0.22 0.00
SO4* 0.13 0.07 0.77 0.00
Table D.35: Regression diagnostics of base run #2 for Case 12.

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
GEM 0.00 1.19 0.00 0.44 0.05 0.51
GOM 0.00 0.33 0.00 0.42 0.12 0.00
PBM 0.00 0.24 0.00 0.25 0.04 0.82

O3 13.04 0.77 6.55 0.80 0.06 0.30
SO, 0.07 0.54 0.17 0.48 0.23 0.00
HNO3 0.05 0.60 0.09 0.67 0.11 0.00
Ca* 0.03 0.03 0.02 0.06 0.04 0.71
K* 0.03 0.23 0.03 0.26 0.23 0.00
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Table D.35 — Continued

. KS Test KS Test
Species Intercept Slope SE R? Stat P Value
Na* -0.01 1.01 0.08 0.98 0.12 0.00
Mg?* 0.00 0.95 0.02 0.89 0.20 0.00
Cl 0.03 0.83 0.11 0.98 0.08 0.05
NOgs 0.13 0.16 0.10 0.27 0.12 0.00
NH4* 0.14 0.39 0.21 0.52 0.11 0.00
SO4% 0.42 0.50 0.64 0.63 0.11 0.00

152




D.3 PMF Obs/Pred Scatter Plot and Obs/Pred Time series in 2009
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Figure D.1: Obs/Pred scatter plot and Obs/Pred time series in Case 1 in 2009
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Figure D.2: Obs/Pred scatter plot and Obs/Pred time series in Case 2 in 2009

154




--------- Linear (GEM) GEM
GEM . . “oPredi
3 ——Linear (One-to-one) 3 Observed ~Predicted
Period 1 { Period 2 Period 3
— A
m
£
M X
£ Xy
4] XX yx -~
S 2 Xx X X E
.‘g X )}?& f X o E
o X»( & o w
=) X . c
S Sk X X 21
]
8 X X xé’k o ©
- X X Xy
9 ¥
e X
[J])
S
o
0 T T 0
0 1 o2 2009/1/1  2009/3/2  2009/5/1 2009/6/30 2009/8/29 2009/10/28 2009/12/27
Observed concentrations (ng/m?3) Date
""" Linear (GOM) GOM
GOM . - —o-Predi
—Linear [One-to-one} " Observed -e-Predicted
Period 1 Period 2 Period 3
—_ At A
on Y
£ 25 l
S~
=14]
2
a =
g E 20 \
— X 0
= e b
u -
frar} X e c
c X e S 15 ; f
e Rt |
e X €
: e
'8 ) X xxx 8 10
]
o X
T
g 5
o
; ‘ 0 ! el i
10 20 30 2009/1/1 2009/3/2 2009/5/1 2009/6/30 2009/8/29 2009/10/28 2009/12/27
Observed concentrations (pg/m?3) Date
peM Linear (PBM) PBM
" — Linear (One-to-one) 18 - Observed ~ Predicted
Periofl 1 Peried 2 Period 3
E 164 A A v A
10
?ﬂ 14
& X
2 8 * X E 12
0 3
] 2
5 ’ x 201
cC b6 ® X .g
8 i 5 £ 84
[s] X x* *x é
v 4 x * x*:‘&"l"x % c
o o X 8 6
] X ﬂ S %
S Daghhs o .
T ) * X
o 2
[ "
o 2 3
0 T T T U 0t
5 2000/1/1 2009/3/2  2009/5/1 2009/6/30 2009/8/28 2009/10/28 2009/12/27

15
Observed concentrations (pg/m?)

Date

Figure D.3: Obs/Pred scatter plot and Obs/Pred time series in Case 3 in 2009
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Figure D.4: Obs/Pred scatter plot and Obs/Pred time series in Case 4 in 2009
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Figure D.5: Obs/Pred scatter plot and

Obs/Pred time series in Case 5 in 2009
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Figure D.6: Obs/Pred scatter plot and Obs/Pred time series in Case 6 in 2009
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Figure D.7: Obs/Pred scatter plot and Obs/Pred time series in Case 7 in 2010
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Figure D.8: Obs/Pred scatter plot and Obs/Pred time series in Case 8 in 2010
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Figure D.9: Obs/Pred scatter plot and Obs/Pred time series in Case 9 in 2010
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Figure D.10: Obs/Pred scatter plot and Obs/Pred time series in Case 10 in 2010
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Figure D.11: Obs/Pred scatter plot and Obs/Pred time series in Case 11 in 2010
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Figure D.12: Obs/Pred scatter plot and Obs/Pred time series in Case 12 in 2010
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Appendix E:
PCA outputs

E.1 PCA outputs in 2009

Table E.1 Rotated component matrix of Case 13 in 2009

Factor Number PCl1 PC2 PC3 PC4
GEM 0.01 0.02 0.86 0.27
GOM 0.21 -0.11 0.26 0.84
PBM 0.63 0.03 0.50 -0.33

PM 0.80 0.25 0.10 0.21
03 0.50 0.08 0.70 0.05
SO» 0.88 0.10 0.11 -0.05
HNO3 0.86 0.00 0.07 0.34
Ca?" 0.59 0.39 0.09 0.45
K* 0.29 0.70 -0.19 0.33
Na* 0.18 0.97 0.08 -0.08
Mg? 0.25 0.95 0.09 -0.01
Cr -0.04 0.97 0.05 -0.12
NOs 0.73 0.48 0.06 0.02
NH4" 0.92 0.07 0.09 0.12
SO4* 0.86 0.22 0.19 0.11

Table E.2 Component score coefficient matrix of Case 13 in 2009

Factor Number PC1 PC2 PC3 PC4
GEM -0.18 0.03 0.61 0.15
GOM -0.09 -0.03 0.09 0.64
PBM 0.14 -0.05 0.28 -0.40

PM 0.15 0.00 -0.07 0.06
O3 0.01 -0.01 0.43 -0.08
SO 0.22 -0.06 -0.06 -0.17
HNO3 0.18 -0.08 -0.11 0.16
Ca?* 0.05 0.07 -0.06 0.29
K* -0.01 0.19 -0.19 0.26
Na* -0.06 0.28 0.06 -0.07
Mg? -0.05 0.27 0.05 -0.02
Cr -0.11 0.30 0.08 -0.07
NOs 0.14 0.07 -0.07 -0.07
NH4* 0.22 -0.07 -0.10 -0.03
SO+ 0.17 -0.02 -0.01 -0.03
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Table E.3 Rotated component matrix of Case 14 in 2009

Factor Number PCl1 PC2 PC3 PC4 PC5
GEM 0.13 -0.04 0.05 0.80 0.16
GOM 0.25 -0.13 0.64 0.40 -0.29
PBM 0.59 0.03 -0.47 0.34 -0.24

PM 0.81 0.23 0.17 0.10 -0.17

03 0.47 0.08 -0.13 0.72 -0.27

SO» 0.86 0.09 -0.20 0.06 -0.14

HNO:3 0.87 -0.03 0.21 0.11 -0.15

Ca?* 0.60 0.38 0.33 0.19 -0.20

K* 0.36 0.66 0.39 -0.12 0.11

Na* 0.21 0.96 -0.09 0.05 0.00

Mg?* 0.28 0.95 -0.03 0.07 -0.04

Cr -0.03 0.98 -0.10 0.03 0.00

NOs 0.76 0.45 -0.04 -0.01 -0.01

NH4* 0.94 0.04 0.08 0.07 -0.05

SO4* 0.88 0.19 0.05 0.17 -0.05

Temperature 0.02 -0.02 0.94 -0.07 0.07

Relative humidity -0.26 0.04 -0.15 -0.20 0.79

Wind speed -0.16 0.32 0.10 0.52 0.49

Precipitation -0.07 -0.09 0.09 0.21 0.79
Table E.4 Component score coefficient matrix of Case 14 in 2009

Factor Number PCl1 PC2 PC3 PC4 PC5
GEM -0.05 -0.03 0.01 0.46 0.09
GOM -0.05 -0.04 0.32 0.22 -0.17
PBM 0.09 -0.04 -0.27 0.14 -0.06

PM 0.15 0.00 0.06 -0.05 0.01

O3 -0.03 0.00 -0.09 0.39 -0.14

SO2 0.20 -0.06 -0.13 -0.08 0.06
HNO:3 0.19 -0.09 0.07 -0.06 0.04
Ca?* 0.05 0.07 0.15 0.04 -0.08

K* 0.05 0.16 0.19 -0.13 0.08

Na* -0.05 0.27 -0.05 0.01 -0.04
Mg?* -0.04 0.27 -0.02 0.02 -0.05

Cr -0.11 0.30 -0.04 0.03 -0.07
NOs 0.16 0.06 -0.05 -0.11 0.09
NH4* 0.24 -0.08 0.00 -0.10 0.12
SO4* 0.19 -0.03 -0.01 -0.02 0.09
Temperature -0.01 0.00 0.48 -0.06 0.03
Relative humidity 0.10 -0.02 -0.08 -0.13 0.48
Wind speed -0.07 0.09 0.05 0.32 0.23
Precipitation 0.09 -0.08 0.03 0.09 0.49
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E.1 PCA outputs in 2010

Table E.5 Rotated component matrix of Case 15 in 2010

Factor Number PCl1 PC2 PC3 PC4
GEM -0.06 0.12 0.79 -0.20
GOM 0.05 -0.04 0.71 0.33
PBM 0.00 -0.10 0.48 0.04

0Os 0.00 0.05 0.91 0.06
SO» 0.11 0.06 0.13 0.89
HNO3 0.34 -0.14 0.02 0.82
Ca?" 0.89 0.05 0.04 -0.05
K* 0.77 0.10 -0.09 0.12
Na* 0.00 0.99 -0.01 0.03
Mg?* 0.34 0.93 0.01 0.00
Cr -0.05 0.98 -0.04 -0.10
NOs5 0.79 0.21 0.09 0.12
NH4* 0.94 -0.10 -0.03 0.18
S04+ 0.90 -0.01 -0.03 0.26

Table E.6 Component score coefficient matrix of Case 15 in 2010

Factor Number PC1 PC2 PC3 PC4
GEM 0.03 0.02 0.38 -0.18
GOM -0.02 -0.01 0.30 0.15
PBM 0.01 -0.04 0.22 -0.02

O3 0.01 0.01 0.41 -0.03
SO» -0.12 0.07 -0.01 0.58
HNO3 -0.03 -0.02 -0.05 0.49
Ca?" 0.27 -0.03 0.04 -0.19
K* 0.20 0.00 -0.03 -0.04
Na* -0.05 0.35 -0.02 0.08
Mg? 0.05 0.31 0.00 0.00
Cr -0.05 0.34 -0.02 0.01
NOs 0.21 0.04 0.05 -0.05
NH4* 0.25 -0.07 -0.01 -0.04
SO+ 0.22 -0.03 -0.02 0.03
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Table E.7 Rotated component matrix of Case 16 in 2010

Factor Number PCl1 PC2 PC3 PC4 PC5
GEM -0.03 0.03 0.87 0.10 -0.05
GOM 0.05 -0.06 0.50 -0.51 0.38
PBM 0.01 -0.08 0.29 -0.62 -0.11

03 0.02 -0.01 0.87 -0.19 0.20

SO» 0.11 0.07 0.08 -0.11 0.84

HNO3 0.33 -0.14 -0.10 -0.07 0.82

Ca?* 0.89 0.04 0.03 0.00 -0.04

K* 0.77 0.10 -0.13 -0.04 0.13

Na* 0.00 0.99 0.06 0.04 0.02

Mg?* 0.34 0.92 0.06 0.04 0.00

Cr -0.05 0.97 0.05 0.08 -0.09

NOs 0.80 0.20 0.06 -0.14 0.09

NH4* 0.94 -0.09 -0.07 -0.02 0.17

SO4* 0.89 0.00 -0.08 -0.01 0.26

Temperature 0.26 -0.19 -0.52 0.08 0.27

Relative humidity -0.12 0.07 -0.21 0.74 -0.33

Wind speed -0.06 0.26 0.52 0.57 -0.06

Precipitation -0.03 -0.08 0.24 0.76 -0.03
Table E.8 Component score coefficient matrix of case 16 in 2010

Factor Number PCl1 PC2 PC3 PC4 PC5
GEM 0.04 -0.05 0.36 0.08 -0.05
GOM -0.03 -0.01 0.17 -0.17 0.15
PBM 0.03 -0.02 0.10 -0.32 -0.19

(OF} 0.02 -0.04 0.34 -0.03 0.06

SO, -0.11 0.07 -0.01 0.07 0.54
HNO3 -0.04 -0.01 -0.06 0.10 0.49
Ca?* 0.27 -0.04 0.06 0.00 -0.18

K* 0.20 0.01 -0.03 0.00 -0.04

Na* -0.05 0.35 -0.04 -0.03 0.07
Mg2+ 0.06 0.31 -0.01 -0.02 0.00

Cr -0.05 0.34 -0.03 -0.02 0.01
NOs5 0.22 0.04 0.04 -0.06 -0.09
NH4* 0.25 -0.07 0.02 0.03 -0.05
SO4> 0.22 -0.03 0.00 0.04 0.03
Temperature 0.02 -0.04 -0.20 0.07 0.16
Relative humidity 0.02 -0.01 -0.05 0.31 -0.08
Wind speed 0.01 0.03 0.23 0.30 0.05
Precipitation 0.03 -0.09 0.14 0.40 0.09
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