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Abstract. The Canadian Air and Precipitation Monitoring Network (CAPMoN) measures total gaseous mercury (TGM) at
three ruralremote sites. Longerm TGM, ancillary measurements and the Positive Matrix Factorization (PMF) model were
used to assess temporal changesiihropogenic and natural surface emissiitdfires plus reemitted Hg) contributions to

TGM and examine the emission drivers of the observed TGM trends between 2005 and 2018. TGM showed decreasing trenc
atall sites; the magnitudes (ng¥mr?) were-0.050 at Saturna for 2042015,-0.026 at Egbert for 2008018, and0.014 at
Kejimkuijik for 20052016. The increasing contributions from natural surface Hg emissions at Sat@48%(yrY) and
Kejimkujik (£0.03% yr?) resulted fromdeclininganthropogenic Hg emissions and increasing oceamicterrestrial-Hge-
emissions. The mean relative contributions of natural surface emissions to annual TG8hilese72.5/7.F%6 ands564%

at Saturna, Egbert and Kejimkujik. TGM at Satumas mainly from the Hg pool(5350%), Hg-terrestrialre-emissions
(3426%), and shipping (10%); at Egbert, frdhe Hg poo(6366%), Hg-terrestral re-emissions4524%), and crustal/soil dust
(95%); and at Kejimkujik, fronthe Hg pool(#181%), regionalHg emissions £011%), andHg-oceanicre-emissions §8%).

Local combustion contributed a few percent of the annual T@hie the oceanicHg-evasiene-emissioncontributionwas
6.6-9.56-8% for the two coastal sites. Wildfire impacts on annual TGM wed& /% atfor Saturnaand 1.36% atfor Egbert
ahd-2- 1% atKejimkujikThe Hg pookontributions to TGM were greater in the cold season, whereas wildfire and sufface re

emission contributions can be significant in the warm season.

1 Introduction

Mercury (Hg) is a global pollutant that is toxic to biota and human health. Atmospheric Hg comprises three dominant inorganic
fractions including gaseous elemental Hg (GEM), gaserigized Hg or reactive gaseous Hg (GOM or RGaf)d particle

bound Hg (PBM). GEM is the predominant form capable of argge transport and chemical transformation to divalent
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Hg(ll) compounds, such as GOM and PBNg(ll) hasan atmospheritifetime of severadays toweeks and therefore tend

to deposit locally or regionally. Through dry and wet deposition, atmospheric Hg enters terrestrial and aquatic environments,
where it undergoes conversion to methylmercury (MeHg) compounds. The bioaccumulation of MeHg is known to cause severe
neurologichand reproductive effects (Hong et al., 2012; Driscoll et al., 2013; Obrist et al., 2018).

Emissiors drive atmospheric Hgansport, chemical processing, depositiamd subsequent ecosystem impaklg sources

to the atmosphere consists of natural emissions (e.g., biomass burning, volcanic and geothermal releases), anthropoger
emissions (e.g., coal combustion, metal smelting, cement production),-amds®ons from terrestrial and aquatic surfaces.
Globally, primary anthropogenic Hg emissions account for approximately 30% of the total atmospheric Hg emissions with the
remainder from natural emissions and surfaceméssions. The latest global inventories indicate anthropogenic sources
emitted 2202500 Mg Hgyr ! (Dastoor et al., 2024 and references therein)-ZWDMg yr' are emitted from geothermal and
volcanic releases and 3@80 Mg yr from wildfires. Terrestrial and aquatic surfaceamissions account for 1000 Mg

yrtand 28088300 Mg yr', respectivelyPirrone et al., 2010; Outridge et al., 2018; Streets et al., 2019; Li et al., 2020; Shah

et al., 2021; Feinberg et al., 2022; Sonke et al., 20a8g et al., 2025 After accounting for atmospheric deposition, the
global atmospheric Hg budget is in the range of 38800 Mg. Natural emissions and surfacenissions of Hg have large
uncertaiies because of limited spatial and temporal measurements for constraining emission factors. There are alsc
uncertainties with Hg aisurface exchange models and quantifying the proportion-efmited Hg originating from natural

and anthropogenic sources (Dastoor et al., 2024).

Source attribution analyses, which study the linkages between emission sources and environmental concentrations, have be
conducted using receptor methods and chemical transport modelss(CRbteptor methods, such as Positive Matrix
Factorization (PMF) model, principal components analysis (PCA) and back trajectory analysis, are applied to ambient air
measurements at a particular location (Cheng et al., 2015 and references therein), whesdéate FBké¢ detailed information

on Hg emissions, meteorology, chemistry and deposition to predict ambient Hg concentrations typically over a broader regior
(Horowitz et al., 2017; Shah et al., 2021; Zhang et al., 2023). Receptor methods have beed&stly sources contributing

to GEM, GOM, PBM, total gaseous mercury (TGM) (Mazur et al., 2009; Huang et al., 2010; Eckley et al., 2013; Wang et al.,
2013; Chenget al., 2017; Qin et al., 202Qustodio et al., 2020), and Hg wet deposition (Keeler et al., 2006; Michael et al.,
2016). There are numeronsodelingstudies on atmospheric Hg with some focusing on an improved Hg emissions budget
(Fisher et al., 2012; Zhang et al., 2016, 2023), chemical mechanisms (Shah et al., 2016), vegetation uptake (Zhdl) et al., 202
and source apportionment estimates (ECCC, 2Bd&er et al., 2018; Dastoor et al., 2021, 2022).

Anthropogenic Hg emission sources inferred from receptor methods include coal, wood and oil combustion, cement
production, iron and steel production, and vehicular traffic. Receptor methods have also been used to assess theseffectivene
of emissions control on ambient Hg concentrations. PMF modeling showed that the closurdiggfdcpalver plants resulted

in significant reductions in Hg source contributions to a nearby monitoring site (Wang et al., 2013). Concewdtighited

trajecbry analysis revealed steep declines in Hg source contributions over southeastern Canada and northeastern U.S., whi

were driven by Hg emission reductions from power plants (Cheng et al., 2017). PCA also showed the diminished point source
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impact on TGM following the closure of a local base metal smelter in Canada (Eckley et al., 2013). Aside from anthropogenic
Hg sources, source attribution studies have revealed the growing importance of natural Hg emissions (e.g., wildfires, oceani
evasion), chemical processing, and loagge transport.

The obijective of this study is to determine the source contributions to TGM at three Canadian Air and Precipitationdvionitorin
Network (CAPMoN) sites using the PMF model and assegsltmg-term changes. Sources identified from the PMF model

are aggregated into anthropogenic and natural surface emission contributions to examine the changes in their relativi
proportions over time. The loAigrm CAPMoN TGM measuremenissalso used to conduct statistical trends analysis and

assess the emission drivers of the lbagn trends.

2 Methods
2.1 TGM measurements andancillary data

The CAPMoN TGM sites are located in Saturna, British Columbia; Egbert, Ontario; and Kejimkujik National Park, Nova
Scotia. Saturna (SAT) is a coastal site in western Canada close to the Pacific Ocean. Egbert (EGB) is an inland site il
southeastern Canada. Kejimkujik National Park (KEJ) is a coastal site in eastern Canada close to the Atlantic Ocean. The thre
sites aren rurakremote locations with minimal influence from large emission sources; thus, TGM concentrations at the sites
are regionally representative. Refer to Table 1 for additional site information. TGM at other Canadian sites has be&n analyze
in previouspublications (Temme et al., 2007; Cole et al., 2014; MacSween et al., 2022). The CAPMoN TGM sites were
selected for this study to provide an update on current concentrations and pattersame set of ancillarpeasurements

are also available at the sites to conduct PMF analysis.

TGM is measured using a Model 2537 Hg vapor analyzer (Tekran Instruments Corporation, Toronto, Ontario, Canada), which
employs cold vapor atomic fluorescence spectrometry (CVAFS) to quantify TGM. The analyzer is housed in a shelter at eact
location with tle sampling line extending through the rooftop to the outdoor environment. The approximate height of the air
inlet above ground is 6 m. Ambient air is sampled at 1.5 L'thirough a heated PFA line maintained at temperatures at least
10°C above ambient. A Teflon filter at the air inlet and back of the analyzer removes particulate matter from the air stream.
TGM, including GEM and GOM, is adsorbed onto dual gold cartridges which alternate between sampling and desorption every
5 min. TGM cmcentrations are reported in units of ng meferenced to STP {Q, 1 atm). Automated calibrations are
performed every 25 hMLQJ WKH DQDO\JHUfV +J SHUPHDWLRQ VRXUFH YHULILHG DQ
of Hg® to zero air using the Tekran Model 2505 Calibration Unit. The petionrate derived from manual calibrations is
expected to be RI WKH DQDO\JHUYV SHUP UDW Eatigngdtitda releasds Bigto tHe/sardplédHaistel U P
assess recovery.

Site operators and field staff perform instrument checks and maintenance activities including sample filter replacement, lamg
voltage adjustmentsargon tank replacement, etc. Site audits are conducted annually, including verification of the Hg

permeation rate and sample flowrate, leak and sample line checks, and gold cdrtridge and UV lampeplacementf
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necessaryThe 5min TGM data are quality controlled by flagging instrument parameters (baseline voltage mean and standard
deviation, cartridge difference, sample volume, etc.) that are outside the normal range of operations. The data relgewer chec
field notes, #e audit reports and wildfire maps, verifigsality controlflags, investigates anomalies and outliers, and computes
hourly averages for final reporting.

Ancillary measurements of particulate inorganic ions;, 8O, total carbon, and air temperature were obtained from CAPMoN

and other monitoring networks (Table S1). Inorganic ions, &l temperature were measured at the sites, whereas regionally
representative CO and total carbon measurements were within 40 km of the sites. All data have been quality controlled by
their respective networks and are publicly accessible. Hourly daga aeewverted to 24 averages for input into the PMF

model.

2.2PMF model

The USEPA PMF model is a multivariate model for the source apportionment of air pollutants, such as speciated particulate
matter, VOC, trace elemen@nd speciated atmospheric Hg. The principles behind the PMF model are detailed in previous
VWXGLHY DQG WKH XVHUYV JXLGH 1R UURM dhtdsebddsisteddf 12 ¥atiaRIZsOndiutivh@a-O

h chemical species concentrations and mean air temperature (Talia&1}ite ha8-14 years ofneasurements. THeng-

term data coverage and higemporal dataesolution are sufficient foPMF modeihg to capture variations in local and
regional sources8SQFHUWDLQWLHY ZHUH FDOFXODWHG XVLQJ WKH HTXDWLRQ SUR
detection limit (DL) and error fraction (Norris et al., 2014). Based on pollutant tracers, factor profiles were assigmedryo m
sources using knawsource profiles or emissions information from literatliemperature was included in the model because

it is an immrtant driver ofwildfire emissions and terrestrielg re-emissiongZhu et al., 2016)The main assumption of the

PMF model is that no chemical transformation takes place during atmospheric transport. Thus, we limited the input of reactive
or secondary species into PMF. The input of TGM is advantageous over speciated Hg because TGM is the sum of GEM an
GOM (oxidizedHg) which tends to be less impacted by chemical reactions.

afitesseparatelySeuree
re-tarmhother (

M in the

ased due t

PMF model runs were performed for eaahs

ity-betterWe ran the model using 6 factors and
attempted additional runs with 5 and 7 faci@ensitivity rundn Supplemeng251). The regression fit between modeled and
observed TGM and interpretability of the factersong-the-yearlyrunmere assessed to determine the optimal number of
factors.For the final 6factor solution, thenodelobserved Rvaluesfor 24-h TGM were-=between05-43 and 0.7%+al

i-Fig. S1. The plots illustratetrong-correlations
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between-modeled-and-observed TGM-at the three sites fithoR71-0.76-Thethe modeled TGMalsereproduced the time
series of the observed TGM quite wielt SAT and KE except fora few elevated TGM concentrations at KEJ in early 2005

(residuals analysis in Supplemé&#S2), which suggests that the finaf&ctor PMF solution was a good fit to the observations.
There was one factor in the PMF solution that could represent both serfaméssions and wildfires. To distinguish between

the sourceswe examined the covariance in the source contributiongemjidnalfire radiative power (FRP) from MODIS

data (NASA, 2023). We identified a FRP threshold for screening wildffteenced daily source contributions. Source
contributions below the FRP threshold were assumed to be from srefacgssions.

Anthropogenic and natural surface emission contributions were derived from source contributions. Factors representing loca
or regional combustion and secondary sulfate were classified as anthropdgsnial surface emissions inclufctors
representing wildfires, terrestrial surfaceemissions (GEM r@missions, dust resuspension), and oceanic evasion. The
definition of natural surface emissions discussed in this paper doeeaestsarilyefer to the natural origin of the emissions.

Hg reemissions from land and water surfaces originate from both natural and anthropogenic sources; however, their relative
contributions remain uncertaimhe Hg poolencompassedsoth natural surface and anthropogenic Hg emissioostly from

the Northern Hemispherevhich is subject to long range transpaie assumed the natural surface/anthropogenic contribution

was proportional to that of global Hg emissions reported in Pirrone et al. (2010) and Streets et al. (2019), which veak estima
to be 68.5%/3.5%.

2.3Long-term trends analysis

Long-term trends analyses were performed using the -Begil slope estimator. The analysis was applied to observed daily
TGM concentrations and TGM source contributions (absolute and relatie}omputed-theand theannual rate of change

were calculatedand whether the trends

differ-The TGM analysis period is indicated in Tablehbwever, some years of data were unavailable for statistical trends
analysis. At SAT, the 2016 data did not meet the data completeness threshold (50% of data available for each season) f
trends analysis. TGM concentrations were not measured in 2017 att&&Tthe trends analysis was not extended to 2018.

KEJ was relocated 3 km south of the original site in February 2017, and the TGM analyzer was changed from the Tekrar
2537B to 2537X modelConcurrent TGM measurements at KEJ and the new site (KEB) indicate TGM was significantly
higher at KEB. The monthly mean hourly MGabsolute and relative differences were-0.29 ng nt and 16.621.5%.The

cause of the difference may have been the change in instromoeletbut this is inconclusive and therefothe 20172018

data at the new sitevere excluded from the loAgrm trends analysidetails on themodel B and X measurement

intercomparisorare discussed in Suppleméhis3

Table 1: CAPMoN TGM site information
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Site ID (site name| Latitude, | Time zone (UTC offset] Site characteristics Period of datg
province) longitude analyzed
SAT (Saturna,| 48.775, | PST (UTGS8) Coastal site near the Paciff 20092018 (no datg
British Columbia) | -123.128 Ocean collected in 2017)
EGB (Egbert,| 44.231, | EST (UTG5) Inland site in southeastel 20052018
Ontario) -79.783 Canada, agricultural activities

nearby
KEJ (Kejimkujik | 44.432, | AST (UTC4) Coastal site near the Atlant| 20052016
National Park,| -65.203 Ocean, forested area nearby
Nova Scotia)

3 Results
3.1Saturna
3.1.10verview of TGM concentrations

The range in annual mean TGM concentrations were 1L.49ng nt at SaturngSAT) during 20092018. Annual descriptive
statistics are summarized in Supplement Table S2. The variabilityhnTZ2M was assessed using relative standard deviation
(RSD). The RSD was 9.7% and decreased over time. Thpéfbentile concentrations varied between 1.22 and 1.61%g m
depending on the year (Fig. 1). Mean TGM was highest in the spring (Wey) and lowest in the fall (SepNov); the means
were comparable for the winter (DeEeb) and summer (JufAug). The seasonal pattern at SAT was consistent with those
reportedor other Caadian and northern hemisphere rineghote sites (Cole et al., 2014; ECCC, 2016). Diel patterns in TGM
differed between seasons. The diel amplitude was 4% for winter, 6% for spring, 14% for summer, and 4% for fall. In addition
to the strong diel cycle in the summer, TGM also peaked earlier-8I0B0PST) than in other seasons. Spring and fall peaks
in houty TGM were broader typically occurring during 8:2@:00 PST, whereas the hourly TGM peak occurred during 12:00
13:00 LST in the winter. Lower TGM was typically observed during the evening and nighttime. During th202@0%eriod,

the highest and loweannualmeanTGM were observed in 2010 (1.49 ng®rand 2015 (1.14 ng ®), respectively (Fig. 1).
AnnualmeanTGM decreased from 2009 to 2015 and then returned to higher concentrations in 2016 and 2018.
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Figure 1. Box-whisker plots ofannual summary shtistics of24-h average TGM concentrationgng m®) at Egbert (EGB), Kejimkujik
National Park (KEJ) and Saturna (SAT)

3.1.2 PMF factor profiles
PMF model runs were undertakerparately-foreachyeams-wellador theentire2010-2018 period~or-SAT, andsix factors

were generatetbr-each-yearBased on the analysis of key variables, the factors represented ageadt seaosols (SSA),
fresh SSA, local combustiothe Hg pool secondary sulfate, and terrestrial GEMergissionfiomass burningBB). The
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Figure 2: PMF meanfactor profiles for SAT —Error-bars-indicate-standard-deviation-ameng-the-years.

The aged SSA factor was characterized by moderate abundancg, dfi@@aand N4g, elevated S¢¥, and negligible CI(Fig.
205 2), which is a result of the chemical reaction between fresh SSA and acidic compounds. In contrast, the fresh SSA factor ha

high abundance of Nand Ci andnegligiblean absence 08Qs?. The TGM percentage in the aged and fresh SSA factors
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were=10% and 6% eachiespectively Na"and Clrepresent a potential marine source of Hg, such as oceanic Hg evasion or

shipping emissionsThe local combustion factor was characterized by high abundance of/383%). SO, is a shorived

pollutant (lifetimeof a fewdays) and is emitted in large quantities from combustion sources, especially coal combustion and
metal smelting which are also important anthropogenic Hg sourbesTGM percentage in the combustion factor was only
3%. TheHg poolwas identified based on the high abundance of £855%). TheHg pool consists of natural, anthropogenic,
and reemitted Hg mostly from the Northern Hemisphere that is subject to long range transporii8elatop2008).CO is
emitted fromfossil fuelcombustionand wildfires.It has a longer lifetime in the order of a few montbmpared with S
which allows for it to bearansported long distances bgvection (Jery et al., 2024)and accumulate in the hemispheric
background This characteristic is similar to that of GEM and TGMie TGM abundance was the highest in this factor
(5350%). The secondary sulfate factor had moderate abundanceof8®high abundance of Nk these chemical species
were likely produced via the reaction between gaseous ammonia and acidicFgase&:M-percentage-in-the-sulfate-factor
was-5%I GM was notpresent in this factoThe last factor was representative of GEMereissiondBB, identified bythe
relatively-highertemperaturen-thisfactor(88100%), and-presence-dbdtal carbon 4553%), and K (3114%). The TGM
percentage in this factor was30%. Warm temperatures are conducive to the production of wildfires and GEM volatilization

from land and water surfaces. Total carbon aridik€ also typically emitted from wildfire§he K* percentage fothe re-

emissionfBB factorwasecomparable-te-those-in-otherfactors—Tmiay-baot greater than that of other factbecausehis
factor is only partiallydue-taelated towildfires;-. and GEM re-emissionsf-GEM-would not be associated with'KAs well,

K*can also be released from the continental crust, soil and vegetation (Zhang et al., 2008) and is very common in pollen (Le
et al., 1996). Since SAT is a coastal site, the source wfay include SSA. Potassium is also associated with coal combustion
(Yu et al., 2018), although this is less likely the case for the-rambte sites in this study.

3.1.3 Overview of TGM source contributions

The mean relative contribution to annual TGM for the 20008 period at SAT wa85-970./6 from natural surfaces with

the remainder from anthropogenic emissions. This corresponds to mean annual TGM contributgg2ai@m® and 046

38 ng n, respectivelyFhese
isS rtieShijeakdown of TGM

source contributions (concentrations and percentage basis) are shown in Fig. 3. TGM was appdtiehiggddool52-20%),

terrestrial GEMre-emissions(£3-726%), shippingemissions and SSA processing (10%), and oceanic evésigh3o).

Wildfires (5-63.7%%),-secondary-sulfate{4-6%)and local combustion (81%) contributed a smagt fraction of the annual

TGM. Shipping emissions in the PoakVancouver and Victoria and along the Strait of Georgia had been a significant source

of S& and PM;s because of the high sulfuzontent in marine fuels prior to regulations taking into effect in 2012
(Anastasopolos et al., 2021). Marine fuels also contain heavy metals, such as V, Ni and HgisAsa®€ported downwind

and undergoes chemical transformation, acidic gases react with fresh SSA in the MBL resulting in the formation of aged or

ed further in
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seetion-3-1-40ceanic evasion of GEM was inferred from the fresh SSA fastoce bothGEM and SSA are emitted from

the ocean surfac&upplemenFigure S2 illustratethe Hg poolcontributed a larger TGM percentage in the cold season than
warm seasonéb-67% vs.44-36%). In contrast, GEM remissions, wildfires, and shipping emissions and SSA processing
contributed larger TGM fractions in the warm season than cold season. The TGM wildfire contribution for the warm season

was sixfold-greater-than-that-of the-cold-sez&6fa For terrestrial GEM remissions, the TGM contribution in the warm

season washore thardouble that of the cold season.

3.1.4Interannual and daily variability

Interannual variability in the relative contribution of anthropogenic TGM was in the rang&2df4834% (Fig. 3).
[ fratilosal
combustion anghipping emissions and SSA processivgye more important during 202014 1r-2013,-2014-and-2018,
ANatural surface contributions’ TGM deminatedbecause-ofreater FGM-contributionsfreimclude those fronterrestrial

and marine reemissionswhich variednterannuallyby 2231% and 4.77.4% There were also enhanced TGM contributions

from wildfires in2012, 2015 an@018 ¢47-10% in the warm seas@pwhichwascorroboratedy-observed-wildfirestatistics
In 2018 for example the total number of fires armteaburned in British Columbia were 39% and 3 times, respectively, above

Anthropogenic contributions

the 20102018 averageGovernmenB.C., 2024) Wildfire characteristics such as location, area burned, and type of biomass
burned,can change year to year and lead to variability in the wildfire Hg emissions. The impact of wildfires and oceanic

evasion on SAT also depend on transport patterns and meteorology, which vary interannually.
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260 Figure 3: Impact of natural surface emissions, anthropogenic emissions, and individual emission sources on annual TGM at Saturna
(SAT). (a) and (b) plots are relative contributions; (c) and (d) are contributions expressed in concentrations (ng3nMean applies
to the 20102018 period except 2017. Natural surface emissions comprise wildfires, GEMeeissions, oceanic evasion, and natural
surface emissions contributing tathe Hg pool Anthropogenic emissions comprise local combustion, sulfate, shipping and st
processing, and anthropogenic emissions contributing tine Hg pool
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Figure 4 shows the variation in the daily percentage TGM contributions from natural surface and anthropogenic emissions fol
SAT and other site®Relative contributions from natural surface emissiexmeedednthropogenic emissions except on a few

occasions. Natural surface emissions contributef@®0 0% to daily TGM on most days and were greater during summertime.
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270 Figure 4: Relative contributions of natural surface (ildfires plus re-emissions) and anthropogenic emissions to daily TGM at SAT,
EGB and KEJ.

The corresponding plsfor individual source contributions at SAdre shown in Fig. 5There were pronounced seasonal
patterns forthe TGM contributions fron the Hg pool terrestrial GEM flux,and-wildfire, and shipping and SSA
275 processingmissioncontributions Relative TGM contribution&em-the-Hg-poolexhibited-a-consistent-seasonal-pattern year
overyearexceethgexceede®0% during winter anélitingfell below 30% during summéFig. 5). Daily TGM contributions
from the Hg poolexceeded 1 ng thon a regular basis across the tisezies. Those from GEM +missions and wildfires

were rarely above 1 ng-fnRelative TGM contributions fromhipping and SSA processing followed a seasonal pattern with

peaks during the warm montheeatLocal combustion secondary-sulfateand-shipping-emissions-and-SSA-procasding

280 oceanic evasion contributions to daily TGiére episodicoccaionally exceeding 30%
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3.15 Long-term trends

Statistical trends analysis was performed on {tmrgh TGM measurements and PMF modeled TGM source contributions to

assess potential causes of TGM trends. Both the observed and PMF modeled TGM showed decreasing trefudsttad SAT

20102015 periodwith similarmagnitudesf £-0.0497 ng ¥ yrt and-0.033 ng ? yr; (p<0.05)ferthe-20162015 period

(F|96) he-comparab ‘inthetrend edlinein o0—8)and-seasonalmean blue line}indicate-the PMF -mode eproduced

14
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Figure 6: Long-term trends in observed and PMF modeled TGM concentrations at SAT, EGB and KEJ. Blue line: observed or
modeled TGM; red line: trendline; green text: slope of the trendline (ng ¥ yr-1)

TGM contributiondrom shipping and SSArocessing and local combustion showed statistically significant decreasing trends

(Table S2)The magitudes of the trends wer®.021 ng ? yrand-0.011 ng nt® yrl, respectivelyLongterm trendsn

TGM contributionsfrom the Hg poo] terrestrial reemissions, oceanic #@missions, and wildfires were not statistically

significant. Shipping emissions and SSA processing contributions were noticeably greater durir@02@10he stronger

signature in the earlier period was likely due to higher &Dcentrations from shipping, resulting in enhancements of acidic

compounds in the air to react with fresh SSA. After regulations to limit sulfur content in marine fuels were implemented in

2012, there were substantial decreases in botha8® PM sconcentrations near Canadian port cities (Anastasopolos et al.,

2021). According to the Canadian emissions inventory, in addition i@®{3sions, Hg emissions from marine transportation

also decreased from 2010 to 20Fg( ). This was likely a cdbenefit of reducing sulfur in marine fuels. $é8nhd Hg

emissions in 2015 were 3.6% and 5.4%, respectively, of the 2010 levelsermore,iie decreasing trend in TGM from local

t

combustionwas consistent wh the trend inHg combustion emissions:

[
irBhahim
BEHOTS
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330

WWMG%W%M%MWWW

jons from
lecal-combustionWithin 150 km of SAT(Fig. S3). There was a22% reduction in Hg emissioff®om -the-majer-combustion

sources-of Hg-were-cement-manufacturing-prichary metal productioand cement/nemetallic mineral production in the
local area during 2022015 (Fig. S4S3). Hg-emissi A i

Table 2: Long-term trends in TGM concentrations and source contributions from the PMF model. SAT2010-2015, EGB: 2005
2018, KEJ: 20052016 Statistically significant (p<0.1) trends are shown in bold

Site Parameter/Source Slope-(hg-iyrY) | Slope{(%yr) | p-value
He—zeg] 00453 +79 0.154
Shisplncond- S8 orocessng | -0:8440 -21+43 =000
Terrestrial GEM-reemissions -0.0284 -13.24 0.070
Localcombustion -0:0125 -17-26 0.212
Secondary-sulfate 0.0126 na 0102
Oceanic-evasion 0.0094 1410 0114

EGB Obs TGM -0-0264 -1.69 <0.001
Meodeled-TGM -0-0271 -1.79 <0.001
Hg-pool -0-0171 -1.76 0140
Road-salt -0-0012 -5.21 0142
Terrestrial GEM-reemissions -0:0072 -3:24 0210
Localcombustion 0.0006 0.89 0-808
Secondary-sulfate -9.69E8 -718 0.028
Crustal/soll 0.0041 4.84 0431

KEJ Obs TGM -0-0142 -1.06 0147
Meodeled-TGM -0-0151 -2 0137
Hg-pool -0-0217 -2.00 0.057
Regional—emission—and—SS| -0:0191 -7.62 <0001
Terrestrial GEM-reemissions 0.0039 3777 0.042
Localcombustion 0 0.00 0.576
Sulfate 0 na 0.876

17
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Oceanic-evasion 0.0035 6.64 0200
Wildfires 0.0003 -24-76 0435
Trend Significance
Site Parameter/Source Slope (ng myr!) | Slope (% yr) p-value
SAT Obs TGM -0.0497 -3.46 0.010
Modeled TGM -0.0330 -2.40 0.010
Hg pool -0.0058 -0.83 0.948
Shipping and SSA processing -0.0212 -11.27 0.033
Terrestrial GEM reemissions 0.0011 0.34 0.905
Local combustion -0.0105 -12.90 <0.001
Secondary sulfate na na na
Oceanic evasion 0.0008 1.02 0.728
Wildfires -0.0012 -5.49 0.528
EGB Obs TGM -0.0264 -1.69 <0.001
Modeled TGM -0.0109 -0.79 0.017
Hg pool -0.0042 -0.46 0.758
Road salt 0.0001 0.91 0.674
Terrestrial GEM reemissions -0.0014 -0.47 0.788
Local combustion -0.0023 -7.16 <0.001
Secondary sulfate na na na
Wildfires 0 0 0.937
Crustal/soil -0.0013 -1.74 0.187
KEJ Obs TGM -0.0142 -1.06 0.147
Modeled TGM -0.0141 -1.05 0.130
Hg pool -0.0102 -0.93 0.160
Regional emission and SSA
processing -0.0064 -4.15 0.007
Terrestrial GEM reemissions na na na
Local combustion na na na
Secondary sulfate na na na
Oceanic evasion 0.0024 2.58 0.257
Wildfires na na na

Figure 7 shows the trends analysis results for the relative source contributions to annudliEGidrcentage contribution
from anthropogenic Hg emissiodscreased b$.64-82 % yr! (p<0.05001) during 20162015. Thedeclinewasdriven by the
reduction in the percentage contribution from shipping emissions and SSA proce3s$ifd.¢F% yrl, p<08011) and that

from local combustion (0.75%*, p<0.001) Relative contributionfrom other sources did not show significant treoder

time. Overall, natural surface emissions contributions are increasing at SAT because of deahitfingpogenic Hg
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Figure 7: Long-term trends in relative source contributions at SAT. (anatural surface emissionswildfires plus re-emitted Hg), (b)
anthropogenic emissions, (cHg pool, (d) shipping and SSA processing, (e) oceanic evasion, (f) GEMeamissions, (g) biomass
burning, (h) local combustion—(i}-secondary-sulfate Blue line: relative contributions; red line: trendline; green text: slope of the
trendline (x100% yr Y).

3.2 Egbert
3.2.10verview of TGM concentrations

The range in annual mean TGM concentrations was1L.®8ng n? at Egbert (EGB) during 2068018 (Fig. 1; Tabl&1S2).

The RSD of 24 h mean TGM was 13.3% and varied from year to year. Tipei®ntile concentration ranged between 1.17

and 1.75 ng Mat EGB depending on the year (Fig. 1). The mean TGM was highest in the winter followed by spring, summer,
and fall, respectively. The TGM diel amplitude waS% for winter to summer and 7% in the fall. All seasons showed a broad
daytime TGM peak, in whitthe maximum occurred during 11:@8:00 LST in winter, summer and fall and during 8:00

10:00 LST in spring. Lower TGM was observed in the evening and nighttime during winter and spring, whereas it was observec
at 6:00 LST during summer affidl. For the 20052018 period, annuaheanTGM was highest in 2006 and lowest in 2013.

There was a sharp decrease in anmuahnTGM from 2005 to 2013 followed by a rebound in 2014 with concentrations
remaining stable during 2042018 (Fig. 1).

3.2.2PMF factor profiles

Six factors were selected for EGB in the final PMF solution. The factors were assighedHg poo| terrestrial GEM re
emissionsandbiomass burningBB), local combustion, secondary sulfate, SSA, and crustal/soil dust (Fishé&}g pool
had the highest abundance of TG8B§7%) and CO $066%). Terrestrial GEM reemissiond8B was characterized by the
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strong presence of temperatui00%), K* (3433%) and total carbon4@47%); the TGM abundance wds24%. The
proportions of S@and TGM in the local combustion factor wesg38% and62%, respectively. Secondary sulfate was
dominated by the presence of sulfate (72%) and ammonium (T8%kver, TGM was absent from this factdth-a-small
percentage-of TGM-{1.8%The secondary sulfate factor is indicative of regional Hg emissions and chemical transformation

including oxidation and gagarticle partitioning. This is because the strong sulfate presence has been associated with regional
emissions and oxidation of S@om previous source apportionment studies (Liu et al., 2003; Keeler et al., 2006; Gratz and
Keeler, 2011; Pancras et al., 2013). Previous back trajectory analyses showed the EGB site was frequently impacteld by region
transport (ECCC, 2004; Zhang et, &008).A factor was assigned to road salt because of the high abundance(-6£8\%&b)

and Cl (8588%), and the relatively greater contributions during the cold season than warm season. The TGM abundance in
the road salt factor wa$-12.4%. Crustal/soil dust washaracterized by the high abundance of*G&292%) and Mdg*

(#786%); the TGM percentage from crustal/soil wag4.%%. In terrestrial ecosystems, Hg is derived either geologically or

via atmospheric wet and dry (including litterfall) depositiand is mainly bound to soil organic matter as oxidized Hg or
Hg(ll) (Eckley et al., 2016 Hg(ll) also has a strong affinity for NaCl particigutter and Schauer, 200Which may explain

the presence of TGM in the road salt facBubsequentig re-emissions canccurby wind erosion or land disturbancil

dust emissions are common around the EGB site because of agricultural areas nearby. ContribufibardMZE peaked

in May and September, which coincide with periods of increased agricultural activity.
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Figure 8: PMF meanfactor profiles for EGB —Error-bars-indicate-standard-deviation-ameng-the-years.

3.2.30verview of TGM source contributions

The mean relative contribution of anthropogenic emissions to annual TGM*a2.4% at EGB. Natural surface and

anthropogenic emissions contribut@@81.03ng m® and 0.87 ng mto the annual mean TGM concentratidine Hg pool
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385 (62:%66%) contributed the most to annual TGM at EGB followed by terrestrial GEdinigsions $5.24%), crustal/soil dust
(8-75.0%), road salt (2.2%)local combustionX:91.6%), read-salt4-1%),-secondary-sulfate (1.8%and wildfires (136%),
respectively (Fig. 9)Crustal/soil dust and road salt were grouped with GEméssions as they are alseamitted from the

| land surfaceln this case, the combined contributions from terrestrial surfaeenigsions comprise®@3.231% of the annual
TGM.

390 The ratios of natural surface to anthropogenic contributions to TGM #ei& 1%/32.2% in the cold season and
7783%/231 7% in the warm seasdifrig—S5) GEM reemission contributions compris€é41% of TGM in the warm season
compared to only2-84.7% in the cold season. Crustal/soil TGM contribution in the warm season was twice that of the cold

season. In contrast, relative contributions frtthe Hg pooland road salt were greater in the cold season than warm season.
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Figure 9: Impact of natural surface emissions, anthropogenic emissions, and individual emission sources on annual TGM at Egbert
(EGB). (a) and (b) plots are relative contributions; (c) and (d) are contributions expressed in concentrations (ng3nMean applies
to the 20052018 period. Natural surface emissions comprise wildfires, GEM remissions, crustal/soil dust, road salt, and natural
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surface emissions contributing tothe Hg pool Anthropogenic emissions comprise local combustion, sulfate, and anthropogenic
emissions contributing tothe Hg pool

3.2.4Interannual and daily variability

During the 20052018 period, the annual relative contributions to TGM varied bet@@Esvo and3825% for anthropogenic
emissions (Fig. 9). Anthropogenic contributions to TGM wesgecialhslightly greater during04220140052008because
of the higher relative contributions from local combustion. The averageive—contribution—fremlocal combustion
contributionwas63.1% during 20052018008-the-percentages-during202014-were-1a8%and only 1.1% during 2009
2018 The annual percentage contribution to TGM during 2058 reached as high 8% for the Hg pooB240% for GEM
re-emissions;183.5% for local combustion}76% for crustal/soil dust}-23.6% for road salt11% forsecondarysuligtand

33% for wildfire emissionsWildfire impacts on TGM in the warm seaseariedinterannuallybetween 0.2% and 5.8%vhich

could be due to the yeto-year variability in wildfire emissions and meteorologjre-Hg-posolcontribution-was-unusually

ow_in 20 49%) be e d AMara mo y y hle d na-the warm se on-whan the h around—imp tends to b

e-emissions (5

to-35For GEM reemissions, the interannual variabilitias 3649% Fhis-is-because-of the-yemryearvariability-in-wildfire
emissions—GEM-remissiondhis process alsdepend on meteorology, soil temperature and moisture, land disturbance,

canopy shading, etc. which can lead to interannual variability iretBmissionsFEor local combustion, crustal/soil emissions
and road salt, thimterannual variability waup to a few perceht-contrast-the-warm-to-cold-seasenratios-were-less-variable
01).
Overall,emissions-from-natural-surfaces-contributed-materal surfae contributionslominated anthropogenic contributions

to TGM on a daily basisempared-to-anthropogenic-emissions-however-there-were-some-excéptiomsounced seasonal

cyclewas observedatural surface contributiomgere elevateth the warm seasQmwhereas anthropogenic contributions were

elevated in the cold seas(ffig. 4). This is beause of the significant impacts of the Hg pool and GElImissions over other
sources and he strong seasonalagterns in the Hg pool and GEM -eenission contributions (Fig. 10)Anrthropegenic

ontributions-dominated-overn e—contributions-inthe-cold-season-o 008 0 nd-2014 a—4D—\While this is

season (

A h daily-percentages-were-astow-as-0-2% in
the-warm-seasen-to-as-high-as-100%-in-thecold-season{kiDaill)TGM contributions from GEM re&missionsrwildfire
camormally accoungd for more than 50% in the warm season. Daily TGM contributions from local combustion typically
comprised less tha#010%, though it can occasionally exces@0% in the earlier yearsSTGM contributiongvere significant

from crustal/soiemissiongup to 40%)and road salf30-80%)were-significanbn selected daysip-to-90%)
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Figure 10: Relative contributions to 24h mean TGM from various sources at EGB

3.2.5Long-term trends
435 Annual observed TGM at EGB decreased at a rat8.6026 ng 11 yr! (p<0.001) during 2002018 while: Fhe-trend-ithat
of thePMF modeled TGM wasimilarto-the-ebserved-trendd(027011ng Nt yri; (p<000405; Fig. 6)-which-indicates-good
agreement-between-the PMF-model-and-ebservafldiesobserved TGM trend for 20@018 was slightly greater than that

of 19962010 from the previous updaté)(02 ng e yr; Cole et al., 2014). On a lostgrm scalethe-Hgpoolwas-akey
yrithere was a statistically significant trerat the

440 TGM contributions from local combustiphut the magnitudef the change was minim@0.002 ng ? yr?; Table 2) Trends
e H ikewise, here was no clear trend #er

example—TFGM—contributions—from—lecalcombustitin emissions from combustion sourcésotably iron and steel

27




445

450

manufacturingcement productiorandelectric utilitieg within 150 km of EGBshowed-a-flattreA#fig. $4). Hg emission§he
YMhHHO P

combustiordecreaseduring 20052009 however, the trend is offset lnycreasd emissiondeqginning in2010+en-and-steel

a ina-Ha emi ons-had-decre ed before 2009 and then-incre ad-there er Haoa em on om-ceme tproducth

nds

may-explain-a-lack-of-trend-in-TGM-contributions-from-local- combusilitie trends in relative contributions to TGM from

natural surface and anthropogenic emissions were botsigoificant (Fig. 11). This is expected considering the relative

seureecontribution treds for other sources (Hg pool, GERM-emissions, crustal/soil, road salt, emgre not statistically

significant orin-seme-casethe slopewerewasvery smallin the case of local combusti¢i®.1% yrY). Overall, there was no

source that significantlynpacted the TGM trend at EGB.

28



L

2006 2008 2010 2012 2014 2016 2018

year

2006 2008 2010

29

L 1 - - 1 L 1 L 1 1
-0.0013 [-0.0058, 0.0045] ( a ) 0.0013 [-0.0046, 0.0059) ( b) 0.0015 [-0.0095, 0.0129] (C)
058
04 o
08
0.7
©
& I T I 0 R N . S AR by
] & =
2 2 034 S
é ooy .| s P e o 06
5 07 £ T
a & b=t
= a
a
05 |
02
06
04
T T T T T T s T T T T T T T T T T
2008 2008 2010 2012 2014 2016 2018 2006 2008 200 2012 2 2016 2ng 2006 2006 2010 2012 2014 2016 2018
L L L L . L L . . L L \ L L
-0.004 [-0.015, 0.0072] d 0,0042 [-0.0022, 0.0094] 0,0014 [-0.0013, 0.004] f
05 f e
e 4 020 -
04
015 4 0.15 -
0.3 3 s
= » g
3 B a
g kL £
= S_p10 4 80104
2 g
) 7\\‘\ 005 4 005 7—,4_.—;—‘_(_'___'__"
11
0.00 | 0.00
T T T T T T T r
2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018 2006 008 20m0 2012 200 2006 08
year year year
L L L L L L L L L L L il L L = - L - -
-Be-04 [-0.0023, (g) Te-04 [-0.0013,0] + (h) oo 0.0 + (I)
0.15
0.06
0.08
R 0.06
004 =
3 o 2
s ! 2
= =
i o 004 o
05 7 002
0.02
0.00 7 0.00 - : 0.00

2008 2010 2002 2014 2016

year

2006 2018




455

460

465

470

0,001 [-0,0043, 0.0046] (a) -0.001 [-0.0046, 0.0043) (b) 0.003 [-0.0084, 0.0182] (C) 2004 [0.0183, 0.0123] (d)
03 |
s
08
n
om 0z gud g} Ll T
- & e LT ] 03
2ok N T (Tl z
g %0
o1 T 02
0s f
om
o "
205 aes  mw iz mw 2 am s aws  mw W 2w we ww 06 aes 210 Wiz 2w w0 a6 e a0 A XM W6 WM
year year year yesr
8004 [-0.0022, 6e-04) (e) +0.0016 [0.0021, -0.0011] *** (f) 20-04[-7-04,0.0017) ( ) 0[-0.001, 30-04] (h)
o i g

006

petes

\

et crustal scil
pet combustion
petroadsalt

o

000 o

206 om0 mw MW A 2w P T s me mw  wn auw aws me 06 a8 20 w2 A w6 e
year year year year

Figure 11: Long-term trends in relative source contributions at EGB. (a) natural surface emissionsvldfires plus re-emitted Hg),
(b) anthropogenic emissions, (chg pool, (d) GEM re-emissions, (efrustal/soil, (f) local combustion, (g) road salt, (h) wildfires{})
secondary-sulfate Blue line: relative contributions; red line: trendline; green text: slope of the trendline x100% yr -1).

3.3 Kejimkujik National Park

3.3.10verview of TGM concentrations

The range in annual mean TGM concentrations wad X1 ng n? at Kejimkujik National Park (KEJ) during 20@216 (Fig.
1; Table S2). The RSD of 24 h mean TGM was 12.6% and increased year over yeaf! fee@stile concentrations were
1.281.82 ng nm? depending on the year. Comparing the statistics over the same period2(P®)9 the mean TGM

concentrations among SAT, EGB and KEJ were comparable with no statistically significant differences. The annual TGM
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across the three CAPMOoN sites differed between 3% (in 2014) and 19% (in 20&3J%" percentile was highest SIAT

during 20092010, KEJ during 2022013, and EGB during 2012016, which shows there was no particular site experiencing
higher TGM over this period. The seasonal pattern in TGM at KEJ was similar to those of SAT and EGB. Mean TGM was
highest during winter and spring and lowest during summer and fall. The diel amplitudes in summer (22%) and fall (14%)
were greater than those winter (5%) and spring (8%). Hourly TGM peaked during 141600 LST in the summer and
12:00:14:00 LST in the fall. In the winter and spring, the maximum TGM was typically observed during1BIOOOLST.

The TGM minimum occurred during 5:@00 LSTin all seasons. For the 20@916 period, the highesteanTGM was
observed in 2005 and the lowest in 2006 and 2016. AmneahTGM decreased significantly from 2005 to 2006. A parabolic
pattern was observed thereafter with concentrations increasing durin@@00@&nd then decreasing during 2@ 6 (Fig.

1).

3.3.2PMF factor profiles

For the KEJ site, the PMF model resolved six factors. The factors repregbetedg pool terrestrial GEM re
emissionfiomass burningBB), local combustion, secondary sulfate, aged SSA, and fresh SSA (Fig. 12).7AG%) and

CO (6#77%) were the most abundant the Hg poolfactor. GEM reemissionfBB factor showed a strong presence in
temperature (100%)nd-a-weakpresenceieM-{10%). Local combustion was characterized by the &tindanceg790%):
TFEM-(2%)-and-CO-{(2%)-were-not-presentin-significant-amolBeeondary sulfate showed high abundances for sulfate
(6475%) and ammonium#A794%)-with-a-minor-abundnce-for FGM-(1%)TGM was absent from thBEM re-emissions/BB,

local combustionand secondary sulfate factoAged SSA was characterized by moderate abundancegoMeg*, Nat and

SO (2224-2631% for these ions)and absence of CIFresh SSA comprised mostly of (3194%), Na (6567%) and Mdg*
(6662%). The TGM abundances wek811% in aged SSA and3% in fresh SSA, which were comparable to the SAT coastal
site.
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Figure 12: PMF meanfactor profiles for KEJ —Errer-bars-indicate-standard-deviation-among-the-years.
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3.3.30verview of TGM source contributions

The mean relative contribution to annual TGM &64% from natural surface emissions during 20952016 period with
the remainder from anthropogenic emissions (Fig. 13). This corresponds to average TGM contributg2af@nt® and
0.4547 ng 3, respectively. Annual TGM was strongly attributedhe Hg poo(7181%), followed by regional emission and
SSA processing 9711%), terrestrial-GEM-reemissions—{8%and oceanic evasion&(63.0%),—wildfires(2.1%).local
combustion{1.6%),-and-secondary-sulfate (1.4%),respec(Vigy 13). GEM reemissions and wildfire emissions did not

contribute to TGM at KEJThe regional emission and SSA processing factor is considered anthropogenic origin because aged

seasalt is formed from the reaction of sgalt and acidic gases {60, and HNQ), whose precursors are anthropogenie SO

and NQ. One of the major sources of s&hd NQ is fuel combustion from electric utilities, which are also significant sources

of atmospheric Hg. There are no electric utilities within 200 km of KEJ since 2007; however, the site is frequently impacted
by air massefrom the northeastern U.S. region where there is a high density of electric utilities. Thus, this factor represents
both the regional emission contributions of acidic gases and Hg and subsequent chemical processing of fresh SSA as region
air masses are transported across the MBL. On the other hand, fresh SSA is directly emitted from the ocean and has not be
subjectto chemical processing. Hg contributions from marine air are mainly from evasion of GEM from the ocean or
partitioning of GEM or GOM from segalt aerosols.

Emissions from natural surfaces contributedre-to-FGMequally in-theo thewarm seasen-than-tiaedcold seasoim GM;

emission and SSA processingre comparablbetween seasonthe TGM contribution from oceanic evasiovasgreater in

the cold season by a factortwfo.
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Figure 13: Impact of natural surface emissions, anthropogenic emissions, and individual emission sources on annual TGM at
Kejimkuijik (KEJ). (a) and (b) plots are relative contributions; (c) and (d) are contributions expressed in concentrations (ng1).
Mean applies to the 20082016 period. Natural surface emissions comprise wildfires, GEM remissions, oceanic evasion, and natural
surface emissions contributing tahe Hg pool Anthropogenic emissions comprise local combustion, sulfate, regional emissions and
seasalt processing, and anthropogenic emissions contributing the Hg pool

3.3.4Interannual and daily variability

For the 200582016 period, relative contributions to annual T@&WNIm -natural surface emissionanged betwee&561% and

8067% #er—natu#ai—su#aee—emsswﬁﬁlg 13). Ihis—pememageANas—h@hest—ZGi%—due%—eM}aneed—te#esmal—GEM re

the greats

relative-contribution-from-regional-emission-and-SSA-proces#npual relative contributions frorthe Hg poolranged
betweemvere in the range @57 7%-and-8584%, while those of regional emission and SSA processing and oceanic evasion

were 7.415% and 5.112%, respectivgl The impact of egional emission and SSA processomgTGM was greater in the

earlier periodof 20052009 compared with the latter periodf 20102016 which explains the greater anthropogenic

contributions to TGM in the earlier perio®k

Natural surface contributions typically exceeded anthropogenic contributions to daily TGM; however, there were also many
days when the latter was equivalent or greater (Fighdiropogenic TGM-comprised2B- to 50% of the daily TGM was
attributed to anthropogenic sources, though the percemecgsionallyinereasingincreasedabove 70%. The elevated
episodesparticularly before 201 yere-attributed-twere mainly fronregional emission and SSA processif@. 14} -loeal
combustionand-secondary-sulfaaily TGM contributions fronthe Hg poolshowed large fluctuations with percentages

ranging from 0% to 100%, thougtnay were mostly above 50%ig-—14) GEM—F&GFH-FSSPGHS—&HG—\AHH-FFF@S—G@HI—HBH%@G—H—BW&MS
c-DaipFGM

contributions from oceanic evasion were typically beRi®0% and occasionally reached as higl®asi%.
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2014). Leng trends in TGM were

1y for ebserved TGM-andd-015ng

+(1.12% yrt)-ferboth theobserved anBMF-modelednodelledTGM (Fig. 6). Neither trend was statistically significant.

yr

0605%

1

(

36

TGM trend were0.014 ng e yr?t

tFhe magnitudes of thennual

Sy

The similarity in the trends indicat¢he PMF model reproduced the variability in observed TGM. The observed TGM trend

for 20052016wasthe same as that of 192610 from the previous update (Cole et al.

pored:
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drivenby-severalseurcesincludiigprimarily by contributions from treeHg pooland regional emission and SSA processing

and-GEMreemissionsThe Hg poobontrlbutlons decreasetynificantlyat-arate-dfy -0.022010ng nm® yr*(Table 2) which

he-trehiteithat ofregional emission and SSA processing

decreaedeontributionsby -0.006 ng nt yr (Table Z)Q-QLQ}S%HQLH?%% . Fhese-decreasing-trends-were-attenuated-by that

“hgriaThe decreasing trend in the TGM
contribution from regional emission and SSA processiagattributed to decreasing Hg and Sénissions. On a regional
scale, Hg emissions fell from 23.2 Mg%in 2005 to 5.3 Mg ytin 2016 corresponding to a 77% reduction (Fge559). In

565 addition, there was also a decrease in ambiepBKEJ (0.037ug n3 yr, p<0.001), which was driven by significant SO

560

emissions reductions both locally and regionéflig. S9S6). Consequently, SSA processing alfezreased with time.
The trend in relative contribution from natural surface emissions ethawlightn increase 0f--00.3% yr* (p<0.001) for the
20052016 period (Fig. 15). This trendgsirtly attributable to thesteepdecline in thepercentage contributions from regional

emissions and SSA processmg—(l—:{) 04% yr1) which is anthropogenlcihepe—mmm—alse—srnau—pepeemage—mereases in
570

that-in-the-concentratiorigends in the relative contributiorisom the Hg pool and ocean&vasion were not statistically

significant, though they showed apward trend of 0.2% vk

While longterm TGM concentrations at KEJ are trending downwaltsre are shorter term variations that are not captured

575 in the trends analysi3.GM decreased sharply from 2005 to 2006 (Fig. 1), which was consistent with the significant decrease
in local Hg emissions from electric utilities (Figtd57). There was a period of increasing TGM from 2006 to 2011 followed
by decreasing TGM from 2011 to 2016. This pattern was consistent with local Hg emissions from oil and gas pipelines and
storage emissions. These emissions began to decline inlaCfatt, no Hg emissions within 150 km of KEJ were reported

from 2014 onwards.
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Figure 15: Long-term trends in relative source contributions at KEJ. (a) natural surface emissionsifldfires plus re-emitted Hg),

(b) anthropogenlc em|SS|ons (cb-lg pool, (d) regional emission and SSA processing, (e) oceanic evasignGEM-re-emissions;{g)
; Blue line: relative contributions; red line: trendline; green text: slope of the

trendline (x100% yr-1).

4 Discussion

4.1 PMF vyearly runs vs. single time series run

Additional PMF runs were conductegparately for each yeaand theTGM source contributionfor the six factorsvere

compared with those of the single time series YMhile theresultsbetween the two sets of rum&ere comparabléor SAT

and KEJpronounced differences were found for EQBe PMF modelled TGMoncentrationslerived from the yearly runs
werebetter correlated with thebserved TGMR?=0.70:Fig. S§ than that from the single ry®R?=0.43; Fig. S1)Furthermore

the yearly rungroduced a better fit of the interannual variability and {egrn trends in TGMIn the yearly runsthe mean

relative contribution of anthropogenic emissions to annual TGM was 27.5% atwdt@dh was greater than the single run

scenario The Hg pool 63%) contributed the most to annual TGM followed by terrestrial GEMméssions (15.4%),
crustal/soil dust (8.7%), local combustion (5.9%), road salt (4.1%), secondary sulfate (1.8%), and wildfires (1.3%),

respectively These percentages are lower for the Hg pamodl GEM re-emissionsbut are higher for crustal/soil dust, local

combustion, road salindsecondary sulfateompared to those of the single rimthe yearly runsTGM contributions from
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the Hg pool was the main driver of thbserved TGM trendwvhereas there was no dominant driver of T@M trendfrom

the single run
Figure S9a illustratesthe modelobservation discrepancies ocadin 20052009 and 2012013in the single runDuring

20052009,TGM contributions fromthe Hg poolJocal combustion, crustal/sodnd road saltor the single run were smaller

compared to those of the yearly rUf$y. S9b). In 20122013, TGM contributions from the Hg pool and GEM-eeissions

for the single run were greater thitnose of the yearly run$he differences between the single and yeanhsmay be caused

by various reason3he underestimation dhe Hg pool andbocal combustion contributiorsuggests aonstant factor profile

assumptionin the single rumay not be valid ovethe long term because of changes in the emissions control technology

affectingthe speciation profileas discussed in Zhang et €016) Perhapghe estimatedT GM abundancen the Hg pool

factor andlocal combustion factor should be higher in the earlier pefod.crustal/soi] road saltand GEM reemission

contributions dust emissions and GEM flux are highly variable. These processes could depend on land disturbance from

agricultural activities at EGB, road salt applied, and meteorology. For GEM flux, it is also affecieititbynperature and its

Hg content, moisture level, organic matter conteagietation and litterfall coveHg uptake, and ambient Hg concentration

The TGM content in dust isffected bygasparticle partitioning Thesecomplex processesre perhaps not well captured in

the factor profiles and contributionfor terrestrial reemissiors in the singlerun butare better modelled in the yearly ruits

is recommended that shdgdrm runsbe performed across the time series to confirm the single run PMF results are robust.

4.2 Spatial differences in sourcecontributions to TGM

ComparingTGM source apportionment results among the sitaturalsurface emissionsxceedednthropogenic emission
contributions to TGM aall three Mean relative contributions from anthropogenic emissions @&3€% at SAT anB6% at

KEJ and lower at EGB. There was a clear lo&gn increase in the relative importance of natural surface emissions to TGM
at SAT and KEJ, which resulted from decreased anthropogenic Hg emissibiisreased-oceanic- Hg-evasion-and-terrestrial
GEM-re-emissions

The Hg pooland subsequent lorgange transponvas a major source of TGM all sites. Average relative contributions to
annual TGM weref1%at KEJ63%at- EGB.—and-53%at-5MB81% among the sitesvith higher contributions from

November to April.Previous surceattribution analysis performed using the Global/Regional Atmospheric Heavy Metals

(GRAHM) model showed that the sources of GEM in Canada mostly originated in Europe and East Asia. European sources
contributed 3% of GEM at SAT, <3% at EGB, and 3.5% at Ki&Jlengrange transport across the Arctic. Leragnge
transport from East Asia had the greatest impact on GEM across Canada, contributing 16% at1SAd al EGB, and 15%

at KEJ (ECCC, 2016). The anthropogenic to natural surface emissions proportiba fég poolwas estimated based on

global Hg emissions inventory. While the percentages used in this study were consistent with some emissions inventories, i.e
~30% for anthropogenic Hg emissions (Pirrone et al., 2010; Outridge et al., 2018; Streets et aUNER92019, this
percentage is-6% lower in other global budgets (Shah et al., 2021; Sonke et al., 2023; Zhang et al., 2023). It is expected that
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the globalanthropogenic to natural contributioratio will change in the future as primary anthropogenic emissions decrease
and Hg reemissions increase.

The second most important Hg souateEGB @831%) and SAT {426%) was errestrial surface remissions. Relative
contributions from GEM remissions were greatest from May to OctobeeM at KEJ wasnot impacted byGEM re-

emissiorns was-only-a-minor-source-of TGM-atKlikely because the site is in a forested area which is a net sink for GEM.

The variability between sites reflects the nature of GEM sudircexchange, which is spatially variable and dependent on

factors such as solar radiation intensity, canopy shading and wetness, air and soil temperature, soil Hg contentrspil moistu
soil organic matter content, vegetation and litterfall covering the soil, ambient Hg concentration, and forest uptakewhich i
key driver of GEM dry deposition (Zhang et al., 2009; Ottesen et al., 2013; Agnan et al., 2016; Eckley et al., 2016; Wang et
al., 2016; Sommar et al., 2020). Some areas of British Columbia and Ontario have soils that are naturally enriched in Hg.
which have led to higher fluxes (ECCC, 2016). Hg emissions from agricultural soils (e.g. at EGB) are greater than that of
naturalsoils because of more frequent land disturbance which increases volatilization and soil dust resuspension (Cobbett an
Van Heyst, 2007; Zhu et al., 2016). Surfaceengission is one of the least constrained processes in the Hg cycle. It can be
influencedby a multitude of environmental factors, which are currently not well represented in CTMs (Zhu et al., 2016; Obrist
et al., 2018). There are also limited Hg flux measurements for characterizing both spatial and temporal variations.

TGM contributiors from local combustionverewa

2% at EGB, an@bsentit KEJ These results were similar to previous GRAHM model simulations, which found Canadian
sources accounted for only536 of GEM near EGB, 1% near SAT, and-Q% near KEJ (ECCC, 2016). Overall, the
contribution by Canadian sources is typically < 1% in acegside the vicinity of major Hg point sources according to
models (ECCC, 2016)For-secondary-sulfate TGM-contributions,-the-percentages-ranked-by-site-were-SA GB > KEJ
and-were-unders5%.

Oceanic evasion contributed similar percentages of the TGM at SAT andA€EB{8%). As reported in global Hg
budgets, oceanic Hg+#emissions are poorly constrained (Dastoor et al., 2@2dgcentmodel simulation suggesthat Hg
re-emission from oceans is underestimated by 40% (Zhang et al.,, 20®8¥as another study provideshremodest re

emission estimates (Tang et al., 2025).

At the coastal sites, we found evidence of anthropogenic emission contributions and SSA processing. Marine transportation
and shipping portprevidedweresources off GM at SAT, while regional Hg emissions notably from U.S. electric utilities

(fossil fuel combustion) had impacted TGM at KEJ. Because these sources also grtie S@idic gases formed further

reacted with SSA in the MBL resulting in the formation of aged SSA. Significant reductions in both HgsemdiS&ons

led to diminished impacts from anthropogenic emissions and SSA processing over time.
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Wildfires affected TGM at SAT (western Canada) more than KEJ and EGB (eastern Cailmtlimgs in western Canada
and the western U.S. have led to elevated £, atmospheric nitrogerand total carboim downwind regions (Lu et al.,
2016;McClure and Jaffe, 201&hen et al., 2019; Campbell et al., 20220 and Zhang, 2024Wildfires Hg emissions in
western Canada are greater than those in eastern Caoagaising approximatelg5% of thenational totawildfire Hg

665 emissionsFor the 2012015 peiod, wildfires contributed 0-0.4% of the daily mean GEM near SAT according to the
GEM-MACH-Hg model (Fraser et al., 2018). In this stughg, estimatd the PMFderiveddaily meanTGM contribution
from wildfiresto be4-43. 7% over the same periodfor EGB, the percentage wildfire contributions to daily mean GEM/TGM
were 0.40.8% based on the GEMACH-Hg model and 6% based on the PMF model. The corresponding percentages
for KEJ were 0.3.5% and2-70% of the daily mean GEM/TGM. Note that on a daily basis there can be large variability in

670 the GEMMACH-Hg estimated wildfire contributions with percentages up to 30% for SAT, 23% for EGB and 10% for KEJ.
This variability was also seen in the PMF modeling results (Figed510-14). Differences in the wildfire source
contributions between GEMIACH-Hg (Fraser et al., 2018) and PMF (this study) could be due to underestimated wildfire
Hg emissions in CTM other modeparameterization uncertainties, measurement uncertainties affecting the PMF model
results, FRRapproach for screening wildfire TGM contributions, etc. While model intercomparisons are common fgr CTM

675 more comparisons conducted between GEMdreceptor models like PMF will ultimately improve source apportionment
estimates for both types of air quality models. We examined wildfire impacts on gaseous Hg in this study; however,
wildfires also contribute significantly to particulate Hg depending on the fuel moisture and combustion type (Obrist et al.,
2008; McLagan eal., 2021). To capture the full impact of wildfires on atmosphericflitgre source contribution analysis
shouldinclude particulate Hg measuremeififgossible

680 5 Conclusiors

Source contributions to three rr@mote TGM sites were estimated using the PMF model. We examinetelom¢rends in
TGM source contributions to understand the major drivers of the observed TGM trends, as well as analyzed the variability in
interannual seasonal and daily TGM contributions. Anthropogenic sources that were inferred from PMF include local
combustionsecondany-sulfatand the anthropogenic portion thie Hg pool(~31%) Additionally, shipping emissions were

685 identified at SAT, and regioha&missions from the U.S. northeast were identified at KEJ. Natural surface emission
contributions comprised terrestrial GEMemissions, oceanic Hg evasion, wildfires, and the proportidinedflg pooffrom
natural surface emissiolfs69%) Additional TGM contributions from crustal/soil dust and road salt were found at EGB. At
SAT, the decreasing TGM trend was attributed to decreasing shippinGEM-reemissionand local combustion emissians

690 contributed-to-the-initial-declinein-TFGM-and-the-flat- trend-after- Rl 8ominant sourceontributed to the TGM trend at

EGB; however, alternative runs conducted using yetatg suggest a lorterm decrease in Hg pool contributiofiie long
term TGM trend at KEJ was driven llge Hg pooland regional emissionsand-GEM-reemissions When analyzing on a
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shorter timescale, Hg emissions from electric utilities and oil and gas pipelines and storage had a strong influence on TGM
Overall, emission contributions from natural surfagesldfires plus reemitted Hg)were greater thamnthropogenic
contributions to annual TGM all sites.

In the last decadéhe downward trend in anthropogenic emission contributions led to increasing Hg contributions from natural
surfaces. The latter can potentially be accelerated by global warming as this can drive up temest@danidg re
emissions and wildfire Hg emissions. These emissions not only contribute to downwind areas, but atfohaltig pool,

which in the case of GEM impacts other regions through-tange transport. Hg emissions from natural surfaces are overall
less constrainedompared with combustion sources, and they make up the bulk of the global Hg emissions. It is important to
increase monitoring derrestrial and oceangurface reemissions, track their lorgerm trends, and examine how climate

perturbations are affecting the emissions and Hg cycling in the environment.
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Site Year N Mean | Median | StdDev | P5 P25 | P75 P95 Min Max

EGB | 2005 344 1.60 1.57 0.21 |133)] 145 | 1.66 | 2.05 1.19 2.53

EGB | 2006 335 1.64 1.63 0.18 |136| 152 | 1.75 | 1.95 1.25 2.30

EGB | 2007 301 1.54 1.55 020 |119] 141 | 166 | 1.85 1.08 2.36

EGB | 2008 345 1.46 1.45 014 |123) 1.36 | 1.56 | 1.68 1.10 1.85

EGB | 2009 358 1.41 1.43 0.15 |114) 130 | 1.51 | 1.62 0.92 1.76

EGB | 2010 340 1.39 1.39 019 109|125 | 153 | 1.69 0.97 1.88

EGB | 2011 104 1.27 1.25 0.16 |106| 1.17 | 1.37 | 157 0.97 1.84

EGB | 2012 272 1.19 1.16 0.15 |1.00]| 1.11 | 1.27 | 1.47 0.92 1.81

EGB | 2013 305 1.09 1.06 0.16 |0.87] 097 | 117 | 1.35 0.80 1.68

EGB | 2014 341 1.28 1.31 023 |090| 1.06 | 1.46 | 1.60 0.84 1.80

EGB | 2015 344 1.30 1.32 0.14 |106| 1.20 | 1.41 | 1.52 0.96 1.70

EGB | 2016 356 1.28 1.28 016 | 103|117 | 1.41 | 152 0.82 1.69

EGB | 2017 386 1.36 1.37 0.16 | 109|123 | 1.49 | 158 1.00 1.77

EGB | 2018 485 1.25 1.25 0.13 |1.05| 117 | 1.34 | 1.44 0.85 1.75

KEJ 2005 332 1.73 1.53 075 112|132 | 1.82 | 3.19 0.99 6.87

KEJ 2006 342 1.10 1.09 021 |0.79] 093 | 1.28 | 143 0.65 1.62

KEJ 2007 312 1.16 1.15 0.15 | 094 | 1.05 | 1.27 | 1.40 0.71 1.52

KEJ 2008 307 1.32 1.32 0.16 |1.06| 1.20 | 1.44 | 1.58 0.95 1.72

KEJ 2009 341 1.27 1.27 0.17 |101) 1.15| 140 | 1.48 0.83 2.38

KEJ 2010 354 1.34 1.36 0.15 |1.09)| 123 | 144 | 157 0.84 1.79

KEJ 2011 346 1.37 1.41 0.17 | 105|124 | 1.50 | 1.57 0.97 1.62

KEJ 2012 349 1.36 1.37 0.16 |110| 123 | 1.50 | 1.61 0.98 1.67

KEJ 2013 345 1.30 1.33 016 |101) 119 | 144 | 151 0.79 1.67

KEJ 2014 336 1.30 1.30 016 |102) 1.18 | 1.44 | 1.53 0.91 1.61

KEJ 2015 350 1.19 1.21 016 |091) 1.06 | 1.33 | 1.39 0.74 1.53

KEJ 2016 312 1.14 1.12 016 |091) 101 | 1.28 | 1.38 0.82 1.50

KEJ 2017 140 1.17 1.21 011 | 092|112 | 1.25 | 1.28 0.83 1.34

SAT | 2009 274 1.36 1.35 0.21 |106| 1.20 | 1.52 | 1.73 0.94 2.01

SAT | 2010 266 1.50 1.51 017 |124) 139 | 161 | 175 1.14 2.53

SAT | 2011 302 1.35 1.36 0.13 | 115|125 | 143 | 155 0.83 1.75

SAT | 2012 334 1.22 1.24 0.12 |101| 114 | 1.31 | 1.40 0.91 1.54

SAT | 2013 287 1.33 1.33 012 113|125 | 143 | 151 0.90 1.61

SAT | 2014 333 1.26 1.27 0.10 | 110|120 | 133 | 141 1.00 1.53

SAT | 2015 263 1.16 1.16 0.11 (099|109 | 122 | 131 0.76 1.61

SAT | 2016 153 1.37 1.38 0.07 |123]| 133 | 142 | 1.49 1.18 1.57

SAT | 2018 314 1.38 1.38 011 |119| 132 | 144 | 154 1.08 1.97
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K 13.81 40.26 12.45 6.56| 13.80 13.12
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Cl 1.72 0.00 0.00 0.00 141 2.85 94.02
Ca 12.78| 17.11 11.71 25.18 1.43 1.71 30.08
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Na 1.51| 19.65 0.00 3.05 0.86 0.00 74.92
K 548| 11.29 2.99 20.86 12.71 9.68 36.99
Temperature 0.00 0.00 100.00 0.00 0.00 0.00 0.00
CO 8.16 0.00 12.86 11.94 57.44 9.60 0.00
Total carbon 0.05 0.00 0.00 90.87 0.00 9.09 0.00
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Temperature 0.00 0.00 0.00 0.00 100.00
Total carbon 2.09 46.43 9.30 4.45 37.74
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Wiée: XU GEM re

\62\ e } e| Sulfate emissions/biomasy Road salt| Local

Xj2 (noHg) | ? Crustal/soil | burning (no Hg) | combustion| Hg pool
NH4 71.73| 2421 0.00 0.00 0.00 4.06 0.00
Cl 0.00| 28.88 0.00 0.00 71.12 0.00 0.00
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Na 85.92 8.46 0.00 5.27 0.36
K 36.10 31.64 25.57 4.79 1.89
SO2 1.34 0.00 4.97 3.14 90.55
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