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Abstract. The Canadian Air and Precipitation Monitoring Network (CAPMoN) measures total gaseous mercury (TGM) at
three rural-remote sites. Long-term TGM, ancillary measurements and the Positive Matrix Factorization (PMF) model were
used to assess temporal changes in anthropogenic and natural surface emission (wildfires plus re-emitted Hg) contributions to
TGM and examine the emission drivers of the observed TGM trends between 2005 and 2018. TGM showed decreasing trends
at the-threeall sites; the magnitudes (ng m- yr1) were -0.050 at Saturna for 2010-2015, -0.026 at Egbert for 2005-2018, and -
0.014 at Kejimkujik for 2005-2016. The increasing contributions from natural surface Hg emissions at Saturna (1.64% yr?)
and Kejimkujik (1.03% yr?) resulted from declining anthropogenic Hg emissions and increasing oceanic and terrestrial Hg re-
emissions. The mean relative contributions of natural surface emissions to annual TGM were 65%, 72.5% and 65% at Saturna,
Egbert and Kejimkujik. TGM at Saturna were-was mainly from background-Hgthe Hg pool (53%), Hg re-emissions (14%),
and shipping (10%); at Egbert, from backgroeund-Hgthe Hg pool (63%), Hg re-emissions (15%), and crustal/soil dust (9%);
and at Kejimkujik, from background-Hgthe Hg pool (71%), regional peintseurceHg emissions (10%), and Hg re-emissions
(8%). Local combustion seurces-contributed a few percent of the annual TGM, while the-percentage-fromthe oceanic Hg
evasion_contribution was 6.6-9.5% for the two coastal sites. Wildfire impacts on annual TGM were 5.6% at Saturna, 1.3% at
Egbert, and 2.1% at Kejimkujik. Backgreund-HgThe Hg pool contributions to TGM were greater in the cold season, whereas

wildfire and surface re-emission contributions can be significant in the warm season.


mailto:irene.cheng@ec.gc.ca

35

40

45

50

55

60

65

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), gaseous oxidized Hg or reactive gaseous Hg (GOM or RGM) and particle-
bound Hg (PBM). GEM is the predominant form capable of long-range transport and chemical transformation to divalent
Hg(I1) compounds, such as GOM and PBM. Hg(Il) has an atmospheric residence-timelifetime of several days to weeks and
therefore tends 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 neurological and reproductive effects (Hong et al., 2012; Driscoll et al., 2013; Obrist et al., 2018).

Emissions drive atmospheric Hg transport, chemical processing, deposition, and subsequent ecosystem impacts. Hg sources
to the atmosphere consists of natural emissions (e.g., biomass burning, volcanic and geothermal releases), anthropogenic
emissions (e.g., coal combustion, metal smelting, cement production), and re-emissions 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 surface re-emissions. The latest global inventories indicate anthropogenic sources
emitted 2200-2500 Mg Hg yr (Dastoor et al., 2024 and references therein). 200-500 Mg yr* are emitted from geothermal and
volcanic releases and 300-680 Mg yr from wildfires. Terrestrial and aquatic surface re-emissions account for 1000-1700 Mg
yr't and 2800-8300 Mg yr?, respectively (Pirrone 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., 2023; Tang et al., 2025). After accounting for atmospheric deposition, the

global atmospheric Hg budget is in the range of 3800-4500 Mg. Natural emissions and surface re-emissions of Hg have large
uncertainties because of limited spatial and temporal measurements for constraining emission factors. There are also
uncertainties with Hg air-surface exchange models and quantifying the proportion of re-emitted 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 been
conducted using receptor methods and chemical transport models (CTMs). Receptor 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), whereas CTMs integrate detailed information
on Hg emissions, meteorology, chemistry and deposition to predict ambient Hg concentrations typically over a broader region
(Horowitz etal., 2017; Shah et al., 2021; Zhang et al., 2023). Receptor methods have been used to identify 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; Cheng et al., 2017; Qin et al., 2020; Custodio et al., 2020), and Hg wet deposition (Keeler et al., 2006; Michael et al.,
2016). There are numerous modeling studies 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 (Zhou et al., 2021),
and source apportionment estimates (ECCC, 2016; Fraser et al., 2018; Dastoor et al., 2021, 2022).
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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 the effectiveness
of emissions control on ambient Hg concentrations. PMF modeling showed that the closure of coal-fired power plants resulted
in significant reductions in Hg source contributions to a nearby monitoring site (Wang et al., 2013). Concentration-weighted
trajectory analysis revealed steep declines in Hg source contributions over southeastern Canada and northeastern U.S., which
were driven by Hg emission reductions from power plants (Cheng et al., 2017). PCA also showed the diminished point source
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, oceanic
evasion), chemical processing, and long-range transport.

The objective of this study is to determine the source contributions to TGM at three Canadian Air and Precipitation Monitoring
Network (CAPMoN) sites using the Pesitive-Matrix-Factorization{PMF} model and assess their long-term changes. Sources
identified from the PMF model are aggregated into anthropogenic and natural surface emission contributions to examine the
changes in their relative proportions over time. The long-term CAPMoN TGM measurements wiH-is also be-used to conduct

statistical trends analysis and assess the emission drivers of the long-term trends.

2 Methods
2.1 TGM measurements and ancillary 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 in
southeastern Canada. Kejimkujik National Park (KEJ) is a coastal site in eastern Canada close to the Atlantic Ocean. The three
sites are in rural-remote 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 been analyzed
in previous publications (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 patterns. Ancilary-The same set of ancillary

measurements 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 each
location with the 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 min- through 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 concentrations are reported in units of ng m= referenced to STP (0°C, 1 atm). Automated calibrations are

performed every 25 h using the analyzer’s Hg permeation source, verified annually by manual injections of a known amount
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of Hg® to zero air using the Tekran Model 2505 Calibration Unit. The permeation rate derived from manual calibrations is
expected to be + 5% of the analyzer’s perm rate. Every 35 samples, the permeation source releases HgP into the sampled air to
assess recovery.

Site operators and field staff perform instrument checks and maintenance activities including sample filter replacement, lamp
voltage adjustments, argon 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 cartridge replacement if necessary. The 5-min
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 reviewer checks field notes, site
audit reports and wildfire maps, verifies quality control flags, investigates anomalies and outliers, and computes hourly
averages for final reporting.

Ancillary measurements of particulate inorganic ions, SO, CO, total carbon, and air temperature were obtained from CAPMoN
and other monitoring networks (Table S1). Inorganic ions, SO2, and 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 data were converted to 24-h averages for input into the PMF

model.

2.2 PMF model

The USEPA PMF model is a multivariate model for the source apportionment of air pollutants, such as speciated particulate

matter, VOC, trace elements, and speciated atmospheric Hg. The principles behind the PMF model are detailed in previous

studies and the user’s guide (Norris et al., 2014; Brown et al., 2015). The medelinputforthis-work-included-a-PMF dataset

coensisting-consisted of 12 variables including 24-h chemical species concentrations and mean air temperature (Table S1). Each

site has 8-14 years of measurements. The long-term data coverage and high-temporal data resolution are sufficient for PMF

modeling to capture variations in local and regional sources. Uncertainties were calculated using the equation provided in the

user’s guide, which is a function of the detection limit (DL) and error fraction (Norris et al., 2014). Based on pollutant tracers,
factor profiles were assigned to mercury sources using known source profiles or emissions information from literature.

Temperature was included in the model because it is an important driver of wildfire emissions and terrestrial Hg re-emissions

(Zhu 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 and GOM (oxidized Hg) which tends to be less impacted by chemical reactions.

PMF model runs were performed for each year of data separately resulting in yearly factor profiles. Source profiles can change

over time, for example the fuel type and temperature of a forest fire can vary from one fire to another (and is influenced by

climate variability); emissions control technology may impact the relative proportions of CO and TGM in the anthropogenic

component of the Hg pool; Hg emissions from powerplants and industrial sources have decreased due to domestic regulations.
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Thus, a constant factor profile assumption over the long-term may not be valid in all cases. Supplement S1 summarizes the

comparison between the yearly runs and a single run for the entire time series. Results from the yearly runs are presented in

the main paper as they reproduced the daily TGM variability better. We ran the model using 6 factors and attempted additional

runs with 5 and 7 factors (sensitivity runs in Supplement S2). The regression fit between modeled and observed TGM and

interpretability of the factors among the yearly runs were assessed to determine the optimal number of factors. For the final 6-

factor solution, Fhe-the model-observed R? values for TGM were > 0.5 for all yearly runs. Plots of PMF modeled versus

observed 24-h TGM are shown in Fig. S1. The plots illustrate strong correlations between modeled and observed TGM at the
three sites with R2 of 0.71-0.76. The modeled TGM also reproduced the time-series of the observed TGM quite well except

for a few elevated TGM concentrations at KEJ in early 2005 _(residuals analysis in Supplement S3), which suggests that the

final 6-factor PMF solution was a good fit to the observations.

There was one factor in the PMF solution that could represent both surface re-emissions and wildfires. To distinguish between
surfacere-emissionand-widfire-contributionsthe sources, we examined the covariance in the source contributions and regional
fire radiative power (FRP) from MODIS data (NASA, 2023). We identified a FRP threshold for screening wildfire-influenced
daily source contributions. Source contributions below the FRP threshold were assumed to be from surface re-emissions.
Anthropogenic and natural surface emission contributions were derived from source contributions. Factors representing local
or regional combustion and secondary sulfate were classified as anthropogenic. Natural surface emissions include factors
representing wildfires, terrestrial surface re-emissions (GEM re-emissions, dust resuspension), and oceanic evasion. The
definition of natural surface emissions discussed in this paper does not necessarily refer to the natural origin of the emissions.
Hg re-emissions from land and water surfaces originate from both natural and anthropogenic sources; however, their relative

contributions remain uncertain. Background-Hgrefers-to-the-nerthern-hemispheric-The Hg pool-which-is-also-attributed

encompasses te-both natural surface and anthropogenic Hg emissions, mostly from the Northern Hemisphere, which is subject

to long range transport. We 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 was estimated to be 68.5%/31.5%.

2.3 Long-term trends analysis

Long-term trends analyses were performed using the Theil-Sen slope estimator. The analysis was applied to observed daily
TGM concentrations and TGM source contributions (absolute and relative). We computed the annual rate of change and those
for the cold (Nov to Apr) and warm (May to Oct) seasons separately to assess whether the trends differ. The TGM analysis
period is indicated in Table 1; however, 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) for trends analysis. TGM
concentrations were not measured in 2017 at SAT; and-thus, the 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 Tekran 2537B to 2537X model.
Concurrent TGM measurements at KEJ and the new site (KEB) indicate TGM was significantly higher at KEB. The monthly

mean hourly TGM absolute and relative differences were 0.2-0.29 ng m and 16.6-21.5%. The cause of the difference may
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have been the change in instrument model but this is inconclusive and therefore, the 2017-2018 data at the new site were

excluded from the long-term trends analysis. Details on the model B and X measurement intercomparison are discussed in

Supplement S4.

Table 11: CAPMoN TGM site information

Site ID (site name, | Latitude, | Time zone (UTC offset) | Site characteristics Period of data
province) longitude analyzed
SAT (Saturna, | 48.775, PST (UTC-8) Coastal site near the Pacific | 2009-2018 (no data
British Columbia) | -123.128 Ocean collected in 2017)
EGB (Egbert, | 44.231, EST (UTC-5) Inland site in southeastern | 2005-2018
Ontario) -79.783 Canada, agricultural activities

nearby
KEJ (Kejimkujik | 44.432, AST (UTC-4) Coastal site near the Atlantic | 2005-2016
National Park, | -65.203 Ocean, forested area nearby
Nova Scotia)

3 Results
3.1 Saturna
3.1.1 Overview of TGM concentrations

The range in annual mean TGM concentrations were 1.14-1.49 ng m at Saturna (SAT) during 2009-2018. Annual descriptive
statistics are summarized in Supplement Table S2. The variability in 24-h TGM was assessed using relative standard deviation
(RSD). The RSD was 9.7% and decreased over time. The 75™ percentile concentrations varied between 1.22 and 1.61 ng m
depending on the year (Fig. 1). Mean TGM was highest in the spring (Mar - May) and lowest in the fall (Sep - Nov); the means
were comparable for the winter (Dec - Feb) and summer (Jun — Aug). The seasonal pattern at SAT was consistent with those
reported for other Canadian and northern hemisphere rural-remote 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 (7:00-8:00 PST) than in other seasons. Spring and fall peaks
in hourly TGM were broader typically occurring during 8:00-11:00 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 the 2009-2018 period,
the highest and lowest annual TGM were observed in 2010 (1.49 ng m3) and 2015 (1.14 ng m™), respectively (Fig. 1). Annual
TGM decreased from 2009 to 2015 and then returned to higher concentrations in 2016 and 2018.

6
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Figure 1: Box-whisker plots of 24-h average TGM concentrations at Egbert (EGB), Kejimkujik National Park (KEJ) and Saturna
(SAT)

3.1.2 PMF factor profiles

PMF model runs were undertaken separately for each year, as well as for the entire 2010-2018 period. For SAT, six factors

were generated for each year. Based on the analysis of key variables, the factors represented aged sea-salt aerosols (SSA),

fresh SSA, local combustion, backgreund-Hgthe Hg pool, secondary sulfate, and terrestrial GEM re-emissions//biomass
burning_(BB). The mean percentage of the total factors investigated are shown in Fig. 2 and reported below.
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Figure 2: PMF mean factor profiles for SAT. Error bars indicate standard deviation among the years;:-BB:biomass-burning.

The aged SSA factor was characterized by moderate abundance of Ca?*, Mg?* and Na*, elevated SO.%, and negligible CI- (Fig.
2), which is a result of the chemical reaction between fresh SSA and acidic compounds. In contrast, the fresh SSA factor had
high abundance of Na* and CI- and negligible SO4>. The TGM percentage in the aged and fresh SSA factors were ~10% each.

Na* and CI represent a potential marine source of Hg, such as oceanic Hg evasion or shipping emissions. The combustion

factor was characterized by high abundance of SO (77%). SO- is a short-lived pollutant (lifetime of a few days) and is emitted

in_large quantities from combustion sources, especially coal combustion and metal smelting which are also important

anthropogenic Hg sources.
seureesof SO.-and-Hg-The TGM percentage in the combustion factor was only 3%. Backgreund-HgThe Hg pool was identified
based on the high abundance of CO (56%). The Hg pool consists of natural, anthropogenic, and re-emitted Hg mostly from

the Northern Hemisphere that is subject to long range transport (Selin and Jacob, 2008). CO is emitted from fossil fuel

combustion and wildfires. It has a longer lifetime in the order of a few months compared with SO,, which allows for it to be

transported long distances by advection (Jeffery et al., 2024) and accumulate in the hemispheric background. This
characteristic is similar to that of GEM and TGM. The TGM abundance was the highest in this factor (53%). Background-Hg

g-The secondary sulfate
factor had moderate abundance of SO4* and high abundance of NH,*; these chemical species were likely produced via the
reaction between gaseous ammonia and acidic gases. The TGM percentage in the sulfate factor was 5%. The last factor was
representative of GEM re-emissions-and/er-biemass-burningBB, identified by the relatively higher temperature in this factor
(88%) and presence of total carbon (45%), and K* (11%). The TGM percentage in this factor was 10%. Warm temperatures

are conducive to the production of wildfires and GEM volatilization from land and water surfaces. Total carbon and K* are

also typically emitted from wildfires. The K* percentage for re-emissions/BB factor was comparable to those in other factors.

This may be because this factor is only partially due to wildfires, and re-emissions of GEM would not be associated with K*.

As well, K* can also be released from the continental crust, soil and vegetation (Zhang et al., 2008) and is very common in

pollen (Lee et al., 1996). Since SAT is a coastal site, the source of K* may include SSA. Potassium is also associated with coal
combustion (Yu et al., 2018), although this is less likely the case for the rural-remote sites in this study. FreFSM-percentage

3.1.3 Overview of TGM source contributions

The mean relative contribution to annual TGM for the 2010-2018 period at SAT was 65.0% from natural surfaces with the
remainder from anthropogenic emissions. This corresponds to mean annual TGM contributions of 0.85 ng m~ and 0.46 ng m"

3, respectively. These results are consistent with the PMF run performed for the entire time series, showing natural surface
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emission contributions to TGM exceeded anthropogenic contributions (Supplement S1). The breakdown of TGM source

contributions (concentrations and percentage basis) are shown in Fig. 3. TGM was apportioned to backgreund-Hgthe Hg pool
(52.9%), terrestrial GEM re-emissions (13.7%), shipping emissions and SSA processing (10%), and oceanic evasion (9.5%).
Wildfires (5.6%), secondary sulfate (4.6%), and local combustion (3.8%) contributed a smaller fraction of the annual TGM.
Shipping emissions in the Ports of Vancouver and Victoria and along the Strait of Georgia had been a significant source of
SO and PM_ 5 because of the high sulfur content 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 Hg. As SO is transported downwind and undergoes
chemical transformation, acidic gases react with fresh SSA in the MBL resulting in the formation of aged or processed SSA.

The assignment of shipping emissions to SSA processing, instead of local combustion, is discussed further in section 3.1.4.

Oceanic evasion of GEM was inferred from the fresh SSA factor, since both GEM and SSA are emitted from the ocean surface.

minimal-seasenal-differences—Supplement Figure S2 illustrates background—Hgthe Hg pool contributed a larger TGM
percentage in the cold season than warm season (65 % vs. 44 %). In contrast, GEM re-emissions, 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 six-fold greater than that of the cold season. For terrestrial GEM re-emissions, the TGM

contribution in the warm season was double that of the cold season. On-average+elative-contributions-from-lecal-combustion

3.1.4 Interannual and daily variability

Interannual variability in the relative contribution of anthropogenic TGM was in the range of 28-48% (Fig. 3). Anthropogenic
contributions were highest in the earlier period (2010 and 2012) because of the larger contributions from shipping emissions
and SSA processing. In 2013, 2014 and 2018, natural surface contributions dominated as-a-resut-ofbecause of greater TGM
contributions from terrestrial and marine re-emissions. There were also enhanced TGM contributions from wildfires in 2018
(14%), which was corroborated by observed wildfire statistics. In 2018, the total number of fires and area burned in British
Columbia were 39% and 3 times, respectively, above the 2010-2018 average (Government B.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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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 (ng m-3). Mean applies
to the 2010-2018 period except 2017. Natural surface emissions comprise wildfires, GEM re-emissions, oceanic evasion, and natural
surface emissions contributing to backgreund-Hgthe Hg pool. Anthropogenic emissions comprise local combustion, sulfate, shipping
and sea-salt processing, and anthropogenic emissions contributing to background-Hgthe Hg pool.

Figure 4 shows the variation in the daily percentage TGM contributions from natural surface and anthropogenic emissions for
SAT and other sites. Relative contributions from natural surface emissions deminated-exceeded anthropogenic emissions
except on a few occasions. Natural surface emissions contributed 60-100% to daily TGM on most days and were greater during

summertime.
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Figure 4: Relative contributions of natural surface (wildfires plus re-emissions) and anthropogenic emissions to daily TGM at SAT,
EGB and KEJ.

The corresponding plots for variatien-ta-individual source contributions at SAT #s-are shown in Fig. 5. There were pronounced
seasonal patterns for background-Hgthe Hg pool, terrestrial GEM flux, and wildfire emission contributions. Relative TGM
contributions from backgreund-Hgthe Hg pool exhibited a consistent seasonal pattern year over year—Daiy-relative FTGM
contributionsfrom-backgreund-Hg-can, exceeding 90% during winter and falling below 30% during summer (Fig. 5).

—Daily TGM contributions
from background-Hgthe Hg pool exceeded 1 ng m= on a regular basis across the time-series. Those from GEM re-emissions
and wildfires were rarely above 1 ng m=3,

Relative TGM contributions from local combustion, secondary sulfate, and shipping emissions and SSA processing were

episodic.
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Figure 5: Relative contributions to 24-h mean TGM from various sources at SAT

Shipping emissions and SSA processing contributions were noticeably greater than that of oceanic evasion for the earlier
period, whereas the case was reversed after 2013. The stronger signature in the earlier period was likely due to higher SO,
concentrations 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 both SO, and
PM_ s concentrations near Canadian port cities (Anastasopolos et al., 2021). According to the Canadian emissions inventory,
in addition to SO, emissions, Hg emissions from marine transportation also decreased from 2010 to 2015 (Fig. S3). This was
likely a co-benefit of reducing sulfur in marine fuels. SO, and Hg emissions in 2015 were 3.6% and 5.4%, respectively, of the
2010 levels. As SO, emissions from shipping declined, the impact of oceanic Hg evasion F&M-centributions-from-fresh-SSA
inereasedbecame more apparent. \We-infer-this-seurce-to-be-eceanic-Hg-evasion—The downward trends in Hg and SO, from

shipping emissions and aged SSA production differed from the lack of trends in Hg contributions from local combustion (Fig.

5) and their Hg emission trends, e.g. metals and cement production (Fig. S4). Thus, the shipping emissien-factor was net
combined-with-distinct from the local combustion factor.

3.1.5 Long-term trends

Statistical trends analysis was performed on long-term TGM measurements and PMF modeled TGM source contributions;-i
order to assess potential causes of TGM trends. Both the observed and PMF modeled TGM showed decreasing trends at SAT
with similar magnitudes (-0.0497 ng m= yr?, p<0.05) for the 2010-2015 period (Fig. 6). The comparability in the trends (red
line in Fig. 6) and seasonal means (blue line) indicate the PMF model reproduced the TGM observations and adequately

captured the seasonal variability over the entire time-series.
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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 m-2 yr?)

TGM contributions from backgreund-Hgthe Hg pool showed a slight increasing trend, but it was not statistically significant
and opposite in direction of the trends for observed and modeled TGM concentrations (Table 2). TGM contributions from
terrestrial GEM re-emissions (-0.0284 ng m= yr?, p<0.1) and shipping and SSA processing (-0.041 ng m™ yr?, p<0.001)
decreased significantly with time. No statistically significant trend was also found for TGM contributions from local
combustion. Within 150 km of SAT, the major combustion sources of Hg were cement manufacturing and primary metal
production (Fig. S4). Hg emissions from cement production in British Columbia showed an increasing trend from 2010 to
2015, but the same source type showed a decreasing trend in Washington State. Except for 2010, Hg emissions from metal
production were stable. Overall, emissions inventory data support the lack of trend in the TGM contributions from local

combustion. Secondary sulfate oceanic Ha avasionand wildfire GM-contributions-did-no how atisticallv—sianifican
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|335 Table 2: Long-term trends in TGM concentrations and source contributions from the PMF model. SAT: 26092010-2015, EGB: 2005-
2018, KEJ: 2005-2016. Statistically significant (p<0.1) trends are shown in bold.

Trend Significance
Site Parameter/Source Slope (ng m3yr?) | Slope (% yr?) | p-value
SAT Obs TGM -0.0497 -3.46 0.010
Modeled TGM -0.0497 -3.49 0.007
Background-HgHg pool 0.0453 7.70 0.154
Shipping and SSA processing -0.0410 -21.43 <0.001
Terrestrial GEM re-emissions -0.0284 -13.24 0.070
Local combustion -0.0125 -17.26 0.212
Secondary sulfate 0.0126 na 0.102
Oceanic evasion 0.0094 14.10 0.114
Wildfires -0.0022 -6.05 0.247
EGB Obs TGM -0.0264 -1.69 <0.001
Modeled TGM -0.0271 -1.79 <0.001
Backgroeund-HgHg pool -0.0171 -1.76 0.140
Road salt -0.0012 -5.21 0.142
Terrestrial GEM re-emissions -0.0072 -3.24 0.210
Local combustion 0.0006 0.89 0.808
Secondary sulfate -9.69E-8 -7.18 0.028
Wildfires -0.0010 -6.11 0.120
Crustal/soil 0.0041 4.84 0.431
KEJ Obs TGM -0.0142 -1.06 0.147
Modeled TGM -0.0151 -1.12 0.137
Backgreund-HgHg pool -0.0217 -2.00 0.057
Regional emission and SSA | -0.0191 -7.62 <0.001
Terrestrial GEM re-emissions 0.0039 -37.77 0.042
Local combustion 0 0.00 0.576
Sulfate 0 na 0.876
Oceanic evasion 0.0035 6.64 0.200
Wildfires 0.0003 -24.76 0.135

Figure 7 shows the trends analysis results for the relative source contributions to annual TGM. The percentage contribution
from anthropogenic Hg emissions decreased by 1.64 % yr? (p<0.05) during 2010-2015. The decline was driven by the
340 reduction in the percentage contribution from shipping emissions and SSA processing (-2.92 % yr, p<0.001). In contrast,
relative TGM contributions from backgreund-Hgthe Hg pool showed an increasing trend of 4.7 % yr (p<0.05). The percentage

contributions from fresh SSA and secondary sulfate also increased slightly (<1 % yr, p<0.1). Further discussions on cold and

warm season trends can be found in Supplement S5.
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Figure 7: Long-term trends in relative source contributions at SAT. (a) natural surface emissions (wildfires plus re-emitted Hg), (b)
anthropogenic emissions, (¢) backgreund-HgHg pool, (d) shipping and SSA processing, (€) oceanic evasion, (f) GEM re-emissions,
(9) biomass burning, (h) local combustion, (i) secondary sulfate. Blue line: relative contributions; red line: trendline; green text:
slope of the trendline (x100% yrY).
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3.2 Egbert

3.2.1 Overview of TGM concentrations

The range in annual mean TGM concentrations was 1.08-1.64 ng m at Egbert (EGB) during 2005-2018 (Fig. 1; Table S1).
The RSD of 24 h mean TGM was 13.3% and varied from year to year. The 75" percentile concentration ranged between 1.17
and 1.75 ng m™ at 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 4-5% for winter to summer and 7% in the fall. All seasons showed a broad
daytime TGM peak, in which the maximum occurred during 11:00-13:00 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 observed
at 6:00 LST during summer and fall. For the 2005-2018 period, annual TGM was highest in 2006 and lowest in 2013. There
was a sharp decrease in annual TGM from 2005 to 2013 followed by a rebound in 2014 with concentrations remaining stable
during 2014-2018 (Fig. 1).

3.2.2 PMF factor profiles

Six factors were selected for EGB in the final PMF solution. The factors were assigned to backgreund-Hgthe Hg pool, terrestrial
GEM re-emissions/_and biomass burning_(BB), local combustion, secondary sulfate, SSA, and crustal/soil dust (Fig. 8).
Backgreund-HgThe Hg pool had the highest abundance of TGM (63%) and CO (60%). Terrestrial GEM re-emissions/biemass
burningBB was characterized by the strong presence of temperature (97%), K* (34%) and total carbon (43%); the TGM

abundance was 17%. The proportions of SO, and TGM in the local combustion factor were 85% and 6%, respectively.

Secondary sulfate was dominated by the presence of sulfate (72%) and ammonium (78%) with a small percentage of TGM

(1.8%). The secondary sulfate factor is indicative of regional Hg emissions and chemical transformation including oxidation

and gas-particle partitioning. This is because the strong sulfate presence has been associated with regional emissions and

oxidation of SO, from 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 impacted by regional transport
(ECCC, 2004; Zhang et al., 2008). A factor was assigned to road salt because of the high abundance of Na* (79%) and CI
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(85%), and the relatively greater contributions during the cold season than warm season. The TGM abundance in the road salt
factor was 4.1%. Crustal/soil dust was characterized by the high abundance of Ca?* (82%) and Mg?* (77%); the TGM

percentage from crustal/soil was 8.7%. In terrestrial ecosystems, Hg is derived either geologically or via atmospheric wet and

dry (including litterfall) deposition, and is mainly bound to soil organic matter as oxidized Hg or Hg(Il) (Eckley et al., 2016).

Hg(l1) also has a strong affinity for NaCl particles (Rutter and Schauer, 2007), which may explain the presence of TGM in the

road salt factor. Subsequent Hg re-emissions can occur by wind erosion or land disturbance. Soil dust emissions are common

around the EGB site because of agricultural areas nearby. Contributions of Ca?* and Mg?* peaked in May and September,
which coincide with periods of increased agricultural activity.
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Figure 8: PMF mean factor profiles for EGB. Error bars indicate standard deviation among the years;:BB:biomass-burring.

3.2.3 Overview of TGM source contributions

The mean relative contribution of anthropogenic emissions to annual TGM was 27.5% at EGB. Natural surface and
anthropogenic emissions contributed 0.98 ng m and 0.37 ng m=to the annual mean TGM concentration. Background-HgThe
Ha pool (62.9%) contributed the most to annual TGM at EGB followed by terrestrial GEM re-emissions (15.4%), crustal/soil
dust (8.7%), local combustion (5.9%), road salt (4.1%), secondary sulfate (1.8%), and wildfires (1.3%), respectively (Fig. 9).
Crustal/soil dust and road salt were grouped with GEM re-emissions as they are also re-emitted from the land surface. In this
case, the combined contributions from terrestrial surface re-emissions comprised 28.2% of the annual TGM.

The ratios of natural surface to anthropogenic contributions to TGM were 67.8%/32.2% in the cold season and 77%/23% in

the warm season (Fig. S5). GEM re-emission contributions comprised 26% of TGM in the warm season compared to only
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2.8% in the cold season. Crustal/soil TGM contribution in the warm season was twice that of the cold season. In contrast,

relative contributions from backgreund-Hgthe Hg pool and 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 (ng m-3). Mean applies
to the 2005-2018 period. Natural surface emissions comprise wildfires, GEM re-emissions, crustal/soil dust, road salt, and natural
surface emissions contributing to background-Hgthe Hg pool. Anthropogenic emissions comprise local combustion, sulfate, and
anthropogenic emissions contributing to background-Hgthe Hg pool.

3.2.4 Interannual and daily variability

During the 2005-2018 period, the annual relative contributions to TGM varied between 19% and 38% for anthropogenic
emissions (Fig. 9). Anthropogenic contributions to TGM were especially greater during 2012-2014 because of the higher
relative contributions from local combustion. The average relative contribution from local combustion was 6% during 2005-
2018; the percentages during 2012-2014 were 10-18%. The annual percentage contribution to TGM during 2005-2018 reached
as high as 32% for GEM re-emissions, 18% for local combustion, 17% for crustal/soil dust, 12% for road salt, 11% for
secondary sulfate, and 3% for wildfire emissions. The backgreund-Hg Hg pool contribution was unusually low in 2011 (37.4%)
because data were mostly available during the warm season when the background impact tends to be lower. The interannual

variability was typically 58-76% in other years.

{Fig—S5)-The warm to cold season ratio varied significantly for TGM contributions from wildfires (10 to 30) and surface
emissions (5 to 35). This is because of the year-to-year variability in wildfire emissions. GEM re-emissions depend on
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meteorology, soil temperature and moisture, land disturbance, canopy shading, etc. which can lead to interannual variability
in the emissions. In contrast, the warm to cold season ratios were less variable for backgreund-Hgthe Hg pool contributions
(0.5 to 1) and local combustion (0.2 to 1).

Overall, emissions from natural surfaces contributed more to TGM on a daily basis compared to anthropogenic emissions;
however, there were some exceptions. Anthropogenic contributions dominated over natural surface contributions in the cold
season of 2008, 2012 and 2014 (Fig. 4). While this is expected for the cold season, there were also enhanced anthropogenic
daily TGM contributions during the warm season of 2012. There was a pronounced seasonal variation in backgreund-Hgthe
Hg pool contributions; the daily percentages were as low as 0.2% in the warm season to as high as 100% in the cold season
(Fig. 10). On-a-daily-seale-Daily TGM contributions from GEM re-emissions or wildfire can account for more than 50% in
the warm season. Daily TGM contributions from local combustion typically comprised less than 30%, though it can
occasionally exceed 50%. Secendary-sulfate-daily- TGM-contributions were-mosthynegligible-excepton-afew oceasions-TGM

contributions from crustal/soil and road salt were significant on selected days (up to 90%).

GEM re-emissions and BB Local combustion

Crustal/soil Road salt

Figure 10: Relative contributions to 24-h mean TGM from various sources at EGB
3.2.5 Long-term trends

Annual observed TGM at EGB decreased at a rate of -0.026 ng m= yr! (p<0.001) during 2005-2018. The trend in PMF
modeled TGM was similar to the observed trend (-0.027 ng m=3 yr?, p<0.001; Fig. 6), which indicates good agreement between
the PMF model and observations. The observed TGM trend for 2005-2018 was slightly greater than that of 1996-2010 from
the previous update (-0.02 ng m3 yr; Cole et al., 2014). On a long-term scale, background-Hgthe Hg pool was a key driver
of the observed TGM trend given the large slope of -0.017 ng m= yr (Table 2). Trends in TGM contributions from other

sources were small and not statistically significant. For example, TGM contributions from local combustion showed a flat
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450

trend. The major combustion sources near EGB (<150 km) are iron and steel manufacturing and cement production (Fig. S6).
Iron and steel manufacturing Hg emissions had decreased before 2009 and then increased thereafter. Hg emissions from cement
production were stable during 2006-2014 and then increased to higher levels after 2014. The change in direction of the emission
trends may explain a lack of trend in TGM contributions from local combustion. The trends in relative contributions to TGM
from natural surface and anthropogenic emissions were both non-significant (Fig. 11). This is expected considering the relative

source contribution trends were not statistically significant or in some cases the slopes were very small.
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Figure 11: Long-term trends in relative source contributions at EGB. (a) natural surface emissions (wildfires plus re-emitted Hg),
(b) anthropogenic emissions, (c) background-HgHg pool, (d) GEM re-emissions, (e) crustal/soil, (f) local combustion, (g) road salt,
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(h) wildfires, (i) secondary sulfate. Blue line: relative contributions; red line: trendline; green text: slope of the trendline (x100% yr

1).

Short term patterns in TGM were also observed, e.g. the decrease in TGM concentrations from 2005 to 2013 followed by an
increase and then a flat trend. These patterns are likely influenced by local iron and steel manufacturing and cement production
(Fig. S6). Hg emissions from electric utilities in the Province of Ontario decreased by 85% between 2005 and 2013 (Fig. S7c)
resulting from the phase-out of coal-fired power plants. Reductions in these emissions were also seen in the U.S. Midwest and
Northeast regions (Fig. S7g). The pattern in TGM after 2013 was not likely not related to local combustion. This is because
while both TGM and SO, concentrations at EGB decreased during 2005-2013, there was a decoupling of TGM and SO, after
2013. The rise in TGM was likely from increased contributions from backgreund-Hgthe Hg pool, GEM re-emissions, and

crustal/soil Hg (Fig. 9).

3.3 Kejimkujik National Park
3.3.1 Overview of TGM concentrations

The range in annual mean TGM concentrations was 1.1-1.71 ng m- at Kejimkujik National Park (KEJ) during 2005-2016 (Fig.
1; Table S2). The RSD of 24 h mean TGM was 12.6% and increased year over year. The 75™ percentile concentrations were
1.28-1.82 ng m= depending on the year. Comparing the statistics over the same period (2009-2016), the mean TGM
concentrations among SAT, EGB and KEJ were comparable with no statistically significant differences. The annual TGM
across the three CAPMOoN sites differed between 3% (in 2014) and 19% (in 2013). The 75" percentile was highest at SAT
during 2009-2010, KEJ during 2011-2013, and EGB during 2014-2016, 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%)
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were greater than those in winter (5%) and spring (8%). Hourly TGM peaked during 14:00-15:00 LST in the summer and
12:00-14:00 LST in the fall. In the winter and spring, the maximum TGM was typically observed during 11:00-13:00 LST.
The TGM minimum occurred during 5:00-6:00 LST in all seasons. For the 2005-2016 period, the highest TGM was observed
in 2005 and the lowest in 2006 and 2016. Annual TGM decreased significantly from 2005 to 2006. A parabolic pattern was
observed thereafter with concentrations increasing during 2006-2011 and then decreasing during 2012-2016 (Fig. 1).

3.3.2 PMF factor profiles

For the KEJ site, the PMF model resolved six factors. The factors represented background-Hgthe Hg pool, terrestrial GEM re-
emissions//biomass burning_(BB), local combustion, secondary sulfate, aged SSA, and fresh SSA (Fig. 12). TGM (71%) and
CO (67%) were the most abundant in the-background-Hgthe Hg pool factor. GEM re-emissions/biomass-burning/BB factor
showed a strong presence in temperature (100%) and a weak presence in TGM (10%). Local combustion was characterized
by the SO, abundance (87%); TGM (2%) and CO (2%) were not present in significant amounts. Secondary sulfate showed
high abundances for sulfate (64%) and ammonium (77%) with a minor abundance for TGM (1%). Aged SSA was characterized
by moderate abundances of Ca?*, Mg?, Na* and SO,*(22-26% for these ions), and absence of ClI-. Fresh SSA comprised

mostly of CI- (91%), Na* (65%) and Mg?* (60%). The TGM abundances were 10% in aged SSA and 7% in fresh SSA, which
were comparable to the SAT coastal site.
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Figure 12: PMF mean factor profiles for KEJ. Error bars indicate standard deviation among the years;-BB:-biemass-burning.
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3.3.3 Overview of TGM source contributions

The mean relative contribution to annual TGM was 65% from natural surface emissions during the 2005-2016 period with the
remainder from anthropogenic emissions (Fig. 13). This corresponds to average TGM contributions of 0.83 ng m= and 0.45
ng m3, respectively. Annual TGM was strongly attributed to backgreund-Hgthe Hg pool (71%), followed by regional emission
and SSA processing (9.7%), terrestrial GEM re-emissions (8%), oceanic evasion (6.6%), wildfires (2.1%), local combustion
(1.6%), and secondary sulfate (1.4%), respectively (Fig. 13). The regional emission and SSA processing factor is considered
anthropogenic origin because aged sea-salt is formed from the reaction of sea-salt and acidic gases (H2SO4 and HNO3), whose
precursors are anthropogenic SO, and NOy. One of the major sources of SO, and NOx 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 masses from 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 regional air masses are transported across the MBL. On the other hand, fresh SSA is directly emitted
from the ocean and has not been subject to chemical processing. Hg contributions from marine air are mainly from evasion of
GEM from the ocean or partitioning of GEM or GOM from sea-salt aerosols.

Emissions from natural surfaces contributed more to TGM in the warm season than the cold season, whereas the case was
reversed for anthropogenic contributions to TGM. The proportion of natural surface contributions was 63% in the cold season
and 69% in the warm season (Fig. S8). Relative TGM contributions from background-Hgthe Hg pool were greater in the cold
season than the warm season. In contrast, GEM re-emissions and wildfire contributions to TGM were greater in the warm
season comprising 16% and 5%, respectively, of the warm season TGM.
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Figure 13: Impact of natural surface emissions, anthropogenic emissions, and individual emission sources on annual TGM at
Kejimkujik (KEJ). (a) and (b) plots are relative contributions; (c) and (d) are contributions expressed in concentrations (ng m-).
Mean applies to the 2005-2016 period. Natural surface emissions comprise wildfires, GEM re-emissions, oceanic evasion, and natural
surface emissions contributing to backgreund-Hgthe Hg pool. Anthropogenic emissions comprise local combustion, sulfate, regional
emissions and sea-salt processing, and anthropogenic emissions contributing to backgreund-Hgthe Hg pool.

3.3.4 Interannual and daily variability

For the 2005-2016 period, relative contributions to annual TGM ranged between 55% and 80% for natural surface emissions
(Fig. 13). This percentage was highest in 2013 due to enhanced terrestrial GEM re-emissions and wildfire contributions. The
anthropogenic emissions percentage was highest in 2012 because of the greater relative contribution from regional emission
and SSA processing. Annual relative contributions from backgreund-Hgthe Hg pool ranged between 55% and 85%. The annual
percentage contribution to TGM during the 2005-2016 period reached as high as 23% for GEM re-emissions, 11% for local
combustion, 12.5% for secondary sulfate, 20% for regional emission and SSA processing, 12% for oceanic evasion, and 11.5%
for wildfires.

Natural surface contributions typically exceeded anthropogenic contributions to daily TGM; however, there were also many
days when the latter was equivalent or greater (Fig. 4). Anthropogenic TGM comprised 5-50% occasionally increasing above
70%. The elevated episodes were attributed to regional emission and SSA processing, local combustion, and secondary sulfate.
Daily TGM contributions from background-the Hg pool showed large fluctuations with percentages ranging from 0% to 100%,
though they were mostly above 50% (Fig. 14). GEM re-emissions and wildfires contributed upwards of 20% of the daily TGM
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in the warm season, whereas the contributions were negligible in the cold season. Daily TGM contributions from oceanic

evasion were typically below 30% and occasionally reached as high as 90%.
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Figure 14: Relative contributions to 24-h mean TGM from various sources at KEJ

3.3.5 Long-term trends

Figure 6 shows the annual trends in the observed and modeled TGM at KEJ over the 2005-2016 period. The magnitudes of
the trend were -0.014 ng m™ yr (1.06% yr?) for observed TGM and -0.015 ng m yr? (1.12% yr™) for PMF modeled TGM.
Neither trend was statistically significant. The similarity in the trends indicates the PMF model reproduced the variability in
observed TGM. The observed TGM trend for 2005-2016 were-was the same as that of 1996-2010 from the previous update
(Cole et al., 2014). Long-term trends in TGM were driven by several sources including backgreund-Hgthe Hg pool, regional
emission and SSA processing, and GEM re-emissions. Backgreund-HgThe Hg pool contributions decreased significantly at a
rate of -0.022 ng m yr* (Table 2), which outpaced the observed TGM trend. This was also the case for the trend in regional
emission and SSA processing contributions (-0.019 ng m yr1). These decreasing trends were attenuated by that of GEM re-
emissions contributions, which had a slight positive trend of 0.004 ng m= yr. The decreasing trend in the TGM contribution
from regional emission and SSA processing were-was attributed to decreasing Hg and SO, emissions. On a regional scale, Hg
emissions fell from 23.2 Mg yrin 2005 to 5.3 Mg yrin 2016 corresponding to a 77% reduction (Fig. S7g). In addition, there
was also a decrease in ambient SO, at KEJ (-0.037 pug m™ yr, p<0.001), which was driven by significant SO, emissions
reductions both locally and regionally (Fig. S9). Consequently, SSA processing also decreased with time.

The trend in relative contribution from natural surface emissions showed an increase of 1.03-% yr* (p<0.001) for the 2005-
2016 period (Fig. 15). This trend is attributable to the steep decline in the percentage contributions from regional emissions

and SSA processing (-1.13 % yr?), which is anthropogenic. There were also small percentage increases in natural surface
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emissions contributions including from terrestrial GEM re-emissions (0.3 % yr?, p<0.05) and oceanic evasion (0.33 % yr?,
non-sig.). The percentage contribution from background-Hgthe Hg pool showed a decreasing trend of -1% yr (p<0.1) similar
to that in the concentrations.

While long-term TGM concentrations at KEJ are trending downwards, there are shorter term variations that are not captured
in the trends analysis. TGM decreased sharply from 2005 to 2006 (Fig. 1), which was consistent with the significant decrease
in local Hg emissions from electric utilities (Fig. S10). 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 in 2011. In fact, 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 emissions (wildfires plus re-emitted Hg),
(b) anthropogenic emissions, (c) backgreund-HgHg pool, (d) regional emission and SSA processing, (e) oceanic evasion, (f) GEM re-
emissions, (g) wildfires, (h) local combustion, (i) secondary sulfate. Blue line: relative contributions; red line: trendline; green text:
slope of the trendline (x100% yr?).

4 Discussion

Comparing TGM source apportionment results were-compared-among the sites:, Natural-natural surface emissions deminated
exceeded anthropogenic emission contributions to TGM at the-three—sitesall three. Mean relative contributions from
anthropogenic emissions were beth-35% at SAT and KEJ and lower at EGB. There was a clear long-term increase in the
relative importance of natural surface emissions to TGM at SAT and KEJ, which resulted from decreased anthropogenic Hg
emissions and increased oceanic Hg evasion and terrestrial GEM re-emissions.

Background-HgThe Hg pool derived-from-the-nerthern-hemispheric-Hg-peeland subsequent long-range transport was a major
source of TGM at the-threeall sites. Average relative contributions to annual TGM were 71% at KEJ, 63% at EGB, and 53%
at SAT, with higher contributions from November to April. Fhe-results-at CAPMoN-sites-are-similar-to-the-baseline-factor

dentified-ataremote-monitoring-sitein-Mace Head treland—inth udy-the baseline orwas-also-the-dominant Hgsource
)

impacting-TGM{(Custedio-et-al—2020)—Seuree-Previous source attribution 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 KEJ via long-range transport across
the Arctic. Long-range transport from East Asia had the greatest impact on GEM across Canada, contributing 16% at SAT,
14-15% at EGB, and 15% at KEJ (ECCC, 2016). The anthropogenic to natural surface emissions proportion for backgreund

Hgthe Hg pool was estimated based on global Hg emissions inventory. While the percentages used in this study were consistent
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with some emissions inventories, i.e. ~30% for anthropogenic Hg emissions (Pirrone et al., 2010; Outridge et al., 2018; Streets
etal., 2019; UNEP, 2019), this percentage is 4-6% lower in other global budgets (Shah et al., 2021; Sonke et al., 2023; Zhang
et al., 2023). It is expected that the global anthropogenic to natural contributions ratio will change in the future as primary
anthropogenic emissions decrease and Hg re-emissions increase.

The second most important Hg source at EGB (28%) and SAT (14%) was Fterrestrial surface re-emissions-was-the-seceond
mostimportant-Hg-source-at EGB-(28%)-and- SAT(14%). Relative contributions from GEM re-emissions were greatest from

May to October. GEM re-emission was only a minor source of TGM at KEJ likely because the site is in a forested area which

is a net sink for GEM. The variability between sites reflects the nature of GEM surface-air exchange, which is spatially variable
and dependent on factors; such as solar radiation intensity, canopy shading and wetness, air and soil temperature, soil Hg
content, soil moisture, soil organic matter content, vegetation and litterfall covering the soil, ambient Hg concentration, and
forest uptake which is a key driver of GEM dry deposition (Zhang et al., 2009; Ottesen et al., 2013; Agnan et al., 2016; Eckley
etal., 2016; Wang et al., 2016; Zhu-etal-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 natural soils because of more frequent land disturbance which increases volatilization and soil
dust resuspension (Cobbett and Van Heyst, 2007; Zhu et al., 2016). Surface re-emission is one of the least constrained processes
in the Hg cycle. It can be influenced by a multitude of environmental factors, which are currently not well represented in CTMs
(Zhuetal., 2016; Obrist et al., 2018). There are also limited Hg flux measurements for characterizing both spatial and temporal
variations.

TGM contribution from local combustion was highest at EGB (6%) followed by SAT (4%) and KEJ (2%). These results
were similar to previous GRAHM model simulations, which found Canadian sources accounted for only 3-5% of GEM near
EGB, 1% near SAT, and 0.5-1% near KEJ (ECCC, 2016). Overall, the contribution by Canadian sources is typically < 1% in
areas outside the vicinity of major Hg point sources according to models (ECCC, 2016). For secondary sulfate TGM

contributions, the percentages ranked by site were SAT > EGB > KEJ and were under 5%.

Oceanic evasion contributed similar percentages of the TGM at SAT and KEJ (7-9.5%). As reported in global Hg budgets,

oceanic Hg re-emissions are poorly constrained (Dastoor et al., 2024). Recent-A recent model simulations suggests that Hg

re-emission from oceans is underestimated by 40% (Zhang et al., 2023), whereas another study provided more modest re-
emission estimates (Tang et al., 2025). —Oceanic-evasion-Hnpa o-coastal-sites-and-the-global Hg-pool- may-be greate

previously-theught-

At the coastal sites, we found evidence of anthropogenic emission contributions and SSA processing. Marine transportation
and shipping ports provided sources of TGM at SAT, while regional Hg emissions notably from U.S. electric utilities (fossil

fuel combustion) had impacted TGM at KEJ. Because these sources also emit SO, the acidic gases formed further reacted
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with SSA in the MBL resulting in the formation of aged SSA. Significant reductions in both Hg and SO, emissions led to

diminished impacts from anthropogenic emissions and SSA processing over time.

Wildfires affected TGM at SAT (western Canada) more than KEJ and EGB (eastern Canada). Wildfires in western Canada
and the western U.S. have led to elevated PM s, O3, atmospheric nitrogen, and total carbon in downwind regions (Lu et al.,
2016; McClure and Jaffe, 2018; Chen et al., 2019; Campbell et al., 2022; Yao and Zhang, 2024). Wildfires Hg emissions in
western Canada are greater than those in eastern Canadaare-alse-an-importantsource-of-Hg-in-western-Canada, comprising
approximately 65% of the national total wildfire Hg emissions. For the 2010-2015 period, wildfires contributed 0.2-0.4% of
the daily mean GEM near SAT according to the GEM-MACH-Hg model (Fraser et al., 2018). In this study, we estimated the
PMF-derived daily mean TGM contribution from wildfires to be 4.4% over the same period. For EGB, the percentage
wildfire contributions to daily mean GEM/TGM were 0.4-0.8% based on the GEM-MACH-Hg model and 1.7% based on the
PMF model. The corresponding percentages for KEJ were 0.3-0.5% and 2.7% of the daily mean GEM/TGM. Note that on a

daily basis there can be large variability in the GEM-MACH-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 (Figs. 5, 10, 14).
Differences in the wildfire source contributions between GEM-MACH-Hg (Fraser et al., 2018) and PMF (this study) could
be due to underestimated wildfire Hg emissions in CTMs, other model parameterization uncertainties, measurement
uncertainties affecting the PMF model results, FRP-approach for screening wildfire TGM contributions, etc. While model
intercomparisons are common for CTMs, there-needs-to-be-more comparisons conducted between CTMs and receptor
models like PMF which-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 et al., 2021). To capture the full impact of
wildfires on atmospheric Hg, the-PMFE-anabysiswitlneedfuture source contribution analysis should te-include particulate Hg
measurements_if possible.

5 Conclusions

Source contributions to three rural-remote TGM sites were estimated using the PMF model. We examined long-term trends 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

combustion, secondary sulfate, and the anthropogenic portion of background-Hgthe Hg pool (~31%). Additionally, shipping

emissions were identified at SAT, and regional emissions from the U.S. northeast were identified at KEJ. Natural surface
emission contributions comprised terrestrial GEM re-emissions, oceanic Hg evasion, wildfires, and the proportion of
background-Hgthe Hg pool from natural surface emissions (~69%). Additional TGM contributions from crustal/soil dust and
road salt were found at EGB. At SAT, the decreasing TGM trend was attributed to decreasing shipping and GEM re-emissions.
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The long-term decreasing TGM trend at EGB was attributed to decreasing background-Hg Hg pool contributions, though other
local sources contributed to the initial decline in TGM and the flat trend after 2013. The long-term TGM trend at KEJ was
driven by background-Hgthe Hg pool, regional emissions, and GEM re-emissions. When analyzing on a 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 surfaces (wildfires plus re-emitted Hg) deminated-were greater than anthropogenic contributions to
annual TGM at the-threeall sites.

In the last decade, the 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 terrestrial and oceanic Hg re-
emissions;-eceanic-Hg-emissions; and wildfire Hg emissions. These emissions not only contribute to downwind areas, but also
to the global Hg pool, which in the case of GEM impacts other regions through long-range transport. Hg emissions from natural
surfaces are overall less constrained compared with combustion sources, and they make up the bulk of the global Hg emissions.
It is important to increase monitoring of terrestrial and oceanic surface re-emissions, track their long-term trends, and examine

how climate perturbations are affecting the emissions and Hg cycling in the environment.
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Supplement

S1 Analysis of separate yearly runs vs. single time series run

An additional PMF run for the entire time series was performed. Figure S11 shows the daily TGM
relative source contributions at SAT site for the separate yearly runs (‘separate’) and the additional
run for the entire time series (‘all’). For the GEM re-emissions/biomass burning and Hg pool factors,
the two runs produced similar seasonal patterns. However, there are noticeable differences for
other sources. The separate runs show greater interannual variability in the daily TGM relative
contributions compared to ‘all’ run scenario. For example, elevated relative contributions during
2010, 2011 and 2014 for local combustion. This is because the TGM percentages for each factor
vary year to year. The daily relative contributions from natural surfaces are elevated over the course
of the time series for the ‘all’ run, whereas contributions from anthropogenic emissions can
occasionally dominate for the ‘separate’ runs. The ‘separate’ yearly runs capture the variability in
the observations better than ‘all’ run. This is supported by the greater R?between modeled and
observed TGM concentrations for the ‘separate’ case (0.75, Fig. S1) compared to ‘all’ case (0.68).
The slope of the trendline for the ‘separate’ case is also closer to the 1:1 line (0.81 vs. 0.70).

The percentage contribution from natural surface emissions (wildfires plus re-emissions) from ‘all’
run was 70.6% on average, with a range of 66-76% depending on the year. This is higher compared
with results from ‘separate’ runs; however, the conclusion that natural surface emission
contribution exceeds anthropogenic contribution to TGM has not changed. Based on the ‘all’
scenario, the mean relative TGM source contributions were 50% from the Hg pool, 26.4% from
terrestrial GEM re-emissions, 10.4% from shipping and SSA processing, 6.3% from oceanic
evasion, 3.8% from wildfires, and 3.4% from local combustion. Most of the percentages were
comparable to those obtained from ‘separate’ runs, except for higher terrestrial re-emissions and
lower oceanic evasion. Secondary sulfate (regional Hg emissions and chemical transformation) did
not contribute to TGM in the ‘all’ run case, whereas it contributed a few percent of the TGM in the
‘separate’ case.

S2 PMF sensitivity runs

The model fit results for the final PMF solution are shown in Fig. S1. The source apportionment
results for each of the three sites are stable and reliable. The coefficient of determination (r?)
between the PMF modelled and observed TGM concentrations is above 0.7 for the entire time
series for each site, indicating a good model fit for the variable selection and model parameters
chosen in the final run. There is also strong overlap between the modelled and observed time series

for 24 h mean TGM, indicating the model adequately captured the daily variability. The most
important consideration in deriving the final PMF solution is the justification of the factors and
assignment to Hg sources. The sensitivity tests using 5 and 7 factors resulted in factors that were
difficult to interpret (Tables S5, S6, and S7). A 5-factor solution results in tracers loading on multiple
factors. This leads to a scenario where multiple factors can be assigned to the same source. An
ideal PMF solution is one where each factor is assigned to a unique source. A 7-factor solution
contains all the results of the 6-factor solution; however, it includes an additional factor that cannot
be definitively assigned to a source.

S3 PMF residuals analysis




PMF residuals were analyzed for the final 6-factor solution. The scaled residuals were within the
recommended limit of three standard deviations (Fig. S12) and followed a normal distribution
(Hopke et al., 2023). This confirms the modeled factors adequately explain the observed TGM data
in addition to the strong r’between modeled and observed TGM concentrations (Fig. S1). The model
could not reproduce a few elevated TGM concentrations at KEJ. There was a total of 7 data points
(0.22%) out of 3118 in the entire 2005-2016 time series where the scaled residuals were beyond
three standard deviations.

S4 Tekran model B and X measurement intercomparison

Hourly TGM differences between Tekran 2537X and 2537B have been assessed and was published
along with the quality controlled TGM dataset (ECCC, 2024). The model X and B analyzers at the
EGB site operated side by side during Feb-Aug 2017. The model X reported slightly higher TGM than
model B with a mean hourly difference of 0.06 ng m™ (3.9%). Monthly mean hourly TGM differences
were in the range of 0.02-0.1 ng m>(1.4-6.3%). Model X and model B analyzers were also operated
side by side at the same site during Mar-Jul 2018. The model X reported higher TGM than model B
with a mean hourly difference of 0.08 ng m= (6.4%). Monthly mean hourly TGM differences were in
the range of 0.07-0.09 ng m= (5.4-7.4%). The difference plots are shown in Fig. S13. Considering the
differences were not significant and the concentrations showed similar trends, the valid hourly
concentrations from the model X and B analyzers were averaged for the PMF dataset and long-term
trends analysis.

TGM was measured concurrently at KEJ and KEB from February to June in 2017. Note that KEJ and
KEB sites are not co-located. KEJ was operating a model B analyzer; the site was relocated 3 km
south of the original site in Feb 2017 (KEB) and the model X analyzer began operating at the new
site. TGM was higher at KEB than at KEJ with a mean hourly difference of 0.26 ng m=(18.8%).
Monthly mean hourly TGM differences were 0.20-0.29 ng m= (16.6-21.5%). These differences may
be due to the different analyzer models and/or relocation of the monitoring site; the exact cause is
inconclusive. Given the large TGM differences between KEB and KEJ, our decision was that the data
from the two sites should not be combined into a single time series. Therefore, the 2017-2018 data
at the new site were not used for PMF modeling and long-term trends analysis.

S5 Cold and warm season trends

S5.1 Saturna (SAT)

Seasonal trends analyses were also performed, and the Theil-Sen’s slopes are summarized in Table
S3. At SAT, the declining trend in the warm season (p<0.1) was greater than that of the cold season
for observed and PMF modeled TGM. TGM contributions from the Hg pool shows an increasing
trend of 0.043 ng m* yr” in the warm season (p<0.05), whereas no significant trend was found in the
cold season. TGM contributions from shipping and SSA processing showed a significant decreasing
trend in the warm season (p<0.1). No significant trends were found for seasonal TGM contributions
from other sources.

Trends in relative source contributions for the cold and warm seasons were also assessed (Table
S4). The proportion of TGM from shipping and SSA processing decreased significantly at a rate of




3.7% yr’ (p=0.07) in the warm season, whereas no trend was found in the cold season. There was a
significant increasing trend in the relative TGM contributions from the Hg poolin the warm season
(5.5% yr', p<0.001). The seasonal trends analyses indicate the annual trends in relative TGM source

contributions from the Hg pool (increasing) and shipping and SSA processing (decreasing) were
primarily driven by warm season trends.

S5.2 Egbert (EGB)

Decreasing trends in the observed TGM concentrations were observed for the cold and warm
seasons at EGB (Table S3). The rate of decrease was greater in the warm season (-0.030 ng m= yr”,
p=0.02) than cold season (-0.021 ng m=yr', p=0.02). The PMF model reproduced the seasonal
trends in observed TGM. The warm and cold season modeled TGM trends were -0.028 ng m™ yr”'
(p=0.02) and -0.024 ng m® yr” (p=0.06), respectively (Table S3). Reductions in the TGM
contributions from the Hg pool was the main driver of the TGM seasonal trends; the slopes were -
0.03 ng m3 yr' for the warm season and -0.02 ng m™ yr” for the cold season. The trends for TGM
contributions from other sources were not statistically significant. There were also no significant
changes in the relative contributions of TGM from natural surface or anthropogenic emissions for
the warm and cold season (Table S4).

S5.3 Kejimkujik National Park (KEJ)

The PMF model reproduced the observed TGM trends for the cold and warm seasons at KEJ. The
observed TGM decreased by -0.0232 ng m= yr" and -0.0199 ng m> yr" in the cold and warm season,
respectively (Table S3). The corresponding trends in the modeled TGM were -0.0224 ng m2yr'and -
0.0172 ng m2 yr', respectively. Negative TGM trends in the cold season were driven by decreasing
trends in regional emissions and SSA processing with a slope of -0.0183 ng m= yr' (p=0.08). The Hg
pool contributions declined at a faster rate in the warm season (-0.0553 ng m= yr", p<0.05)
compared to the cold season. Yet the observed TGM trend in the warm season was slower than that
of the cold season. The reason is likely because of the positive trends in GEM re-emissions,
wildfires, and oceanic evasion in the warm season that partially offset the large negative trends in
the Hg pool contributions.

Relative TGM contributions from natural surfaces were not statistically significant in either season
(Table S4). The overall decreasing trend in the relative contribution from the Hg pool was driven by
the warm season trend with a slope of -3 % yr (p=0.01). The overall increasing trends in GEM re-
emissions and wildfires percentage contributions were due to their strong warm season trends.




Table S1: TGM and ancillary data

Measurement Unit Data Network
frequency

TGM ng m3 hourly ECCC CAPMoN'

SO, inorganic ions pg m 24-h ECCC CAPMoN?

(Na*, K*, Cl, Ca**, Mg,

S0.%, NH,%

CcO ppm hourly ECCC National Air Pollution Surveillance
(NAPS) program?®, ECCC Canadian
Greenhouse Gas Measurement program?,
USEPA Air Quality System (AQS)®

Total carbon pg m 1-in-3day | Interagency Monitoring of Protected Visual
Environments (IMPROVE)®

Air temperature °C hourly ECCC Historical Climate Data’

"https://doi.org/10.18164/e1df5764-1eec-4a9f-9c03-f515b396b717

2https://doi.org/10.18164/e73c7f47-df9c-4877-923c-2009db28176

Shttps://data-donnees.az.ec.gc.ca/data/air/monitor/national-air-pollution-surveillance-naps-program/

“https://gaw.kishou.go.ip/

Shttps://www.epa.gov/ags

Shttps://vista.cira.colostate.edu/Improve/improve-data/

“https://climate.weather.gc.ca/
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Table S2: Descriptive statistics of 24-h average TGM concentrations (ng m=) at Egbert (EGB),
Kejimkujik (KEJ) and Saturna (SAT). P denotes percentile.

Site Year N Mean Median | StdDev | P5 P25 P75 P95 Min Max
EGB 2005 344 1.60 1.57 0.21 1.33 | 1.45 | 1.66 2.05 1.19 2.53
EGB 2006 335 1.64 1.63 0.18 1.36 | 1.52 | 1.75 1.95 1.25 2.30
EGB 2007 301 1.54 1.55 0.20 1.19 | 1.41 1.66 1.85 1.08 2.36
EGB 2008 345 1.46 1.45 0.14 1.23 | 1.36 | 1.56 1.68 1.10 1.85
EGB 2009 358 1.41 1.43 0.15 1.14 | 1.30 | 1.51 1.62 0.92 1.76
EGB 2010 340 1.39 1.39 0.19 1.09 | 1.25 | 1.53 1.69 0.97 1.88
EGB 2011 104 1.27 1.25 0.16 1.06 | 1.17 | 1.37 1.57 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 | 0.97 | 1.17 1.35 0.80 1.68
EGB 2014 341 1.28 1.31 0.23 0.90 | 1.06 | 1.46 1.60 0.84 1.80
EGB 2015 344 1.30 1.32 0.14 1.06 | 1.20 | 1.41 1.52 0.96 1.70
EGB 2016 356 1.28 1.28 0.16 1.03 | 1.17 | 1.4 1.52 0.82 1.69
EGB 2017 386 1.36 1.37 0.16 1.09 | 1.23 | 1.49 1.58 1.00 1.77
EGB 2018 485 1.25 1.25 0.13 1.05 | 1.17 | 1.34 1.44 0.85 1.75
KEJ 2005 332 1.73 1.53 0.75 1.12 | 1.32 | 1.82 3.19 0.99 6.87
KEJ 2006 342 1.10 1.09 0.21 0.79 | 0.93 | 1.28 1.43 0.65 1.62
KEJ 2007 312 1.16 1.15 0.15 0.94 | 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 1.01 | 1.15 | 1.40 1.48 0.83 2.38
KEJ 2010 354 1.34 1.36 0.15 1.09 | 1.23 | 1.44 1.57 0.84 1.79
KEJ 2011 346 1.37 1.41 0.17 1.05 | 1.24 | 1.50 1.57 0.97 1.62
KEJ 2012 349 1.36 1.37 0.16 1.10 | 1.23 | 1.50 1.61 0.98 1.67
KEJ 2013 345 1.30 1.33 0.16 1.01 | 1.19 | 1.44 1.51 0.79 1.67
KEJ 2014 336 1.30 1.30 0.16 1.02 | 1.18 | 1.44 1.53 0.91 1.61
KEJ 2015 350 1.19 1.21 0.16 0.91 | 1.06 | 1.33 1.39 0.74 1.53
KEJ 2016 312 1.14 1.12 0.16 0.91 | 1.01 1.28 1.38 0.82 1.50
KEJ 2017 140 1.17 1.21 0.11 092 | 1.12 | 1.25 1.28 0.83 1.34
SAT 2009 274 1.36 1.35 0.21 1.06 | 1.20 | 1.52 1.73 0.94 2.01
SAT 2010 266 1.50 1.51 0.17 1.24 | 1.39 | 1.61 1.75 1.14 2.53
SAT 2011 302 1.35 1.36 0.13 1.15 | 1.25 | 1.43 1.55 0.83 1.75
SAT 2012 334 1.22 1.24 0.12 1.01 | 1.14 | 1.31 1.40 0.91 1.54
SAT 2013 287 1.33 1.33 0.12 1.13 | 1.25 | 1.43 1.51 0.90 1.61
SAT 2014 333 1.26 1.27 0.10 1.10 | 1.20 | 1.33 1.41 1.00 1.53
SAT 2015 263 1.16 1.16 0.11 0.99 | 1.09 | 1.22 1.31 0.76 1.61
SAT 2016 153 1.37 1.38 0.07 1.23 | 1.33 | 1.42 1.49 1.18 1.57
SAT 2018 314 1.38 1.38 0.11 1.19 | 1.32 | 1.44 1.54 1.08 1.97




Table S3: Long-term trends in cold and warm season TGM concentrations and source contributions
from the PMF model. SAT: 2009-2015, EGB: 2006-2017, KEJ: 2005-2015. Cold season: Nov to Apr;
warm season: May to Oct. Statistically significant (p<0.1) trends are shown in bold.

Cold Season Trend Significance Warm Season Trend Significance
Slope (ng Slope (% Slope (ng Slope
Site Parameter/Source m3yr?) yr) p-value m3yr) (% yr™) p-value
SAT Obs TGM -0.0402 -2.79 0.114 -0.0587 -4.19 0.053
Modeled TGM -0.0303 -2.15 0.114 -0.0590 -4.23 0.053
BackgroundHgHg
pool -0.0030 -0.34 0.821 0.0430 9.43 0.030
Shipping and SSA
processing -0.0025 -6.49 0.788 -0.0551 -20.25 0.070
Terrestrial GEM re-
emissions -0.0067 -5.36 0.718 -0.0386 -11.40 0.287
Local combustion -0.0253 -24.69 0.311 -0.0244 -19.57 0.497
Secondary sulfate 0.0191 -51.30 0.297 0.0130 -52.52 0.297
Oceanic evasion -0.0107 -6.91 0.902 0.0013 1.91 0.371
Wildfires -0.0033 -23.27 0.117 0.0042 4.99 0.942
EGB Obs TGM -0.0209 -1.27 0.017 -0.0304 -2.07 0.017
Modeled TGM -0.0244 -1.46 0.063 -0.0281 -1.94 0.017
Backgrotund-HgHg
pool -0.0199 -1.64 0.264 -0.0310 -3.64 0.067
Road salt 1.79E-10 0.00 0.982 -0.0009 -11.48 0.073
Terrestrial GEM re-
emissions -0.0010 -1.78 0.701 -0.0059 -1.45 0.765
Local combustion 0.0021 3.08 0.694 0.0027 7.56 0.267
Secondary sulfate -3.99E-05 -12.45 0.053 -3.97E-07 -12.45 0.285
Wildfires 0 NA 0.798 -0.0035 -6.72 0.195
Crustal/soil 0.0033 4.67 0.651 0.0103 14.38 0.447
KEJ Obs TGM -0.0232 -1.50 0.427 -0.0199 -1.49 0.294
Modeled TGM -0.0224 -1.45 0.434 -0.0172 -1.32 0.294
Background-HgHg
pool -0.0134 -1.20 0.284 -0.0553 -4.61 0.047
Regional emission
and SSA processing -0.0183 -7.32 0.083 -0.0160 -7.27 0.157
Terrestrial GEM re-
emissions 0.0008 6.45 0.573 0.0306 -24.82 0.050
Local combustion 0.0002 3.74 0.469 0 0 0.791
Secondary sulfate 0 0 0.696 0 NA 0.765
Oceanic evasion 0.0036 3.44 0.331 0.0068 105.14 0.220
Wildfires 0.0002 -692.67 0.239 0.0029 -35.76 0.057




Table S4: Long-term trends in cold and warm season relative source contributions. SAT: 2009-2015,
EGB: 2006-2017, KEJ: 2005-2015. Cold season: Nov to Apr; warm season: May to Oct. Statistically
significant (p<0.1) trends are shown in bold.

Cold Season Trend Significance Warm Season Trend Significance
Site Parameter/Source Slope (% yr) p-value Slope (% yr) p-value
SAT pct Natural surface 0.54% 0.985 2.00% 0.447
pct Anthropogenic -0.54% 0.985 -2.00% 0.447
pct BackgrotndHgHg pool 1.43% 0.354 5.52% 0.000
pct Shipping and SSA
processing -0.13% 0.788 -3.75% 0.070
pct Terrestrial GEM re-
emissions -0.56% 0.604 -1.75% 0.494
pct Local combustion -1.75% 0.311 -1.80% 0.740
pct Secondary sulfate 1.42% 0.297 1.04% 0.297
pct Oceanic evasion -0.66% 0.902 0.39% 0.217
pct Wildfires -0.20% 0.127 -0.26% 0.651
EGB pct Natural surface 0.07% 0.711 -0.03% 0.821
pct Anthropogenic -0.07% 0.711 0.03% 0.821
pct BackgroundtHgHg pool -0.13% 0.885 -0.68% 0.487
pct Road salt 0.22% 0.598 -0.06% 0.083
pct Terrestrial GEM re-
emissions -0.08% 0.725 0.12% 0.841
pct Local combustion 0.15% 0.631 0.33% 0.114
pct Secondary sulfate -2.00E-3% 0.070 1.67E-5% 0.349
pct Wildfires 0% 0.654 -0.16% 0.501
pct Crustal/soil 0.29% 0.497 0.93% 0.304
KEJ pct Natural surface 0.59% 0.524 1.60% 0.237
pct Anthropogenic -0.59% 0.524 -1.60% 0.237
pct BackgroundtgHg pool 0.39% 0.304 -3.01% 0.010
pct Regional emission and
SSA processing -1.24% 0.100 -1.22% 0.104
pct Terrestrial GEM re-
emissions 0.06% 0.746 3.40% 0.048
pct Local combustion 0.01% 0.469 0% 0.791
pct Secondary sulfate 0% 0.696 0% 0.765
pct Oceanic evasion 0.24% 0.317 0.58% 0.140
pct Wildfires 0.01% 0.361 0.32% 0.052




Table S5: Factor profiles (species percentages) for SAT using 5 to 7 factors (example year: 2013). In
the 5 factor sensitivity run, two factors can be assigned to local combustion.

5 factor Aged sea-salt or Hg pool Fresh sea-salt Sulfate or GEM re-
sensitivity Local Local emissions/biomass
run combustion combustion burning
SO4 54.38 0.00 0.00 35.97 9.64
NH4 1.53 1.06 2.95 85.53 8.93

Cl 0.00 0.00 96.37 3.63 0.00

Ca 34.03 16.51 36.39 9.41 3.67

Mg 18.76 0.00 75.99 0.00 5.26

Na 19.01 2.33 77.36 0.38 0.92

K 15.69 13.39 40.67 18.40 11.85
SO2 35.50 16.05 9.16 39.29 0.00
TGM 8.67 51.97 12.86 0.13 26.37
Temperature 0.00 0.00 0.00 0.00 100.00
CcoO 0.00 57.33 11.38 16.97 14.33
Total carbon 3.32 25.92 0.00 22.58 48.18

6 factor final | Fresh sea- Hg pool GEM re-emissions Local Sulfate | Aged sea-
run salt /biomass burning combustion salt
SO4 0.00 3.07 4.50 0.00 31.94 60.49
NH4 0.00 12.14 0.00 0.00 73.60 14.26
Cl 96.56 0.00 0.00 0.21 3.24 0.00
Ca 31.73 1.77 0.95 35.78 0.00 29.77
Mg 76.88 0.00 5.06 0.00 0.00 18.06
Na 78.15 1.79 0.00 1.53 0.04 18.50
K 39.71 12.52 4.81 12.74 12.71 17.51
SO2 0.00 0.00 0.00 77.19 15.88 6.93
TGM 17.13 56.63 16.18 0.00 3.72 6.35
Temperature 0.00 0.00 100.00 0.00 0.00 0.00
CcoO 14.68 61.39 0.21 8.78 14.94 0.00
Total carbon 0.00 31.47 40.72 1.49 19.70 6.62
7 factor Hg pool Sulfate | GEMre-emissions | Fresh ? Aged sea- Local
sensitivity /biomass burning | sea-salt salt combustion
run

SO4 0.00 36.57 0.34 0.00 0.00 63.09 0.00
NH4 5.05 73.81 0.00 1.42 10.57 8.70 0.45
Cl 0.00 0.33 0.00 95.79 3.88 0.00 0.00
Ca 0.00 0.00 0.00 30.20 6.73 28.45 34.62
Mg 0.00 0.00 4.32 75.74 0.00 19.94 0.00
Na 2.17 0.18 0.00 76.19 0.00 19.80 1.66




K 7.97 7.10 0.00 35.80 24.17 15.49 9.47
S0O2 2.61 17.70 2.01 0.00 0.00 0.00 77.68
TGM 47.27 0.00 20.75 5.76 17.70 8.51 0.00
Temperature | 0.00 0.00 100.00 0.00 0.00 0.00 0.00
6]0) 49.12 8.94 4.78 3.46 25.05 0.00 8.66
Total carbon | 0.00 0.00 26.24 0.00 73.71 0.05 0.00

Table S6: Factor profiles (species percentages) for EGB using 5 to 7 factors (example year: 2010). In

the 5 factor sensitivity run, two factors can be assigned to local combustion, secondary sulfate, and
crustal/soil emissions.

5 factor GEM re- Local combustion Road salt | Hg pool Local combustion
sensitivity run | emissions/biomass | or Sulfate or Crustal/soil

burning or Sulfate

or Crustal/soil
S04 13.06 71.33 2.71 0.54 12.36
NH4 12.49 76.92 1.80 0.00 8.79
Cl 8.50 0.24 88.53 1.24 1.49
Ca 11.81 1.83 3.43 0.00 82.92
Mg 14.87 0.00 4.90 3.02 77.21
Na 3.42 5.22 80.61 6.16 4.59
K 36.68 35.09 6.37 2.51 19.36
S02 0.00 34.48 2.17 1.34 62.00
TGM 23.18 0.26 5.49 59.74 11.33
Temperature 100.00 0.00 0.00 0.00 0.00
co 22.96 1.06 5.53 58.39 12.06
Total carbon 55.53 17.28 4.56 22.63 0.00
6 factor final Local Hg pool GEM re- Crustal/soil Road salt Sulfate
run combustion emissions/biomass

burning

SO4 10.37 5.59 1.23 10.10 1.69 71.02
NH4 9.18 5.82 0.00 7.05 1.01 76.93
Cl 0.00 3.90 6.96 5.61 83.53 0.00
Ca 0.11 1.59 3.40 88.21 3.56 3.12
Mg 3.89 4.04 9.15 80.07 2.85 0.00
Na 0.50 9.21 0.00 9.66 75.19 5.44
K 7.48 4.39 30.62 14.35 5.50 37.67
S02 80.09 0.00 0.01 8.64 0.98 10.28
TGM 2.29 58.75 18.53 12.44 4.88 3.1
Temperature 0.00 0.00 100.00 0.00 0.00 0.00
co 3.71 57.09 18.79 12.26 4.90 3.25
Total carbon 2.58 23.57 52.26 0.00 4.43 17.15




7 factor ? Hg pool GEM re- Crustal/soil | Road salt | Sulfate Local
sensitivity emissions/biomass combustion
run burning

SO4 11.78 0.00 0.61 3.52 0.00 83.76 0.34
NH4 6.55 1.87 0.00 0.00 0.74 90.85 0.00
Cl 0.00 13.71 0.00 7.00 79.29 0.00 0.00
Ca 0.00 5.70 0.00 89.57 4.09 0.64 0.00
Mg 15.52 0.00 2.81 78.52 0.00 0.00 3.15
Na 40.74 0.00 0.00 0.00 59.26 0.00 0.00
K 0.00 6.66 28.47 11.82 5.44 44.04 3.58
SO2 6.65 8.31 0.00 0.06 0.00 5.28 79.70
TGM 18.55 72.32 0.00 9.13 0.00 0.00 0.00
Temperature | 0.00 0.00 100.00 0.00 0.00 0.00 0.00
CcoO 17.92 70.78 0.64 9.03 0.16 0.05 1.42
Total carbon 2.97 32.44 43.76 0.00 3.21 17.10 0.52

Table S7: Factor profiles (species percentages) for KEJ using 5 to 7 factors (example year: 2009). In

the 5 factor sensitivity run, processed and fresh sea-salt cannot be differentiated. They represent

different sources. Processed sea-salt is associated with regional Hg emissions and SSA processing

via acidic gases, whereas fresh sea-salt is associated with oceanic evasion.

5 factor Hg pool Fresh sea-salt GEM re- Local Sulfate
sensitivity emissions/biomass | combustion

run burning

SO4 13.63 0.00 0.00 3.96 82.40
NH4 12.03 0.53 3.60 7.64 76.20
Cl 0.00 100.00 0.00 0.00 0.00
Ca 14.31 26.05 26.44 22.49 10.72
Mg 1.13 77.87 5.94 11.04 4.02
Na 0.52 86.19 2.18 8.22 2.89

K 18.96 32.13 27.72 4.51 16.68
SO2 5.46 1.05 0.00 92.47 1.02
TGM 63.78 4.64 31.59 0.00 0.00
Temperature | 0.00 0.00 100.00 0.00 0.00
CcoO 59.76 1.75 32.11 1.76 4.60
Total carbon 42.16 0.60 51.53 5.25 0.45

6 factor final | Hg pool | Sulfate Fresh sea- Aged sea- GEM re-emissions/ | Local

run salt salt biomass burning combustion
SO4 0.39 72.08 0.08 26.37 0.00 1.09

NH4 3.35 77.14 4.31 8.61 2.70 3.88

Cl 10.17 0.47 89.36 0.00 0.00 0.00




Ca 16.04 5.76 19.35 16.82 22.06 19.98

Mg 0.19 0.21 58.63 25.12 7.79 8.07

Na 0.00 0.00 64.63 25.89 4.45 5.03

K 21.08 13.88 25.98 14.64 20.85 3.58

SO2 6.96 0.44 0.95 2.32 1.15 88.18

TGM 78.32 0.00 2.13 17.90 1.65 0.00
Temperature 0.00 0.00 0.00 0.00 100.00 0.00

CcoO 72.52 4.15 0.00 16.96 4.58 1.79

Total carbon 53.05 7.05 4.39 0.00 30.18 5.33

7 factor Sulfate | ? GEM re- Hg Local Aged Fresh
sensitivity emissions/biomass pool combustion sea-salt sea-salt
run burning

SO4 74.84 0.00 0.00 0.00 5.93 19.23 0.00
NH4 73.15 20.80 0.41 0.34 5.30 0.00 0.00
Cl 0.34 0.00 0.00 10.49 0.00 1.62 87.56
Ca 0.00 92.23 0.00 0.00 0.00 1.02 6.75
Mg 0.00 12.04 2.01 0.00 7.21 25.10 53.64
Na 0.00 1.80 1.32 0.83 6.55 27.47 62.03
K 11.58 23.12 15.30 17.33 0.00 12.05 20.63
SO2 2.07 6.67 0.00 6.00 84.73 0.00 0.52
TGM 0.00 0.00 0.00 76.07 0.00 21.39 2.54
Temperature | 0.00 0.00 100.00 0.00 0.00 0.00 0.00
CcoO 3.84 2.57 2.53 70.13 1.31 19.61 0.00
Total carbon | 5.49 17.86 24.76 50.64 0.06 0.00 1.19
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Figure S2: Relative source contributions to warm and cold season mean TGM at SAT. Mean applies
to the 2010-2018 period except 2017. Warm season: May to Oct; cold season: Nov to Apr. Natural
surface emissions comprise wildfires, GEM re-emissions, oceanic evasion, and natural surface
emissions contributing to backgrotundtHgthe Hg pool. Anthropogenic emissions comprise local
combustion, sulfate, and anthropogenic emissions contributing to backgroundHgthe Hg pool.
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Figure S3: Left - Annual emissions of SO, and Hg from marine transportation reported for British
Columbia (ECCC APEI, 2023). SO, ambient concentrations measured at SAT are also plotted. Right
- Symbols represent ship traffic along the Strait of Georgia (http://www.shiptraffic.net/marine-
traffic/straits/Strait_of_Georgia).
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2023); right: British Columbia emissions (ECCC NPRI, 2023)
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Figure S7: Regional Hg emission

% sources around SAT, EGB and KEJ.

E Emissions data for (a) British Columbia,
(b) Northwestern U.S., (c) Ontario, (d)
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APEI (2023) for Canadian emissions,
USEPA TRI (2023) for U.S. emissions.
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Figure S9: SO, emissions (a) local, within 150 km of KEJ (ECCC NPRI, 2023) and (b) regional, U.S.
northeast and Midwest regions (USEPA NEI, 2023)
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Figure S10: Hg emission sources within 150 km of KEJ in Provinces of Nova Scotia and New
Brunswick (ECCC NPRI, 2023)
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Figure S12: Time series of uncertainty scaled residuals for TGM at SAT (top), EGB (middle), and KEJ
(bottom) for the final 6-factor solution
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Figure S13: Intercomparison between Tekran model X and B measurements for EGB (top) and

KEJ/KEB (bottom). Absolute and relative differences for hourly measurements are plotted.
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