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Abstract

Trace metal distributions are of relevance to understand sources of fine particulate matter (PM 5),
PM,, s-related health effects, and atmospheric chemistry. However, knowledge of trace metal
distributions is lacking due to limited ground-based measurements and model simulations. This
study develops a simulation of 12 trace metal concentrations (Si, Ca, Al, Fe, Ti, Mn, K, Mg, As,
Cd, Ni and Pb) over continental North America for 2013 using the GEOS-Chem chemical
transport model. Evaluation of modeled trace metal concentrations with observations indicates a
spatial consistency within a factor of 2, an improvement over previous studies that were within a
factor of 3—6. The spatial distribution of trace metal concentrations reflects their primary emission
sources. Crustal element (Si, Ca, Al, Fe, Ti, Mn, K) concentrations are enhanced over the central
US from anthropogenic fugitive dust and over the southwestern U.S. due to natural mineral dust.
Heavy metal (As, Cd, Ni and Pb) concentrations are high over the eastern U.S. from industry. K is
abundance in the southeast from biomass burning and high concentrations of Mg is observed along
the coast from sea spray. The spatial pattern of PM5 5 mass is most strongly correlated with Pb, Ni,
As and K due to their signature emission sources. Challenges remain in accurately simulating
observed trace metal concentrations. Halving anthropogenic fugitive dust emissions in the 2011
National Air Toxic Assessment (NATA) inventory and doubling natural dust emissions in the
default GEOS-Chem simulation was necessary to reduce biases in crustal element concentrations.
A fivefold increase of anthropogenic emissions of As and Pb was necessary in the NATA inventory
to reduce the national-scale bias versus observations by more than 80 %, potentially reflecting
missing sources.

Disclaimer: The views in this manuscript are those of the authors alone and do not necessarily reflect the policy of the U.S.
Environmental Protection Agency.
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1. Introduction

Metals are important components of airborne fine particulate matter (PM> 5). Despite their
minor contributions to PM» 5 mass of typically less than 1% (Heo et al., 2009; Kundu and
Stone, 2014; Sarti et al., 2015; Snider et al., 2016), metals are a harmful component of
PMs 5, exhibiting strong associations with morbidity and mortality (Burnett et al., 2000;
Ostro et al., 2007; Bell et al., 2013; Lippmann, 2014; Krall et al., 2016). There is evidence
that the oxidative potential of PM, 5 (Sun et al., 2001) is related to its metal content as
increased abundance of redox active elements may induce oxidative stress (McNeilly et al.,
2004; Fang et al., 2015; Pardo et al., 2015). Arsenic (As) and cadmium (Cd) are classified as
Group 1 carcinogens (IARC, 2013) by the International Agency for Research on Cancer
(IARC). Lead (Pb) is associated with impaired cognitive function (Bellinger et al., 1987).
Metals also have a large impact on aerosol chemistry as they can catalyze sulfate formation
in the aqueous phase (Alexander et al., 2009) and affect secondary aerosol formation by
affecting aerosol acidity (Trebs et al., 2005; Fountoukis and Nenes, 2007; Guo et al., 2017).
Through atmospheric deposition, airborne metals are transferred to the surface, with
implications for marine and soil environments (Nriagu and Pacyna, 1988; Jarup, 2003;
Nagajyoti et al., 2010; Jaishankar et al., 2014). Therefore, knowledge of airborne trace metal
distributions is needed to evaluate their impacts on human health and the environment.

Metals have numerous natural and anthropogenic sources. Natural sources include wind-
blown mineral dust (Prospero et al., 2002) and sea spray aerosol primarily for magnesium
(Mg), calcium (Ca), and potassium (K; Salter et al., 2016). Biomass burning is a signature
source for K (Pachon et al., 2013). Anthropogenic fugitive dust (AFD), such as dust from
agricultural soil and roads (Tegen et al., 1996), and industrial combustion (Pacyna and
Pacyna, 2001) are primary anthropogenic sources. Metal concentrations can in turn indicate
sources of emissions. For example, K is a marker of wood burning (Tanner et al., 2001;
Pachon et al., 2013). Crustal elements such as silicon (Si), Ca, aluminum (Al), iron (Fe),
manganese (Mn) and titanium (Ti) reflect mineral dust sources, either natural dust or
anthropogenic dust (Chang et al., 2018; Khodeir et al., 2012; Malm et al., 1994). Heavy
metals are associated with industrial combustion, such as nickel (Ni) from oil combustion
(Okuda et al., 2007; Thomaidis et al., 2003), as well as As and Pb from coal combustion
(Brimblecombe, 1979; Chang et al., 2018). Thus a representation of trace metal distributions
can provide valuable information on PM> 5 sources.

A robust representation of trace metal spatial distributions remains challenging due to
heterogeneous emission sources and short atmospheric lifetimes of days. Airborne trace
metals exhibit strong spatial variation, such as heavy metals with surface concentrations
ranging several orders of magnitude from urban to rural areas (Khillare et al., 2004; Kim et
al., 2002; Venter et al., 2017). Nonetheless, recent developments of chemical transport
models are promising. Hutzell and Luecken (2008) developed the first simulation of five
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metals (Pb, Mn, Cd, Ni and Cr) over the United States using the Community Multiscale Air
Quality (CMAQ) model. Dore et al. (2014) developed a simulation of 9 heavy metals (As,
Cd, Cr, Cu, Pb, Ni, Zn, Se, Hg) over the United Kingdom using an atmospheric transport
model (FRAME-HM). Both studies found a significant underestimation of modeled metal
concentrations and attributed the bias primarily to missing wind-blown dust sources and
underestimated anthropogenic emissions. Appel et al. (2013) further developed previous
studies by including AFD and naturally wind-blown dust sources in a simulation of 8 mostly
crustal elements (Al, Ca, Fe, K, Mg, Mn, Si and Ti) and found a pronounced overestimation
(40% — 190%) using the CMAQ model over the United States. Wai et al. (2016) developed a
global simulation of As with the GEOS-Chem model and found an overestimation of about a
factor of 3 over the United States. The large bias in previous metal simulations primarily
arise from uncertainties in emissions (Appel et al., 2013; Dore et al., 2014; Wai et al., 2016).

Building upon the improved trace metal emissions in the National Air Toxic Assessment
(NATA) inventory over North America for 2011 (https://www.epa.gov/national-air-toxics-
assessment/2011-nata-assessment-results; Reff et al., 2009) and capabilities of the GEOS-
Chem chemical transport model, we present an initial simulation of 12 trace metal elements
over continental North America at a resolution of 0.25° x 0.31°. The 12 trace metals include
8 mostly crustal elements: Si, Ca, Al, Fe, Mn, Ti, K and Mg; and 4 heavy metals: As, Cd,
Ni, and Pb. Section 2 describes the observations of trace metals for model evaluation.
Section 3 describes model simulations developed in this study. Section 4 defines statistics
for model evaluation. Section 5 presents metal surface concentrations and their spatial
correlations with PM5, 5. Section 6 provides the implications of this study.

2. Ground-based measurements of trace metals and PM, 5 concentrations

over North America

We collect measurements of the twelve trace metals (Si, Ca, Al, Fe, Mn, Ti, K, Mg, As, Cd,
Ni and Pb) from Interagency Monitoring of Protected Visual Environments (IMPROVE;
Malm et al., 2011) and Chemical Speciation Network (CSN; http://www.epa.gov/ttnamtil/
speciepg.html) over the United States for 2011-2015, and from National Air Pollution
Surveillance (NAPS; http://www.ec.gc.ca/rnspa-naps/) program over Canada for 2011-2015.
We also obtain PM5 5 measurements from IMPROVE for 2011-2015, CSN for 2011-2013
and NAPS for 2011-2015. Measurements from multiple years are used here to better
represent average ambient conditions. The IMPROVE network consisted of 167 sites
primarily located in rural areas such as national parks in the western United States. The CSN
network consisted of 182 sites primarily located in urban areas in the eastern United States.
The NAPS network included 14 sites primarily located in urban areas in Canada.

All three networks measure PM> 5 using filter-based methods and collect samples for 24
hours every third day. Trace elements in PM, 5 samples are analyzed with x-ray fluorescence
(XRF; Dabek-Zlotorzynska et al., 2011; RTI, 2009; Solomon et al., 2014; Galarneau et al.,
2016). For CSN measurements, we remove all sites located on industrial land use (about
48% of CSN sites) to better represent ambient conditions. We increase the concentration in
CSN measurements of Al by 90%, Ca by 49%, Fe by 29%, Si by 79% and Ti by 54% to
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match collocated IMPROVE measurements, as suggested by Hand et al. (2012) who found a
potential underestimation in CSN measurements due to the size selection of the sampler. For
each CSN and IMPROVE site, only the years with each season containing valid records for
at least 75% of the scheduled sample days are used for developing annual averages. This
completeness check removes about 30% of measurements.

Dust in PMs 5 including naturally windblown mineral dust and anthropogenic windblown
dust is not directly measured by these networks. Following equation (1) developed by Malm
et al. (1994), we calculate dust concentrations based on trace metal concentrations measured
by IMPROVE, CSN and NAPS.

Dust = (220 x Al) + (249% Si) + (1.63xCa) + (242xFe) + (1.94xTi) (1)

3. Simulation development

We use the nested GEOS-Chem global chemical transport model (version 11-01;
www.geos-chem.org) to simulate trace metals and PM, 5 composition over North America
for 2013. The simulation is at 0.25° x 0.31° horizontal resolution with 47 vertical levels
(1013.25 hPa — 0.01 hPa) over North America (60°W-130°W, 9.75°N-60°N) driven by
assimilated meteorological data from the Goddard Earth Observing System (GEOS-FP) of
the NASA Modeling and Assimilation Office (GMAQO). Boundary conditions for the nested
domain are provided by a global simulation at 2° x 2.5° spatial resolution (Wang et al.,
2004). The global simulation of metals includes global natural (mineral dust and sea spray
aerosols) and biomass burning emissions, along with anthropogenic emissions over North
America as described in Section 3.1. The nested simulation of metals is initialized with
annual median concentrations by element from observations. We spin up the model for 1
month before any simulations to remove the effects of initial conditions.

Simulated dust concentrations from anthropogenic emissions are calculated from simulated
metal concentrations from anthropogenic emissions following equation (1).

3.1 Trace metal emissions

3.1.1 Emissions from natural sources and biomass burning—The simulation of
mineral dust emissions follows the Dust Entrainment and Deposition (DEAD) mobilization
scheme (Zender et al., 2003), combined with a topographic source function (Ginoux et al.,
2001; Chin et al., 2002) as described in Fairlie et al. (2007), and an optimized dust particle
size distribution as described in Zhang et al. (2013). Mineral dust emissions are decomposed
to trace metal emissions using mass fractions of metals in dust from measurements.
Following Wang et al. (2015), we use measurements at Phoenix, Arizona, where frequent
dust storms (Brown et al., 2007; Kavouras et al., 2009) and long-term measurements of
PM, 5 composition enable identification of mineral dust composition. Table 1 shows the
mass fractions of trace metals in mineral dust at Phoenix based on measurements for 2011-
2015 by the IMPROVE network. The mass fractions are applied across North America to
estimate trace metal concentrations contributed by mineral dust. Cd measurements are not
used here since more than 70% of Cd measurements from every site are below the minimum
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detection limit (1 ng m=3; Hyslop and White, 2008; Solomon et al., 2014). Instead, we treat
the mass fraction of Cd in mineral dust as 10% of As based on their mass concentrations in
dust from previous studies (Nriagu and Pacyna, 1988; Jimé Nez-Vé et al., 2009; Lee et al.,
2013). Based on sensitivity simulations, we double mineral dust emissions in our standard
simulation to better represent observations. Sensitivity simulations without emission
adjustments are shown in the Appendix.

The simulation of sea spray aerosol emissions follows Alexander et al. (2005) with an
improved empirical source function as described in Jaeglé et al. (2011). We treat sea spray
aerosol as containing 4 % Mg, 1 % Ca, and 1 % K following Salter et al. (2016).

Biomass burning emissions for K are calculated from the Global Fire Emissions Database
version 4 inventory (GFED; Giglio et al., 2013). GFED4 combines satellite information on
fire activity and vegetation productivity to estimate globally gridded monthly burned area
(including small fires) and fire emissions, and then applies emission factors to calculate
specific composition emissions. Table 2 shows emission factors for K from various
vegetation types in our simulation. These emission factors are based on Andreae and Merlet
(2001) and Akagi et al. (2011) as used for GFED4. When emission factors are given as a
range or multiple emission factors are found, we use the mean. Since emission factors for K
from peat and woodland are not available, we assume they are half of those for black carbon
(BC) used in GFED4, which is generally true for the other vegetation types (Andreae and
Merlet, 2001; Akagi et al., 2011).

3.1.2 Emissions from anthropogenic sources—Anthropogenic emissions for the
United States are based on the NATA2011 inventory. We partition anthropogenic emissions
for crustal elements into 6 sectors: AFD, industry, transportation, power plants, residential
combustion and agricultural fires (Table 3) based on sectoral emission fractions from the
National Emission Inventory (NEI) for 2011.

Heavy metal emissions for Canada are developed by applying sectoral (surface or stack)
emission ratios between heavy metals and BC from NATA2011 to BC sectoral emissions for
Canada. We combine BC emissions from the Criteria Air Contaminant (CAC) inventory at
0.1° x 0.1° resolution and BC sectoral emission factors from the Air Pollutant Emission
Inventory (APEI; https://www.canada.ca/en/environment-climate-change/services/pollutants/
air-emissions-inventory-overview.html) to generate BC sectoral emissions for Canada.
Anthropogenic emissions of crustal elements for Canada are based on annual total emissions
of PM,, 5 by sector in the National Pollutant Release Inventory (NPRI) for 2013. NPRI
sectoral PM, 5 emissions are speciated into crustal element emissions using source-specific
speciation profiles developed by Reff et al. (2009) in the SPECIATE database (http://
www.epa.gov/ttn/chief/software/speciate/). Annual total emissions of crustal elements are
processed to hourly emissions with a resolution of 12 km by the Sparse Matrix Operator
Kernel Emissions (SMOKE) Modeling system version 4.5.

Particle sizes and the mass partition of all the above emissions are treated in the model as
28.6% of the mass in the first bin with a diameter of 0.2-2.0 pm and 71.4% of the mass in
the second bin with a diameter of 2.0-3.6 um, following Zhang et al. (2013).
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3.1.3 Revisions to anthropogenic metal emissions in the standard simulation
—Based on sensitivity simulations, our standard simulation halved AFD emissions in
NATA2011 over the United States and increased anthropogenic emissions of As and Pb over
the United States and Canada by fivefold to better represent observations. Sensitivity
simulations without emission adjustments are shown in the Appendix.

Table 3 contains anthropogenic metal emissions over the United States and Canada after
emission adjustments in our standard simulation. For the United States, despite the 50%
emission reduction, AFD remains the primary source for crustal elements with a
contribution of more than 40% to annual total anthropogenic emissions. Exceptions are Mg
and K, which have considerable emissions from transportation (41%) and industry (59%),
respectively, in addition to substantial contributions from AFD.

3.2 Trace metal deposition

Deposition can vary by source (Fairlie et al., 2007; Jaeglé et al., 2011; Wang et al., 2014).
Thus, we use different schemes to characterize the deposition of trace metals emitted from
sea spray aerosols, mineral dust, biomass burning, and anthropogenic sources. Metals from
sea spray aerosol follow the wet and dry deposition of sea spray aerosol as described in
Jaeglé et al. (2011) with updates from Wang et al. (2011). Metals from mineral dust and
biomass burning follow the dust deposition scheme. Dry deposition of mineral dust
including turbulent diffusion and gravitational settling follows Zhang et al. (2001) and
Fairlie et al. (2007). Wet deposition of mineral dust includes rainout, washout and
scavenging in convective updrafts (Liu et al., 2001). More detailed description of the wet
deposition scheme can be found in Bey et al. (2001) and Liu et al. (2001) with updates from
Fisher et al. (2011), Wang et al. (2011) and Wang et al. (2014).

We treat metals from anthropogenic sources with the same wet and dry deposition processes
as metals from mineral dust. The precise scavenging treatment of metals remains uncertain
due to considerable variations in metal fractional solubility (Schroth et al., 2009). However,
our simulated metal surface concentrations and atmospheric wet deposition are nearly
identical (R2>0.96) if they are scavenged with high solubility as sulfate or with low
solubility as mineral dust.

3.3 The simulation of PM5 5 chemical composition

PMy 5 is simulated with the GEOS-Chem model standard option that includes a fully
coupled treatment of oxidant-aerosol chemistry (Bey et al., 2001; Park et al., 2004) with
carbonaceous aerosol (Park et al., 2003), sea salt (Jaeglé et al., 2011), mineral dust (Fairlie et
al., 2007), secondary inorganic aerosol (Park et al., 2004) and secondary organic aerosol
(SOA; Pye et al., 2010). We implement the additional SOA formation from aqueous-phase
isoprene uptake following Marais et al. (2016). Gas-aerosol phase partitioning is simulated
using the ISORROPIA 1l thermodynamic scheme (Fountoukis and Nenes, 2007). Aerosol
uptake of N,Os is given by Evans and Jacob, (2005). HNO3 concentrations are reduced
following Heald et al. (2012). Aerosol optics affect photolysis rates as described by Martin
et al. (2003) with updates on aerosol size distribution (Drury et al. 2010), dust optics (Ridley
et al. 2012) and brown carbon (Hammer et al. 2016). Dry and wet deposition schemes are
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described in Bey et al. (2001) and Liu et al. (2001) with updates from Fisher et al. (2011),
Wang et al. (2011) and Wang et al. (2014). Organic carbon (OC) is converted to particulate
organic mass (OM) following Philip et al. (2014). We calculate ground-level PM, 5 at 35%
relative humidity to follow common measurement protocols. Anthropogenic emissions of
PM, 5 components other than trace metals are based on the NEI 2011 for the United States
(https://www.epa.gov/air-emissions-modeling/2011-version-6-air-emissions-modeling-
platforms; Travis et al., 2016) and the Criteria Air Contaminants (CAC) inventory for
Canada (Kuhns et al., 2005). Non-anthropogenic emissions include biomass burning
emissions (GFED4; Randerson et al., 2015), biogenic emissions (MEGAN; Guenther et al.,
2012), soil NOx (Wang et al., 1998; Yienger and Levy, 1995), lightning NOx (Murray et al.,
2012), aircraft NOXx (Stettler et al., 2011; Wang et al., 1998), ship SO, (Lee et al., 2011) and
volcanic SO, emissions (Fisher et al., 2011).

4. Statistics

To assist with the evaluation of simulations, we define all-site combined normalized mean
bias (NMB) and normalized mean error (NME) as

Z M; - O;)
i=1

NMB @

NME ®

where Oj is the annual median observed value from each site, M; is the annual median
modeled value in each collocated grid box, n is the number of observation sites.

5. Results and discussion

Figure 1 shows annual median ground-level concentrations of metals, fine dust and PM 5
over North America from measurements and our standard simulation. The spatial
distribution of trace metals from observations exhibits strong heterogeneity, reflecting
various emission sources. Both measurements and simulation indicate abundant crustal
elements over the southwestern U.S., reflecting natural mineral dust. Both measurements
and simulation of Mg exhibit enhanced concentrations over the coast driven by contributions
from sea spray aerosol, albeit with greater heterogeneity in the measurements. Heavy metals
that primarily arise from industrial activities and power plants are abundant over the eastern
U.S. in both measurements and the simulation. A few local enhancements in the
measurements are unresolved in the simulation, likely due to sub-grid processes, such as the
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local high of Si, Fe and Al over Colorado possibly arising from local dust storms and the
local high of Pb and As over the eastern U.S. likely due to local industrial activities.

The simulated distributions of K and Mg exhibit a good consistency with the lowest NME
(<=40%) with observations among all elements, owing to the representation of biomass
burning emissions and sea spray aerosol concentrations in the model. Crustal element and
heavy metal simulations are consistent with observations with a nation-wide average bias
(NMB) of less than 18%, except for Ti (55%).

Despite the broad model-measurement consistency, challenges and questions remain. The
spatial distribution of crustal elements from sensitivity simulations without emission
adjustments exhibit pronounced overestimation over the central U.S. and an underestimation
over the southwestern U.S., as shown in Fig Al. Halving AFD and doubling natural dust
emissions as shown in Fig. 1 largely corrects the discrepancy, especially for Si and Al with
NME reduced by more than 20% (from 0.74 to 0.55 for Si and 0.83 to 0.64 for Al). The dust
simulation is also improved with emission adjustments (NME reduced by 21%), while the
quality of the PM> 5 simulation remains similar. The need to halve AFD emissions likely
reflects an overestimation of agricultural soil emissions, which are prevalent in the central
U.S. (Reff et al., 2009). The doubling of natural dust likely accounts for the underestimated
sub-grid convective dust storms, which is frequent in southwestern U.S. (Kavouras et al.,
2009; Foroutan et al., 2017). The sensitivity simulation of As and Pb without a fivefold
increase of emissions considerably underestimates observations by more than 70%, as
shown in Fig Al. The need for increased emissions of As and Pb found here could reflect
missing sources. For example, the historical legacy of heavy metals from industrial activities
can remain in soil for decades (Morrison et al., 2014) and can be re-suspended as fugitive
dust (Dore et al., 2014). Municipal solid waste contains considerable hazardous components
and the widely-distributed open burning of waste could be an additional source of airborne
metals (Wiedinmyer et al., 2014; Wang et al., 2017).

Similar discrepancies between simulations and observations have also been found in other
studies. Hutzell and Luecken (2008) simulated Pb, Mn, Cd, As and Cr over the United States
using the CMAQ maodel with the NEI 1999 emission inventory, and found an
underestimation of about a factor of 2 in modeled metal concentrations. A large
underestimation of heavy metals was also presented in Dore et al. (2014) in their simulation
over the United Kingdom by an atmospheric transport model (FRAME-HM). Our model-
observation consistency of As (NMB= 13%) is considerably improved over that in Wai et al.
(2016) who found a factor of 3 difference in their simulation of As using the GEOS-Chem
model with NATA 1999 emissions over the United States. Appel et al. (2013) found a
general overestimation of crustal elements by 30% — 190% over the United States by using
the CMAQ model with the NEI2005 emission inventory. Halving AFD emissions largely
corrects the overestimation in our simulation.

Figures A2—A5 show the spatial distribution of seasonal median concentrations of trace
metals, fine dust and PM, 5 from measurements and our standard simulation. Measurements
of crustal elements exhibit high concentrations over the southwestern U.S. for all seasons
except winter, when dust storms are less frequent. Heavy metal concentrations from
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measurements exhibit little seasonal variation. Heavy metal concentrations from the
simulation are consistent with observations in winter, yet are generally low in other seasons,
potentially reflecting missing sources as mentioned previously.

Table 4 summarizes the column budget of trace metals over continental North America with
emission adjustments in our standard simulation for 2013. Crustal elements are primarily
emitted by natural sources, whereas heavy metals are mostly emitted by anthropogenic
sources. Wet deposition is the major removal process for all metals except K that has
comparable wet and dry deposition. The negative export for most metals reflects the leading
role of the long-range transport of mineral dust from other regions (i.e., Africa and Asia;
Fairlie et al., 2007; Yu et al., 2008; Ridley et al., 2012) on metal budgets. Exceptions are K,
Mg and As that have considerable positive export due to large emissions from biomass
burning, sea spray aerosol and anthropogenic sources, respectively. The lack of
anthropogenic emissions of metals for regions outside North America (i.e., Asia) in the
boundary conditions provided by the global simulation (Section 3) may affect the column
budget in Table 4. Nevertheless, the long-range transport of aerosol arising from
anthropogenic sources is minor compared to that of natural mineral dust (Wuebbles et al.,
2007), which is well represented in the boundary conditions (Section 3).

Figure 2 shows the spatial correlation of concentrations between trace metals and PM> 5
composition across North America by observations and the standard simulation. In the
observations, K exhibits the strongest correlation with PM5 5 (r~0.8), reflecting the influence
of biomass burning on PM, 5 concentrations. Pb and As are also well correlated with PM5 5
(r~0.7) and particularly BC (r ~0.68) reflecting similar sources, which supports our
estimation of heavy metal emissions using BC emissions as a proxy for Canada as described
previously. Crustal elements are significantly correlated with dust (r~0.9). Mg is well
correlated with sea salt (r=0.6). In the simulation, Pb and Ni are best correlated with PM5 5
(r~0.7), followed by As and K (r~0.6). The broad consistency of the observed and the
simulated correlations indicates that relationships identified across measurement sites are
broadly representative of these for the continent. Differences such as apparent for Mg reflect
differences in spatial coverage; the simulation has more coastal points than the observations
and better resolves coastal versus crustal sources.

Implications

This initial simulation of 12 trace metals in PM2.5 over continental North America using the
GEOS-Chem model exhibits promising spatial consistency with observations (bias within a
factor of 2), illustrating the potential for a more comprehensive simulation in the future.
Further improvement would benefit from a better understanding of the spatial distribution
and the magnitude of emissions from AFD and industrial activities. Heavy metal emissions
over Canada need more detailed considerations such as developing metal-specific emission
factors by sectors. Further investigations are needed to better represent crustal elements from
local dust and the long-range transport of dust in different seasons in the simulation. The
development of emissions of other metals such as copper (Cu), vanadium (V) and zinc (Zn)
would be useful for health effect studies and source appointment of PM2.5. Metal emissions
from additional natural sources such as volcano emissions should be taken into
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consideration. Biomass burning emissions for other metals (i.e. Fe, Ca, As) should be
included in future simulations. The development of heavy metal emissions from potential
missing sources such as legacy industrial emissions and waste burning deserves further
investigation. Studies on the spatial variation of metal fractions in dust and its representation
in the model could improve the spatial distribution of crustal elements. The development of
metal chemistry in atmospheric models would be valuable not only for metal simulations but
particularly for secondary aerosol simulations. Results from this work provide valuable basis
for further investigations into the health effects of trace metals and PM2.5, the influence of
metals on atmospheric chemistry, and the impact of airborne metal deposition on marine and
soil environment.
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Similar to Fig. 1, but without emission adjustments (half AFD emissions for crustal
elements, double natural mineral emissions and a fivefold increase of As and Pb
anthropogenic emissions) in the simulation.
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Similar to Fig. 1, but for spring (March-May) median. Emission adjustments are included in

the simulation.
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Similar to Fig. 1, but for summer (June-August) median. Emission adjustments are included

in the simulation.
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Similar to Fig. 1, but for fall (September-November) median. Emission adjustments are
included in the simulation.
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Figure A5:
Similar to Fig. 1, but for winter (December-February) median. Emission adjustments are

included in the simulation.
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Highlights:

. A simulation of 12 trace metals over North America with a bias within
twofold.

. Pb, Ni, As and K are highly correlated with PM, 5 spatially.

. Long-range transport of dust dominates the crustal metal budget over North
America.
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Figure 1:

Annual median trace metal, fine dust and PM> 5 concentrations over North America. Filled
circles are median observations from the IMPROVE, the CSN and the NAPS networks for
2011-2015. Observations of Cd are excluded because more than 70% of its measurements
from every site are below the minimum detection limit (1 ng m=3). Background colors are
concentrations for 2013 from our standard simulation at 0.25° x 0.31° resolution. Dust
includes natural and anthropogenic windblown mineral dust. Anthropogenic dust is also
included in PM, 5. Statistics are normalized mean bias (NMB) and normalized mean error

(NME).
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Figure 2:
Spatial correlations of annual median concentrations between trace metals and PM> 5 along

with its major components over continental North America by observations and the standard
simulation. Trace metals from bottom to top are in the order of their correlations with PMj 5
in the observation. The left panel shows the correlations across measurements sites while the
right panel shows the correlation for the simulation domain of North America.
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Mass fractions of median trace metal elemental concentrations in fine mineral dust based on measurements at

Table 1:

Phoenix, AZ, U.S. by the IMPROVE network for 2011-2015.

Si
17%

Fe
9.1%

Al
7.9%

K Ca Mg Ti Mn Pb Ni As Cd
53% 52% 13% 050% 0.17% 0.081% 0.014% 0.0065% 0.00065%
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Table 2:

Emission factors for potassium (K) from various types of biomass burning.

Vegetation types Emission factors | References
(9/kg)

Agricultural waste 0.28 Andreae and Merlet (2001)

Deforestation 0.29 GFEDA4 (Akagi et al., 2011)

Extratropical forest 0.25 Andreae and Merlet (2001)

Peat 0.28 Half of BC emission factors in GFED4 (Akagi et al., 2011)
Savanna 0.23 GFED4 (Akagi et al., 2011)

Woodland 0.28 Half of BC emission factors in GFED4 (Akagi et al., 2011)
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Page 27

Anthropogenic emissions of trace metals over North America in the standard simulation with halved
anthropogenic fugitive dust (AFD) emissions for crustal elements in the U.S. and a fivefold increase in As and

Pb emissions as discussed in the main text.

Anthropogenic emissions

U.S. sectoral fractions in anthropogenic emissions (%0)

US(Gg) Canada(Gg) AFD Industry Transportation Power plants Residential combustion  Agricultural fires
Si 124 51 63 24 2 12 <1 <1
K 45 7 17 59 <1 2 7 14
Al 42 17 65 12 1 22 <1 <1
Ca 35 10 59 19 4 18 <1 <1
Fe 32 13 62 14 9 14 <1 <1
Mg 48 0.6 33 22 41 2 1 2
Ti 4.1 0.8 43 37 2 17 <1 <1
Mn 0.9 0.2 56 36 3 5 <1 <1
Pb 1.7 3.6E-02 - b - - — -
As 0.31 1.6E-03 - - - - - -
Ni 0.27 2.0E-03 - - - - - -
Cd 0.016 6.4E-04 - - - - - -
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Column budget of trace metals over continental North America in our standard simulation for 2013.

Table 4:

Emissions (Gg)

Deposition (Gg)

Mostly crustal elements Export (Gg)
Natural and biomass burning  Anthropogenic Wet Dry
K 1115 52 27 22 1118
Si 222 175 471 61 ~1347
Mg 121 55 64 6.8 567
Fe 9 45 218 26 ~102%
Al 82 59 168 22 -49
Ca 101 45 168 21 —42%
Ti 7.0 4.9 16 2.0 579
Mn 1.7 11 4.6 0.6 -2.4
Heavy metals Emissions (Mg) Deposition (Mg)  Export (Mg)
Pb 728 1736 2172 309 =17
Ni 163 272 422 61 -48
As 75 312 253 44 894
cd 75 17 26 35 _5.6%

a . .
Number difference due to rounding.

Atmos Environ (1994). Author manuscript; available in PMC 2020 July 14.

Page 28



	Abstract
	Introduction
	Ground-based measurements of trace metals and PM2.5 concentrations over North America
	Simulation development
	Trace metal emissions
	Emissions from natural sources and biomass burning
	Emissions from anthropogenic sources
	Revisions to anthropogenic metal emissions in the standard simulation

	Trace metal deposition
	The simulation of PM2.5 chemical composition

	Statistics
	Results and discussion
	Implications
	Appendix
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

