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Abstract

Selenium (Se) is an essential nutrient for humans and enters our food chain through

bioavailable Se in soil. Atmospheric deposition is a major source of Se to soils, driving

the need to investigate the sources and sinks of atmospheric Se. Here, we used over

20 years (from 1988 to 2010) of Se concentrations from PM2.5 data at 82 sites from

the Interagency Monitoring of Protected Visual Environments (IMPROVE) network

in the US to identify the sources and sinks of particulate Se. We identified 6 distinct

seasonal profiles of atmospheric Se, grouped by geographical location: West, South-

west, Midwest, Southeast, Northeast, and North Northeast. Coal combustion is the

most important Se source, with a terrestrial source dominating in the west. We also

found evidence for gas-to-particle partitioning in the wintertime in the Northeast. Wet

deposition is an important sink of particulate Se, as determined by Se/PM2.5 ratios.

The Se concentrations from the IMPROVE network compare well to modeled output

from a global chemistry-climate model, SOCOL-AER, except in the Southeast US. Our

analysis constrains the sources and sinks of atmospheric Se, thereby improving the

predictions of Se distribution under climate change.

ii



Keywords: selenium, biogeochemical cycle, PM2.5, measurement-model intercomparison,

IMPROVE network, seasonality, sources, sinks

Synopsis: There are 6 regions in the US with distinct seasonal profiles of particulate-

bound selenium and are driven by anthropogenic and terrestrial emissions as well as wet

deposition.
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Introduction

Selenium (Se) is an essential dietary nutrient. Its biogeochemical cycle, including its atmo-

spheric component, influences animal and human health through biological processes that

regulate our daily lives, like the immune system and thyroid function.1,2 The recommended

dietary intake range of Se is narrow, with safe daily intake levels between 20 to 450 µg for

adults.3 Humans and animals obtain Se from their diet, wherein the Se content of plant-

based foods depends on the amount of bioavailable Se in agricultural soils.4 Precipitation is

estimated to account for 35− 100 ∗ 108 g Se per year of global Se deposition compared with

17 − 24 ∗ 108 g Se per year via dry deposition.5 Thus, atmospheric deposition is a major

source of Se to agricultural soils,6,7 and atmospheric cycling of Se is a potential driver for

soil Se distribution and trends.8,9

Understanding the seasonal cycling of atmospheric Se can help produce Se deposition

maps for the agricultural sector to better identify areas that may be at risk for Se deficiency.

For other atmospheric compounds, observed seasonal cycles have provided useful informa-

tion about atmospheric sources,10 sinks,11 and transport;12 however, this information has

largely not been exploited for Se measurements. Until now, the analysis of the variability

of atmospheric Se has focused on individual field sites over a short time period,13–15 while

broader-scale analyses have focused on annual mean time series.6 Therefore, apart from a

study investigating one year of data in the early 1990s,16 the broader-scale seasonal patterns

of atmospheric Se have not been characterized. A more robust understanding of the season-

ality of Se can reveal insights into its atmospheric cycle and subsequent impacts on human,

animal, and ecosystem health.

Atmospheric Se is thought to have four main sources: anthropogenic, marine biosphere,

terrestrial biosphere, and volcanic emissions.6,17,18 Anthropogenic sources of Se include coal

combustion, metal smelting, and biomass burning, which contribute to an estimated 40% of

atmospheric Se flux.6,17 The marine biosphere accounts for around 35% of atmospheric Se

emissions, through direct emission by marine phytoplankton and microbial decomposition of

iv



dead phytoplankton species.17,19 Through the terrestrial biosphere, Se enters the atmosphere

from bio-volatilization; this source has been estimated to account for roughly 15% of atmo-

spheric Se.6,17 Lastly, volcanic activity emits Se-containing compounds and was estimated

to contribute to 5% of atmospheric Se globally.17 While anthropogenic emissions have been

cited as a significant contributor to atmospheric Se fluxes in the past,6,17,18 there is growing

evidence that the role of biogenic sources of Se is increasing8,20 due to declining anthropogenic

emissions. The decrease of Se-containing anthropogenic emissions is especially prevalent in

North America and Europe from recent emission control technologies and reductions in coal

power generation.8 The decline of anthropogenic emissions and resulting potential redistri-

bution of atmospheric Se source contributions, including its effects on a seasonal timescale,

drive the need to investigate the seasonality of Se using a long term dataset.

In this study, we use particulate Se time series from 82 stations in the Interagency Mon-

itoring of Protective Visual Environments (IMPROVE) aerosol dataset to investigate the

sources and sinks of particulate Se across the continental United States (US) using seasonal-

ity profiles. We compare how the station-specific Se time series vary spatially and temporally

across the network. We also probe mechanisms that may influence seasonal atmospheric Se

variability, namely the role of emission sources, precipitation, and drivers of enrichment and

depletion of Se in particulate matter. Lastly, we compare Se concentrations with model out-

puts from a global chemistry-climate model to identify when and where models adequately

and inadequately represent Se seasonal variability.

v



Methods

IMPROVE Network and dataset

The Interagency Monitoring of Protected Visual Environments (IMPROVE) Network was

established in 1985 to record air quality observations for monitoring conditions in US na-

tional parks, national wilderness areas, and national monuments, termed Class 1 areas under

the federal Clean Air Act.21,22 Using the Federal Land Manager Environmental Database, we

extracted Se and gravimetric fine mass (PM2.5) concentrations, uncertainties, and minimum

detection limit values for 229 sites, of which approximately 160 sites are currently active.

From the inauguration of the IMPROVE network to January 2011, elements with atomic

weights from iron to lead, including Se, were measured using Energy Dispersive X-ray Fluo-

rescence (ED-XRF). Though the XRF data does not provide us with speciation information,

it is most likely that the Se analyzed is oxidized Se(IV) or Se(VI).23 In addition, since the

IMPROVE methodology is not optimized specifically for Se, there is a possibility of volatile

Se evaporating during storage or sample work-up, implying that the reported Se concentra-

tions are likely lower bonds. For further details on filter sampling conditions at IMPROVE

sites, see SI Section 1. Due to an instrumentation change in 2011 and a re-analysis of filters

identifying biases in trace metal analyses post 2010,24 we only used IMPROVE data prior to

2011 (Figure S1-2). Consequently, we used particulate Se time series from 82 stations with

at least ten years of Se data pre-2011.

Seasonal profiles for each station were generated by averaging concentrations (in ng m−3)

for each day of the year. Then, a monthly moving mean function was applied on the averaged

concentrations to obtain an overall seasonal profile for each site (Figures 2). A step-wise

graphic and explanation of the procedure to obtain representative seasonal profiles for each

station, including effects of different moving mean time windows, can be found in SI Section

1 (Figure S3) and in the SI Binning Document.
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Analysis of seasonal profiles

Manual inspection of the 82 Se seasonal profiles revealed a set of similar regional profiles

(Figure 2). To quantify this similarity, we used unsupervised clustering algorithms, including

principal component analysis, k-means clustering, hierarchical clustering, and a decision tree.

The detailed methodology, including the thresholds used for the decision tree and outcomes

of the binning analysis for each method, are detailed in the SI Binning Document. The

quantitative binning analysis outcomes were used to further inform the manual binning.

Overall, sites were first sorted by eye, then the confidence of this sorting was confirmed by

unsupervised quantitative methods and the decision tree.

Precipitation and coal power plant emission datasets

To further corroborate and probe sources and sinks influencing the observed Se seasonality,

we used a precipitation dataset from the National Oceanic and Atmospheric Administration

(NOAA)25 and coal power plant emission fluxes from a global catalogue of large SO2 sources

derived using the Ozone Monitoring Instrument.26 Additional details of these datasets are

available in SI Section 1.

Global Aerosol-Chemistry-Climate Model Data

We also used simulated data from the aerosol-chemistry-climate model, SOCOL-AER, which

includes a comprehensive atmospheric Se scheme6,23 to further constrain Se sources over

the US. We used previously published source-resolved simulations of daily particulate Se

concentrations modeled from 1970 to 2017 at 2.8◦ × 2.8◦ resolution from Feinberg et al. 6 .

While the model does not track chemical speciation for particulate Se, SOCOL-AER does

track the transport, transformation, and deposition of Se in 7 gas phase species (H2Se, DMSe,

OCSe, CSe2, CSSe, oxidized organic Se, and oxidized inorganic Se) and 40 particulate size-

bins, covering dry radius sizes from 0.39 nm to 3.2 µm. Details on the rate constants of Se
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compound gas-phase reactions are included in Table S1. The global Se budget in the SOCOL-

AER simulations was 39% marine biogenic emissions, 34% anthropogenic emissions, 15%

terrestrial biogenic emissions, and 12% volcanic emissions, for a total of 32 Gg Se yr−1.6

These values were derived from a compiled dataset of atmospheric Se observations using

Bayesian inversion, a method to calibrate model parameters from available observations.6

The spatial and temporal distribution of anthropogenic, volcanic, and marine biogenic

sources were assumed to follow sulfur emission inventories, since Se and sulfur compounds

are known to have similar physio-chemical properties and correlate in time and space.17,19,27

Anthropogenic emissions were distributed according to sulfur dioxide emissions from the

Community Emissions Data Systems CMIP6 inventory.28 Marine dimethyl selenide (DMSe)

concentrations were scaled from a climatology of dimethyl sulfide (DMS) concentrations,29

and DMSe emissions were calculated according to an online wind-driven parameterization.30

Volcanic Se emissions were mapped by scaling sulfur dioxide emissions from the Global

Emissions Initiative inventory (GEIA),31,32 though volcanic activity was not relevant on

the seasonal timescale in the continental US. Emissions of volatile Se from the terrestrial

biosphere were assumed to follow the mean spatial distribution of volatile organic compound

(VOC) emissions from the Model of Emissions of Gases and Aerosols from the Nature-

Monitoring Atmospheric Composition and Climate (MEGAN-MACC) inventory.33 In terms

of seasonality, the anthropogenic and volcanic emissions were constant over the year, whereas

marine and terrestrial biogenic emissions varied seasonally according to the base inventories.

In Feinberg et al. 6 , the model was evaluated against annual mean particulate Se observations

from the IMPROVE network, showing good model agreement with IMPROVEmeasurements

(R2 = 0.66) and simulated values agreeing within a factor of 2 of measurements at 86% of

the IMPROVE sites. A more detailed explanation of the design of the atmospheric Se model

and associated uncertainties can be found in Feinberg et al. 6,23 . In this study, we used the

SOCAL-AER model output data to resolve the seasonality of the Se sources and sinks.
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Results and discussion

Seasonality of Se

Average annual Se concentrations ranged from 0.10 to 2.10 ng/m3 from 1988 to 2010 at

the IMPROVE measurement sites (Figure 1). The IMPROVE average Se concentrations

fall in the range of previous field campaigns in the US, such as a 2-year study in Atlanta,

Georgia which recorded an annual mean concentration of 1 ng/m3 34 and a 15-month study

in Queens, New York which recorded an annual mean concentration of 1.1 ng/m3.35 These

values represented a fraction from 0.0202 to 0.0031 % of the PM2.5 mass concentrations

(Figure 3).

To identify sources and sinks of particulate Se, we generated seasonal profiles of Se

concentration at 82 IMPROVE sites with greater than 10 years of Se data prior to 2011 (see

methods for selection criteria). IMPROVE sites are generally located in national parks and

wilderness areas, thereby allowing the seasonality analysis to be regionally representative by

minimizing the influence of point sources of Se. We find that particulate Se seasonality trends

are clearly regional and can be grouped into six distinct profiles: West, Southwest, Midwest,

Southeast, Northeast, North Northeast, and one unclassified bin (Figure 2). Unsupervised

clustering algorithms, including principal component analysis and k-means clustering, as well

as decision trees yielded similar results (see the SI Binning Document for detailed binning

analysis parameters and outcomes). The Se seasonal profiles are remarkably different from

one another with distinct yet different peaks and troughs occurring throughout the year

(Figure 2). These profiles demonstrate that sources and sinks of Se in the US are regional,

with important implications for the atmospheric lifetime and transport of Se species.

Seasonality of Se/PM2.5 ratios

Next, we investigated whether PM2.5 concentrations had coinciding seasonal peaks and

troughs as the Se concentrations to identify similarities between sources and sinks. Us-
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ing the same seasonality-derived regional classification as in Figure 2, we found that PM2.5

grouped in the same regions are similar, but clearly distinct and in some cases opposite to Se

seasonality (Figure 2 & S4, blue traces). This observation led us to calculate Se/PM2.5 ratios

at each site to identify seasons of Se-enrichment and Se-depletion in PM2.5. Se-enrichment

occurs when the Se/PM2.5 ratio is above the bin mean and is particularly prevalent in the

wintertime (Figure 3). Conversely, Se-depletion occurs when the Se/PM2.5 ratio is below

the bin mean and is evident in the summertime (Figure 3). These distinct regimes highlight

that the seasonality in Figure 2 is unique to Se and can be used to identify sources and sinks

of particulate Se in the US.

Figure 1: Circular scatter points on map represent 82 IMPROVE sites with more than 10
years of Se data pre-2011 colored by their average annual concentration of particulate Se from
1988 to 2010. Average annual power plant emission flux from global catalogue26 between
2005 to 2010 represented by colored squares, where pink and red represent low and high
emission flux, respectively.

Impact of coal emissions (Northeast and North Northeast)

The stations assigned to the Northeast bin have the highest average Se concentration of all the

IMPROVE network sites (Figure 3b & 1). They are characterized by peak Se concentrations

in the summer and winter, and troughs in the spring and fall (Figure 2, red trace). The
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Figure 2: Seasonal profiles of particulate Se concentration time series from the IMPROVE
network show that regionally similar stations have similar profiles. Stations are grouped
based on their seasonal profile. Colored average value of all seasonal profiles correspond to
station location marker on map from 1988 to 2010. Black boxes in time series highlight
characteristic periods of the given seasonal profile trace.

highest average concentration over the analysis period was observed at a station located in

Quaker City, Ohio at 2.10 ng/m3. The highest Se measurement recorded during this period

was 28.61 ng/m3 on February 24, 2009 at M. K. Goddard State Park in Pennsylvania within

the Northeast bin. Furthermore, stations in the North Northeast bin experience the same

seasonality. However, Se concentrations at these stations are a factor of 10 lower, consistent

with these stations being located downwind of the Northeast stations where the coal power

stations are located (Figure 2, yellow trace). More broadly, average Se concentrations are

greater in the eastern US than the western US (Figure 1). This finding is consistent with

Eldred et al. who found that Se concentrations in the Appalachian mountains were ten times

higher than in the Pacific Northwest.16

Emissions from coal power plants are a known source of atmospheric Se.18,36 We inves-

tigated the hypothesis that sites with high atmospheric Se concentrations were located in

regions with high coal emissions by plotting power plant location and emission flux mag-
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Figure 3: From top to bottom: a) station location, b) Se concentration, c) fine mass con-
centration, d) Se/PM2.5 fraction, e) precipitation, of each Se concentration seasonal profile
identified. Colored mean value of all seasonal profiles correspond to station location marker
on map. Precipitation figure is based on NOAA reanalysis data.
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nitude with average Se concentrations from the IMPROVE network (Figure 1). Sites in

the Northeast bin measure greater than 1.35 ng m−3 Se on average, whereas the overall US

average is 0.50 ng m−3. This correlation emphasizes coal emissions as an important source

of Se to the atmosphere.

In addition, we observe distinct Se-enrichment in PM2.5 in the wintertime due to an

increase in Se concentration in the Northeast and North Northeast. We hypothesize that this

wintertime enrichment is linked to coal combustion in the Northeast and the North Northeast

and is potentially due to local meteorology and/or gas phase chemistry. The enrichment can

not be attributed to increased PM2.5 in the winter, because PM2.5 concentrations decrease

in the wintertime at all sites (Figure 3c). It is likely that meteorology plays a role, as the

model which assumes seasonally invariant anthropogenic emissions, reproduces the increase

in Se during winter (see section on model comparison and Figure 5b-c). Coal emissions

remain relatively constant over the year, so it is possible that gas phase Se in the Northeast

and the North Northeast of the US is condensing into existing particles during the cold

wintertime, thereby enriching Se in PM2.5.37 There is evidence that approximately a third of

Se is vaporised in a coal-fired steam plant.38 In fact, Ondov et al. observed that particulate

Se was enriched by a factor of 6 in a dispersing plume of a coal-fired power plant compared to

Se in the stack.39 Similarly, Tuncel et al. observed increasing partitioning of Se to particulate

matter as coal power plant plumes age.40 While the chemical characteristics and mechanistic

behaviour of gas-phase Se requires both more laboratory experiments and field measurements

to further constrain, this unique wintertime increase in Se concentrations in PM2.5 is evidence

of the presence of gas phase Se in our atmosphere as a source for Se in PM2.5.

Precipitation anti-correlated to Se concentrations (Southeast)

Similar to PM2.5, particulate Se’s main removal mechanism is wet deposition, accounting for

around 80% of all Se deposition.5,6,17,37 We hypothesized that periods of higher precipitation

lead to lower Se and PM2.5 concentrations. We used precipitation reanalysis data available
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through NOAA and determined the mean precipitation seasonality at each bin (Figure 3e).

Next, we determined the correlation between particulate Se concentrations and precipitation

(Figure 4). As expected, Se is anti-correlated with precipitation in some regions, namely

the Northeast, North Northeast, and Midwest bins but the anti-correlation is most apparent

in the Southeast bin (Figure 4). Indeed, Se profiles in the Southeast have a unique trough

in the summer linked to summertime precipitation between June and September (Figure 2,

blue trace). Despite the increased summertime rain in the Southeast, PM2.5 concentrations

remain high in the summer in the Southeast (Figure 3c & S4). This opposite seasonal trend

between Se and PM2.5 suggests a summertime source of PM2.5 which is low in Se (Figure

3b-d).

In addition to wet deposition, particulate Se can also be removed from the atmosphere

through dry deposition. An observational study in Northern China found that the contribu-

tion of dry deposition to the total Se sink varied over their 10 measurement sites.41 It was

determined that particle size is an important factor for atmospheric removal of Se, with larger

particles being removed faster by dry deposition.41,42 Prior observational studies have shown

that Se is concentrated in the fine aerosol fraction.37,43,44 The IMPROVE network monitors

fine particulate mass, so dry deposition is likely to play a minor role on Se seasonality in this

study. Moreover, an analysis of the fraction of Se PM2.5 removed by wet deposition in the

SOCOL-AER model simulations show that the median wet deposition contribution to total

aerosol Se deposition is 88% (84%–91%, 25th–75th percentiles, Figure S6).

Precipitation correlated to Se concentrations (Southwest)

Surprisingly, we observed a positive correlation between Se concentrations and precipitation

for stations assigned to the Southwest group and in the northern Great Plains area (Figure

4). Previous field measurements have linked continental moisture sources with terrestrial

biogenic emissions of Se.45 Thus, we hypothesized that a mechanism releasing Se from soil

during rain events may be driving this correlation in the Southwest. It is possible that aerosol
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Figure 4: Spearman correlation between seasonal profile of Se at each station and reanalyzed
precipitation at nearest grid point from NOAA.

generation is occurring by raindrop impact on soil containing higher concentrations of Se.46

To explore this mechanism, Se soil concentration maps from the United States Geological

Survey were obtained (Figure S7). The northern Great Plains area is an area of particularly

high Se concentrations in the US (Figure S7), due to the presence of black shale bedrock.47

However, in the Southwest region, where particulate Se concentrations and precipitation

were also correlated, Se soil concentrations are not anomalously high compared to the rest of

the country (Figure S7). Therefore, although high Se soil concentrations can help explain the

correlation between precipitation and atmospheric Se concentration in the northern Great

Plains, it cannot explain the precipitation-induced Se source in the Southwest.

Of note, the Southwest seasonal profiles are characterized by a rapid increase of Se

concentration in June, highlighted by the black box (Figure 2, pink trace). There is a

unique and rapid change from Se-depletion to constant Se/PM2.5 ratio in the later summer

and early fall in the Southwest (Figure 3d). This change coincides with a short period of

Se increase in the region during July and August (Figure 2), concurrent with a decrease in

PM2.5 mass and remarkably increased precipitation (Figure 3). This observation represents

compelling evidence that there exists a precipitation-induced source of Se in PM2.5, but

not of fine particulate mass, leading to a clear Se-enrichment in July and August in the

Southwest. Nonetheless, our analysis cannot discriminate whether this source is emitting Se
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as bioaerosols48 or as gas phase species which then condense and/or partition to the particle

phase.

Additionally, soil properties may still play a role, as the Southwest is a desertous region

where dust resuspension of particulate matter containing Se may be occurring. Another po-

tential mechanism is the influence of the biological ecosystem.46 Volatile Se may be released

by the vegetation during precipitation events; for example, precipitation in the Southwest

has been found to enhance volatile mercury emissions from soil through displacement of soil

gas.49,50 Additionally, the release of nitrous oxide from soils via aerosolization following a

rain event is a known mechanism, especially in arid climates similar to the Southwest.51

Storage and subsequent release of Se can vary greatly between different soil types and veg-

etation ecosystems,52 thereby warranting further research. Understanding what drives the

relationship between precipitation and elevated Se concentrations can inform agricultural

and health policies in predicting when and where Se oversupply and depletion could occur.

Se tracking PM2.5 (West, Midwest)

All stations within the West bin have a characteristic Se concentration peak in the summer,

with average concentrations less than 1 ng/m3 (Figure 2, green trace). Both Se and fine mass

concentration profiles have similar shapes in the West bin, suggesting that Se tracks PM2.5

(Figure 3b-c, green trace). Consequently, the Se/PM2.5 ratio remains relatively constant,

and there is little to no Se-enrichment or depletion observed on average (Figure 3d, green

trace). In fact, compared to other regions, we observed the smallest range and the lowest

average of Se/PM2.5 ratio in the West group of profiles (Figure S5 & Table S2). It is worth

noting that the West bin also includes the largest geographical spread among all the bins

identified, and likely includes multiple mechanisms contributing to the Se/PM2.5 ratio.

Furthermore, stations in the Midwest bin were differentiated by a steep decline in Se

concentration in September-October as indicated by the black box (Figure 2, violet trace).

This decline is concurrent with a decline in PM2.5 (Figure 3 & S4), indicative of similar sinks

xvi



of Se and PM2.5. This sink, however, is not precipitation (Figure 3e), yet it is well captured in

the model (see measurement-model comparison section), suggesting that meteorology plays

a role (Figure 5).

Sites with a constant Se/PM2.5 ratio can be interpreted as having similar sources and

sinks to the general fate of PM2.5 in that region. Major sources of fine particulate matter

in the Western US include primary sources, such as soil, biomass burning and industry, and

secondary aerosols, such as secondary ammonium nitrate and ammonium sulfate.53,54 The

summertime increase in PM2.5 in the West and across the US could be driven by increased bio-

genic carbon emissions.55 In addition, summertime photochemistry of both volatile organic

carbon and sulfur dioxide can contribute to PM increase.55 It is possible that photochemistry

and oxidation also play a role in Se summertime enrichment by facilitating the conversion

to the particulate phase. Oxidation to lower volatility Se species is fast, wherein dimethyl

selenide has a measured rate constant with OH radicals of 6.78±1.70×10−11 cm3 molecule−1

s−1, providing evidence of fast oxidation reactions of organo-selenium compounds, albeit with

unknown product distributions.23,56 Overall, we can conclude that the sources and sinks of

Se are driven by similar mechanisms that influence PM2.5 in the West and Midwest.

Se measurement and model comparison

To further understand the impact of emission sources on the seasonal variability of atmo-

spheric Se, we used simulated, source-apportioned Se concentrations from the global atmo-

spheric Se model, SOCOL-AER.6 We first compared the simulated daily mean Se particulate

concentrations to IMPROVE observations, which show good agreement across most of the

US (Figure 5, Figure S8). In fact, the median model-measurement correlation over all sta-

tions is 0.61 (0.32–0.81, 25th–75th percentiles). Clear exceptions to the model agreement

are observed for the Southeastern US and the Great Lakes (Figures S9 & S10). Around

the Great Lakes, the site specific Se seasonal profile and SOCOL-AER modeled profile is

relatively constant (Figure S9). Furthermore, the Great Lakes region has a positive corre-
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lation with precipitation, thereby pointing to unique Se sources related to rainfall, which

are not accounted for in the model (Figure S9). In addition, the Southeastern US has clear

anti-correlation between the model and IMPROVE observations (Figure 5, Figure S10). We

explore what may be contributing to this anti-correlation in a case study of this region in

the following section.

The source-apportioned model data provides further insight into the drivers of Se sea-

sonality in the Northeast US. The model accurately simulates the seasonality of observed

Se concentrations in the North Northeast, which shows a bimodal seasonal profile with local

maxima in summer and winter (Figure 5). The model attributes Se in the North Northeast

mainly to anthropogenic sources, corroborating the dominance of coal power plant emissions

in this region (Figure 1). Notably, the anthropogenic emissions in the model are seasonally

invariant; therefore, the ability of the model to capture North Northeast seasonality points

to meteorological factors driving seasonality in this region. In fact, the model is better able

to represent Se seasonality from anthropogenic sources alone (ρ = 0.65) than with all source

contributions (ρ = 0.50) in the North Northeast. The model is unable to represent the

Northeast group of sites (ρ = 0.23) as accurately as the North Northeast stations (ρ = 0.50)

(Table S3). Since the Northeast group of sites are located closer to anthropogenic emission

sources (Figure 1), it may be more difficult for a coarse resolution global model (2.8◦ × 2.8◦)

to capture the spatial and temporal variability when close to point sources, compared to

downwind North Northeast stations.

Although anthropogenic emissions are the largest source of Se to the atmosphere, terres-

trial emissions can also impact Se concentrations. For example, the observations in the West

sites have the same correlation with the simulated Se from terrestrial sources alone as with

the total simulated Se (ρ = 0.79) (Figure 5, Table S3). The observed Se seasonality in the

West bin shows a summertime maximum and wintertime minimum, similar to the modelled

terrestrial source (although the model shows a narrower peak shifted about a month later).

This finding suggests that measurement stations in the West could be used to improve model
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parametrizations of terrestrial biogenic Se emissions, which are currently scaled to terrestrial

VOC emissions.33 Eldred et al.16 found better correlations of Se with S in the eastern US

than in the western US, suggesting more diverse sources in the West that may not be well

captured in existing emission inventories. Our analysis identifies the Western US as a re-

gion potentially driven by terrestrial biosphere Se emissions and a region where future field

studies would be beneficial to uncover the processes driving terrestrial emissions and their

seasonality.

Southeast case study

In the Southeast region, none of the source contributions correlate with observations (Figure

5, Table S3), indicating that the current modelling assumptions are not adequate in capturing

the seasonality at these stations. In fact, the model-measurement median ρ for the Southeast

is -0.83, whereas the median ρ for all stations excluding he Southeast is 0.62.

The four stations located in the Southeast US have a unique minimum in particulate Se

concentrations in the summertime (Figure 2. This summertime trough occurs simultane-

ously with peak summertime PM2.5 and peak precipitation, surpassing rainfall at all other

locations (Figure 3e, Figure S10). Noticeably, the SOCOL-AER model and measurement

comparison for these Southeast sites are anti-correlated (Figure 5). To investigate whether

missing washout in the model was responsible, we compared the modelled precipitation to

the observed NOAA reanalysis product and found that SOCOL-AER generally underesti-

mates the precipitation in the Southeast, especially the summertime peaks (Figure S11).

This result could be a possible reason for the discrepancy between modelled and measured

particulate Se. The underestimation of washout in the Southeast is not a problem unique

to SOCOL-AER, as other global models show underestimated mercury wet deposition in

the Southeast during the summertime, due to difficulty capturing convective precipitation in

coarse resolution models.57 All sites within this class have similar seasonality profiles of Se

concentrations, Se-enrichment, and precipitation profiles, suggesting that the drivers of Se
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seasonality have a broad regional scale (Figure S10). This observation indicates an unknown,

yet unique mechanism governing Se concentrations in this region of the US.

Figure 5: SOCOL-AER simulated source-apportioned Se concentrations and observed Se
concentrations from the IMPROVE network based on regional bins. Volcanic source contri-
butions are not shown as they are negligible in the Conterminous US.
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Atmospheric Implications

There is clear regionally-dependent seasonal variability of PM2.5-bound Se concentrations

measured by ED-XRF within the IMPROVE network. Sites with similar seasonal profiles

are located in the same geographic region: West, Southwest, Midwest, Southeast, Northeast,

and North Northeast (Figure 2). This geographic dependence also implies regional sources

and sinks of Se in the atmosphere. We further explored the influence of unique Se emissions

sources (Figure 1, 5) and wet deposition (Figure 4) as mechanisms driving the regional

seasonality.

In our investigation of wet deposition as a removal mechanism for atmospheric Se, we

found that some areas show evidence for precipitation events raining out particulate Se

(Northeast, North Northeast, Southeast, and Midwest). Other areas show a distinct enrich-

ment of Se during seasonal precipitation, evidence of released Se by the terrestrial environ-

ment during precipitation events in the Southwest and Great Plains area (Figures 4 & S9).

It is unknown whether this Se is emitted in the gas phase, particle phase, or both, thereby

requiring further investigation. Nonetheless, since soil Se concentration maps could not ex-

plain the Se and precipitation correlation in the Southwest, fieldwork would be necessary

to further study the mechanism at play and understand Se distribution and variability for

informing agricultural practices and policy.

Using the source-apportioned concentration output from the SOCOL-AER global chemistry-

climate model, we observed that the driving factors of seasonality of Se are well modelled

in some areas (i.e., North Northeast, Northeast, Southwest, Midwest, and West bins), but

not others (i.e. Southeast bin) (Figure 5 and Table S3). Anthropogenic emissions datasets,

including the CMIP6 SO2 data used for the Se emissions in the SOCOL-AER model, have

annual time resolution and do not include seasonality. Our study provides a baseline for

using seasonality to study trends resulting from declining coal emissions across the US (also

visible in Figure S1).8 Biogenic sources of Se are therefore likely to drive Se concentrations

in the near future in certain regions of the US. A greater understanding of the relative source
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contributions to atmospheric Se, including additional modeling studies to quantify the in-

fluence of factors like rain and soil, can help the agricultural sector in identifying areas that

may be at risk for Se oversupply and deficiency.

This study also serves as a stepping stone in exploring the broader-scale seasonal pat-

terns of atmospheric Se and gives motivation for understanding the chemical composition

and formation pathways of atmospheric Se. While current Se lifetimes are constrained based

on sulfur parameters,6 a more robust understanding of the size distribution, products, and

speciation of atmospheric Se is necessary to understand the health effects of Se58 and its

bioavailability for agriculture.4 With changing rain patterns and increased biomass burning

in the US,59 there is also a growing need for more recent Se data, currently not possible with

our pre-2011 IMPROVE dataset. Interannual variability is observed in the IMPROVE Se

data (Figure S1) and can be attributed to the decrease of Se-containing anthropogenic emis-

sions from emission control technologies and reductions in coal power generation.8 Future

measurement campaigns using online mass spectrometers and size-resolved Se in PM2.5 mea-

surements can help disentangle the sources and sinks of Se within PM2.5 and the resulting

redistribution of source contributions from a changing climate. There also remain open ques-

tions about the atmospheric chemistry of Se; there is very little known about what chemical

form Se is emitted and removed from the atmosphere and the transport of atmospheric Se

and its chemical transformations in the atmosphere, information necessary to evaluate the

distribution of Se deposition in at-risk regions.
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