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Key Points:

1 "Be, 2!19Pb and SO, in bulk deposition represent unique mixtures of distinct
aerosol populations

2 primary controls on "Be:2!°Pb ratios include airmass altitude and origin, me-
teorology, precipitation depth and resuspended aerosols

3 multiple aerosol populations controlling FRN deposition should be investigated
for their implications to terrestrial tracer studies

Abstract

We report fallout radionuclides (FRNs) and major/trace elements (MTEs) con-
tributions to bulk atmospheric deposition in Hanover, NH USA (43.7022° N,
72.2896° W). Deposition of "Be, 21Pb and SO, covary [R?>0.4, n=461] but
are discriminated by production sources, depositional mechanisms, meteorolog-
ical controls, MTE associations, and seasonal biases. "Be is dominated by rain-
out (78% of total deposition), recharged by long-range transport (+23% over
mean, o.m.), influenced by stratosphere-troposphere-exchange (+9% o.m.) and
solar activity (-2% per doubling of sunspot count). Correlation with particulate
nitrogen (+9% per doubling of N) indicates “Be affinity for biogenic aerosols.
210Pb is dominated by dry-+washout deposition (54% of total) and convective
storms (+107% o.m), is depleted in marine moisture sources (-133% o.m.), cor-
related with S (+9% per doubling of S) and biased to autumn with Mn, Hg, and
V (+7% o.m.). Coincident long-term declines in S and 21°Pb (-14%, -4% per
year) suggest co-scavenging by PbSO,. “Be:210Pb ratios increase asymptotically
with precipitation through the dry-washout-rainout transition and recharge of
"Be. These controls are expressed at the global scale through climate regimes.
"Be:219Pb increases with precipitation for North American/European sites due
to recharge of "Be in mid-latitude storm belts [R?>=0.64, n=31]. Conversely,
"Be:?19Pb is independent of precipitation for Southeast/East Asian sites where
"Be recharge is low [R?2=0.01, n=40]. Globally, "Be:2!°Pb ratios in dry deposi-
tion reflect resuspended aerosols with mean age of ca. 200 days, contributing
<5% of 21°Pb deposition. Different aerosol populations contributing to FRN de-
position across spatial and temporal scales should emerge as a focus in terrestrial
"Be, 219Pb and '°Be tracer applications.



Index terms: aerosols and particles 0305, biosphere/atmosphere interactions
0426, critical zone 1402, cosmogenic nuclide exposure dating 1150, biogeochem-
ical cycles 1615
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Plain Language Summary

Beryllium-7 ("Be) and lead-210 (>'°Pb) are natural radioactive elements that are
produced in the atmosphere. They are powerful tools in earth and atmospheric
sciences because they allow us to trace the movement of other atmospheric el-
ements and particles such as sulfate (SO,), toxins such as mercury (Hg), or
particulate matter small enough to damage human lungs (PM2.5). After pro-
duction, "Be, 219Pb and associated particles reach Earth’s surface in rainfall,
pass through soils and sediments, and may be resuspended as dust that can
pose ongoing risks of particulate exposure. To better understand how they
trace atmospheric particles, we measured "Be, 2!°Pb, SO, and other elements
and particles in rainwater each week for 9 years. By making many measure-
ments we were able to see important differences in how "Be, 2!°Pb and SO, are
delivered to the Earth’s surface, and differences among other elements that they
associate with. These differences are likely to have implications for how “Be and
210P} are used to date geological deposits or to measure erosion or contaminant
transport, but more work will be needed to fully understand them.

1. Introduction

The natural fallout radionuclides (FRNs) “Be, Be and 21°Pb are important
tracers of Earth system processes. Produced in the atmosphere, they trace
aerosols and atmospheric circulation (Dibb et al. 1992, Koch et al. 1996, De-
laygue et al. 2015, Liu et al. 2016, Wu et al. 2018). Efficient removal of
aerosols from the atmosphere by wet and dry deposition subsequently promotes
FRNs as tracers of particle transport through terrestrial systems. There the
FRNs find applications in fluvial geomorphology (Bonniwell et al. 1999, Whit-
ing et al. 2005, Evrard et al. 2010, Gartner et al. 2012, Underwood et al. 2015,
Karwan et al. 2018), lake sedimentation (Dominik et al. 1987, Steinmann et al.
1999, Wieland et al. 1991) and chronometry (Krishnaswami et al. 1971, Ap-
pleby and Oldfield 1978), erosion ( Wallbrink and Murray 1993, He and Walling
1996, Blake et al. 1999), pedogenesis (Kaste et al. 2011, Landis et al. 2016),
contaminant transport (Fitzgerald et al. 2001, Kaste et al. 2003, Klaminder
et al. 2006, Landis et al. 2012b, Burgos et al. 2017) and landscape evolution
(Jungers et al. 2009, Willenbring and von Blanckenburg 2010, Wittman et al.
JGR 2015). Each of the FRNs is widely used in established applications, yet few
studies combine them to exploit compelling advantages of FRN ratios. Ratios
normalize changes in geochemical phase or particle size as the FRNs are redis-
tributed through complex processes (Barg et al. 1997, Wittman et al. 2015), for
example, scavenging of aerosols by precipitation (Su and Huh 2006), deposition
from rainwater to terrestrial vegetation or soil (Landis et al. 2012, 2014), or



erosion from soil to fluvial or lacustrine sediments. These ratios can also provide
chronometry of aerosol and particle transport through these processes because
the FRNs have different rates of radioactive decay (Sumerling 1984, Matisoff
et al. 2005, Landis et al. 2014, Landis et al. 2016). Moreover, normalization
is a critical advantage of FRN ratios because they can circumvent steady-state
assumptions that are typically required by single FRN chronometers.

The challenge to exploiting FRN ratios lies in resolving ambiguities in their inter-
pretation. FRN ratios evolve continuously with time following their production
due to combinations of radioactive decay (chronometry), chemical fractionation
between the FRNs (incongruence), or physical mixing between different aerosol
sources (provenance). Where incongruence between FRNs can be neglected,
their ratios reflect some combination of physical mixing and differential rates of
decay (Matisoff et al. 2005). Where physical mixing between different sources
can be constrained, the ratio can be interpreted unambiguously as a chronome-
ter of atmospheric exposure (Landis et al. 2014, Landis et al. 2016). In the
ideal case we would circumvent the question of congruence by choosing isotopes
of the same element with identical sources, and "Be (half-life 54 days) and 1°Be
(half-life 1.4x10° years) are an obvious pair. Unfortunately, lengthy sample
preparation and high costs of '°Be analysis by accelerator mass spectrometry
(AMS) are prohibitive for generating large data sets. The °Be half-life spanning
geologic time can also complicate interpretation of “Be:'°Be ratios when incor-
porating sources with old 1°Be (inheritance). As an alternative, 21°Pb (half-life
=22.3) years shares an atmospheric source with "19Be, has a half-life consistent
with contemporary processes, and is measured cost-effectively and concurrently
with "Be by gamma spectrometry. [We note that due to their shared production
source and identical chemical behaviors (e.g., Wieland et al. 1991, Kaste and
Baskaran 2011), "Be can be interpreted as a proxy for 1Be and we invoke this
assumption with the abbreviation 1°Be].

The same arguments that promote "'°Be and ?!°Pb each as particle tracers pro-
vide compelling support that their coupling as FRN ratios is appropriate. Both
are divalent metals produced in the atmosphere by gas-to-particle conversion,
710Be in the upper troposphere and stratosphere by cosmic spallation of ambi-
ent O and N, and ?1°Pb in the lower troposphere by decay of 222Rn (half-life 3.8
days) that naturally emanates from uranium-bearing soils and sediments. Fol-
lowing their production, the FRNs are rapidly scavenged by ambient aerosols
(Arnold and Al-Salih 1955) with typical activity-weighted median aerodynamic
diameters (AMAD) of approximately 0.5 um ( Winkler et al. 1998, Grindel and
Porstendorfer 2004). This size places them in the aerosol ‘accumulation’ mode
with other environmentally critical aerosol constituents including SO, (20-30%
of aerosol mass), black carbon (Reddington et al. 2013), anthropogenic metals,
nuclear fission products, and PM2.5 (particulate matter <2.5 um diameter).

While their mutual production in the atmosphere establishes a common source
for "19Be and 2'°Pb, we also expect the FRNs and related aerosols to share de-
positional pathways and entries into terrestrial systems since the processes that



remove aerosols from the atmosphere act on the basis of aerosol size (Jaenicke
1980). Aerosol deposition occurs by dry processes of impaction/diffusion or sed-
imentation in the absence of precipitation, and wet processes of washout (or
below-cloud scavenging, BCS) and rainout (or within-cloud condensation nucle-
ation) during storm events (Seinfeld and Pandis 2016, Kim et al. 2000, McN-
eary and Baskaran 2003). Subsequent to their deposition, chemical similarities
between "1°Be and 2'°Pb argue that their congruent behaviors and coherent
sources will be maintained through transport in terrestrial systems. Each of the
FRNs is characterized by empirical partition coefficients (Kp) on the order of
10* and is thus considered highly ‘particle reactive’ (Lin et al. 2018)-- they bind
rapidly to ambient surfaces, materials and particles, and are assumed to trace
bulk soils and sediments (Robbins 1978, Mabit et al. 2014, Taylor et al. 2013,
Ryken et al. 2018, Willenbring and von Blanckenburg 2010). Thus, through
shared processes of atmospheric production, aerosol scavenging, deposition and
transport, fluxes of "Be and 2!°Pb are strongly and universally correlated at
sites around the globe (e.g., Todd et al. 1989, Baskaran et al. 1993, Du et al.
2015). On this basis it is argued that "Be and ?'°Pb cannot be interpreted as
independent atmospheric tracers (Baskaran et al. 1993, Du et al. 2015).

For all their broad similarities, however, ""1Be and 2!°Pb behaviors during and
after deposition have not been examined in detail (Baskaran 2011, Taylor et
al. 2018). The ultra-low natural abundances of the FRNs, compounded by the
complexity and minute physical size of aerosols, preclude traditional methods
for characterizing the aerosols co-transporting them (Sportisse 2007, Fuzzi et al.
2015, Prather et al. 2008). Consequently, it is not known to what extent "Be,
10Be and 219Pb trace the same aerosol populations and processes, and the limits
of our assumptions regarding congruent FRN behaviors remain untested. Some
preliminary insights can be drawn from surveys of deposition that have prolifer-
ated over recent decades (reviews in Du et al. 2015, Mohan et al. 2019, Zhang
et al. 2021). Compiled global data reveal systematic variations in "Be:2!°Pb
depositional ratios by latitude, longitude, under different meteorological condi-
tions, airmass sources and changing seasons (Olsen et al. 1985, McNeary and
Baskaran 2003, Huh et al. 2006, Lee et al. 2007, Lozano et al. 2011, Duenas et
al. 2017, Renfro et al. 2013, Du et al. 2015, Mohan et al. 2019). To the first
order, variations in "Be:2!Pb ratios reflect vertical and lateral mixing of differ-
ent airmasses and the relative strengths of "Be and 2'9Pb sources: "Be activity
is highest at high latitudes and high altitudes (Feeley et al. 1989, Delaygue et
al. 2015), 2'°Pb activity is highest at continental longitudes and low altitudes
(Preiss et al. 1993, Baskaran 2011).

More telling, however, are observations that “Be:2'°Pb atmospheric flux ratios
increase systematically with increasing precipitation (Caillet et al. 2001, Gour-
din et al. 2014, Chen et al. 2016). This indicates that, despite their similar size
distributions in PM2.5, "Be and 2!°Pb are deposited by different mechanisms
(Caillet et al. 2001, Laguionie et al. 2014). This difference has been attributed
variously to different altitudes of the "Be and 2!°Pb production sources ( Caillet
et al. 2001, Huh et al. 2006) or to different scavenging behaviors of "Be and



210Ph themselves (Chen et al. 2016). The relevant processes in either case are
poorly understood (Sportisse 2007, Seinfeld and Pandis 2016). Implications for
post-depositional behavior of the FRNs are unknown.

Because FRN deposition and "Be:2!Pb ratios reflect a complex interplay of
factors, fully understanding the “Be:21°Pb tracer requires a strategy that inte-
grates multiple perspectives of aerosol behavior (Figure 1): (1) source effects
due to different production mechanisms, divergent altitudinal profiles ( Turekian
et al. 1983, Kownacka 2002, McNeary and Baskaran 2003, Dibb et al. 2003)
and both vertical and horizontal mixing of airmasses of different provenance (Su
et al. 2003, Lee et al. 2007, Delaygue et al. 2015, Brattich et al. 2015); (2)
multiple depositional mechanisms (Flossman et al. 1985, Ishikawa et al. 1995,
Caillet et al. 2001, Seinfeld and Pandis 2016); (3) complex aerosol chemistries
(Kim et al. 2000); (4) particle aging, resuspension, and contributions of recycled
dust that are universally observed in FRN studies (Brown et al. 1989, Mon-
aghan et al. 1989, Marley et al. 2000, Graham et al. 2003, Graly et al. 2011,
Baskaran 2011); and (5) seasonality that characterizes each of these factors.
We emphasize that through these processes FRN deposition is likely to involve
mixtures of distinct aerosol populations, with unknown implications for down-
stream applications in aquatic and terrestrial systems. Because the "Be:2!°Pb
ratio normalizes behaviors that are shared between the FRNs, it should pro-
vide our most acute insights into differences in “Be and 2'°Pb behaviors that
are relevant to both their application as a coupled FRN ratio and their uses as
individual tracers.

To evaluate the influences of multiple processes and their potential to discrimi-
nate the FRNs, here we describe a continuous, high-frequency, 9-year study of
"Be and 2'°Pb in bulk atmospheric deposition. Key aspects of this new dataset
promote novel insights into FRN behaviors. First, we amass a large number of
FRN observations to support robust multivariate statistical analyses, including
both bulk deposition (n=462) and ambient PM10 (n=108). Next, we couple
FRN observations with measurements of major and trace elements (MTE) in
a directly-comparable, acid-soluble fraction, to provide additional context for
interpreting the FRNs. Among MTEs we emphasize S given the predominant
contribution of SO, to secondary aerosol mass and its role in determining aerosol
pH and speciation/solubility of trace metals (Fang et al. 2017). Fe, Al, Mg, Ca
and K are included as proxies for terrestrial dust sources, which could indicate
the resuspension and recycling of FRN deposition (Garland and Pomeroy 1992;
Graly et al. 2011). P may be important in aqueous speciation of Be (Boschi and
Willenbring 2016). Mn is an important trace nutrient, forms surface-reactive Mn-
oxide phases likely to influence FRN speciation, and can contribute to oxidative
stress in the human lung (Saffari et al. 2014). Finally, we report trace metals
Hg, V and Zn -- all anthropogenic pollutants with human health implications
(Ostro et al. 2007, Shafer et al. 2012).

We proceed with three goals. First, to derive process-based interpretations of
FRN deposition by leveraging a large number of observations with multivariate



statistics. Second, to provide insights into different aerosol populations that
might transport and influence the post-depositional fate of FRNs "1°Be and
210Ph and co-transported elements. Third, to link our understanding of these
processes to published global data so that we may understand FRN deposition
and "Be:219Pb ratios at the synoptic scale. Our experimental approach follows
a conceptual model described in Figure 1. Within this conceptual framework,
we build our analysis sequentially through a series of statistical models, first
using bivariate analyses to describe observed, objective patterns in FRN bulk
depositional patterns. We then use a series of multiple regressions to control for
increasing numbers of explanatory factors, allowing us to discriminate objective
patterns in FRN behavior from those intrinsic to aerosol types or individual
FRNs/MTEs, and then to infer causal processes that influence aerosol behavior
(Figure SI1).

cosmogenic/radiogenic production
altitude source
continental/marine

particle
age

aerosol depositional
chemistry mechanism
‘ recycled aerosol ‘
aerosol type residence time  dry deposition
secondary/primary washout/rainout
MTE composition

Figure 1: conceptual model of factors than may influence deposition and post-
depositional behavior of aerosols including fallout radionuclides (FRNs) "Be,
10Be, 219Ph and major/trace elements (MTEs) including Al, Fe, C, Ca, Hg, K,
Mg, Mn, N, P, S, Sr, V and Zn.

3. Methods

3.1. Study site: The study site in Hanover, NH USA (43.7022° N, 72.2896° W)
sits 148 km west of the Atlantic coast at an altitude of 165 m. Local weather
is strongly influenced by the polar jet and mid-latitude storm belt, with mid-
latitude cyclones (MLCs) developing both at higher latitudes along continental
tracks from Alaskan and Alberta Lows, and at lower latitudes with coastal tracks
from Gulf and Hatteras Lows. Climate at our location is humid continental
(Koppler class DfB), with mean annual precipitation of slightly under 100 cm
and measurable precipitation recorded on an average of 2.0 days each week (no



difference in frequency by month [p=0.81] or season [p=0.74]).

3.2. Bulk deposition sample collection: We deployed tandem bulk collectors in
continuous, weekly intervals in a semi-urban forest clearing at Dartmouth Col-
lege, immediately adjacent to NOAA weather station USC00273850 (NOAA).
Here we describe a continuous record spanning 9 years from March 2011 —
March 2020 (n=462). Collectors were of identical polyethylene construction,
trace-metal clean, with open area =650 cm?, volume =20 L. The “A” collector
was acidified following collection to recover total FRN deposition and the “B”
collector was not acidified to allow speciation analyses of FRNs (described by
Landis et al. in review). Collectors were placed at a height of 40 cm on a sta-
ble aluminum base above natural lawn to prevent toppling or rainwater splash
from exposed soil. We have previously shown that this collection procedure
precisely and quantitatively predicts aerosol accumulation in adjacent soils and
natural vegetation (Landis et al. 2012b, Landis et al. 2014). Sample processing
methods follow below and are illustrated in Figure SI 2.

Our “A” collector was deployed dry and acidified upon retrieval to ensure com-
plete FRN recovery (Baskaran 1995). Samples were weighed for determination
of precipitation amount (hereafter pp), brought to a minimum volume of 1 liter
with deionized water (if <1 liter collected), and then acidified within the col-
lector to 2% HCI using trace-metal grade acid (Fisher Scientific). The acidified
sample was turned repeatedly to rinse collector walls, then covered and rested
for 7 days between collections to promote desorption of any FRNs from collector
walls. The sample was then transferred to a polyethylene bottle with minimal
rinsing with deionized water, reweighed, and stored at room temperature for
batch processing. The procedure resulted in an effective leaching time of 4-8
weeks for insoluble particles between collection and analysis. For batch sample
processing, acidified samples were filtered at 0.5 pm using tared quartz-fiber,
binderless filters (47 mm diameter, Advantec QR-100) to remove insoluble par-
ticulate matter (‘particulate filter’). The filtrate was processed for MTE and
FRN analyses (below). Particulate filters were air-dried and weighed to measure
total insoluble mass deposition (hereafter mp). Dry collections (no precipita-
tion) were processed identically to provide measures of bulk dry deposition.

Our “B” bulk collector was deployed in tandem to the “A” beginning in August
2017. Additional collectors were also deployed for 30 wet-only (event-based)
collections. These are described in detail by Landis et al. (in review). Upon
retrieval these collectors were weighed to measure p,. Dry and trace pp “B” col-
lections were brought to a volume of 100 mL with deionized water, a minimum
volume sufficient to rinse the collector and process the sample. For all samples
a 20 mL aliquot (a0) was then removed for MTE analysis, filtered using a 0.45
pm nylon syringe filter and acidified with 0.5 mL concentrated HCl. The sample
remainder was then filtered to tared 0.5 um quartz filters (QR-100) to remove
the insoluble fraction. The filtrate was then brought to a minimum volume of 1
liter (as needed), acidified to 2% HCI and processed for FRN analysis (below).
Here the “B” filtrate (<0.5 pm) represents an operationally-dissolved FRN frac-



tion, contrasting with the “A” soluble fraction. Their difference represents a
‘solubility index’ as the percent increase in FRN activity or MTE mass upon
acidification:

(A/B<0-5um_1)x100. Eq. 1
where A and B<%-%%™ represent the respective filtrates.

Between deployments collectors were rinsed in 2% HCI, then with deionized wa-
ter (DI) 5 times, handscrubbed with Kimtech cellulose wipes (Kimberly-Clark,
Irving TX), rinsed 5 times, scrubbed with Citranox detergent (Alconox, White
Plains NY) using a plastic soft-bristle brush, and rinsed 30 times with DI. The
collector was then filled with DI and stored for a minimum of 7 days before reuse.
Prior to deployment the collectors are emptied and rinsed a further 10 times
with DI to ensure no difference in pH between final collector rinse and fresh DI.
Between reuse sample bottles were rinsed with DI 5 times, rinsed with Citranox
solution, rinsed with DI 10 times and stored in 10% HCI for a minimum of 7
days between uses.

3.3. Ambient aerosol collection: Ambient particulate matter with aerodynamic
diameters <10 pm (PM10) was collected using a PQ200 air sampler (BGI Inter-
national, Waltham, MA, USA) operated continuously during 7-day collection
periods at a flow rate of 16.7 L min™'. Samples were collected on 47 mm quartz
fiber filters (Mesa Labs, Lakewood, CO) and measured for "Be and 2!°Pb as for
bulk deposition samples.

3.4. FRN analysis: “A” and “B” samples were measured for FRN activities as
follows. Each filtrate was first spiked with °Be and stable Pb tracers and an
aliquot (@) removed for elemental analysis. FRNs were then pre-concentrated
by MnO, precipitation using additions of NH,OH (ca. 3% by volume) to give a
pH of approximately 9.5, followed sequentially by 15 pmol MnCl, and 70 pmol
KMnO,. After 48-hours flocculation, MnO, precipitates were filtered to 0.5
nm quartz fiber filters (‘MnO,, filter’). The filtration apparatus was immedi-
ately rinsed with sufficient concentrated HCI (2.5% by volume) and combined
to return the filtrate to pH <1. A second aliquot (a2) was then removed for
elemental analysis. Elemental aliquots were measured by ICPOES (Thermo Iris
Intrepid II, then Spectro ARCOS beginning May 2018), and FRN yields to the
MnO, filters were measured for each sample from °Be and Pb spike concen-
trations as (1-a2/a1)x100%. Yields averaged 92.3% (£+3.1% 1SD) for Be and
93.1% (£3.3%) for Pb.

"Be and 219Pb activities on both MnO, and particulate filters were measured
using gamma spectrometry and characteristic photoemissions at 477 keV and 46
keV, respectively. Instrumental methods follow Landis et al. (2012a). Measured
FRN activities were converted to areal fluxes by normalization to the open
collector area (650 cm?) and collection duration (typically 7 days), corrected for
radioactive decay to the time of collection.

We also measured 22Ra and 2*U (via 2*4Th) as indicators of dust contribu-



tions of ‘supported’ 2'°Pb to bulk deposition. Both ??Ra and 23*Th are co-
precipitated quantitatively by the MnO, method. They were not detectable in
individual samples, however, so we compiled a composite spectrum by summing
all sample spectra (Landis et al. 2012a). In the composite spectrum repre-
senting >1000 days of cumulative counting ??Ra was not detectable, but the
maximum likely (1-sigma activity) was <1% of total measured 21°Pb. 238U was
detectable at a rate equivalent to ~1.3% of total 21°Pb activity. Together these
low levels suggest negligible contributions of 2'°Pb from dust sources, and that
>99% of measured 2'°Pb is atmospheric.

Gamma spectrometer calibration was performed using Canadian Certified Refer-
ence Material Project (CCRMP, Ottawa) U-ore BL5, mounted to 47 mm quartz
fiber filters to provide a geometry that was identical to samples. Replicate stan-
dards were prepared using 50 mg aliquots. Identical mountings of the U, Th-ore
DL1a were used for calibration verification, and agreement for all 5 detectors
was within 2% of certified values. Small U-ore masses were used to prevent
self-attenuation bias versus samples -- none was measurable by the point-source
method (Cutshall et al. 1985).

We measured only a subset of the acid-leached “A” particulate filters (n=15)
since none showed detectable FRN activity. Further, comparison of “A” filtrate
and “B” total activities (MnO,-plus-particulate filters) showed deficiencies in
“B” samples rather than “A”, averaging 10.5 +1.5% for "Be and 13.4 £1.9%
for 219Pb (mean +SE, n=129). Deficiencies are expected due to sorption of
FRNs to non-acidified collector surfaces, and by convention are omitted from
speciation metrics because this fraction is not readily attributable to either
particulate or dissolved fractions (e.g, Yang et al. 2013, Huang et al. 2015) To
confirm that the 2% HCI method recovered all FRN deposition, we rinsed the “A”
collector with 6N HCI in a subset of samples (n=20) following normal processing.
We aggregated these rinses to improve analytical semsitivity. 2'°Pb activity
of this rinsate was equivalent to 1.3 +0.5% of aggregate 2!°Pb deposition, we
believe most likely from residual water rather than desorption from the collector.
This indicates satisfactory recovery and we thus interpret the MnO, filter as
representing total “A” activity.

Total procedural field blanks for FRNs were routinely measured but were always
below detectable limits, which are <1% of total "Be or 2'°Pb deposition.

3.5. Major/trace elements (MTEs) analysis: Reported MTE concentrations
from the “A” collector represent an acid-soluble (2% HCI) fraction, which
we regard as environmentally relevant since it both replicates pH levels
encountered in aerosols (~1, Pye et al. 2019, Guo et al. 2018) and reflects
solid phases that influence aerosol chemistry and biogeochemical cycling of
MTEs (Cremean et al. 2014, Mahowald et al. 2017). Acidification is moreover
critical for providing insight into MTE compositions of particle surface coatings
and fine aerosols that control sorption of FRNs and trace-metals (Singleton et
al. 2017). We emphasize that measurement of MTEs in a 2% HCI fraction
maintains comparability with the FRNs, since acidification is necessary for




complete recovery of FRNs from bulk deposition.

Total elemental fluxes were calculated as measured concentration times sample
volume, normalized to collector area and collection duration. MTE analysis by
ICPOES included the reference material NIST1640a for quality control, with
recoveries expressed as a percent relative to certified value (mean £SE, +SD,
n=27): Al (104 +1, £2.6%), Be (98 +1, +5.2%), Ca (98 +1, +4.0%), Cd (99
+2, 8.1%), Co (99 £2, 8.5%), Cr (98 +1, +4.6%), Cu (99 +1, +5.3%), Fe (101
+5, £6.4%), K (96 £2, +11%), Mg (99 +1, £3.8%), Mn (100 £1, +4.9%), Na
(98 +1, £4.8%), Sr (99 £1, £3.8%), V (93 £3, +£14%), Zn (100 +1, +4.4%).
P or S are not certified in 1640a. S recovery for the present data set (101 %1,
+3.9%) was consistent our own long-term mean value (1.55 ng mL™!). Hg was
measured by ICPMS (Agilent 7700).

Both filtration and procedural field blanks were routinely analyzed for all ele-
ments, and depositional fluxes corrected accordingly. Blank contributions were
derived primarily from quartz-fiber filters because samples were filtered following
acidification. On an annual basis procedural blanks contributed the following
proportions to measured MTE budgets: Al (3.0%), Ba (0.6%), Ca (5.6%), Fe
(2.9%), Hg (4.0%), K (1.7%), Mg (2.8%), Mn (4.1%), Na (1.3%), P (0.5%), S
(1.0%), Sr (1.8%), Zn (13%). Blanks for V were not measurable but made a
maximum likely (1-sigma) contribution of <12%.

Total combustible carbon (CF) and nitrogen (N’) were measured on “B” particu-
late filters using a Shimadzu combustion analyzer on 6 mm punches subsampled
from particulate filters. A superscript emphasizes that these are measured on a
particulate fraction, versus MTEs which are measured on soluble fractions.

3.6. Statistical analyses and multivariate methods: ~ We combined multiple
methods to describe structure in FRN/MTE data: Analysis of Variance
(ANOVA), Multiple Analysis of Variance (MANOVA), Analysis of Covariance
(ANCOVA) and Multiple Linear Regression. Statistical analyses were per-
formed in JMP Pro 14.1.0. For all tests we used R? to report total variance in
the response variable explained by the model. We report p-values to indicate
statistical significance, with values <0.05 considered significant. For ANOVA
we also report F-statistics to distinguish them from linear regressions. The
number of observations included in each analysis is reported as n, with any
omitted outliers indicated parenthetically, e.g. n=xx(y).

Multiple regression allowed us to resolve multiple, simultaneous and indepen-
dent influences on FRN and MTE deposition, either multiple linear regression
where only continuous variables were indicated or ANCOVA to include categor-
ical variables. We first screened multiple regressions for significant explanators
using step-wise Bayesian information criterion (BIC). Due to the high collinear-
ity of bulk deposition parameters we took these precautions to eliminate spu-
rious or inflated correlations among explanatory variables: first, we observed
the Bonferroni correction for family-wise error so that rejecting each of m null
hypotheses must satisfy p < . Next, each significant explanator was removed,
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in turn, to confirm that its inclusion increased the overall model adjusted-R?2.
Third, Variance Inflation Factors (VIFs) were computed for each explanator.
VIF calculates the underestimation of model coefficient standard errors due to
explanator multicollinearity. VIFs were computed by removing the model re-
sponse variable and rotating each of 7 explanators, in turn, as the new response
variable. VIF for each i was then calculated as: VIF; = 1/(1-R;?), where R;?
is the coefficient of determination for the VIF model. Standard errors of ex-
planator model coefficients are inflated by a factor =(VIF,)"'/2, with a factor
of 1.7 (corresponding to VIF >3 and R;? >0.70) here considered unacceptable.
In this case the explanator(s) with lesser model effect were removed. Finally,
we applied step-wise k-fold validation (k=5) to ensure that R? of the valida-
tion set approximated R? of the model, an indication that the model is not
overdetermined.

For accepted multiple regression models we quantified the importance of each
significant explanator in two ways. We first estimated its net independent effect
(e*) on variance of the response variable as follows:

e = zsjsés e R2 Eq. 2
where SS; is sum-of-squares for each i variable and R? is the total model coeffi-
cient of determination. We also estimated the magnitude of explanator effect on
the response variable. For continuous variables and models of the form log(y)=
-log(x), log-log model coefficients represent the fractional change in the re-
sponse variable (called elasticity) for a given fractional change in explanatory
variable. We report this magnitude (m*) as the percent change in response
variable given a 100% increase (doubling) of the explanator:

m* = (2% — 1) x 100% Eq. 3

For categorical explanators we cite the difference in least-squares adjusted means
(u;) between categories:

m* = (100m7#2) — 1) x 100% Eq. 4
3.7. Compilation of global deposition “Be, 2'°Pb and "Be:2!°Pb ratios

Several excellent reviews of global "Be and 2!°Pb deposition data have appeared
in recent years (Du et al. 2015, Mohan et al. 2019, Zhang et a. 2021). None have
analyzed "Be:?10Pb ratios in detail, however, so we compiled sources from Zhang
et al. (2021) for this purpose. Data sources include: Akata et al. 2008, Alonso-
Hernandez et al. 2014, Appleby et al. 2002, Appleby et al. 2003, Baskaran et
al. 1993, Baskaran 1995, Baskaran and Swarzenski 2003, Benitez-Nelson and
Buesseler 1999, Caillet et al. 2001, Chen et al. 2016, Cho et al. 2011, Clifton
et al. 1995, Dominik et al. 1987, Du et al. 2015, Duenas et al. 2011, Hirose
et al. 2004, Hu et al. 2020, Huh et al. 2006, Jia et al. 2003, Kim et al. 1998,
Kim et al. 1999, Kim et al. 2000, Laguionie et al. 2014, Lal et al. 1979, Landis
et al. herein, Lee et al. 2015, Leppanen 2019, Lozano et al. 2011, McNeary and
Baskaran 2003, Mohan et al. 2019, Momoshima et al. 2006, Olsen et al. 1985,
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Peirson et al. 1966, Peng et al. 2019, Pham et al. 2013, Renfro et al. 2013,
Rengarajan and Sarin 2014, Saari et al. 2010, Schuler et al. 1989, Short et
al. 2007, Su et al. 2003, Sugihara et al. 2000, Todd et al. 1989, Tokieda et al.
1996, Turekian et al. 1983, Wan et al. 2010, Yamamoto et al. 2006, Yi et al.
2005, Yi et al. 2007, Zhang et al. 2019.

Abbreviations

p storm precipitation amount normalized by annual total

; storm FRN or MTE deposition normalized by annual total
; precipitation-normalized FRN deposition (= ;/ p)

FRN fallout radionuclide, a particle-reactive radioactive isotope produced in the
atmosphere

MTE major/trace element

pp precipitation amount [cm]

PM2.5 particulate matter <2.5 um aerodynamic diameter
PM10 particulate matter <10 um aerodynamic diameter
mp, particulate mass deposition [mg m2]
P, particulate concentration [mg L]
winter December-February

spring March-May

summer June-August

autumn September-November

PC principal component, empirical orthogonal variable maximizing sample vari-
ance

vp dry depositional velocity [m d'] (PM10 concentration normalized by mea-
sured flux)

e* variance explained by an individual explanator in multiple regression

m* relative magnitude of explanator effect on response variable in multiple

regression

r, mean FRN/MTE flux by rainout mechanism [Bq m™]
w, mean FRN/MTE flux by washout mechanism [Bq m™2]
d, mean FRN/MTE flux by dry deposition [Bq m™]

T, total FRN/MTE flux by all mechanisms [Bq m™]

12



N? total particulate (combustible) nitrogen

C? total particulate (combustible) carbon

NAE North American/European global region for FRN deposition
SEA Southeast/East Asian global region for FRN deposition
SEA-j Sea of Japan region of Southeast/East Asia

4. Results and Discussion

We begin our Results with a description of measurements in Section 4.1. In
the following Sections 4.2-4.6 we identify organizational structure within FRN
and MTE data from the perspective of aerosol sources, chemistries, depositional
processes and seasonalities (Figure 1). Next, in Section 4.7 we integrate these
different perspectives on FRN deposition using multiple regression to arrive at
process-based interpretations of FRN behaviors (Figure SI2). Finally, in Section
4.8 we place our results in a global context using compiled global deposition
data.

4.1. Measured fluzes of precipitation and mass (dust), FRNs and MTEs

Over a nine-year period from 11 March 2011 through March 2020, we collected
462 weekly “A” samples of bulk atmospheric deposition for measurement of
FRNs and MTEs (Table 1). Of these, 26 were free of wet deposition and were
used to assess bulk dry depositional fluxes (n=26, cumulatively 182 days or
6.0% of record duration). A total of 117 “A” collections captured individual
storm events and were used for meteorological analysis. Between August 2017
and August 2020, we also collected 143 non-acidified “B” samples in tandem to
the “A” as well as an additional 30 event-based (wet-only) collections. Finally,
we collected 126 samples of ambient aerosol <10 um (PM10) concurrently with
bulk deposition collections. Multivariate plots of FRNs and MTEs in the “A”
collections are shown in Figure SI 3, with breakdowns of monthly /seasonal data
in Figure SI 4. We defined seasons as follows: winter = Dec.-Feb., spring =
Mar.-May, summer = Jun.-Aug., autumn = Sep.-Nov.

4.1.1. Precipitation depth, mass (dust) deposition, particulate concentration and pH:

Total precipitation amount (hereafter p) averaged 21 mm per week but varied
by both month [R2=0.10, p<0.0001] and season [R?=0.048, p=0.0002] with a
maximum in summer (Figure SI4). Seasonal pj, totals deviated from the mean
as follows (Table 2): summer (+33%)* > spring (-2%)AB > autumn (-28%)% >
winter (-36%)B. Connecting letters in superscript show significant differences if
two seasons do not share the same letter [p<0.05]. Differences between the “A”
and “B” collectors pp, totals averaged 0.01 £0.02 cm (mean £SD), an average
difference of 0.4% and coefficient of variation (CV) = 5.1%, n=121(15).

Flux of insoluble aerosol or dust mass (collectively, mp) averaged 16 g m™
y1, typical of terrestrial sites with regional dust sources and higher than global
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background of ~1 g m™ y! measured in remote ocean basins (Lawrence and
Neff 2009). mp was not correlated with pp across the full data set [linear
R2=0.003, p=0.26, n=446], but was linearly correlated for p, greater than 1.5
cm [R?=0.025, p=0.0029, n=227(9)]. Thus, while a dry process (dust) was
the primary contributor to mp, wet deposition of aerosols made measurable
contributions as well. mj was seasonal with a spring maximum [R2=0.19,
p<0.0001; Figure SI 4], with deviations from the mean as follows (Table 2):
spring (+57%)* > summer (-11%)B > fall (-84%)® > winter (-308%)°. Differ-
ence in mp between “A” and “B” collectors were normally distributed with an
average difference of 6.3%, CV =39% (n=139(17)).

Median particulate mass concentration in bulk deposition (P.) was 12 mg L,
with a flux-weighted mean of 16 mg L*. This was 4 times higher than event-
based samples (4 mg L™!; n=30) due to deposition of resuspended dust during
dry periods that interceded precipitation events. P, was strongly, inversely
correlated with p, [R2=0.62, p<0.0001]. Mean annual pH of bulk deposition
measured from the tandem “B” collector was 5.04 £0.05 (geometric mean +ge-
ometric SD, n=161, with low values in autumn (4.94 £0.09) and winter (4.97
+0.09), intermediate in spring (5.26 £0.09), and highest in summer (5.39 +0.09)
(Landis et al. in review).

4.1.2. Deposition of FRNs: Annual "Be flux averaged 2120 +170 Bq m™,
summed from weekly measurements and corrected for decay between rainfall
events and collection dates using a daily flux model (Landis et al. 2012). An-
nual flux was comparable to other mid-latitude sites with similar precipitation
totals (Du et al. 2015). Deposition of "Be in our record was strongly predicted
by pp [R?=0.48, p<0.0001; Figure 2]. We detected no long-term trend in “Be
deposition. While measurements of "Be concentrations in ambient air have
been shown to correlate with solar activity over long-term (Aldahan et al. GRL
2008) or short-term (Papastefanou and Ioannidou App. Rad. Isotopes 2004),
bivariate analysis did not show a significant effect of sunspot count on “Be bulk
flux [R2=0.02, p=0.74; data source WDC-SILSO 2019). Comparison of “A”
and “B” collectors showed a mean difference of 15.8% due to sorption to the
“B” collector, an expected and unavoidable result in speciation studies ( Yang et
al. 2013, Huang et al. 2015). For this comparison, CV =19% (n=135(18)).

Annual 219Pb flux averaged 188 +22 Bq m™2 y™!, consistent with global databases
but at the higher end of the published range (Preiss et al. 1996, Baskaran 2011,
Zhang et al. 2021). We detected a small but significant decline in ?'1°Pb depo-
sition over the course of the record [-3.5 £1.4% per year, R?=0.015, p=0.0097].
Deposition of 2!°Pb was strongly correlated to p,, [R?=0.32], but more strongly
to deposition of "Be [R?=0.76, Figure 2]. Equivalent 21°Pb steady-state inven-
tories estimated from annual deposition (Monaghan 1989) were 13 £5% higher
than measured in local undisturbed soils (6200 +190 Bq m™ y!, mean +SE,
n=9 years, versus 5500 £180 Bq m™2 y-!, n=>5 high-resolution soil pits; data from
Landis et al. 2016). Comparison of “A” and “B” collectors showed a mean dif-
ference of 13.7%, with CV =27% (n=130(13)). For the "Be:21°Pb ratio, mean
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difference was 4.6% with CV =28% (n=147(6)).
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Figure 2: (a-c) fluxes of “Be, 2!°Pb and S versus precipitation depth. Symbols
are colored by storm type (Section 4.4), aquamarine for 2!°Pb-depleted storms
(D), red for "Be-and-21°Pb-enriched storms (E), or black for normal (V) storms.
Circles indicate single-storm samples and crosses indicate multiple-storm sam-
ples. Single-storm N-collections are in bold. (d-f) symbols are colored by season
for winter (black), spring (blue), summer (green), autumn (orange). Solid lines
show linear regressions and dashed lines show orthogonal regressions.

4.1.3. Deposition of MTEs: Annual S flux declined linearly over the course of
the record, from 780 mg m™2 in 2011-2012 to 280 mg m2 in 2019-2020 [R2=0.86,
p=0.0003]. Both the magnitude and trend were comparable to wet-plus-dry
deposition data for other northern New England sites (Underhill, Lye Brook,
Woodstock, and Hubbard Brook; US EPA https://www.epa.gov/castnet, ac-
cessed 11/28/19). Declining S deposition reflects reduced anthropogenic emis-
sions and is observed across North America (Aas et al. 2019). For subsequent
analyses we detrended S data. Like “Be and 21°Pb, soluble S deposition was cor-
related with p,, [R?=0.36, p<0.0001] but more strongly to both "Be [R2=0.41,
p<0.0001] and 21°Pb [R2=0.48, p<0.0001] (Figure 2).
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Because we acidify the “A” collector to ensure complete recovery of FRNs and
trace metals, and collect both wet and dry deposition, soluble base cations Ca,
Na, Mg and K were highly enriched in our record versus wet-only deposition
at regional NADP sites (National Atmospheric Deposition Program, US EPA)
by 270%, 330%, 400% and 900%, respectively. For MTEs the solubility effect
is typically greater for dust constituents and lesser for secondary aerosols (e.g.,
NOx, SO,; Staelens et al. 2004). For example, our mean dissolved-fraction P
flux of 70 mg m? y! is within the range reported for North American sites
(Tipping et al. 2014).

We quantified the solubilization of FRNs/MTEs as a percent increase in the “A”
collector versus the non-acidified “B” collector = (A/B —1) x100%. For “Be and
210Ph we used activities of only the <0.5 um fraction of the “B” collector to
maintain comparability with the MTEs (Table 1). Solubilization increased in
this order (geometric mean %):

primarily dissolved: S (14%) <Na (25%) <Zm (48%) <"Be (54%) <K (66%)
<V (67%) <Ca (73%)

intermediate: St (96%) <*1°Pb (104%) <Mn (150%) < P (180%) <Mg (210%)
primarily solubilized: Al (1800%) <Fe (2500%)

In contrast to MTEs, acidification of the collector reduced the recovery of mass
deposition by a flux-weighted average of 14 £3% [£SE, n=132(13)] due to disso-
lution of particulate matter. Total soluble Al represented 0.9% of total mp; Fe
=1.9%, Ca =2.8% (geometric means). Together these suggest that the 2% HCI
soluble MTE fraction is weighted to high surface-area, low-volume fine aerosols
and mineral surface coatings with small contributions from large dust particles.

We found p, to be a significant predictor of fluxes for each FRN or MTE [p<0.05,
with exceptions of Al and Fe; Figure SI3]. Those with strong correlations in-
cluded: "Be (R?=0.63) >21Pb (0.45) >S (0.38) >Zn (0.16) >K (0.12). Simi-
larly, mj, was a significant predictor for deposition of each FRN/MTE [p<0.05,
with exceptions of Na and Hg; Figure SI3]. Those with strong correlations were:
Mg (R?=0.45) >Fe (0.35) >Mn (0.31) >Al (0.29) >Ca (0.28) >P (0.23).

4.2. FRNs interact with five common classes of aerosol

We characterized aerosols that contributed to FRN/MTE deposition using a
combination of multivariate techniques. We first used Principal Component
Analysis (PCA) to separate FRN/MTE variables along empirical axes. PCA
was also used to impute missing data for N¥, CP and Hg so that these vari-
ables could be used in multiple regression without sacrificing data (Supporting
Information). Good separation of variables was achieved using PC2 and PC3
based on summer vs. winter seasonality [R?=0.21] and wet vs. dry deposition
[R2=0.67], respectively (Figure 3a). We followed PCA with multiple linear re-
gression to identify the strongest independent correlations among variables and
then illustrated these using Correlation Network Analysis (CNA, Toubiana et
al. 2018) (Figure 3b).
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Based on these results and details from our preceding discussion we attributed
each FRN/MTE to five common classes of aerosols as shown in Figure 3 (Belis
et al. 2013): (1) secondary aerosols include "Be, 2'°Pb, S; (2) biogenic aerosols
include C, N, Mn (Rea et al. 2001); P, K (Creamean et al. 2014, Shen et
al. 2019), with correlations to S, and the combination of N, P and K also
possibly indicating contributions of agricultural soils (Tositti et al. 2018); (3)
anthropogenic aerosols include V (Chen and Duce 1983, Shafer et al. 2012),
Hg (Driscoll et al. 2013, Eckley et al. 2016, Jiskra et al. 2018), Zn (Gon-
zalez et al. 2016), and Na (Dugan et al. 2017), with strong correlations to
S (Batonneau et al. 2004); (4) insoluble mineral aerosols include Fe, Al; (5)
soluble mineral aerosols include Mg, Ca, Sr. These are described in more detail
in Supporting Information.

n=399(29)

0.5

0.0+

-0.5 -

Component 3 (8%)

-1.0-4

— 7T
-1.0 -0.5 0.0 0.5 1.0
Component 2 (17%)

Figure 3: (a) Principle Component Analysis for fallout radionuclides (FRNs)
and major/trace elements (MTEs) in bulk atmospheric deposition. (b) Correla-
tion Network illustration for FRNs/MTEs based on multiple linear regression.
Each independent correlation is represented by a connecting line (edge) and
weighted by R2. Dashed lines indicate anti-correlations. Sizes of variables (ver-
tices) are weighted by the number of independent correlations. Variable colors
represent assigned aerosol types as follows: secondary aerosol (pink), biogenic
aerosol (green), anthropogenic aerosol (gray), soluble mineral aerosol (yellow),
insoluble lithogenic aerosol (brown). Split colors indicate multivariate seasonal-
ity for winter (black), spring (blue), summer (green), autumn (orange). Precip-
itation depth (pp) and mass deposition (mp) were included in the analysis and
are shown as circles.

4.3. FRN aerosol populations are discriminated by "Be: ?19Pb ratios

4.3.1. "Be: 219PD ratios scale with precipitation depth: ~ While depositional
fluxes of "Be and 2'9Pb were strongly correlated through their mutual control
by pp, we found that p, also explained a large amount of variance in “Be:2'°Pb
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ratios (Figure 4). Here we grouped samples by the following compartments:
ambient aerosol (PM10), dry deposition, trace pp (<3mm), moderate pp, (3-15
mm), and high p, (>15 mm) [R,?=0.24, F(4,564)=41.6, p<0.0001]. The mean
"Be:219Pb ratio in each group was significantly different than all others [p<0.05]
(Figure 4b). Importantly, each dry or wet compartment in bulk deposition was
also different than ambient PM10 aerosols [p<0.05], an indication that bulk
deposition must include aerosol sources, populations, depositional mechanisms
or processes that are not represented by PM10 aerosol. We address different
contributing mechanisms in Section 4.6.
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Figure 4: (a) "Be:>'19Pb activity ratio versus precipitation depth (pp). Cir-
cles show single-storm and crosses multi-storm collections. Symbols are color-
coded season, winter=black, spring=blue, summer=green, autumn=orange. (b)
"Be:?19Pb categorized by depositional compartments according to p,,. These in-
clude bulk dry deposition (mean =4.5 £0.4 1SE, n=27), <3 mm (trace pp) (6.6
+0.4, n=>51), 3-15 mm (10.0 £0.4, n=146), >15 mm (11.8 £0.3, n=222), and
PM10 aerosol (8.2 £0.3, n=108). FRN ratios can provide an estimate of max-
imum apparent aerosol age assuming an open-system accumulation model and,
here, and initial “Be:2!°Pb equal to the flux-weighted mean =10.8. Apparent
age represents total aerosol lifetime in production, deposition, resuspension; the
estimate is a maximum, assuming a constant rate of FRN accumulation (see
Section 5.2; Landis et al. 201}).

4.3.2. "Be: 2'Pb ratios show meteorological dependence: Independent of the

separation provided by pj,, an isotope mixing plot of "Be vs "Be:>'1"Pb revealed
three distinct groupings among bulk collections. These cumulatively explained
the largest proportion of variance yet [R,2=0.42, n=461(3), F(2,459)=174,
p<0.0001] (Figure 5). We used discriminant analysis to define empirical groups
in the isotope mixing plot, describing them as depleted in 2!°Pb (D), enriched
in both “Be and %'°Pb (E), or otherwise normal (N). Independence of this
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grouping from p;, suggests a reliance on meteorological control (Section 4.4).
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Figure 5: (a) "Be-2'°Pb mixing diagram for bulk atmospheric deposition. Sam-
ples fall in three empirical groups, normal (black), 2!°Pb-depleted (aquama-
rine), "Be-and-21°Pb-enriched (red). Symbols are circles for single-storm and
crosses for multi-storm collections. (b) within-group linear correlations for “Be
vs. 219Pb deposition. (c) 2!°Pb concentration versus precipitation depth for
groups.

4.3.3. "Be: 2'°Pb ratios reveal seasonality and long-term trends: We observed

a small increase in "Be:2'°Pb ratios following the long-term decline in 2!°Pb
deposition [Figure 6; 3.4 +0.8% y*, p<0.0001]. We also observed minor sea-
sonal variation in ratios, with summer months recording higher and fall months
lower ones [R,2=0.031, F(11,441)=2.32, p<0.0088; Figure 6b]. The annual
timing of these shifts was irregular, however, with no detectable periodicity in
the timeseries [Kappa p=0.73, Bartlett’s K-S = 0.091]. We discuss underlying
seasonality in FRN and S deposition in Section 4.5.
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Figure 6: (a) timeseries for

"Be:219Pb ratios of weekly bulk deposition collections

(n=461; log-transformed and interpolated to uniform 7-day frequency). A red
A green line indicates the

line shows the centered 12-week running average.

19



record average. (b) ANOVA with flux-weighted "Be:2!°Pb ratios by month.
Symbols are colored by season for winter (black), spring (blue), summer (green),
autumn (orange). Circles show single-storm and crosses multi-storm samples.

4.4. "Be210Pb ratios are influenced by meteorological controls

To describe meteorological influences on “Be:?19Pb ratios of bulk deposition, we
evaluated 73 collections that captured individual storm events with greater than
1 cm of precipitation. Similar to Huang et al. (2018), we combined Hybrid Single
Particle Lagrangian Integrated Trajectory Model back-trajectories (HYSPLIT,
Stein et al. 2015) and National Weather Service daily weather maps (NOAA) to
classify storms in this subset as continental mid-latitude cyclones (H), marine
mid-latitude cyclones (L), or frontal systems (f) (Figure 7). The E events were
predominantly derived from continental trajectories, with 50% related to H
cyclones and all (100%) associated with cold fronts. In contrast, D events showed
marine trajectories, and 83% were related to L cyclones. Nearly all D events
(92%) were associated with warm fronts. In correspondence analysis, L storms
correspond to D events, H storms to F events, and f storms with N events
(Figure SI 5; R?=0.29, X?(4)=36, p<0.0001). This confirms a meteorological
basis for our E-N-D categorization.

To extend the E-N-D classification to the full dataset for subsequent analyses,
we again used discriminant analysis to create new multi-storm categories E™,
N™, and D™ based on the corresponding single-storm definitions and mixing
plot. The categorization of single-storm vs. multi-storm is an approximation
for the time-fraction of active precipitation during each collection period (i.e.,
single-
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Figure 7: (a) map of eastern USA with composite 72-hour HYSPLIT back-
trajectories for FRN enriched (F) storms (red; n=10) and depleted (D) storms
(blue, n=13). The Hanover, NH study site is marked with a star. (b) National
Weather Service (NOAA) daily weather and 24-hour precipitation maps for
an FE-storm characterized by on-shore low and cold front passing northwest of
Hanover. (c) a D-storm with characteristic off-shore low and warm front passing
southeast of Hanover.

events have small fractions of time with active precipitation, multi-events
with greater fractions of time with active precipitation). Differences between
single- and multi-storm categories should relate to rates of aerosol depletion
and recharge during and between storms. Details are provided in Supporting
Information.

We evaluated bias in FRN/MTE deposition between single-storm and multi-
storm collections as follows, first normalizing for precipitation depth by regress-
ing FRN/MTE concentrations against pj, (since the multi-storm collections have

21

20 depleted (D) event 3/13/2018



higher precipitation totals). For each FRN/MTE we tested whether residuals for
each of the E™-N"™-D™ categories were different than the corresponding F-N-D
single-storm with these hypotheses: N™#N, E™ #+£E, D™+D. Just one differ-
ence was significant: for a given precipitation depth, "Be in multi-storm N
collections showed 23% higher concentrations than single-storm N collections
[p=0.0097]. By comparison, neither the other secondary aerosols 21°Pb [p=0.20]
or S [p=0.80], nor any other MTEs followed this pattern (Table 3). This implies
that "Be is recharged more efficiently between storms.

We subsequently consolidated all single- and multi-collections into the three
E-N-D storm types, where the combined FE-type accounted for 21% of total
collections (n=97), N-type accounted for 66% (n=306), and D-type accounted
for 12% (n=>5T7). We note that while the E-N-D storm types were defined using
"Be and 2'9Pb, each was distinguished by unique MTE composition as well
[MANOVA p<0.0001; Supporting Information).

We interpreted E-type storms as strong convective events of continental origin
(similar to the “Alberta clipper” originating from Alberta or Alaska Lows). They
were biased to summer [X?(4)= 10.2, p<0.05; Figure SI 5], typically driven
by cold fronts, and had higher rainfall totals than either D- or N-type events
[p<0.05]. Even when normalized for pj,, fluxes of "Be,2!°Pb and S, and all
other FRNs/MTEs were enriched in E events relative to those in both N and D
events [p<0.05; Table 3]. Co-enrichment of "Be, 219Pb and terrestrial aerosols
is consistent with strong convection, lateral entrainment and vertical mixing of
ascending boundary layer and descending upper atmospheric air contributing to
large aerosol fluxes, irrespective of aerosol production altitude (Su et al. 2003,
McNeary and Baskaran 2003, Chen et al. 2016, Du et al. 2015).

In contrast, D-type events were related to low-latitude, low pressure systems
with marine moisture sources moving up the eastern US seaboard (“nor’easters’
developed from Gulf or Hatteras Lows). These events did not have significant
seasonality. D-type events were depleted due to negligible 2!°Pb production in
the oceans (Baskaran 2011, Renfro et al. 2013, Du et al. 2015). Likewise, the
D events were also depleted in S and mineral elements Fe, Al, Mg, Ca [p<0.05].
However, they were not depleted in "Be or either biogenic or anthropogenic
elements including N¥, CF P, K, Hg, Na and Zn [p>0.05]. The combination of
"Be and Na with biogenic elements is consistent with a marine aerosol source
(e.g., Sanchez et al. 2021).

)

4.5. FRNs and S exhibit both shared and uniqu seasonal controls

We evaluated two views of seasonality in FRN/MTE deposition, first the ob-
served patterns in bulk depositional fluxes, hereafter called objective seasonal-
ity, since these bear ecological and geochemical consequences. We also described
seasonality in FRNs/MTEs that was independent of patterns in precipitation
or dustiness, which we call intrinsic seasonality, since these reflect behaviors of
aerosol types or individual FRNs/MTEs. These two views of seasonality are
compared in Table 2.
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Observed fluxes of "Be, 21°Pb and S each showed summer maxima that were sig-
nificantly higher than annual means: 21°Pb (+42%) >"Be (+41%) >S (+35%).
Seasonality of MTEs is shown in Table 2. The magnitudes of seasonal differ-
ences for "Be, 2'°Pb and S were large despite explaining small proportions of
variances, underscoring the importance of a large dataset for detecting these
effects — the seasonal signal is obscured since pp, is the largest source of variance
through the washout-rainout transition (e.g., Dibb 1989, Kim et al. 2000; Fig-
ure 5¢). Moreover, because we have already seen that pp, is a primary control on
flux of the secondary aerosols, we anticipated that some seasonality is a conse-
quence of this, as well, since summer p,, was 33% greater than the annual mean.
Similarly, the MTEs most strongly correlated with mp (Mg, Fe, Al, Ca, Mn)
showed spring maxima ca. 50% higher than annual means due to seasonality in
dustiness (Table 3).

To describe intrinsic seasonality, which is independent of precipitation or dust,
we used multiple regressions to model normalized FRN/MTE concentrations
( ;) with season, pp, mp and storm type as explanators. , implicitly compares
annual distributions of deposition and precipitation and is calculated as the
quotient ;, = ,/ p, where , is the fraction of FRN/MTE annual flux and p is
the fraction of annual precipitation per each collection (Baskaran 1995, Mohan
et al. 2019). Multiple regressions revealed an intrinsic summer bias in each of
"Be (+15% over mean), S (+10%), 2!°Pb (+8%). Summer maxima of biogenic
elements were even higher than their objective effects: P (+93%) >N” (+67%)
>K (+53%) >CP (+38%). Mineral aerosols maintained their spring enrich-
ments, Mg (+36%) >Fe (+25%) >Al (+26%). Three metals showed strongest
enrichments in autumn, Hg (+39) >Mn (+36%) >V (25%), and two in winter:
Na (+97%) >Zn (+11%). Multiple regression results for all explanators are
summarized in Table ST 1.

4.6. Depositional mechanisms: FRN and S deposition is apportioned by dry, washout, and rainout processes

4.6.1. Dry deposition: We estimated dry contributions to total annual deposi-
tion by assuming that dry processes are active to the same degree during all
days, irrespective of precipitation. Multiplying the daily dry depositional rate
by number of days in the year, we estimated the annual contribution of dry de-
position for “Be to be 3.8 +0.5% (mean +SE), significantly lower than for 2'°Pb
[10.9 £1.2%; t(37)=-5.6, p<0.0001]. Both are consistent with other measures
from around the globe (Figure SI 6). Our estimate of dry contribution to total S
deposition is much higher than for the FRNs (46 £5%). This was expected due
to the efficient dry deposition of SO, and was moreover consistent with modeled
estimates for the eastern US (38%; Baumgardner et al. 2002, Nopmongcol et al.
2019). The assumption of a constant daily rate may overestimate dry deposition
since we extrapolate to periods when wet processes prevail. Measured annual
wet and dry fluxes for FRNs and MTEs are summarized in Table 1.

We note that while the relative dry contribution to annual deposition for “Be
is a factor of 2.9 less than for 2'°Pb, their equivalent dry depositional velocities
(vp) were not significantly different: 127 £24 m d! for "Be (mean +SE, n=7
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collections or 49 days) versus 97 +14 m d* for 21°Pb. v, was calculated as
bulk dry flux [Bq m™? d!] divided by concentration in ambient air [Bq m™].
Indistinguishable vp, for "Be and ?!°Pb indicates that the process of dry depo-
sition influences “Be and 2'°Pb similarly. Different dry contributions to annual
flux are instead attributable to different contributions by wet deposition. This
is evident among global sites, where the dry contribution to annual bulk depo-
sition is inversely related to total annual precipitation for both "Be [R%2=0.84,
p=0.003, n="7] and ?1°Pb [R?=0.84, p=0.003, n=7] (Figure SI 6).

4.6.2. Wet deposition by washout and rainout: A transition from washout to
rainout of aerosols during storm events produces a characteristic exponential
decline in aerosol concentrations with increasing precipitation. We compare "Be,
210pPb and S in Figure 8. There, regression slopes for normalized concentration
versus normalized pj, reflect the degree of mixing between dry+washout and
rainout aerosols. A slope of -1 would indicate pure dilution of a dry+washout
aerosol source by increasing pp, i.e., condensation of pure water with no rainout
aerosol. A slope of 0 would indicate a pure rainout aerosol source with no
below-cloud contributions from washout (Supporting Information). Each of the
slopes for "Be, 219Pb and S are significantly different than -1 and also each
from another, confirming that each is influenced by a unique combination of
dry+washout/rainout sources. Scatter about the best fit reflects inter-storm
variations due to meteorology, seasonality, etc.

To quantify average per-event contributions of dry, washout and rainout pro-
cesses to FRN deposition we applied the model of Ishikawa (1995) and Caillet
et al. (2001), with an assumption that inter-storm variations in p,, recapitulate
the intra-storm evolution of FRN fluxes:

C, = 7(25:%’) +7r" Eq. 5

Here C; is the measured concentration of each FRN or MTE in precipitation,
w, is washout and d, is dry deposition represented as fixed areal fluxes [Bq m™
or mg m™2 per event], pp, is precipitation [cm] and r represents concentration in
condensation nuclei [Bq L*or mg L!]. A factor of 10 converts areal deposition
[Bq m™] to concentration [Bq L!]. Independence of w,, from p, is an oversimpli-
fication, i.e., washout is not deposited instantaneously and requires some finite
volume of pp to be fully removed from suspension. From our data it appears
that 3 mm of precipitation is sufficient to scavenge most of the washout fraction.
The washout-rainout transition can alternatively be modeled as a continuous
process using a power law, C; = a,pp”, and with § representing a scaveng-
ing efficiency (Sportisse 2007). In comparing washout-rainout and power law
models, we found that they yield comparable goodness-of-fits and, across all
FRNs/MTEs, the ratio r,/w, was linearly related to 10? (R,2=0.98). We show
both models in Figure 8.
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Figure 8: normalized concentrations ( ;) versus normalized precipitation ( p) for
"Be, 219Pb and S. See Section 4.5 for explanations of ; and p. A slope greater
than -1 indicates mixing of different aerosol populations through the washout-
rainout transition. Circles show single-storm and crosses multi-storm collec-
tions. Symbols are colored coded by storm type. Regressions were made only
to normal-type (N) storms (black circles, bold). Green curves show washout-
rainout models, black dashed lines show power law models, and pink dashed
lines show linear orthogonal fits. Regression equations are shown for orthogonal
fits.

The advantage of the Ishikawa model is that it allows a mass-balance appor-
tionment of deposition to discrete, interpretable and physical mechanisms. To
apportion bulk flux using Eq. 5 we used only the N-type single-events from
the “A” collector (n=87) and omitted E and D-type events to avoid meteoro-
logical biases (apparent in Figure 8b). The sum (w, + d,) was obtained by
least-squares fitting, and w, was then calculated by subtracting measured dry
fluxes (dy). Because the rainout flux scales with pp we calculated it by mass
balance with (d, + w, + 1,)/Ty= 1, and total fluxes (T}) equal to the observed
mean event flux (corresponding to p, ~1.2 cm). Thus, these results apportion
areal deposition on a per-event basis (in contrast to flux-weighted annual totals
in Table 1):

"Be: dy (5%) + w, (14%) +1, (82%) =100%
20D 4, (14%) + w, (28%) + ry (58%) =100%
soluble S: d, (56%) + w, (15%) + r, (20%) =100%

Through this apportionment we established that the characteristic depositional
processes for "Be, 21°Pb and S are quite different. “Be had minor contribu-
tions from dry deposition, and in wet deposition was dominated by rainout over
washout by a factor of 6 (r,/w, =5.9). 21°Pb deposition had significant contribu-
tions from both dry and wet processes, but wet deposition was divided between
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washout and rainout (r,/w, =2.0). Sulfur deposition was dominated by dry
deposition (attributable to gaseous SO, ), while the importance of washout was
intermediate between that of "Be and 21°Pb (r,/w, =2).

Importantly, the modeled "Be:?1°Pb ratio of washout (=5.5 £0.9) is different
than ambient PM10 aerosol (=8.2 +0.3; Figure 4) and is instead more com-
parable to measured bulk dry deposition ("Be:?'1Pb =4.5 4-0.4, n=37). This
suggests that washout and dry fractions may share common sources and aerosol
characteristics. In contrast, the typical "Be:?!°Pb ratio of rainout is higher
by a factor of three (=16.0 £1.1), about 50% higher than the flux-weighted
mean (=10.8 £0.3). Together these results re-emphasize the diversity of aerosol
sources that contribute to FRN bulk deposition.

4.7. Integrating sources, processes, and chemistries in aerosol deposition

Separating the simultaneous influences of chemistry, meteorology and deposi-
tional mechanism controls described in Sections 4.2 — 4.6 require a multivariate
approach. Towards this, we reintroduce multiple regression. We have already
used multiple regressions in Section 4.4 to test a priori hypotheses about season-
ality in FRN/MTE deposition — these are called the general models hereafter.
We can use these general models to examine the importance of pp,, mp and
storm type to deposition of "Be, 21°Pb and S as described below, illustrated in
Figures 9a to 9¢, and summarized in Table SI 1.

We next exploit the normalizing effect of the “Be:2!Pb ratio and other MTE
parameters to achieve better of specificity in the models, by next adding indi-
vidual FRNs/MTEs as new explanators in the general models. This allows us
to normalize effects that might be shared by FRNs/MTEs within their aerosol
types, and thereby expose effects that we consider intrinsic to the individual
FRN or MTE response variable. FRN/MTEs were added step-wise to each gen-
eral model and explanators removed as their effects were superseded by stronger
ones. For "Be we also included sunspot number as an explanator. These specific
models are discussed below and illustrated in Figures 9d to 9f.

4.7.1. Multiple regression for “Be: For "Be deposition the general model was
highly predictive [R,%=0.73], with p, the strongest explanator [e*=62%] and
lesser effects from both storm type [7%)] and seasonality [2%)]. Effects of general
factors on "Be are illustrated in Figure 9a, with bivariate correlations among
explanators indicated with connecting lines. Adding FRNs/MTEs step-wise to
the "Be general model yielded significant effects from both 21°Pb [e*=62%] and
N¥ [e*=1%)] while improving the overall model prediction (R2=0.92). Substi-
tution of NP with P yields a comparable result, providing strong evidence of
an influence of biogenic aerosol on "Be deposition. Similarly, only when "Be
was normalized by inclusion of 2'°Pb in the model did a significant effect from
sunspot number emerge [e*=1%]. A final best fit is illustrated in Figure 9d.

In the final model "Be deposition correlated most strongly with 2'°Pb but re-
tained strong dependence on pp [e*=11%]. The predominance of 2'°Pb over
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pp as an explanator underscores the importance of micrometeorological factors
over precipitation alone in depositing FRNs, e.g., scavenging efficiencies related
to precipitation rate or sizes of aerosols and raindrops. The additional depen-
dence of "Be on pp, independent of 2'°Pb, reflects stronger roles of rainout and
synoptic atmospheric recharge in “Be deposition through lateral and long-range
transport (Brattich et al. 2017). Summer seasonality in “Be was largely incor-
porated through 2'°Pb and N¥, but a small negative bias to autumn remained
in the model [e*=1%] with seasons ordered: summer?® >spring*® > winter®
>autumn® [p<0.05]. With addition of 2'°Pb and N” to the model, the storm-
type effect on "Be deposition was strengthened [e*=10%)] but reversed in order
as DA > NB > E€. This result reflects a stronger control of these event defini-
tions on 21°Pb than “Be, but we cannot rule out an enrichment of “Be in marine
air. Correlation with N¥ reflects, in part, shared summer
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Figure 9: multiple regression correlation web for bulk deposition of "Be, 2!°Pb
and S. (a-c) general models included environmental variables precipitation depth
(pp), mass deposition (mp), storm type and season as explanators. (d-f) specific
models added FRNs and MTEs to each general model step-wise, with stronger
explanators superceding and displacing weaker ones. In each model a central
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response variable is connected by lines with significant independent explanators.
Dashed lines indicate anti-correlations. Thickness of connecting lines is pro-
portional to effect magnitude (change in response per doubling of explanator).
Numbers report the proportion of response variance that is explained by the
explanator.

seasonality, but may also be indicative of marine biogenic aerosol. Other simi-
larities between "Be and N* include strong dependence on p,, and abundance
in D-type events.

4.7.2. Multiple regression for 219Pb: The general model for 2'9Pb explained
71% of variance [R,?=0.70] with strongest effects divided between p, [e*=36%]
and storm type [e*=35%)] (Figure 9b). Adding "Be and S to the model explained
an additional 17% of variance [R,?=0.88], while removing any influence of pj,
[p=0.52]. In this case "Be became the strongest predictor of 2!°Pb [e*=63%]
with storm type contributing an additional 25% and S a modest effect [2%].
With addition of “Be, p,, no longer exerted independent control on 1°Pb due
to the lesser importance of the rainout mechanism on 2'°Pb. The persistent
control of storm type on 2!°Pb deposition retained the ordering EA >NB >DC
[p<0.05], reflecting strong, intrinsic source effects in 2!°Pb deposition. E-type
storms were enriched through strong convection and entrainment of low-altitude
aerosols, and D storms were depleted as a longitudinal consequence of a marine
moisture source and lack of 21°Pb production in seawater. The 21Pb correla-
tion with S could indicate a specific interaction such as formation of PbSO,,
some shared influence of dry processes in their deposition, commonalities in
their atmospheric transport through low-altitude production (e.g., Dibb et al.
1992), or some combination of these. It is noteworthy that this correlation is
independent of mutual long-term decline in S and substituting non-detrended S
data into the model doubled the effect of S on 2'°Pb deposition. We speculate
that higher S concentrations in the atmosphere could increase the depositional
efficiency of 219Pb through either wet or dry processes, possibly through forma-
tion of insoluble PbSO,. A final model for 2!°Pb deposition is illustrated in
Figure 9e.

4.7.3. Multiple regression for S: The general model for S deposition explained

56% of variance [R,%2=0.56] (Figure 9c). The step-wise regression added sig-
nificant correlations with each of 2°Pb, Ca, P, Zn, Na and pp, collectively
explaining an additional 16% of variance [R,?=0.72] (Figure 9f). 2!°Pb super-
seded pp to become the strongest explanator [e*=36%)|. Among MTEs, Ca
was the single strongest explanator [10%)], superseding mp, but also explaining
a much larger portion of variance. Formation of CaSO, through neutralization
of SO, could enhance scavenging of S from dry and wet deposition. Sulfate
mineralization could also influence the behavior of 2!°Pb as both Ca and Pb
sulfates are commonly identified in aerosols (Sakata et al. 2014, Sakata et
al. 2017). Among other MTEs, P and N¥ had similar contributions [e*=9%)].
These reflect a bias towards biogenic over inorganic sources for S. Zn, Hg or V
all contributed comparable effects [4%)], each indicative of a combustion source
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of S. Finally, Na contributed a small effect that could be indicative of seasalt
[e*=3%)]. Storm-type controls on S deposition were expressed through 21°Pb.
Yet, similar to “Be, a significant p, effect persisted in the S multiple regression
[e*=9%], reflecting stronger rainout contributions for S than for 21Pb. While
there were no direct effects from seasonality in S deposition in this model, each
of its covarying aerosol types has unique seasonal forcing. This implies that
there are seasonal variations in S provenance and/or speciation, with inorganic
S biased to spring, biogenic S to summer, and anthropogenic S to winter. A
final, best-fit model for S deposition is shown in Figure 9f.

4.8. Assessing global controls on “Be:?19Pb ratios

Some of the controls on “Be:?!°Pb we have described, such as scaling with
Pp, the washout-rainout transition, storm tracks and convection, and synoptic
recharge, have climatic implications and thus the potential to exert control on
"Be:?'°Pb depositional ratios at the global scale. Since compiled global data
have not been evaluated from the perspective of “Be:21Pb ratios, we present
an analysis here based on the recent compilation of Zhang et al. (2021). Data
sources are listed in Methods, and more details are provided in Supporting In-
formation.

Best available data coverage for both “Be and 2!°Pb data is biased ge-
ographically to two regions, North America/Western Europe (NAE) and
Southeast/East Asia (SEA). These sites form coherent groups in "Be:>'1'Pb
data as well [R2=0.63, F(1,75)=131, p<0.0001]. Among NAE sites’Be:2!°Pb
flux ratios increase strongly with p, [R2=0.63, p<0.0001] (Figure 10) due to
its control on "Be flux [p<0.0001]. In comparison, we see no control of pj, on
"Be:210Pb ratios for SEA sites [R?=-0.01, p=0.50]
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Figure 10: mean "Be:>'Pb activity ratio versus annual precipitation for

global sites compiled by Zhang et al. (2021). Sites are grouped regionally
with circles for North American/European sites (NAE) and triangles for
Southeast/East Asian sites (SEA). Sites are color-coded by latitude within
regions. Regressions and shaded confidence intervals are shown by region:
NAE, "Be:21Pb=4.5(+1.6) + 0.095(£0.013)*p,; SAE, "Be:2'0Pb=5.4(40.7)
+ 0.002(£0.004)*p,; SAES, "Be:21%Ph=3.7(£4.6) + 0.012(£0.028)*p,,. For
sites with multi-year records, 1-sigma confidence ellipses and linear fits display
interannual variation (none significant at p<0.05): (1) Malaga (n=11, Duenas
et al. 2017); (2) Monaco (n=13, Pham et al. 2013); (3) Hanover (n=9, Landis
et al. this manuscript); (4) Shanghai (n=7, Du et al. 2015); (5) Rokkasho
(n=5, Akata et al. 2008); (6) Tatsunokuchi (n=12, Yamamoto et al. 2006); (7)
Taipei (n=17, Lee et al. 2015).

This striking difference between the NAE and SEA regions may be explained
by differences in how effectively high-altitude, high-latitude, 7'°Be-enriched air
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is accessed by dominant weather patterns. Coastal and inland NAE sites alike
have year-round influence from high-latitude, high-pressure systems. There,
"10Be deposition is enhanced by what we have called synoptic atmospheric
recharge, which is advective (additive) funneling of airmass and aerosol through
lateral transport along the polar jet in mid-latitude storm belts (e.g., Field et
al. 2006). Access to the stratospheric "19Be source is promoted where vertical
mixing is high and cyclone formation is preferred (Brattich et al. 2017). As a
result, 1Be deposition increases strongly with p,, [14.5 £3.1 Bq m2 y* em™;
R,2=0.41, p<0.0001, n=31], while ?1°Pb does not [p=0.88].

For SEA sites, precipitation is controlled by the persistent Asian Low, shift-
ing ITCZ, low-latitude storm tracks and summer/winter monsoon. Despite
some sites being at latitudes comparable to NAE sites, these are effectively iso-
lated from mid-latitude cyclone activity and strong vertical mixing that accesses
710Be aloft. Instead, "'9Be deposition reflects a dilutative effect whereby a fi-
nite burden of FRN aerosols is diluted by increasing rainfall ( Willenbring and
von Blackenburg 2010). "Be deposition increases only modestly with pp, at rate
five times lower than that of NAE sites [3.4 £1.2 Bq m? y! cm™; R,2=0.18,
p=0.008, n=32)]. 219Pb again does not scale with p, [p=0.57]. While sea-
sonal shifts in aerosol source do occur, for example, the winter monsoon can
deliver 2'°Pb-enriched air from the Asian mainland, on an annual basis “Be and
210Ph are influenced similarly by dominant processes in the SEA region. The
"Be:219Pb ratio is surprisingly invariant.

Both strong convection (Su et al. 2003) and orographic effects ( Yamamoto et al.
2006; Supporting Information) can drive extraordinarily high FRN fluxes in the
SEA region, yet both "Be and ?'°Pb are influenced similarly. Sites on the Sea of
Japan (SEA-j) are a case in point. Unlike other SEA sites, these northern-most
ones are strongly influenced by continental storm tracks via Asian continental
outflow and winter monsoon. Fluxes of "Be and 2'9Pb alike at SEA-j sites
are amplified by orographic uplift across the Japanese mainland, approaching
extraordinary levels of 5000 Bq m™2 y™! for “Be and 800 for Bq m™2 y™! for 219Pb.
Nonetheless, both FRNs scale with p,, proportionately, and their “Be:2!°Pb
ratios are indistinguishable from other, southerly sites in the SEA region where
fluxes are much lower [p=0.85].

Curiously, while pp, is a primary control on "Be:2!Pb ratios at the event scale
(Sections4.4, 4.6), none of the multi-year records for either NAE or SEA re-
gions show a dependence of "Be:2!°Pb on annual p,, (Figure 10; Supporting
Information).

. Conclusions

5.1. Seasonal influences in bulk deposition of "Be, ?1°Pb and S

"Be, 219Pb and S all show highest depositional totals in summer. This could be
viewed as a coincidence of their individual production sources strengthening in
warm seasons (stratospheric intrusion and Rn emanation, respectively; Caillet
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et al. 2001). But when also coupled with a summer maximum in S (Section 4.5),
the coincidence seems more likely to reflect processes shared among secondary
aerosols. These might include (1) strong convective mixing, simultaneously
drawing "Be down from the upper atmosphere and both 2'°Pb and S upwards
(Feeley et al. 1989, Dibb et al. 2003, McNeary and Baskaran 2003). This process
is consistent with the simultaneous enrichment all FRNs/MTEs in convective
storms (Section 4.4). We should also consider (2) the temperature-dependence
of aerosol abundance and nucleation events that spawn high aerosol densities
(Tunved et al. 2003), which may in turn enhance the scavenging of secondary
aerosols during spring and summer. Finally, (3) higher scavenging efficiencies
associated with more intense rainfall could also enhance deposition of secondary
aerosols (Andronache 2003, Xu et al. 2019), which could also contribute to the
relative enrichments of "Be, 21°Pb and S in convective storms.

We were also able to detect important differences in FRN seasonalities by us-
ing multiple regression to control for micrometeorological commonalities shared
by “Be and 2'1°Pb. A significant summer excess in ‘Be deposition over 2!°Pb
explained 1% of total variance but with a corresponding seasonal increase of
9% over the annual mean. The timing of this bias is broadly consistent with
stratosphere-troposphere exchange (STE), a primary seasonal control on "Be
aerosol concentrations in the mid-latitudes that drives increasing "Be:2'9Pb ra-
tios (Feeley et al. 1989, Lee et al. 2007). The stratosphere is an extreme
potential source of cosmogenic "19Be, representing >50% of total "Be and °Be
production (Masarik and Beer 1999) but »90% of standing inventories due to
the much longer residence time of stratospheric versus boundary layer aerosols
(Delaguay et al. 2015).

FRN seasonalities also differed in an autumn "Be deficit of 11% relative to
210PYh, This could reflect an antipode to STE, with cool weather, high boundary
layer stability and low vertical mixing insulating stratospheric influence and
thereby diminishing “Be source strength (e.g., Lee et al. 2007). Alternatively,
the difference could reflect higher 2!°Pb deposition. Other notable autumn
effects in support of the latter interpretation include enhanced deposition of
Mn, Hg, and V. Both 219Pb (Landis et al. 2014) and atmospherically-derived
metals including Hg accumulate in vegetation through summer months to such
an extent that autumn leaf fall constitutes the predominant flux to terrestrial
ecosystems (Rea et al. 2002, Landre et al. 2010). Contemporaneous increases in
the bulk deposition of 2'°Pb and other metals could derive from the production
or resuspension of biogenic dust (Kinase et al. 2013), debris and associated
metals. “Be:219Pb ratios of this fraction would be low due to the short half-life
of "Be.

5.2. Resuspension, recycling and particle aging in FRN deposition

The resuspension and recycling of aerosols is widely recognized in biogeochemi-
cal cycles of pollutants, MTEs and FRNs alike, but quantifying and characteriz-
ing this fraction remains a challenge. The highly-traceable radioactive aerosols
generated in nuclear bomb testing and industrial accidents show that aerosols
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remain in recirculation at the earth surface for years following deposition (e.g.,
Kinase et al. 2018) at a rates of 1-10% of total deposited amount (Anspaugh et
al. 2002, Vincent et al. 2019). Isotopic measurements of stable Pb and 2'°Pb
reveal that legacy anthropogenic Pb from gasoline combustion persists in the
surface environment several decades after its banning ( Yang and Appleby 2016,
Farmer et al. 2007). For other MTEs, resuspension is thought to contribute to
excesses of measured over modeled dry deposition by as much as a factor of two
(Saylor et al. 2019).

The difficulty in quantifying a recycled aerosol fraction lies in finding a tracer
or index that distinguishes it from novel deposition. Recycled contributions to
210Ph and '°Be mass balances are typically estimated by indexing them to dust
concentrations in bulk deposition. By this approach the recycled fraction of
10Be deposition could be as much as 10-35% of measured '“Be flux (Brown et
al. 1989, Monaghan et al. 1989, Ouimet et al. 2015, Graham et al. 2003, Graly
et al. 2011), or as little as 1-2% (Dizon et al. 2018). Comparable estimates of
recycled 2'°Pb are low, just 0.5% of annual deposition based on indexing to m,,
or lithogenic MTEs such as 233U (Joshi and Mahadeavan 1968, Tokeida et al.
1996, respectively). The variability in these estimates reflects, in part, uncertain
assumptions about dust provenance and its characteristic FRN concentrations.

Here, despite very many measurements, we found no significant correlations of
210Ph flux with mp, or MTEs such as Fe, Al or Ca that would unambiguously
indicate a recycled fraction. Alternatively, correlations of "Be with N or P, and
210Ph with S, could include recycled biogenic aerosols but more work will be
required to understand these associations. Nonetheless, lower “Be:?19Pb ratios
in both dry and washout deposition are conclusive evidence of an aerosol popula-
tion that is distinct from PM10 aerosol. These lower ratios reflect contributions
of an older, recycled aerosol population, enriched in 2'°Pb due to its longer half-
life. Instead of mp, or other elemental indices, here we indexed recycled *'°Pb to
particulate carbon (CF) since our local dust sources with highest concentrations
of atmospheric 2!°Pb are natural leaf litter (up to 100 Bq kg™!) and organic-rich
surface soils (up to 1500 Bq kg™!). Estimated from these sources, the contribu-
tion of recycled 2'°Pb to annual flux falls in the range of 0.2-5% as an uppermost
limit. This is substantially lower than estimated from steady-state soils inven-
tories which suggested a 2'°Pb excess of 13% in bulk deposition. However, the
soil mass balance approach is plagued by both analytical and geochemical un-
certainties of the same order and we suggest that the indexing approach is like
to be more reliable (Yamamoto et al. 1998; Supporting Information).

FRN isotopic systems provide another perspective into aerosol resuspension
since their differing half-lives allow estimation of the timeframe over which the
FRNs are recirculated. The short-lived daughters of 2!Pb in ambient aerosol
are best known, 21°Bi (half-life 5.0 days) and ?1°Po (half-life 138 days) (Baskaran
2011, Dlugosz-Lisiecka and Bem 2012). Whereas the 21°Bi:2!°Pb chronometer
yields accepted ages of 8 to 14 days for boundary layer PM2.5, the longer-lived
210po:210Ph is often biased older with ages of 100-500 days for PM10 (Marley
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et al. Aerosol Sci. Tech. 2000). In this case ?19Bi records aerosol condensation
and coagulation, while the longer-lived 2'°Po records subsequent resuspension
and recycling (Poet et al. 1972, Marley et al. 2000, Baskaran 2011).

We can similarly estimate the age of recycled aerosols using Be:2!°Pb ratios,
provided these assumptions (Landis et al. 2014): that the aerosols have an initial
"Be:?19Pb ratio equal to that of flux-weighted precipitation (=10.8, see also
Landis et al. in review), that FRNs accumulate in aerosols at constant rate and
are lost only through radioactive decay (open-system model), and that that there
is no fractionation between the FRNs. In this case the dry-deposited particles
have a mean time in atmospheric transport, deposition and resuspension of
about 180 days (Figure 4). For frame of reference, "Be:*!°Pb ratios of our
putative organic dust sources are 0.5 — 1.5 for leaf litter and 0.2 — 0.3 for forest
topsoil, with corresponding ages of 1-1.5 years and 10-12 years, respectively
(estimated using our Linked Radionuclide aCcumulation model (LRC), Landis
et al. 2016).

Our dry deposition ages are identical to those that we compiled from global
"Be:?19Pb ratios of dry deposition (4.4 £0.5, mean £SD, n=8;) and annual
flux totals (Figure SI6). These equate to an age of 200 +32 days using the
open-system model as above. The equivalent age using a closed-system model
is 79 £9 days. There could be errors in estimated "Be:2!Pb aerosol ages due
to the lack of a fixed production ratio or any fractionation that might occur
between "Be and 2!°Pb. However, in a companion work (Landis et al. in re-
view) we measured " Be:'9Be ratios in bulk deposition for which interpretation is
unambiguous (Graham et al. 2003). Our estimated open-system ages for >0.5
nm insoluble particulates in rainwater =260 +45 days. Importantly, the soluble
(<0.5 nm) fraction was significantly younger (120 +30 days). This demonstrates
that the two fractions are geochemically distinct and must represent different
aerosol populations. These observations suggest that FRNs recirculate as fine
aerosols in the terrestrial environment for an extended period following deposi-
tion. Taken together, terrestrial aerosol aging and resuspension appears to be
a universal and predictable phenomenon. More work will be required to under-
stand implications for mass budgets of FRNs and aerosols (Saylor et al. 2019),
exposure risks due to co-pollutants (Kinase et al. 2018), and climate feedbacks
(Boucher et al. 2013).

5.3. Implications of multiple aerosol populations for FRN tracer applications

Our discussion of factors influencing FRN deposition leads us to conclude that
a minimum of four distinct aerosol populations contribute to FRN deposition.
These include rainout and washout fractions of wet deposition, ambient PM10,
and resuspended aerosol or dust. Such a diverse assemblage suggests a complex
behavior in terrestrial systems. The prevailing assumptions that FRN aerosols
behave congruently during deposition have relied on observations of ambient
PM aerosol alone-- that “Be and 2!°Pb share nearly identical aerosol size dis-
tributions (e.g., Winkler et al. 1998, Grindel and Porstendorfer 2004) and
comparable dry depositional velocities (vp). How we extend these assumptions
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to other aerosol populations and wet processes that constitute the vast major-
ity of FRN deposition is not clear, however. First, aerosol composition varies
with altitude (Dibb et al. 2003, Holacek et al. 2007) and, undoubtedly, pre-
cipitation samples a different air mass than ground level sampling for ambient
aerosol (Dibb and Jaffrezo 2003). Second, wet scavenging could discriminate
aerosol populations based on their composition, size, density, electrical charge,
etc. (Seinfeld and Pandis 2016, Bourcier et al. 2014, Blanco-Allegre et al. 2018).
Discrimination through aerosol scavenging and formation of condensation nuclei
may cause precipitation to be preferentially enriched in plant waxes, biogenic
components, oxidized polar and aromatic compounds, and mineral dust, for
example (Simoneit and Mazurek 1989, Holacek et al. 2007).

The influence of scavenging processes on FRNs is not well understood (Baskaran
2011). Some insight comes from the few available comparisons of cloudwater
and rain FRN concentrations. In the definitive work, Su and Huh (2006) showed
that "Be and 2'°Pb partition to raindrops with equal efficiency (cloud:rain effi-
ciency ~1, n >50), and that both are dependent on cloudwater pH. Conversely,
Bourcier et al. (2014) showed some evidence that 2!°Pb may partition preferen-
tially to rain, but their measurements were few ("Be:21°Pb cloud:rain efficiency
=2.4 £2.2) n=8), and contributing factors were not explored (e.g., mixing of
different airmasses and aerosol population). It is nonetheless important to con-
sider what properties could drive incongruence between the FRNs. Here, our
solubility index showed higher solubility of “Be than 2!°Pb in precipitation. It
has likewise been shown that “Be in PM2.5 is almost entirely soluble in water
(Bloom and Crecelius 1983, Bondietti et al. 1988). The solubility of "Be in
PM10 is similarly high with an average of 81% removed in deionized water, but
only 28% of 21°Pb (Landis et al. in review). Similarly, in filtered rainwater
80% of "Be was found in a <0.5 um fraction whereas 48% 2'9Pb was found
there (Landis et al. in review; Gaffney et al. 1994). Beyond the FRNs them-
selves, the MTE composition of precipitation changes significantly through the
washout-rainout transition, and this might influence FRN speciation as well. For
example, we found specific affinities of 2'°Pb for SO, and "Be for N¥. Formation
of PbSO, could contribute to lower 21°Pb solubility (Section 4.5).

In summary, solubility differences, divergent chemistries or resuspension of aged
aerosols all could lead to a larger activity size-distribution of 2!°Pb in rainwa-
ter, and thus to higher scavenging efficiencies (Flossman et al. 1985). We must
therefore conclude that, when comparing bulk deposition of “Be and 2'°Pb, dif-
ferences in aerosol altitude, transport (recharge), size and chemistry all may
dictate evolution of the “Be:2!Pb ratio. These are the primary contributors to
incongruence in the “Be and ?'9Pb pair and are the likely reasons why even sta-
ble Pb and 2!%Pb, for example, are discriminated through the washout-rainout
transition ( Talbot and Andren 1983), interact differently with vegetation (Shotyk
et al. 2015), and exhibit different partitioning behaviors in natural waters
(Benoit 1995). In exploring these influences on FRN tracer applications, future
work might emphasize the "Be:'°Be pair for additional constraints for “Be:2'°Pb
tracer applications.
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6. Summary

We described a continuous, 9-year record of weekly bulk deposition of the fall-
out radionuclides (FRNs) "Be and 2'°Pb, together with weak-acid soluble ma-
jor/trace elements (MTESs) including S, Hg, Zn, V, K, P, Mn, Mg, Ca, Sr, Al
Fe, and combustible N and C. Simultaneous measurement of "Be, 21°Pb and
S provides a context for interpreting their individual behaviors since all are
secondary aerosols, produced in the atmosphere by gas-to-particle conversion.
Fluxes of "Be, 2'°Pb and S strongly covary as an expected consequence of their
atmospheric production, their efficient removal by wet scavenging, and related
seasonal, meteorological and micro-meteorological controls.

Despite their strong commonalities, by applying multiple regression techniques
we found that "Be, 2'°Pb and S each associate with unique mixtures of
aerosol populations. These mixtures are controlled by their production sources
(high/low altitude, cosmogenic, radiogenic, combustion, etc.); dominant
depositional mechanisms (rainout, washout, dry); meteorological conditions
that drive vertical and lateral atmospheric mixing (convection/stability and
advection), major/trace element (MTE) chemistries of characteristic aerosols;
seasonal controls on production; and particle aging (resuspension of aged
aerosols and the different half-lives of "Be and 21°Pb). We use a "Be:2'°Pb
chronometer to show that, globally, a significant fraction of secondary aerosol
deposition remains in recirculation and resuspension for an average period of
around 200 days.

Through these controls “Be, 2'°Pb and S each have unique depositional behav-
iors. "Be is favored by the rainout process as a consequence of its higher altitude
of production and stronger synoptic atmospheric recharge between storm events,
and thus best traces long-range aerosol transport. “Be is abundant in marine
moisture sources, a characteristic shared by biogenic aerosols including K, P,
particulate N and C. A strong correlation of "Be with N and P, independent
of moisture source, suggests that biogenic aerosols may play an important role
in "Be scavenging and deposition. Finally, “Be is enriched in spring/summer
deposition due to stratospheric influence and is weakly influenced by solar mod-
ulation (11-year cycle).

In contrast, 219Pb is favored by dry and washout deposition as a consequence of
its terrestrial (low altitude) source. It is enriched in convective storms that drive
vertical mixing and depleted in marine moisture sources where 2'9Pb production
is low. Both characteristics are shared with S and lithogenic elements Fe, Al,
Mg. Further, 21Pb shows a significant correlation with S that is independent of
meteorological controls. Half of this effect is attributable to long-term declines
in both S (14% y™!) and 2'°Pb (4% y™!) over the past decade, possibly indicating
an active role of SO, in scavenging of 21°Pb aerosols and a limitation of 2!°Pb
solubility. We attribute enhanced 2'°Pb flux in autumn, in conjunction with
elevated Mn, Hg and V, to the resuspension of biogenic dust during annual tree
leaf fall. While we identified no independent correlation of 21°Pb deposition
with these elements, aerosol or dust mass, "Be:?1Pb ratios were lower in bulk
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dry deposition and washout versus ambient PM10 aerosol. This confirms resus-
pension of an aged aerosol fraction, with lower “Be:2!°Pb ratios due to rapid
radioactive decay of "Be. By indexing this fraction to particulate C we estimate
that the recycled fraction of annual 21°Pb deposition contributes a maximum
of 0.2-5%, and is likely <1%.

Finally, deposition of S is favored by dry deposition of SO, and rainout of
SOy, is enhanced in convective storms and depleted in marine moisture sources.
Significant, independent correlations of S with 2!°Pb, anthropogenic elements
Zn, Hg and V, and biogenic elements P, K and N, demonstrate a complex
mixture of sources that varies seasonally. We observed a long-term decline in S
deposition which is due to well-recognized reductions in anthropogenic emissions.
We speculate that this decline may impact scavenging of 2'°Pb and other metals
through formation of PbSO, and other mineral sulfates.

Variations in "Be:2!1°Pb ratios of bulk atmospheric deposition reflect the mix-
ing of distinct aerosol populations over spatial and temporal scales. Locally,
"Be:219Pb ratios are controlled by the degree of atmospheric vertical mixing and
the lateral mixing of different moisture source, by precipitation depth (pp) via
a washout-rainout transition, and by seasonality through intrusion of “Be-rich
stratospheric air and autumnal resuspension of biogenic dust. Globally, these
controls are expressed climatically through synoptic-scale weather patterns. Lat-
itudinal and longitudinal controls on "Be and ?'°Pb production (Preiss et al.
1996, Baskaran 2011, Du et al. 2015) are necessary but insufficient to drive
"Be:?19Pb variations in global deposition. North American/European (NAE)
ratios are controlled by pp due to the proximity of these sites to the polar jet
and mid-latitude storm tracks which efficiently recharge “Be aerosols between
storm events through an advective process. For Southeast/East Asian (SEA)
sites, FRN deposition is dominated by a dilutative effect with “Be:21°Pb ratios
independent of pp,.

Mixtures of different "Be and 2'9Pb aerosols are likely to differ spatially and
temporally, and implications for the subsequent behaviors of the FRNs in ter-
restrial tracer applications should be investigated further. Nonetheless, it is
an encouraging observation from global data, that site-specific mean “Be:2!°Pb
flux ratios (and by extension, related aerosol characteristics) are consistent and
predictable year to year. For North American and European sites this presents
a discontinuity across scales -- ""19Be:Pb ratios increase with precipitation both
within single storm events and at global synoptic scales, but not with interan-
nual variability in total precipitation. This means that there is local constancy
in source terms for terrestrial tracer applications. We interpret this as a cli-
matic limitation on synoptic recharge and, as a result, annual “'9Be fluxes and
710Be:219Ph ratios are consistent year-to-year in a stable climate. Future pat-
terns in FRN deposition or interpretation of paleorecords may be complicated
if storm tracks shift in response to a changing climate regime (e.g., Ouimet et
al. 2015).
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