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ABSTRACT: Mercury (Hg) wet deposition, transfer from the ' Thunderstorm

atmosphere to Earth’s surface by precipitation, in the United

States is highest in locations and seasons with frequent deep

convective thunderstorms, but it has never been demonstrated o o Clear-air
') () subsidence

whether the connection is causal or simple coincidence. We use
rainwater samples from over 800 individual precipitation events
to show that thunderstorms increase Hg concentrations by
50% relative to weak convective or stratiform events of equal s
precipitation depth. Radar and satellite observations reveal that

Hg entrainmeU
o

Hg scavenging
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Weak convective and
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Y
strong convection reaching the upper troposphere (where high R s
atmospheric concentrations of soluble, oxidized mercury _ J y
species (Hg(II)) are known to reside) produces the highest 0 Ho w a Lo T 'nﬂo ion

Hg concentrations in rain. As a result, precipitation

meteorology, especially thunderstorm frequency and total rainfall, explains differences in Hg deposition between study sites
located in the eastern United States. Assessing the fate of atmospheric mercury thus requires bridging the scales of global
transport and convective precipitation.

1. INTRODUCTION Thunderstorms are deep convective rainstorms whose
intense updrafts reach above 10 km in the eastern United
States.'* Within the cloud and updrafts, condensed water and
ice efficiently scavenge soluble gases and aerosols, such as
Hg(II).15 Thunderstorms can scavenge Hg(II) from the

For 20 years, the Mercury Deposition Network (MDN) has
recorded mercury content of precipitation across North
America.! During this period, states bordering the Gulf of
Mezxico consistently receive the highest mercury wet deposition i ]
in the eastern United States (Figure 1), typically about double boundary lflyer through air convergence into the cloud base
that of the Northeast states despite lower anthropogenic and from high altitudes by lateral entrainment into the buoyant
mercury emissions in the Southeast (Figure $1).4° On a cloud. Weak and nonconvective rain events, in contrast, have

seasonal basis, deposition peaks in summer, which coincides lower maximum altitudes and can only scavenge from the lower
with frequent deep convective rainstorms. Guentzel et al.” troposphere.
found that summer rainwater mercury concentrations are We investigate the role of thunderstorms and Hg wet

uniformly high across Florida, leading them to hypothesize that scavenging in the free troposphere by compiling a large data set
convective rain scavenges soluble Hg(II) from a widespread of Hg measurements in rainwater from individual storms at
reservoir in the free troposphere. This high-altitude Hg(II) multiple sites (Figure 1). The sites span the north—south
reservoir may be supplied to the Gulf Region by oxidation of gradient of Hg deposition, allowing comparisons of high- and
Hg(0) in the upper troposphere, followed by subsidence in the low-deposition environments. We focus on rain events during
subtropical highs, the descending branch of the Hadley June—August to understand the peak deposition season and to
circulation.” Aircraft have observed high Hg(II) over the avoid confounding seasonal changes in meteorology, emissions,
southeast United States,””'” and back trajectories attribute it to

subsidence.'! ™13 Despite the hypothesized role of thunder- Received: May 23, 2016

storms in tapping this high-altitude Hg(II), no direct tests of Revised:  July 27, 2016

this mechanism have been made to date, which is the goal of Accepted: July 27, 2016
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Figure 1. Mean annual mercury wet deposition in the eastern United
States in 2006—2011," with stars marking the locations of seven sites
(Tables 1 and S1) analyzed here. The deposition map represents the
regional background and does not resolve high Hg wet deposition in
some urban areas and near some large point sources.

and atmospheric chemistry. Using individual storm (i.e., event)
samples, rather than more-common weekly or monthly
samples, is essential for discerning the meteorological and
chemical processes that influence scavenging and deposition.
After identifying thunderstorm events, we use a statistical
model to show that, at all study sites, rainwater from
thunderstorms has higher Hg concentrations than other storms
with equal rainfall. Satellite infrared imagery, ground-based
radar, and ground-level atmospheric Hg(II) measurements
provide further evidence that the main source of Hg(II)
scavenged by these storms originates in the free troposphere.
Because wet deposition is the product of Hg concentration and
precipitation depth, we use the statistical model to quantify
how differences in thunderstorm frequency, total precipitation,
and the atmospheric supply of Hg(II) contribute to different
Hg wet deposition at the study sites, including the high
deposition around the Gulf of Mexico.

2. MATERIALS AND METHODS

2.1. Hg Observations and Site Descriptions. This study
examines seven sites in the eastern United States (Figure 1 and

Tables 1 and S1) where mercury concentrations in individual
rain events (n = 817) were measured. We began with four sites
near Pensacola, FL that were operated by the coauthors during
the summers of 2006—2011."”"7 To assess regional differences
in Hg concentration and deposition, we added all sites from the
public MDN archive that measured individual rain events
during those years. A total of three MDN sites met those
criteria: Devil’s Lake, WI; Underhill, VT; and Yorkville, GA."
Some MDN sites have collected event samples in other years,
but they are excluded to avoid the confounding effects of
interannual variability or trends in meteorology, emissions and
atmospheric chemistry. All sites comply with MDN protocols
for distance from interfering structures, clean sample collection,
and mercury analysis by atomic fluorescence.”’” MDN data
were downloaded from the National Atmospheric Deposition
Program (NADP) archive,' and other Hg deposition data were
provided by the site investigators. Samples with MDN quality
code “C” are invalid and excluded from further analysis. Missing
or invalid data comprised <15% of summer days at all sites in all
years, except the Georgia site in 2006 that began event
sampling in August of that year. Overall, fewer than 5% of days
are missing, and these should not affect our regression analysis.
Our data set encompasses the majority of summer mercury
deposition at these sites because wet deposition is typically 60—
90% of total Hg(II) deposition in the eastern United States,
except near some large point sources.” ¥

The seven sites collected 817 summer precipitation samples
during the years of 2006—2011, of which 413 are from the
Pensacola area. Mercury deposition totaled 5.3—5.7 g m™> at
the Florida sites each summer season, with substantial (1-2 pg
m™?) interannual variability. Previous analysis of the Pensacola
sites, which is confirmed by our Table 1, showed that Hg
concentration, deposition, and precipitation are statistically
indistinguishable among these four sites and other MDN sites
in the northern Gulf of Mexico region despite some sites being
near urban and point sources;”” summer precipitation and Hg
deposition rise further in South Florida, however (Figure 1).
The Pensacola sites are 10 to 40 km away from the ocean, and
wet deposition of sea salt ions (e.g, sodium and chloride)
decreases over this distance,”* but there is no trend in Hg
concentration or deposition (Table 1). Figure 2 shows a
smooth distribution of precipitation depths and Hg concen-
trations across the four Florida sites, so we treat them all as
samples from a single statistical population in the analysis
below.

Table 1. Summary of Mercury Wet Deposition Events for June—August of 2006—2011“

summer precipitation summer

site (MDN code) samples precipitation, mm”
Ellyson Field, Pensacola, FL 92 450 + 130
Pace site, Pensacola, FL 81 460 + 120
Molino site, Pensacola, FL 81 420 + 100
Outlying Landing Field, Pensacola, 159 500 + 60
FL (FL96)
Pensacola, FL (all combined) 413 460 + 100
Yorkville, GA (GA40) 109 310 + 73
Devil's Lake, WI (WI31) 145 410 £ 200
Underhill, VT (VT99) 150 450 + 90

summer dep%sition, summer concentration, deposition per summer

ug m2 ng L™1%¢ event, ng m™>
S4+12 122 + 23 340 + 230
5.8+ 1.8 13.1 £ 44 420 + 390
5SS+ 1.8 129 + 2.1 400 + 350
57 +08 11.5 + 1.9 240 + 200
5.6 14 124 + 2.9 330 + 300
39+ 03 129 + 2.9 200 + 200
48 £ 1.9 12.3 £ 3.2 220 + 270
40+ 1.1 9.1 £3.6 160 + 190

“Table S1 provides geographic coordinates and additional site information. “Values are interannual mean of seasonal (June-August) totals and
interannual standard deviation of seasonal totals. “Volume-weighted mean concentration. “Mean and standard deviation, excluding trace

precipitation events.
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Figure 2. Mercury concentration in summer precipitation (June—August), classified by storm type. Lines show fit with eq 1, and bars on the right
vertical axis of each panel show the mean and standard error for precipitation events exceeding 10 mm. The inset text site gives MDN site codes,
where applicable, and the number of precipitation samples.

The Georgia site has the lowest summer Hg deposition of temperature, which is continuously observed by geostationary
any site here (3.9 & 0.3 ug m™2); section 3.3 shows that the low satellites, is a proxy for cloud-top height, with cold temper-
deposition is due to having the least summer precipitation atures indicating high-altitude clouds.”” We average brightness
because the mean Hg concentration is exceeded only at the temperature from GridSat-B1 over a 12 km radius surrounding
Florida sites. Summer Hg deposition is 4.8 + 1.9 ug m™* at the each rain collection site and attribute the precipitation to the
Wisconsin site and 4.0 + 1.1 ug m™> at the Vermont site. Prior coldest temperature (highest cloud) observed during sample
studies found that these sites have similar Hg concentrations, collection.
trends, and precipitation to other rural sites in the Great Lakes Brightness temperatures can be biased low if a cold,
and New England regions, respectively.”®>*~** In addition, nonprecipitating cirrus cloud obscures a shallow raincloud
there are no sharp precipitation gradients or topographic below it, so we also use radar reflectivity (Weather Surveillance
features near any of the sites that are expected to make them Radar 1988 Doppler, WSR-88D), which detects the hydro-
atypical of their regions (Figure S2). At all sites, there are meteors that cause scavenging and deposition.””*” Although
occasionally (1—2 times per summer) large precipitation events hydrometeor concentration, type, and precipitation rate can be
that can deposit as much as 20—30% of the mean summer Hg estimated from radar reflectivity, here we use only the reflection
wet deposition flux. The largest 10 Hg deposition events at all strength and height as indicators of the storm structure. We
sites are thunderstorms, except in Vermont, where only half are average the following standard radar products in a 12 km radius
thunderstorms (classification explained below). While these around each precipitation collection site during times when the
events are large, they are not outliers from the overall radar detected precipitation at the site: reflectivity at base
distribution of precipitation events shown in Figure 2, so (lowest radar elevation angle), low (0—7 km), middle (7-10
they do not have excessive or suppressed influence on the km), and high (>10 km) altitudes and echo tops (the highest
statistical results below. altitude where precipitation is detected). Table S1 lists the

One of the Pensacola area sites continuously monitors radars that are used. Radar data are from the National Centers
concentrations of gaseous and fine particle-bound Hg(II), for Environmental Information (http://www.ncdc.noaa.gov/
which, along with coarse particle-bound Hg (II), can all be nexradinv/, accessed July 4, 2013) and converted to netCDF
scavenged by precipitation. The site also measures gaseous format with the NOAA Weather and Climate Toolkit.
elemental mercury (Hg(0)), but this has very low solubility in All data streams were merged using the dates and times when
water and does not contribute to wet deposition. Measure- the wet deposition collectors were deployed and retrieved to
ments are made hourly with an automated Tekran 2537/1135/ determine the weather conditions when precipitation was
1130 speciation unit.'® Mean summer Hg(1I) concentrations collected. .

(excluding coarse particles that were not measured) during the 2.3. Regression Model. Concentrations of many elements
study period were 4.05 pg m~%, and Hg(0) was 1.25 ng m™> and ions in rain are cog)lgx;)nly observed to follow a power law
(Table S2), similar to past measurements at the site and in the f)f precipitation depth; . adding storm type is an innovation
region.”*® Average Hg(1I) concentrations were also calculated in this work. Our regression model is

during each precipitation sample collection at the site. _ 8,

2.2g. Weapthels Satellite,p and Radar Data Sources. €= ﬂ"(p/p") 1+ [iZS) (1)
Hourly weather reports from the nearest Automated Surface where ¢ is Hg concentration in rainwater, p is precipitation
Observing System (ASOS) were extracted from the Weather depth, po = 1 mm is a constant, S is a categorical variable for
Underground Historical Weather archive (http://www. storm type (S = 1 for thunderstorm, 0 otherwise), and f; (i = 0,
wunderground.com/history/, accessed July 13, 2013). These 1, 2) indicates fit parameters. With these definitions, /3, is the
ASOS sites are listed in Table S1. Precipitation samples are expected baseline concentration in a nonthunderstorm rain
classified as a thunderstorm if thunderstorm or lightning event with precipitation depth p, = 1 mm; f, quantifies the
activity were reported at the ASOS site or in the vicinity during dilution or washout effect in which concentration decreases
the time that the precipitation sample was collected. (exp(In(2)f;)—1) X 100% for each doubling of precipitation

The GridSat-B1 (version 2) product from NCEI (http:// depth; and f, is the fractional increase in concentration in a
www.ncdc.noaa.gov/gridsat, accessed July 23, 2013) provides thunderstorm compared to that in a nonthunderstorm event
quality-controlled infrared brightness temperatures from geo- with equal precipitation depth. The relationship between
stationary satellite instruments. Infrared (11 pm) brightness concentration, precipitation depth, and storm type in eq 1 is
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Table 2. Predictors of Hg Concentration in Rainwater

predictor value” o
baseline concentration, f,°
Florida 21.8 + 1.3 ng L™ <0.001
Georgia 226 + 1.8 ng L™ <0.001
Wisconsin 193 + 14 ng L <0.001
Vermont 152 + 09 ng L™ <0.001
precipitation depth, ;¢ —0.29 + 0.02 (—18 =+ 1% for doubling p) <0.001
storm type, f3,° +0.48 + 0.07 <0.001
satellite and radar variables, f;
cloud-top temperature —0.005 =+ 0.002 K™ 0.01
radar echo top +0.043 + 0.020 km ™ 0.03
high-level reflectivity +0.020 + 0.009 dBZ™" 0.04
mid-level reflectivity +0.011 + 0.008 dBZ™" 0.15
low-level reflectivity —0.006 + 0.007 dBZ™* 0.39
base reflectivity —0.006 + 0.005 dBZ™* 031

“Best estimate and standard error from the regression model (eq 1) fitted to data shown in Table 1 and Figure 2. bp is the significance level (two-
sided t test). “Expected concentration in nonthunderstorm rain events with 1 mm of precipitation. 9The percent change in concentration per
doubling of precipitation depth is (exp(In(2)f;)—1) X 100%. “The fractional increase in concentration in thunderstorms compared to other rain
events of the same precipitation depth.’Effect of individual satellite or radar variables after controlling for baseline concentration, precipitation depth,
and storm type. Units are fractional change in Hg concentration per unit change in V. For example, Hg concentration decreases 0.5% for each 1 K

increase (= —0.005 K™') in cloud-top temperature.

nonlinear, but the log transformation is linear (see eq S1),
which enables ordinary least-squares fitting. Fit residuals are
found to be log-normally distributed (Figure 2), which supports
the functional form of the regression equation. Statistical and
graphical data analysis was conducted with pandas and
statsmodels in Python 3.5.

In an initial analysis of Florida sites alone, all parameters, j; (i
=0, 1, 2), were statistically significant (P < 0.001), while
interaction terms between the f; parameters were not (P =
0.5). In particular, this means that the dilution parameter f3,
does not depend on storm type. In a sensitivity test in which
was fitted separately for each of the four Florida sites, the
baseline concentrations were statistically indistinguishable (P =
0.25), consistent with the statistically identical Hg concen-
trations and deposition at these sites (Table 1).”* Therefore, we
pool all Pensacola area data for the rest of the analysis. We next
fit each site outside Florida with eq 1 and find significant
increases in Hg concentrations during thunderstorms at all sites
(Figure 2). Furthermore, the dilution (f;) and thunderstorm
(f,) parameters at all sites overlap the Florida values (68%
confidence intervals, P > 0.32), while the northern sites have
significantly lower baseline concentrations (f3,). Therefore, we
can regress all observations from all sites with common dilution
(A1) and thunderstorm (f3,) parameters and site-specific
baseline concentrations (f,, where x is the site). Finally, to
test whether additional cloud properties correlate with Hg
concentration, each is added individually to eq 1 as a
multiplicative term (1+/3;)", where V is any one of the satellite
or radar variables listed in section 2.1 and Table 2, and fit
parameter f; is the fractional change in Hg concentration per
unit of V.

3. RESULTS AND DISCUSSION

3.1. Thunderstorm and Dilution Effects on Hg
Concentration. Figure 2 shows the higher mercury concen-
trations found in thunderstorms. For any precipitation depth,
the highest concentrations consistently occur in thunderstorms,
while the smallest concentrations occur in other rain types,
which include stratiform and weak convective rainfall. In
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addition, concentrations decline with precipitation amount,
reflecting a dilution effect that is common for soluble gases and
aerosols.”*”*" Thunderstorms tend to have larger precipitation
depth (Figure S3) and, therefore, greater dilution than other
rain storms, so the elevated Hg concentration in thunderstorms
are obscured if we average many events with different
precipitation depths. At all Pensacola sites, for example, the
mean concentration in large (>10 mm) rain events is 13.7 = 0.5
ng L' (SE; n = 250) for thunderstorms versus 12.3 + 1.4 ng
L' (n = 33) for other storms. Figure 2 (bars) shows that
thunderstorms have elevated Hg concentrations at all other
sites as well, but the effect often appears only marginally
significant when we calculate an average across rain depths.
This demonstrates the importance of controlling for the
dilution effect, as is done in the regression model, when
assessing the effect of thunderstorms on Hg concentration.
We use multivariate regression to quantify the thunderstorm
effect on Hg concentration while controlling for dilution effects
and site differences. Regression results in Table 2 show that
thunderstorms increase Hg concentration by 48% compared to
other storms that produce the same amount of rain (95%
confidence interval: 33—63%). In addition, Hg concentrations
decline 18% for each doubling of rain depth (95% CI: 16—
21%). The northern sites also have 15—30% lower baseline Hg
concentrations than Florida and Georgia. There are no
statistically significant differences in dilution between the
storm types (P = 0.4, two-sided ¢ test), no differences in the
dilution effect across sites (P = 0.5—0.9), and no differences in
the thunderstorm effect across sites (P = 0.16—0.4). Thus, the
meteorological effects of dilution and thunderstorms on Hg
concentration appear uniform across all of the study sites; the
only difference is the lower baseline concentration at the
northern sites. Overall, the regression model explains 33% of
the observed concentration variance in precipitation, which is
highly significant (P < 0.001, goodness-of-fit F test).
Uncertainties in measuring Hg concentration in rainwater
(10—15%>"") contribute modestly to the unexplained variance,
and some precipitation events could be misclassified if
conditions at the collection site differ from the nearest airport.

DOI: 10.1021/acs.est.6b02586
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The remaining unexplained variance is likely due to spatial
heterogeneity within each storm; meteorological variation
within the two broad storm classes, which is explored below;
and day-to-day differences in the ambient atmospheric Hg(II)
that is entrained into storms. For weak and nonconvective rain,
some of this daily variability may be due to depletion of
atmospheric Hg(II) by prior rain, although the effect does not
rise to the customary 95% confidence level. In these events, Hg
concentrations rise 3.6% for each day elapsed since a prior rain
event (P = 0.06; 95% CI: — 0.1-7%), indicating that the
Hg(II) reservoir in the lower troposphere may require time to
accumulate. Thunderstorms do not exhibit this behavior (P =
0.8), suggesting that they scavenge from a different, larger
Hg(II) reservoir that is quickly replenished.

3.2. Radar and Satellite Constraints and Scavenging
Altitudes. The regression model is consistent with thunder-
storms increasing Hg deposition in Florida but does not reveal
where the mercury in these rainstorms originates. To
discriminate whether the Hg(II) scavenged by thunderstorms
originates in the boundary layer or free troposphere, we use
satellite and radar observations of convection height and
strength. Table 2 shows that cloud properties at high altitudes
correlate with Hg concentration in surface rain, while the low-
altitude properties do not. Hg concentration increases 4% for
every 1 km increase in precipitation echo top, the highest
altitude at which precipitation is detected (95% CI: 0—8%
km™"), after controlling for storm type, dilution effect, and site
differences. This increase with altitude is in addition to the 50%
concentration increase in thunderstorms. Others previously
showed that monthly rainfall Hg concentrations correlate with
monthly maximum echo top, but that result mainly reflects the
common seasonal cycles of both variables, not the effect of
individual storms, so their results are not comparable to ours.*®
If we approximate upper tropospheric temperatures with a dry
adiabatic lapse rate, the satellite IR temperatures imply a 5%
increase in Hg concentration for every 1 km increase in cloud
top (95% CI: 1-9% km™), similar to the precipitation echo
tops. Large reflectivity and hydrometeor concentration at high
altitudes (>10 km) is also associated with high Hg
concentration in precipitation (P = 0.04), but hydrometeor
concentrations at all lower altitudes have no such association (P
= 0.15-0.4).

Large low-level hydrometeor concentrations are sustained by
air and moisture inflow to the cloud base, so the radar data are
inconsistent with a dominant Hg(II) source in the boundary
layer. Rather, the radar and satellite data imply that Hg
concentration in rain is most sensitive to convection reaching
the upper troposphere, where independent observations have
found high atmospheric Hg(II) concentrations.”' %4736
These results are consistent with our previous numerical
simulations showing that strong thunderstorms should
scavenge most of their Hg(II) from above the boundary
layer.”” Using scavenging efficiencies from that work and
Hg(1I) profiles from recent aircraft campaigns,'”'** the free
troposphere could contribute 80—90% of Hg deposition in
thunderstorms. In addition, the downdrafts and clear-air
subsidence induced by thunderstorms can mix Hg(Il) to
lower altitudes, a process that has been observed for ozone,>®
where it is more readily available for scavenging later. Near
large anthropogenic surface Hg(II) sources, however, thunder-
storm scavenging from the boundary layer could be more
important than is seen at our study sites.”” ™" An upper-
troposphere source of Hg in thunderstorms is also consistent
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with the steady Hg wet deposition in the southeast United
States, in contrast to declines in other regions as national Hg
emissions have fallen,”**

Further evidence for an important high-altitude source of
Hg(II) comes from the ground-level measurements of gaseous
and fine particle-bound Hg(II). Mean summer concentrations
measured at Pensacola are 4.1 + 3.0 pg m™ (Table S2).
Although concentrations tend to be slightly (0.6 pg m™>) lower
during thunderstorms than other rain events, they are
statistically indistinguishable between different storm types (P
= 0.21; Table S2), so below-cloud scavenging cannot explain
the higher Hg concentrations in rainwater from thunderstorms.
Hg(II) concentrations in Pensacola are lowest under sustained
marine flow (3.1 pg m™>), highest under continental flow (6.0
pg m™?), and intermediate under diurnally alternating land—sea
breezes (5.0 pg m™).*> Despite the land—ocean contrast in
Hg(II) concentrations and varying distance to the coast, there
are no significant differences in Hg deposition among the four
Pensacola sites. The Hg(II) measurements above exclude
coarse aerosols, ;)articularly sea salt aerosols that can absorb
gaseous Hg(11).* Limited observations have found 3.0—4.6 pg
m™ in coarse aerosols at the Pensacola site, which is 25 km
from the ocean,”® and 1525 pg m~ in bulk (fine plus coarse)
aerosols on Florida beaches,”** so mean total (gaseous and all
particulate) Hg(II) may be 10—20 pg m™ at Pensacola sites.
Cloud base altitudes for Florida storms are typically around
1000 m, so the mean vertically integrated Hg(II) that can be
scavenged is likely not more than 20 ng m™* in summer because
coarse aerosol concentrations usually decrease rapidly with
altitude. If all of this Hg(II) is scavenged by precipitation and
deposited, the below-cloud Hg(II) would contribute S—15% of
the mean deposition per event at Pensacola, which is 250 + 200
ng m~” in thunderstorms and 130 + 100 ng m™* in other rain
events (Table 1, S3). From literature review,'®'”*~™*® mean
summer concentrations of Hg(II) that can be scavenged at the
Georgia, Wisconsin, and Vermont sites in this study are likely
6—13 pg m™> (Table S4), which is less than at Pensacola
because inland sites lack sea salt aerosols. These ground-level
concentrations imply about 6—13 pg m™> below cloud base,
which is less than 10% of the mean Hg deposition per event
(160—200 ng m™% Table 1) at sites outside Florida.
Nevertheless, below-cloud Hg scavenging is likely significant
at our study sites when surface Hg(II) concentrations are well
above their summer average and at other sites that are close to
Hg(1I) emission sources.”’ Convergence of the horizontal wind
into the cloud base could increase the boundary-layer
contribution, but, as discussed above, the low-level radar
reflectivity, which is associated with moisture convergence, is
uncorrelated with Hg concentration in rainwater. The radar and
scavengable Hg(II) data are thus inconsistent with a dominant
Hg(1I) source in the boundary layer.

3.3. Regional Differences in Hg Deposition. Deposition
is the product of precipitation amount, which is measured, and
Hg concentration, which is measured and statistically modeled
with eq 1. Following a derivation given the in Supporting
Information, the statistical model predicts that total summer
deposition at each site is approximately

D = Bpe(l + f8,) )
where p, is the total summer precipitation, f is the fraction of
precipitation that comes from thunderstorms, ¢ = (5/p,)" is a
characteristic dilution factor derived from the mean precip-
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Table 3. Observed and Predicted Summer Mercury Wet Deposition and Its Components

site value” deposition ratio”
Florida“ Georgia Vermont Wisconsin FL/VT FL/WI FL/GA WI/VT
component of predicted wet
deposition
mean precipitation 213 + 4.6 149 + 42 18.1 + 4.5 187 £ 9.1 0.95 + 0.09 0.96 + 0.14 0.90 + 0.09 0.99 + 0.16
depth mm mm mm mm
total summer 500 + 60 310 £ 73 mm 450 + 90 410 + 200 1.11 + 0.26° 122 + 0.61 1.61 + 0.42 091 + 048
precipitation mm® mm°® mm
thunderstorm 92 + 4% 72 + 11% 48 + 12% 88 + 5% 1.17 + 0.06 1.01 £0.02 107 £ 004  1.16 + 0.06
frequency
baseline concentration 21.8 + 1.3 226 £ 1.8 152 £ 09 193 £ 14 143 £ 0.12 113 £011 096 £0.10 127 £0.12
ng L™ ng L™ ng L™ ng L™
predicted wet deposition” 65+ 1.1 43+ 12 3.6 £ 09 48 +£2.5 178 + 048° 134 +072 150 +£ 045 132 + 0.74
pg m™ pg m™ pg m™ pg m™
observed wet deposition S7 £ 0.22§ 39 + 0..;5 4.0 = 1.% 4.8 + 1,? 1.43 £ 031 119 £ 050 146 +£023 120 + 0.57
pg m” pg m” pg m” g m™ 1.4-3.0"

“Mean and interannual variability (SD). “For observed and predicted wet deposition, deposition ratios are the simple division of site values with
uncertainty propagation.” For each component of predicted wet deposition, ratios are the expected deposition ratio between sites x and y if all else
were equal (see section 3.3 and in the Supporting Information): mean precipitation depth, (p,/ Py)ﬁ '; total summer precipitation, p;./py;
thunderstorm frequency or fraction, (1 + f,4,)/(1 + f,5,); and baseline concentration, /S, “Florida values based on FL96. ¥Predicted from
components using eq 2. “Total summer precipitation during 2006—2011 was 130 mm less than the 20 year climate mean in Pensacola, FL and 30
mm greater than in Burlington, VT (see the Supporting Information). Using the climatic-mean total precipitation would predict a FL/VT deposition
ratio of 1.50 + 0.3S for that component alone, instead of 1.11, and the overall predicted FL/VT deposition ratio would be 2.40 + 0.65.fRange
reported in literature from other MDN sites in the Southeast and Northeast United States in summer.>>®

itation depth (p), and parameters 3, (i = 0, 1, 2) are from the
regression fit (Table 2). All terms in eq 2 are site-specific except
P and p,.

Table 3 shows that the predicted Hg deposition from eq 2
and the predicted interannual variability are within the observed
range at all sites. The regression model further enables us to
attribute the deposition ratio between two sites to the
components of eq 2: baseline concentration, total precipitation,
characteristic dilution based on mean precipitation depth, and
thunderstorm frequency. Table 3 provides the deposition ratios
that would be expected from each of these components acting
alone, all else being equal. Formulas for these components are
given in a footnote and in the Supporting Information. We can
thus determine which meteorological (p,, p, and f) and chemical
(By) factors explain the observed deposition differences
between sites.

Over the years of 2006—2011, Hg deposition in Pensacola,
Florida was 43 + 31% (a ratio of 1.43 + 0.31 in Table 3)
greater than in Vermont. Observations at our study sites show
that Pensacola receives 92% of its summer precipitation from
thunderstorms, while Vermont receives just 48% from such
storms (Table 3). This effect alone would predict 17 + 6%
greater Hg deposition in Florida if precipitation and baseline
concentrations were otherwise the same (uncertainty is
interannual SD combined with regression parameter SE).
Pensacola also has greater average rainfall in each event than
does Vermont (21.3 versus 18.1 mm), which decreases
deposition 5 + 9%, and greater total summer precipitation
(500 versus 450 mm/summer), which increases Florida
deposition 11 + 26% (the large range due to large interannual
SD in total summer rainfall). Together, the thunderstorm
frequency and rain distribution predict 23 + 26% greater
summer deposition in Florida than in Vermont, compared to an
observed summer deposition difference of 43 + 31%.
Precipitation meteorology can thus explain half of the observed
difference in Hg deposition between the Vermont and Florida
sites in summer. The remaining half of the difference is due to
the atmospheric chemistry, emissions, and transport that

generates higher baseline concentrations in Florida. Adding
the baseline concentration term to the precipitation factors
predicts 78 + 48% higher deposition in Florida, which is
consistent with the observed magnitude and interannual range
at our sites and at the low end of ratios 1.4—3.0 (40—200%)
reported in literature for other sites in the southeast versus the
northeast.””® Our study years (2006—2011) were unusually
dry in Pensacola and unusually wet in Vermont; eq 2 predicts
that a return to climate-normal precipitation at these sites
would boost the summer deposition ratio to 2.4 (see the
Supporting Information), which is in the middle range of recent
literature. The regression approach does not identify why
baseline concentrations differ between Florida and Vermont,
but there is mounting evidence that elevated Hg(II)
concentrations are found in the free troposphere over the
South and Southeast of the United States due to oxidation of
Hg(0) in the upper troposphere, followed by subsidence in the
subtropics." "'#* 73!

Table 3 explains the summer deposition differences between
other pairs of sites as well. The Florida sites have 20 + 50%
greater Hg deposition than the Wisconsin site. The statistical
model reproduces this difference (34 + 72%) and attributes it
mainly to the greater precipitation depth in Florida (500 versus
410 mm implies 22% greater deposition, with the large range
mainly due to precipitation variability in Wisconsin), and
secondarily to baseline concentrations being higher in Florida
(21.8 versus 19.3 ng L' implies 13% greater deposition).
Similarly, the Georgia site has lower deposition than did
Florida, which is almost entirely because of precipitation depth
(500 versus 310 mm implies 60% greater deposition) due to
the fact that baseline concentrations and thunderstorm
frequency are similar at these sites in the Southeast. The
Wisconsin site also has 20 + 57% greater deposition than the
Vermont site. For this pair, the deposition ratio is due to higher
baseline concentrations in Wisconsin (19.3 versus 15.2 ng L™
implies 27% greater deposition) and more-frequent thunder-
storms in Wisconsin (88 versus 48% of precipitation implies
16% greater deposition), which are partially offset by the
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greater summer precipitation in Vermont (410 versus 450 mm
implies 9% less deposition).

Our results support the hypothesis that thunderstorms are
particularly effective at scavenging this Hg(II) from the free
troposphere, resulting in precipitation Hg concentration and
deposition that is nearly 50% greater than in other storms of
the same precipitation depth; the connection with thunder-
storms is thus not a seasonal coincidence. Thunderstorms may
also raise baseline Hg concentrations in nonconvective
precipitation by mixing Hg(II) down to lower altitudes where
it can be scavenged by all precipitation types. These results
pose a challenge for modeling the fate and deposition of
atmospheric mercury because the large-scale models that can
simulate the global dispersion and oxidation of mercury

currently do not explicitly resolve convective precipita-
. 3,50,52
tion.”™
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